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Preface 


One of the most frustrating practices of my career has been the search for information 
on hydraulic fluids, which includes information on fluid chemistry; physical prop- 
erties; maintenance practices; and fluid, system, and component design. Although 
some information on petroleum oil hydraulic fluids can be found, there is much less 
information on fire-resistant, biodegradable, and other types of fluids. Unfortunately, 
with few exceptions, fluid coverage in hydraulic texts is typically limited to a single- 
chapter overview intended to cover all fluids. Therefore, it is often necessary to 
perform a literature search or a time-consuming manual search of my files. Some 
time ago it occurred to me that others must be encountering the same problem. There 
seemed to be a vital need for an extensive reference text on hydraulic fluids that 
would provide information in sufficient depth and breadth to be of use to the fluid 
formulator, hydraulic system designer, plant maintenance engineer, and others who 
serve the industry. 

Currently, there are no books dedicated to hydraulic fluid chemistry. Most 
hydraulic fluid treatment is found in handbooks, which primarily focus on hydraulic 
system hardware, installation, and troubleshooting. Most of these books fit into one 
of two categories. One type of book deals with hydraulic equipment, with a single, 
simplified overview chapter covering all hydraulic fluids but with a focus on 
petroleum-derived fluids. The second type of book provides fluid coverage with 
minimal, if any, discussion of engineering properties of importance in a hydraulic 
system. 

iii 
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iv Preface 

The purpose of the Handbook of Hydraulic Fluid Technology is to provide a 
comprehensive and rigorous overview of hydraulic fluid technology. The objective 
is not only to discuss fluid chemistry and physical properties in detail, but also to 
integrate both classic and current fundamental lubrication concepts with respect to 
various classes of hydraulic fluids. A further objective is to integrate fluid dynamics 
with respect to their operation in a hydraulic system in order to enable the reader to 
obtain a broader understanding of the total system. Hydraulic fluids are an important 
and vital component of the hydraulic system. 

The 23 chapters of this book are grouped into three main parts: hardware, fluid 
properties and testing, and fluids. 

HARDWARE 

Chapter 1 provides the reader with an overview of basic hydraulic concepts, a de- 
scription of the components, and an introduction to hydraulic system operation. In 
Chapter 2, the rolling element bearings and their lubrication are discussed. An ex- 
tremely important facet of any well-designed hydraulic system is fluid filtration. 
Chapter 3 not only provides a detailed discussion of fluid filtration and particle 
contamination and quantification, but also discusses fluid filterability. 

An understanding of the physical properties of a fluid is necessary to understand 
the performance of a hydraulic fluid as a fluid power medium. Chapter 4 features a 
thorough overview of the physical properties, and their evaluation and impact on 
hydraulic system operation, which includes: viscosity, viscosity-temperature and 
viscosity-pressure behavior, gas solubility, foaming, air entrainment, air release, and 
fluid compressibility and modulus. 

FLUID PROPERTIES AND TESTING 

Viscosity is the most important physical property exhibited by a hydraulic fluid. 
Chapter 5 presents an in-depth discussion of hydraulic fluid viscosity and classifi- 
cation. The hydraulic fluid must not only perform as a power transmission medium 
but also lubricate the system. Chapter 6 provides a thorough review of the funda- 
mental concepts involved in lubricating a hydraulic system. In many applications, 
fluid fire resistance is one of the primary selection criteria. An overview of histori- 
cally important fire-resistance testing procedures is provided in Chapter 7, with a 
discussion of currently changing testing protocol required for industry, national, and 
insurance company approvals. Ecological compatibility properties exhibited by a 
hydraulic fluid is currently one of the most intensive research areas of hydraulic fluid 
technology. An overview of the current testing requirements and strategies is given 
in Chapter 8. 

One of the most inexpensive but least understood components of the hydraulic 
system is hydraulic seals. Chapter 9 provides a review of mechanical and elastomeric 
seal technology and seal compatibility testing. An often overlooked but vitally im- 
portant area is adequate testing and evaluation of hydraulic fluid performance in a 
hydraulic system. There currently is no consensus on the best tests to perform and 
what they reveal. Chapter 10 reviews the state-of-the-art of bench and pump testing 
of hydraulic fluids. Vibrational analysis not only is an important plant maintenance 
tool but is also one of the most important diagnostic techniques for evaluating and 
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V Preface 

troubleshooting the operational characteristics of a hydraulic system. Chapter 1 1 
provides an introductory overview of the use of vibrational analysis in fluid main- 
tenance. No hydraulic system operates trouble-free forever. When problems occur, it 
is important to be able to identify both the problem and its cause. Chapter 12 provides 
a thorough discussion of hydraulic system failure analysis strategies. 

FLUIDS 

Although water hydraulics do not constitute a major fluid power application, they 
are coming under increasing scrutiny as ecocompatible alternatives to conventional 
hydraulic fluids. Chapter 13 offers an overview of this increasingly important 
technology. 

The largest volume fluid power medium is petroleum oil. In Chapter 14, the 
reader is provided with a thorough overview of oil chemistry, properties, fluid main- 
tenance, and change-out procedures. Chapter 15 reviews additive technology for 
petroleum oil hydraulic fluids. 

There are various types of synthetic hydraulic fluids. Chapter 16 describes the 
more important synthetic fluids, with a focus on aerospace applications. 

Chapters 17 to 20 describe fire-resistant hydraulic fluids. Emulsions, water- 
glycols, polyol esters, and phosphate esters are discussed individually and in depth 
in Chapters 17, 18, 19, and 20, respectively. This discussion includes fluid chemistry, 
physical properties, additive technology, maintenance, and hydraulic system 
conversion. 

Vegetable oils are well-known lubricants that have been examined repeatedly 
over the years. Currently, there is an intensive effort to increase the utilization of 
various types of vegetable oils as an ecologically sound alternative to mineral oil 
hydraulic fluids. Chapter 21 provides a review of vegetable oil chemistry, recovery, 
and properties. The applicability of these fluids as hydraulic fluid basestocks is ex- 
amined in detail. 

Chapter 22 discusses electrorheological fluids, which are becoming increasingly 
interesting for use in specialized hydraulic applications. 

In Chapter 23, various standardized fluid maintenance procedures are discussed 
and a summary of equivalent international testing standards is provided. 

The preparation of a text of this scope was a tremendous task. I am deeply 
indebted to many colleagues for their assistance, without whom this text would not 
have been possible. Special thanks go to Dr. Stephen Lainer (University of Aachen), 
Prof. Atsushi Yamaguchi (Yokohama National University), Prof. Toshi Kazama 
(Muroran Institute of Technology), K. Mizuno (Kayaba Industrial Ltd.), and Jiirgen 
Reichel (formerly with DMT, Essen, Germany). 

Special thanks also goes to my wife, Alice, for her unending patience, and to 
Susan Meeker, who assisted in organizing and editing much of this material; to Glenn 
Webster, Roland J. Bishop, Jr., and Yinghua Sun, without whose help this text would 
never have been completed; and to Union Carbide Corporation for its support. 

George E. Totten 
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Basic Hydraulic Pump and 
Circuit Design 

RICHARD K. TESSMANN 
FES, Inc., Stillwatec Oklahoma 

HANS M. MELIEF 
The Rexroth Corporation, Bethlehem, Pennsylvania 

ROLAND J. BISHOP,JR. 
Union Carbide Corporation, Tarrytown, New York 

1 INTRODUCTION 

Hydraulics, according to Webster, is defined as “operated, moved, or effected by 
means of water.” In the 17th century, it was discovered that a fluid under pressure 
could be used to transmit power [11. Blaise Pascal (1623- 1662) observed that if a 
fluid in a closed container was subjected to a compressive force, the resulting pres- 
sure was transmitted throughout the system undiminished and equal in all directions 
H I .  

Hydraulics is by far the simplest method to transmit energy to do work. It is 
considerably more precise in controlling energy and exhibits a broader adjustability 
range than either electrical or mechanical methods. To design and apply hydraulics 
efficiently, a clear understanding of energy, work, and power is necessary. 

In this chapter, fundamentals of hydraulic pump operation and circuit design 
will be provided. This will include the following: 

Hydraulic principles 
Hydraulic system components 
Hydraulic pumps and motors 
System design considerations 
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2 Tessmann et al. 

2 DISCUSSION 

2.1 Hydraulic Principles 

Work is done when something is moved. Work is directly proportional to the amount 
of force applied over a given distance according to the following relation, 

Work (ft-lbs) = Distance (ft) X Force (lbs) ( 1 . 1 )  

Power is defined as the rate of doing work and has the units of foot-pounds 
per second. A more common unit of measure is “horsepower (hp).” Horsepower is 
defined as the amount of weight in pounds that a horse could lift 1 ft in 1 s (Fig. 
1.1) [ l ] .  By experiment, it was found that the average horse could lift 550 lbs. 1 ft 
in 1 s; consequently, 

550 ft-lbs
1 hp = 

S 

Energy is the ability to do work. It may appear in various forms, such as 
mechanical, electrical, chemical, nuclear, acoustic, radiant, and thermal. In physics, 
the Law of Conservation of Mass and Energy states that neither mass nor energy 
can be created or destroyed, only converted from one to the other. 

In a hydraulic system, energy input is called a “prime mover.’’ Electric motors 
and internal combustion engines are examples of prime movers. Prime movers and 
hydraulic pumps do not create energy; they simply convert it to a form that can be 
utilized by a hydraulic system. 

The pump is the heart of the hydraulic system. When the system performs 
improperly, the pump is usually the first component to be investigated. Many times, 
the pump is described in terms of its pressure limitations. However, the hydraulic 
pump is a flow generator, moving a volume of fluid from a low-pressure region to 
a higher-pressure region in a specific amount of time depending on the rotation speed. 

1 ft. 
Figure 1.1 Illustration of the horsepower concept. 
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3 Hydraulic Pump and Circuit Design 

Therefore, the pump is properly described in terms of its displacement or the output 
flow rate expected from it. 

All pumps used in a hydraulic system are of the positive displacement type. 
This means that there is an intentional flow path from the inlet to the outlet. There- 
fore, the pump will move fluid from the inlet or suction port to the outlet port at 
any pressure. However, if that pressure is beyond the pressure capability of the pump, 
failure will occur. The pressure which exists at the outlet port of the pump is a 
function of the load on the system. Therefore, hydraulic system designers will always 
place a pressure-limiting component (i.e., a rdief valve) at the outlet port of a pump 
to prevent catastrophic failures from overpressurization. 

Most pumps in hydraulic systems fall into one of three categories: vane pumps, 
gear pumps, or piston pumps (Sec. 2.2). The action of the hydraulic pump consists 
of moving or transferring fluid from the reservoir, where it is maintained at a low 
pressure and, consequently, a low-energy state [2]. From the reservoir, the pump 
moves the fluid to the hydraulic system where the pressure is much higher, and the 
fluid is at a much higher-energy state because of the work that must be done by the 
hydraulic system. The amount of energy or work imparted to the hydraulic system 
through the pump is a function of the amount of volume moved and the pressure at 
the discharge port of the pump: 

Work = Pressure X Flow (1.3) 
From an engineering standpoint, it is common to relate energy to force times 

distance: 

Work Force X Distance (1.4) 
However, hydraulic pressure is force divided by area, and volume is area times 

distance: 

Force
Pressure = - (1.5)Area 
Volume = Area X Distance (1.6) 
From these relationships, Eq. (1.7) shows that pressure times volume is equiv- 

alent to force times distance. 

P (lbs/in.’) X V ( h 3 )= F (lbs) X D (in.) (1.7) 

The hydraulic pump is actually a “three-connection” component. One connec- 
tion is at the discharge (outlet) port, the second is at the suction (inlet) port, and the 
third connection is to a motor or engine (Fig. 1.2) [ l ] .  From this standpoint, the 
pump is a transformer. It takes the fluid in the reservoir, using the energy from the 
motor or engine, and transforms the fluid from a low-pressure level to a higher- 
pressure level. In fact, the hydraulic fluid is actually a main component of the hy- 
draulic system, and as we will see throughout this book, has a major influence in 
the operation of the system. Hydraulic pumps are commonly driven at speeds from 
1200 rpm to 3600 rpm or higher and maximum pressures may vary from <loo0 psi 
(pounds per square inch) to >6000 psi. Tables 1.1 and 1.2 [ l ]  show typical pressure 
and speed limitations for various types of pumps and motors. 

In addition to pressure, there is also a temperature limitation imposed by the 
hydraulic fluid. This is caused by the decrease in viscosity as the fluid temperature 
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4 Tessmann et al. 

Figure 1.2 Illustration of pump connections. 

increases. Generally, pump manufacturers set upper and lower viscosity limits on the 
hydraulic fluids used in their pumps. The upper viscosity limit determines the min- 
imum temperature for pump start-up to prevent cavitation. Cavitation occurs when 
there is insufficient fluid flow into the pump inlet. During cavitation, the fluid will 
release any dissolved gases or volatile liquids. The gaseous bubbles produced will then 
travel into the high-pressure region of the pump where they will collapse under high 
pressure and may cause severe damage to the pump. Also, overheating of the pump 
bearings could result because of insufficient cooling as a result of inadequate flow. 

Table 1.1 Typical Pump Performance Parameters for One Manufacturer 

Maximum Maximum 
~ 

Total 
Pressure Speed Efficiency 

Hydraulic Pump Type Flow 

~~ 

(psi) (rpm1 (%) 

External Gear Fixed 3,600 500- 5,000 85-90 
Internal Gear Fixed 3,000 900- 1,800 90 
Vane Fixed 2,500 900- 3,000 86 
Vane Variable 1,000-2,300 750-2,000 85 
Radial Piston Fixed 10,000 1,000-3,400 90 
Axial Piston (bent axis) 
Axial Piston (bent axis) 

Fixed 
Variable 

5,100-6,500 
5,800 

950-3,200 
500-4,100 

92 
92 

Axial Piston (swash plate) Variable 4,600-6,500 500-4,300 91 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



5 Hydraulic Pump and Circuit Design 

Table 1.2 Typical Motor Performance Parameters for One Manufacturer 

Maximum Maximum Total 
Pressure Speed Efficiency 

Hydraulic Motor Type Flow (psi) (rpm) (%j 

Gear Fixed 3600 500-3000 85 
Radial Piston Fixed 6100-6500 1-500 91 -92 
Radial Piston Variable 6100 1-500 92 
Axial Piston (bent axis) Fixed 5800-6500 50-6000 92 
Axial Piston (bent axis) Variable 6500 50-8000 92 
Axial Piston (swash plate) Variable 4600-5800 6-4900 91 

The lower viscosity limit will establish the upper temperature limit of the fluid. 
If the upper temperature limit is exceeded, the viscosity will be insufficient to bear 
the high operating loads in the pump and, thus, lubrication failure will result in 
shortened pump life and/or catastrophic pump failure. Table 1.3 shows the effect of 
viscosity index on the pump operating temperatures for one major pump manufac- 
turer [ 13. 

Viscosity index is a measure of the viscosity change or resistance to flow of a 
liquid as the temperature is changed. A higher viscosity index produces a smaller 
viscosity change with temperature than a fluid having a lower viscosity index (see 
Chapter 4). 

2.1.1 *Torque and Pressure 

The input parameters to the hydraulic pump from the prime mover are speed and 
torque. The input torque to the pump is proportional to the pressure differential 
between the inlet port and the discharge port: 

(Pressure,,,,,, - Pressure,,,,,) X Displacement (1.8) 

The torque required to drive a positive displacement pump at constant pressure 
is [3-71 

T, = T, + T,, + Tf+ T, 

where T, is the actual torque required, T, is the theoretical torque due to pressure 
differential and physical dimensions of the pump, Tz,is the torque resulting from 
viscous shearing of the fluid, Tf is the torque resulting from internal friction, and T, 
is the constant friction torque independent of both pressure and speed. 

Table 1.3 A Pump Manufacturer’s Viscosity Index and Temperature Guidelines 

Temperature Viscosity Index Viscosity Index Viscosity Index 
(OF) (50) (95) (150) 

Minimum 18 5 0 
Optimum 85- 130 80- 135 75- 140 
Maximum 155 160 175 
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Substituting the operational and dimensional parameters (using appropriate 
units) into Eq. (1.9) produces the following expression: 

T l = (Pi - P2)Di, + C,,D,,pN+ C,(Pi - P,)D,, + T, (1.10) 
where P i  is the pressure at the discharge port, P ,  is the pressure at the inlet port, D ,  
is the pump displacement, C,,is the viscous shear coefficient, is the fluid viscosity, 
N is the rotation speed of the pump shaft, Cjis the mechanical friction coefficient, 
and T, is the breakaway torque. 

Actual values of the parameters such as viscous shear coefficient, mechanical 
friction coefficient, and breakaway torque are determined experimentally. From Eq. 
(1 .  lO), the required torque to drive a pump is primarily a function of the pressure 
drop across the pump (P, - P2)  and the displacement (D,,) of the pump. 
2.1.2 Rotational Speed and Flow 

The output flow of a hydraulic pump is described by 

QCi  = Qt - Q/ - Qr (1.11) 
where Qclis the delivery or actual flow rate of the pump, Q, is the theoretical flow, 
Q, is the leakage flow, and Q,. is the losses resulting from cavitation and aeration 
(usually neglected). 

Substituting the operational (speed, flow, and pressure) and dimensional (pump 
displacement) parameters into Eq. ( 1.11) yields 

. 
where Qclis the delivery or actual flow rate of the pump and C,is the leakage flow 
(slip) coefficient. From Eq. (1.12) it is apparent that pump delivery (QJ is primarily 
a function of the rotational speed (N) of the pump, and the losses are a function of 
the hydraulic load pressure ( P i  - P2) .  

The leakage flow or slip that takes place in a positive displacement pump is 
caused by the flow through the small clearance spaces between the various internal 
parts of the pump in relative motion. These small leakage paths are often referred 
to as capillary passages. Most of these passages are characterized by two flat parallel 
plates with leakage flow occurring through the clearance space between the flat plates 
(Fig. 1.3) [ 11. Therefore, the fundamental relationships for flow between flat plates 
are normally applied to the leakage flow in hydraulic pumps. However, to apply Eq. 
(1.12), it is necessary to obtain the value of the slip flow coefficient through ex- 
perimental results [3,6]. 
2.1.3 Horsepower (Mechanical and Hydraulic) 

Of interest to the designers and users of hydraulic systems is the power (Hplnpu,) 
required to drive the pump at the pressure developed by the load and the output 
power ( H P ~ , , , ~ ~ ~ ~ ) ,  which will be generated by the pump. The expression (using appro- 
priate units) which describes the “mechanical’ ’ input horsepower required to drive 
the pump is 

(1.13) 

where Hplnpllt is the required input power (hp), T,, is the actual torque required (lb- 
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7 Hydraulic Pump and Circuit Design 

Where: U = viscosity 
p = pressure 

Cylinder Block 

Figure 1.3 Illustration of the leakage path between two flat plates in a piston pump. 

ft), and N is the rotational speed of the pump shaft (rpm). The “hydraulic” output 
horsepower of a hydraulic pump is described by the expression 

PQHpoutput = - (1.14)
1714 

where Hpoutputis the power output of the pump (hp), P is the pressure at the pump 
discharge port (psi), and Q is the delivery or actual flow output (gpm). 

However, in the real world, Hpinput This is always true because no > Hpoutput. 
pump or motor is 100%efficient. As will be shown in the next subsection, this is 
mainly due to internal mechanical friction and fluid leakage within the pump. 

2.1.4 Pumping Efficiency 

Hydraulic pumping efficiency or total efficiency (E,) is a combination of two kinds 
of efficiencies: volumetric (Et,)and mechanical (Em).Volumetric efficiency is given 
by 

Actual flow output 
(1.15)E,, = Theoretical flow output 

The second kind of efficiency is called the torque efficiency or the mechanical ef- 
ficiency (E,,,).The mechanical efficiency is described by 

Theoretical torque input 
Actual torque input E“, = (1.16) 

The overall or total efficiency (E,) is defined by 

E, = E,,E,,, (1.17) 
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The total efficiency is also related to power consumption by 

Power output 
Power input 

E, = (1.18) 

Substituting Eqs. (1.13) and (1.14) into Eq. (1.18) produces the following ex- 
pression for the overall efficiency of a hydraulic pump: 

0.326T,,N 
E,  = (1.19)

PQ 

Theoretical pump delivery is also determined from the dimensions of the pump. 
However, if the dimensions of the pump are not known, they are determined by 
pump testing. The overall efficiency of a pump may also be measured by testing. 
However, it is difficult to measure mechanical efficiency. This is because internal 
friction plays a major role and there is no easy way of measuring this parameter 
within a pump. Rearrangement of Eq. (1.17) gives the mechanical efficiency as the 
overall efficiency divided by the volumetric efficiency: 

(1.20) 

2.1.5 Hydraulic System Design 

When designing a hydraulic system, the designer must first consider the load to be 
moved or controlled. Then, the size of the actuator is determined. The “actuator” 
is a component of a hydraulic system which causes work to be done, such as a 
hydraulic cylinder or motor. The actuator must be large enough to handle the load 
at a pressure within its design capability. Once the actuator size is determined, the 
speed at which the load must move will establish the flow rate of the system (gpm; 
gallons per minute): 

For hydraulic cylinders, 

AV 
gpm = - (1.21)

23 1 

where A is the area (h3)and V is the velocity (in./min) 
For hydraulic motors, 

(1.22) 

where D is the displacement (in?/rev.) 

For example, calculate the hydraulic cylinder bore diameter (D)and flow (Q)  
required to lift a 10,000 lb load at a velocity of 120 in./min with a hydraulic load 
pressure not exceeding 3000 psi. Using the fundamental hydraulic expression, 

Force = Pressure X Area (1.23) 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



9 

4 

Hydraulic Pump and Circuit Design 

Force is equal to 10,000 lbs and pressure is 3000 psi. The area of the head end of 
the cylinder is calculated by rearranging Eq. (1.23) and solving for the area: 

Force 10,000 
~Area = ---
Pressure 3,000 

= 3.333 in.2 

--TTD2-

D = 2.06 in. (1.24) 

Therefore, a double-acting single-rod cylinder with a cylinder bore of 2.25 or 2.5 in. 
may be used, depending on the requirements of the head side of the cylinder (Fig. 
1.4) [l]. However, on the rod side, the area of the piston is reduced by the area of 
the rod. Because the effective area on the rod side of the cylinder is less than that 
on the head side, the cylinder would not be able to lift as large a load when retracting, 
because of pressure intensification at the rod end causing the system relief valve to 
open. For this reason, all single-rod cylinders exert greater force at the rod end when 
extending than retracting. On the other hand, a double-rod cylinder of equal rod 
diameters would exert an equal force in both directions (extending and retracting). 

Once the size of the cylinder is selected, the designer must consider the speed 
requirements of the system. The speed at which the load must be moved is dependent 
on the pump flow rate. Of course, the velocity of the cylinder rod and the speed of 
the load must be the same. By using the equation 

VA
Q = - - (1.25)

23 1 

where Q is the flow rate into the cylinder (gpm), V is the velocity of the cylinder 
rod (in./min), and A is the cylinder area (in.’). 

The flow rate (Q) needed to produce a specific velocity ( V )  can now be cal-
culated by combining Eqs. (1.24) and (1.25); using a 2.5-in.-diameter cylinder as an 
example, 

nD2V 
Q = -

924 
- (3.14)(2.5)*(120)-

924 

= 2.6 gpm (1.26) 

Once the pressure needed to support the load and flow to produce the specified load 
velocity is determined, the pump selection process and system design may begin. 

There are several factors in pump selection and hydraulic system design that 
have not been addressed. For example, the service life required by the system must 
be decided along with the contamination level that must not be exceeded in the 
system. The piping sizes and the inlet conditions to the pump must be considered. 
The fluid to be used in the hydraulic system is an obvious consideration. These and 
other factors will be addressed in later sections of this chapter. 
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Figure 1.4 Illustration of a single-rod double-acting cylinder. 

2.2 Hydraulic Pumps and Motors 

There are three types of pumps used predominately in hydraulic systems: vane 
pumps, gear pumps, and piston pumps (Fig. 1.5) [l]. 

Although there are many design parameters that differ between a hydraulic 
pump and a hydraulic motor, the general description is fundamentally the same, but 
their uses are quite different. A pump is used to convert mechanical energy into 
hydraulic energy. The mechanical input is accomplished by using an electric motor 
or a gasoline or diesel engine. Hydraulic flow from the output of the pump is used 
to power a hydraulic circuit. On the other hand, a hydraulic motor is used to convert 
hydraulic energy back into mechanical energy. This is accomplished by connecting 
the output shaft of the hydraulic motor to a mechanical actuator, such as a gear box, 
pulley, or flywheel. 

2.2.1 Vane Pumps 

A typical design for the vane pump is shown in Fig. 1.6 [8]. The vane pump relies 
upon sliding vanes riding on a cam ring to increase and decrease the volume of the 
pumping chambers within the pump (Fig. 1.7). The sides of the vanes and rotor are 
sealed by side bushings. Although there are high-pressure vane pumps (>2500 psi), 
this type of pump is usually thought of as a low pressure pump (<2500 psi), see 
Table 1.1. 

There are two vane pump designs. One is a balanced design. whereas the other 
is unbalanced. In the balanced design, there are opposing pairs of internal inlet and 
outlet ports which distribute the thrust force evenly around the shaft (Fig. 1.8) [8]. 
All modem vane pumps are of the balanced design. The vane pump is considered 
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HYDRAULICPUMPS 

I 
FIXEDDISPLACEMENT VARIABLE DISPLACEMENT 

I I 

Figure 1.5 The family of hydraulic pumps. 

one of the simplest of all positive displacement pumps and can be designed to 
produce variable displacement; that is. the output flow can be changed to suit the 
needs of the hydraulic system (Fig. 1.9) [8]. Fluid leakage in vane pumps occurs 
between the high- and low-pressure sides of the vanes and across the side bushings 
which results in decreased volumetric efficiency and, hence, reduced flow output. 
The unbalanced design suffers from shortened bearing life because of the unbalanced 
thrust force within the pump. 

2.2.2 Gear Pumps 

It is generally agreed that the gear pump is the most robust and rugged type of fluid 
power pump. Although there are many gear-type pumps, three are used predomi- 
nately for hydraulic service. One is the external gear pump (Fig. 1.10) [8] and the 
other two are internal gear pumps of the “crescent” seal and “gerotor” seal type 
(Figs. 1 .1  I and 1.12, respectively) [8]. 

Figure 1.6 Illuswation of a typical vane pump. 
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Figure 1.7 Illustration of cam ring and vanes in a vane pump. 

Figure 1.8 Illustration of a balanced-design vane pump, 
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Maximum 
Volume 
Control 

I\ Cam Thrust 
Ring Screw Pressure - -

Suction 
Area 

A 
Figure 1.9 Illustration of a variable-displacement vane pump. 

Figure 1.10 Illustration of an external gear pump. 
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Inlet Outlet 
Figure 1.11 Illustration of an internal (crescent) gear pump, 

Rotor 

Gerotor Element 
Figure 1.12 Illustration of an internal (gerotor) gear pump. 
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t 

I 
b . i*-’Side Plate 

Figure 1.13 Illustration of the wear and leakage areas of the external gear pump. 

The external gear pump is the most prevalent (Fig. 1.10) [8]. Note that there 
are two gears: a drive and a driven gear. The number of teeth, the pitch circle 
diameter, and the width of the gears are the dominant parameters which control the 
displacement. The gears are enclosed by the housing and a side plate. Fluid leakage 
in this type of pump occurs between the tips of the gears and across the side plate 
(Fig. 1 . 1 3 )  [8]. 

The crescent seal internal gear pump consists of a small internal gear and a 
larger ring gear (Fig. 1 . 1 1 )  [8]. The small internal gear is driven by the prime mover. 
The internal gear meshes with the ring gear and turns it in the same direction. The 
sealing of the high-pressure chamber from the pump’s inlet is achieved by a crescent 
seal between the upper teeth of the internal small gear and the upper teeth of the 
ring gear. In the gerotor gear pump, the inner gerotor has one less tooth than the 
outer element (Fig. 1 . 1 2 )  [8]. The internal gear is driven by the prime mover and, 
in turn, drives the outer element in the same direction. There is no satisfactory gear 
pump design in which the displacement can be varied. 

2.2.3 Piston Pumps 

The piston pump is operated at the highest pressure of all of the pumps normally 
found in hydraulic applications. The piston pump is manufactured in the axial, bent- 
axis, and radial configurations. In addition, there are both fixed- and variable-dis- 
placement bent-axis configurations (Figs. 1 . 1 4  and 1.15, respectively) [8]. The axial 
design configuration predominates in hydraulic systems and will be the basis of the 
discussions here. A typical example of an axial fixed-displacement piston pump is 
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Figure 1.14 Illustration of a bent-axis fixed-displacement piston pump. 

Figure 1.15 Illustration of a bent-axis variable-displacement piston pump. 
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Spring force transmitting pin Shoe retainer plate 
(3 spaced evenly) (retracts pistons) ~ 
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90" to 
flow 

CyIinder Piston hhoe 
block 

Figure 1.16 Illustration of an axial fixed-displacement piston pump. 

shown in Fig. 1.16 [2] and a typical example of an axial variable-displacement piston 
pump is illustrated in Fig. 1.17 [2]. Variable-displacement piston pumps lend them- 
selves to the incorporation of various valve mechanisms that will alter the perfor- 
mance of this pump; for example, it can be a pressure-compensated pump in one 
configuration, where the valve mechanism will alter the displacement of the pump 
to limit the outlet pressure to some preselected value. A pressure-compensated piston 
pump is illustrated in Fig. 1.17 [2]. 

Yoke return Yoke actuating 
spring piston 

Figure 1.17 Illustration of an axial variable-displacement piston pump. 
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As seen in Figs. (1.16) and (1.17), the major components of a piston pump are 
the pistons, the piston or cylinder block, valve plate, piston shoes, swash plate, and 
the drive shaft. In operation, the shaft drives the piston block, which, in turn, rotates 
the pistons. The pistons are held against the swash plate by springs and a retainer 
plate. For the piston pump to produce a flow, the swash plate must be at some angle 
relative to the centerline of the shaft, which is also the axial center of rotation of 
the pistons. The pistons ride on the surface of the swash plate and the angle will 
force the pistons to move in and out of the piston or cylinder block. The greater the 
swash-plate angle, the larger the piston stroke and the greater the displacement of 
the pump. The dependence of pump displacement (V) on the swash-plate angle a is 
shown by the following equation and Fig. 1.18 [9]: 

(1.27) 

where V is the pump displacement (in.’), dk is the piston bore diameter (in.), Dk is 
the piston bore circle diameter (in.), and a is the swash-plate angle (in degrees). 

For an axial piston pump bent-axis design, the pump displacement (V) is de- 
scribed by the bent-axis angle a according to the following equation and Fig. l .  19 
[91: 

.rrdi
V = -(2rhz)(sina) ( I  .28)

4 

where r h  is the piston bore circle radius and z is the number of pistons. 
The third kind of piston pump is the radial design (Fig. 1.20) [8]. In general, 

the radial piston pump has the highest continuous-pressure capability than any other 
type of pump (Table 1.1). Figure 1.21 [8] shows the basic configuration of a three- 
piston pump. The pistons are positioned radially to an eccentric drive shaft. Each 

Figure 1.18 Sketch of an axial piston pump swash-plate design showing displacement 
angle a. 
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Figure 1.19 Sketch of an axial piston pump bent-axis design showing displacement 
angle a. 

Figure 1.20 Cross-sectional view of a radial piston pump. 
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Figure 1.21 Illustration of the interior of a radial piston pump 

hollow piston consists of an inlet check valve, a spring. a piston barrel. a pumping 
chamber. an outlet check ball. and a support bearing. 

As the drive shaft is rotated. the spring holds the base of the piston in contact 
with the eccentric cam shaft. The downward motion of the piston causes the volume 
to increase in the pumping chamber. This creates a reduced pressure that allows the 
inlet check valve to open, allowing oil to enter the pumping chamber. The oil enters 
the chamber by way of a groove machined into the cam-shaft circumference. Further 
rotation of the cam shaft causes the piston to move back into the cylinder barrel. 
The rapid rise in chamber pressure closes the inlet check valve. When the rising 
pressure equals the system pressure, the outlet check valve opens, allowing flow to 
exit the piston into the pressure port of the pump. The resulting flow is the sum of 
all the piston displacements. The number of pistons that a radial pump can have is 
only limited by the spatial restrictions imposed by the size of the pistons, housing, 
and cam shaft. 

For a radial piston pump. the pump displacement (V) is defined by the piston 
bore ( d k )and the cam thrust ( e ) according to the following equation and Fig. 1.22 
~91: 

d i n
V = -2ez (1.29)

4 

where e,  the cam thrust. is measured in inches. 
Typical applications for radial pumps include cylinder jacking, crimping, and 

holding pressure on hydraulic presses. However, it should be noted that for extremely 
high-pressure applications, the displacements of radial pumps are usually not larger 
than 0.5 in.'/rev.; for example, at 1800 rpm, a O.S-in.'/rev. displacement pump will 
only deliver -3.9 gpm. Assuming an efficiency of 93% at a load pressure of 10,000 
psi. the pump would require a 24-hp electric motor [Eqs. (1.14) and ( I .  18)]. 
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Figure 1.22 Sketch of a radial piston pump showing the parameters used to calculate 
displacement. 

2.2.4 Sizing and Selection of Pumps 

As was mentioned earlier, the sizing of the system pump actually begins with the 
load. The specification for a hydraulic system only deals with the movement of a 
load; therefore, the size of the pump must be calculated from this information. The 
pump is a flow generator which develops flow; pressure is a result of the pressure 
losses within the system and the pressure necessary to maintain the motion of the 
load. Hence, the first parameter in sizing a pump is to determine the required flow. 
Then, as was shown earlier, the pressure capability of the pump must be considered. 
The pressure necessary to deal with the load is determined by sizing the cylinder. 
Then, it is only necessary to add the system losses to the pressure to arrive at the 
pressure capability of the pump. 

Once the size and pressure capability of the pump are known, the type of pump 
and the manufacturer must be selected. There are basically three types of pumps 
normally used. The main criterion that will play heavily in the selection of the pump 
is the type of control used. In an open-center system, which is not extremely high 
pressure, any of the three pump types can be used. In this case, price and personal 
opinions of the designer will prevail. However, if the system is to be a closed-center 
one with pressure or load compensation, the usual selection is the variable-displace- 
ment piston pump. 

Open-LoopCircuit 
The open-loop circuit is by far the most popular design. An example of an open- 
loop circuit is shown in Fig. 1.23 [8]. In this figure, an electric motor powers a 
variable-displacement pump which draws hydraulic fluid from the reservoir and 
pushes the fluid through a directional control valve. The fluid from the control valve 
can be directed to either side of a reversible hydraulic motor and then is sent back 
to the reservoir. Pumps used in open-loop applications can only pump fluid in one 
direction. In contrast to the reversible hydraulic motor, the pump’s ports are not the 
same size-the inlet port is always larger than the outlet port. The advantage of an 
open-loop design is that, if necessary, a single pump can be used to operate several 
different actuator functions simultaneously. The main disadvantage is its large res- 
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Figure 1.23 Illustration of an open-loop circuit. 

ervoir size. Generally, the reservoir is sized to hold at least three times the volume 
of fluid that can be supplied by the pump in 1 min. 

Closed-Loop Circuit 
In contrast to the open-loop design, the closed circuit eliminates the need for a large 
storage reservoir. Figure 1.24 [8] shows an illustration of a closed-loop circuit. In 
this design, a reversible pump is used to drive a reversible hydraulic motor. The 
closed-loop design is always used in conjunction with a smaller “supercharge” cir- 
cuit. The supercharge circuit consists of a small fixed-displacement pump (usually 
about 15% of the displacement of the main pump), a small fluid reservoir, filters, 
and a heat exchanger. 

The supercharge circuit always works on the low-pressure side of the main 
loop. Its function is to pump freshly filtered fluid into the closed loop through check 
valves while bleeding-off a percentage of the hot fluid through a bleed valve. This 
hot fluid is then cooled by a heat exchanger and stored in a small reservoir before 
returning to the main system. The pressure in the supercharge circuit is limited to 
100-300 psi by the supercharge relief valve. The pressure setting of this valve is 
determined by the requirements of the pump/motor combination and the operating 
conditions of the system. The cross-port relief valves on the motor are there only to 
protect the actuator from load-induced pressure spikes. They are not intended to 
function like those found in open-loop designs, which would cause severe over- 
heating of the circuit due to insufficient fluid supply, inherent in a closed loop system, 
to carry away this extra heat. In closed-loop circuits, pressure, flow, and directional 
motor control are all achieved by controlling the variable-displacement pump. 

The advantages of a closed-loop circuit is that high-horsepower systems are 
compact and efficient and require less hydraulic fluid storage. The high efficiency of 
this circuit is the result of the pump control being designed to supply only the fluid 
flow required by the actuator to operate at the load-induced pressure. The pump is 
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ectional Motor 

Figure 1.24 Illustration of a closed-loop circuit. 

the heart of the system and controls the direction, acceleration, speed, and torque of 
the hydraulic motor, thus eliminating the need for pressure and flow control 
components. 

A major disadvantage of a closed-loop circuit is that a single pump can only 
operate a single output function or actuator. In addition, this type of hydraulic circuit 
is generally used only with motor actuators. 

Half-Closed-Loop Circuit 
Figure 1.25 [8] is an illustration of a “half-closed”-loop circuit. This circuit is similar 
to the closed circuit except that it can be used with cylinder actuators having dif- 
ferential areas. As can be seen from the figure, during cylinder extension, the pump 
must generate a larger flow from its left-hand port than is being returned to its right- 
hand port from the cylinder. The extra fluid needed by the pump is supplied by its 
left-hand inlet check valve, which is an integral part of the pump. 

When the pump control strokes the pump over the center, the flow from the 
pump is reversed and the cylinder begins to retract. During retraction, the differential 
area of the cylinder piston causes a larger flow than needed at the inlet of the pump. 
This excess flow is directed to the reservoir through the “unloading valve.” The 
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Figure 1.25 Illustration of a half-closed-loop circuit. 

unloaded fluid is filtered and cooled prior to its return to the reservoir. In this way, 
a portion of the closed-loop fluid is filtered and cooled in an open-loop circuit each 
time the cylinder is cycled. 

2.2.5 Contamination Considerations 

Every hydraulic system will have particulate contamination entrained in the circu- 
lating fluid. These contaminant particles can enter the clearance space of every corn- 
ponent, but more specifically, the hydraulic pump [101. Contaminants will enter the 
system from reservoir breathers, seals, and so forth as well as from the wear of 
internal surfaces. 

There are three ways of addressing the contamination problems in a hydraulic 
system. This can be accomplished by using return-line and reservoir breather filters. 
One way is to prevent particles from entering the system. Because the particles that 
enter the hydraulic system will cause wear on the internal surfaces of the compo- 
nents, the elimination of these particles will also reduce the production of wear 
debris. The second approach is to filter the particles that become entrained in the 
circulating fluid, and the third approach is to select components that effectively resist 
the contaminant attack. 
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In selecting the pump, none of these approaches are completely adequate. Due 
to the development of contaminant-sensitivity test procedures at the Fluid Power 
Research Center, formerly located at Oklahoma State University, it is now possible 
to evaluate the efficiency of seals [11,121 and breathers in preventing the entrance 
of particulate contamination as well as the removal efficiency of hydraulic filters 
[13,141. In addition, contaminant sensitivity test procedures are available to evaluate 
the resistance or tolerance of a hydraulic component, such as a pump, to entrained 
particulate contaminants [15-171. Therefore, knowing the ability of the seals and 
breathers to prevent the entrance of contamination and the effectiveness of the filter 
in removing that contaminant which does enter the system, a reasonable selection of 
the pump to produce the desired service life can be made. 

Table 1.4 shows the level of cleanliness that can be achieved as a function of 
degree of filtration as it applies to various hydraulic components. This subject is 
covered in much greater detail in Chapter 3. 

Preparation of Pipes and Fittings 

When installing pipes and fittings on a hydraulic system, it is imperative that they 
be as clean as possible. The following steps are recommended to prepare metal pipes 
and fittings prior to installation [181: 

1. Ream inside and outside edges of pipe or tubing and clean with a wire 
brush to loosen and remove any particles. 

2. Sandblast short pieces of pipe and tubing to remove any rust and scale. In 
the case of longer pieces or short pieces having complex shapes, they first 
should be cleaned of all grease and oil in a degreasing solvent and then 
pickled in a suitable solution until all rust and scale is removed. 

3. After pickling, rinse all parts thoroughly in cold running water and then 
immerse parts in a tank containing neutralizing solution at the proper tem- 
perature and length of time as recommended by the manufacturer. 

4. Rinse parts in hot water and place into another tank containing an antirust 
solution. If parts are not to be immediately installed, they should be left 
to air-dry with antirust solution remaining on them. If pipes are dry and 
will be stored, they should be capped to prevent dirt from entering. Before 
using any pickled part, it should be thoroughly flushed with a suitable 
degreasing solvent. 

5 .  Cover all openings into the hydraulic system to prevent dirt and any foreign 
matter from entering the system. 

6 .  Inspect all threaded fittings and remove any burrs or metal slivers. 

Table 1.4 Filtration and Cleanliness Guidelines for Various Hydraulic Components 

Filtration Cleanliness 
(Pm) (class) Hydraulic Application 

1-5 0- I Servo valves 
10 2-4 Piston pumps and motors, flow controls, relief valves 
20-25 4-5 Gear and vane pumps 
40 6 Infrequent duty cycle and noncritical components 
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7. Before filling or adding hydraulic fluid to the reservoir, make sure that the 
fluid is as specified and that it is clean. 

8. When adding hydraulic fluid to the reservoir, use a fluid filtration cart to 
prefilter the fluid as it enters the reservoir. Never add fluid directly from 
the storage container or drum without filtering. 

2.2.6 Pump Performance Characteristics 

The performance of the pump is extremely important in the overall success of any 
hydraulic system. A pump exhibits mechanical-type losses as well as volumetric 
losses [19]. Mechanical losses are the result of the motion of the working element 
within the pump because of friction. As shown previously [Eq. (1. lO)], the theoretical 
torque required to drive the pump is equal to the product of the pump displacement 
and the pressure differential across the pump. Obviously, the actual torque is greater 
than this theoretical value in order to make up for the mechanical losses within the 
pump. As stated earlier, the mechanical efficiency is the ratio of the theoretical torque 
to the actual torque [Eq. (1.16)]. 

The effectiveness of a pump in converting the mechanical input energy into 
output hydraulic energy must be measured by tests. Theoretically, at low pressures, 
the output flow of a positive displacement pump is equal to the product of the 
displacement and the shaft rotational speed as shown by 

Flow (gpm) = 
Displacement (in.'/rev.) X Speed (rpm) 

(1.30)
23 1 

As the differential pressure across the pump increases, the flow through the 
clearances or leakage paths within the pump will increase to create slip flow, which 
will be subtracted from the output flow. Therefore, the volumetric efficiency is the 
ratio of the actual flow to the theoretical flow; this parameter reflects the magnitude 
of the volumetric losses [Eq. (l.lS)]. 

Overall efficiency is equal to the volumetric efficiency multiplied by the me- 
chanical efficiency [Eq. ( 1.17)]. Figure 1.26 illustrates the relationship among vol- 
umetric, mechanical, and overall efficiency of a hydraulic pump. To properly select 
a hydraulic pump for a given application, efficiency information is extremely im- 
portant. These data must be acquired by the pump manufacturer by testing and are 
normally reported in a graph resembling that shown in Fig. 1.27. The upper curves 
in this figure show that at a given load pressure, the volumetric efficiency increases 
with speed. This is because all fluids have a property known as viscosity, and at 
greater and greater speeds, there is insufficient time available for the fluid to leak 
across to case or slip past clearances in the pump. Also, the lower curves indicate 
that at a given load pressure, the input power requirement increases as speed in- 
creases. This is the result of the increased flow output of the pump as rotational 
speed increases [Eqs. (1.12) and (1.13)]. It should be noted that these data are usually 
run at one temperature using one fluid. No viscosity or density effects are taken into 
consideration in these data. The cost penalty paid for poor efficiency can be signif- 
icant. Therefore, care must be taken to evaluate the efficiency characteristics of the 
pump during the selection process. 

The mechanical strength of the pump to survive the pressure duty cycle ex- 
pected in the application is reflected by the proof- and burst-pressure information. 
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Figure 1.26 Typical hydraulic pump efficiency curves. 

This information is obtained through failure tests conducted by the pump manufac- 
turer. The proof pressure is normally 1.5 the rated pressure and the burst pressure is 
2.5 times the rated pressure. The ability of the pump to operate for a sufficient time 
at the actual pressure duty cycle is determined by conducting endurance tests at 
conditions agreed upon by the industry. 

2.2.7 Pump Inlet Condition 

In theory, a positive displacement pump will produce flow in direct proportion to 
the shaft speed [Eq. (1.12)]. However, if the fluid cannot be supplied to the pumping 
chambers of the pump, this relationship will not hold and the pump is said to cavitate. 
The flow versus shaft speed for a typical hydraulic pump will be linear up to the 
point that fluid can no longer enter the pumping chambers of the pump as these 
chambers are opened and closed because of shaft rotation. When this occurs, the 
chambers will only partially fill and the outlet flow will reduce. Under these con- 
ditions, the pump will be starved for fluid. The speed that this starvation will occur 
depends on the viscosity and the density of the hydraulic fluid as well as the physical 
configuration of the pump inlet and the connecting lines. This phenomenon is illus- 
trated in Fig. 1.28. 

In considering the starvation of a positive displacement pump, there is normally 
very little that can be done with the configuration of the pump inlet by the system 
designer. Also, the fluid being used in the system is generally selected for reasons 
other than the pump inlet conditions, such as for high-temperature operation, fire 
resistance, or biodegradability. Therefore, it is necessary to size the inlet piping and 
position the pump relative to the reservoir such that the inlet pressure to the pump 
is positive. The pressure at the inlet to the pump is normally called the Net Positive 
Suction Head (NPSH) and may be calculated in terms of absolute pressure [20]. The 
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SPEED (rpm) 

Figure 1.27 Typical performance data reported by a pump manufacturer. 

entire system from the fluid level in the reservoir to the inlet port of the pump must 
be taken into account when determining the NPSH (Fig. 1.29) [20]. The primary 
factors in determining the NPSH are as follows: 

The atmospheric head or the atmospheric pressure at the particular location 
W,). 
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Increased viscosity 
Higher Density 

Lower inlet pressure 

7 


SHAFT SPEED 

Figure 1.28 Discharge flow of a positive displacement pump as a function of shaft speed, 
fluid viscosity, and density. 
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The friction head or the pressure needed to overcome the losses due to 
friction when the fluid is flowing through the pipe, fittings, valves, and area 
changes ( H p ) .Table 1.5 [21] shows data for various hose and pipe diameters. 
Static inlet head or the vertical distance from the centerline of the pump 
inlet to the free surface level in the reservoir ( H J .  
The vapor pressure of the fluid at the fluid temperature (Hbrp) .  

The above parameters can be used to calculate the NPSH according to the 
equation, 

(1.31) 

It is interesting to note that the term HvP,although negligible for mineral-oil- 
based hydraulic fluids, can be the most dominant term where volatile fluids are 
concerned, such as with water-based fire-resistant hydraulic fluids. Figure I .30 shows 
a plot of water vapor pressure as a function of temperature [22]. 

There are equations for each of the factors involved in establishing the NPSH. 
However, numerous graphs and nomographs have reduced the burden of calculating 
the NPSH for a given pump and inlet condition. One such graph is given in Fig. 
1.31. With this graph, one can determine the approximate NPSH at the pump inlet 
from the flow and speed of the pump. As an example, a pump having a displacement 
of 0.05 gpm running at 1800 rpm would, according to the nomograph, require a 
NPSH of -24 ft of oil pressure, or 0.35 X 24 = 8.4 psi (for mineral oil), to prevent 
cavitation. This graph provides information concerning the minimum NPSH and is 
fairly accurate for viscosities below about 200 SUS and specific gravities of about 
0.9. Care should be taken when dealing with a fluid with a high specific gravity, 
such as many of the synthetic fluids (polyol esters, phosphate esters, etc.) and water- 

Table 1.5 Pressure Drop AP (psi/ft) and Flow Rates (gpm) for Various Hose (H) and Pipe (P)  
Diameters at Typical Flow Velocities 

Hose/pipe AP AP AP AP AP 
inner diameter 
(in.) 

(gpm) 
2 ftjs 

(gpm) 
4 ftjs 

(gpm)
10 ftjs 

(gpm)
15 ftfs 

(gpm)
20 ftfs 

0.500 H 0.176 ( 1.22) 0.352 (2.45) 0.880 (6.12) 1.32 (9.18) 2.92 (12.2) 
0.750 H 0.0782 (2.75) 0.156 (5.51) 0.391 (13.8) 1.06 (20.7) 1.76 (27.5) 
0.875 H 0.0575 (3.75) 0.1 15 (7.50) 0.432 (18.7) 0.878 (28.1) 1.45 (37.5) 
1.00 H 0.0440 (4.90) 0.0880 (9.79) 0.365 (24.5) 0.743 (36.7) 1.23 (49.0) 
2.00 H 0.01 10 (19.6) 0.0220 (39.2) 0.154 (97.9) 0.312 (147) 0.517 (196) 
3.00 H 0.00489 (44.1 ) 0.0186 (88.1) 0.0925 (220) 0.188 (330) 0.311 (441) 
4.00 H 0.00275 (78.3) 0.0130 ( 157) 0.0646 (392) 0.131 (588) 0.217 (783) 
0.493 P 0.181 (1.19) 0.362 (2.38) 0.905 (5.95) 1.36 (8.92) 2.97 ( 1  1.9) 
0.742 P 0.0799 (2.70) 0.160 (5.39) 0.400 (13.5) 1.08 (20.2) 1.78 (27.0) 
0.884 P 0.0563 (3.83) 0.113 (7.65) 0.426 (19.1) 0.867 (28.7) 1.43 (38.3) 
1.049 P 0.0400 (5.39) 0.0800 (10.8) 0.344 (26.9) 0.700 (40.4) 1.16 (53.9) 
2.067 P 0.0103 (20.9) 0.0206 (4 1.8) 0.147 (105) 0.300 (157) 0.496 (209) 
3.068 P 0.00468 (46.1) 0.0181 (92.2) 0.0900 (230) 0.183 (346) 0.303 (461) 
3.026 P 0.00272 (79.4) 0.0129 (159) 0.0641 (397) 0.130 (595) 0.215 (794) 
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Figure 1.30 Water vapor pressure curve. 

based fluids. In addition, complicated or exceptionally long inlet lines should be 
considered as special cases when determining the NPSH. 

Friction head or the losses resulting from the pipe friction acting upon the fluid 
flowing through the pipe can be calculated using Darcy’s equation: 

A P = A -LPQ’ (1.32)
2DA2 

where AP is the pressure loss because of friction, A is the friction factor, L is the 
length of pipe, p is the density of the fluid, Q is the flow through the pipe, D is the 
pipe diameter, and A is the cross-sectional area of the pipe. 

The friction factor, A, can be obtained from a modified Moody diagram, as 
shown in Fig. 1.32 [2]. It should be noted that the solid line on the left-hand side 
of the graph is for fully developed laminar flow, and the solid line on the right-hand 
side is for fully developed turbulent flow. The dashed lines show the changes that 
occur when the laminar flow is not fully developed and at very high Reynolds 
numbers. Equation (1.32) can be rewritten in terms of head loss as follows: 

AP
h = - (1.33)

PG 

where h is the head loss (ft) and G is the gravitational constant (ftls’). 
The frictional losses can also be found using nomographs. The nomograph 

shown in Fig. 1.33 [2] can be used to find the pressure loss in a pipe because of 
friction under conditions of laminar flow. In the example in the figure, the fluid 
velocity is 2.0 m / s  and the fluid viscosity is 30 cP. A straight line is drawn between 
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Displacement, gallons per revolution 

Figure 1.31 Minimum pump head pressure estimation nomograph. 

these two points. The pipe diameter is 20 mm. By drawing a straight line between 
the pipe diameter of 20 mm through the intersection of the first line drawn with the 
turning line, one will find the pressure loss per foot of this pipe at these flow con- 
ditions to be approximately 0.06 bar/m. Then, multiply this number by the total 
length of the pipe to find the total pressure loss. The nomograph shown in Fig. 1.34 
[2], for turbulent flow, is used in exactly the same way as that shown in Fig. 1.33 
for laminar flow. 

2.3 Hydraulic System Components 

Thereare probably as many different hydraulic systems and component designs as 
there are designers. However, a fundamental hydraulic system consists of the follow- 
ing components and circuits in addition to the pumping component. 
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Flow control 
Pressure control 
Rotary and linear actuators 
Accumulators 
Piping and hose 
Reservoir 

Each of these components have a unique mission in the operation of a hydraulic 
system. 

2.3.1 Flow Control 

Flow control in a hydraulic system is commonly used to control the rod velocity of 
linear actuators or the rotary speed of hydraulic motors. There are three ways to 
accomplish flow control. One is to vary the speed of a fixed-displacement pump; 
another is to regulate the displacement of a variable-displacement pump. The third 
way is with the use of flow control valves. Flow control valves may vary from a 
simple orifice to restrict the flow to a complex pressure-compensated flow control 
valve and to flow dividers. 

Uncompensated Flow Control Needle Valves 
The simplest uncompensated flow control is the fixed-area orifice. Normally, these 
orifices are used in conjunction with a check valve so that the fluid must pass through 
the orifice in one direction, but in the reverse direction the fluid may pass through 
the check, thus bypassing the orifice. Another design incorporates a variable-area 
orifice so that the effective area of the orifice can be increased or decreased (usually 
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Figure 1.33 Pressure loss per unit pipe length for laminar flow. 

manually). One style of the variable-area orifice with a reverse-flow check valve is 
shown in Fig. 1.35 [2]. These uncompensated flow control valves are used where 
exact flow control is not critical. 

Flow through an orifice is proportional to the pressure drop across the orifice. 
Therefore, if the pressure differential increases, flow will also increase. To avoid this, 
a compensated flow control valve must be utilized. 

Compensated Flow Control Needle Valves 
A very simple compensated flow control valve is shown in Fig. 1.36 [2]. In this 
valve, the force opposed by the spring is a function of the pressure drop across the 
fixed orifice, not the pressure drop across the entire valve. As the pressure differential 
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Figure 1.34 Pressure loss per unit pipe length for turbulent flow. 

across the valve from the inlet to the outlet increases, flow will also attempt to 
increase. However, any increase in flow will be accompanied by a resulting increase 
in the pressure drop across the fixed orifice. When this pressure differential becomes 
larger than the spring preload, the valve spool will shift and the outlet port will be 
restricted. There are compensated flow control valves that are much more complex 
than the one shown; however, most operate the same because the pressure drop across 
the control orifice is held constant by utilizing a secondary variable orifice. 

The following equations can be used to calculate the flow rate through a needle 
valve, or a series of valves, at a given system pressure. Refer to Fig. 1.37 [21] for 
the orifice coefficient (CD) values and circuit definitions. 
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Figure 1.35 Illustration of an uncompensated flow control needle valve. 

Parallel circuits: 

(1.34) 

where Q is the flow rate (gpm), AP is the pressure drop (psig), SG is the 
specific gravity of fluid, CD is the orifice coefficient. and D is the orifice 
diameter (in.) 

Figure 1.36 Illustration of a compensated flow control needle valve. 
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Figure 1.37 CD values and circuit definitions for orifice calculations. 

Series circuits: 

AP(29.81)’ 
= JSG[( l/CD,D:)2 + (l/CD,D;)’ + * - *I ( I  .35) 

Seriedparallel circuits: 

(1.36) 

Partial parallel circuits : 
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Flow Dividers 
Flow dividers are a form of flow control valves. There are at least two types of flow 
dividers. One is called a priority flow divider; the other is a proportional flow divider. 
The priority type of flow control provides flow to a critical circuit at the expense of 
other circuits in the system. For example, many of the earth-moving machines are 
equipped with power steering. From a safety standpoint, the steering system is a 
very critical function. 

Figure 1.38 [2J illustrates a priority flow divider. In operation, the flow will 
enter the priority flow divider from the right-hand end, as shown [2]. When the flow 
reaches a value such that the pressure drop across the fixed orifice produces a force 
larger than that provided by the spring, the spool will move to the left. This action 
will begin to close the priority outlet port and open the secondary outlet. When the 
flow is below the designed priority flow, the spool will be all the way to the right, 
the secondary will be closed, and the priority will be wide open. The proportional-
type flow divider follows the same principle as the priority flow divider, except that 
two orifices are used and the spool is normally spring-loaded to a particular flow-
split ratio. 

2.3.2 Pressure Control 

The primary pressure control valves are relief valves. There are direct-acting relief 
valves and pilot-operated relief valves. In addition, the pressure-reducing and the 
counterbalance valves fall under the pressure control category. There are a great 
many more valves that would fall into the pressure control category which will not 
be discussed here. 

PRIORITY SECONDARYPRIORITY SECONDARY 
OUTLET

I /OUTLET 

INLET 
FROM 
PUMP 

Priority Flow Divider 
Figure 1.38 Illustration of a priority flow divider valve. 
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Pressure Relief Valves 
There are two major kinds of pressure relief valves. One is described as a direct- 
acting valve and the other is pilot operated. The direct-acting relief valve is shown 
in Fig. 1.39 [2]. The model shown is actually adjustable, but not all direct-acting 
relief valves are externally adjustable. In operation, the flow enters from the bottom 
of the valve shown in Fig. 1.39. When the inlet pressure reaches the value such that 
the pressure times the exposed area of the ball is greater than the spring setting, the 
valve will begin to pass hydraulic fluid. Note that the spring must be compressed in 
order for the seat (ball) to move and provide greater flow area. Therefore, the pressure 
will increase as the flow through the valve increases. The pressure at which the valve 
first begins to open is called the cracking pressure; the pressure at rated flow is 
termed the full-flow pressure. In the case of the direct-acting relief valve, the dif- 
ference between the cracking pressure and the full-flow pressure could be large. This 
difference is called the override pressure. 

The pilot-operated relief valve is shown in Fig. 1.40 [2]. The pilot-operated 
pressure relief valve increases pressure sensitivity and reduces the pressure override 
normally found in relief valves using only the direct-acting force of the system 

Outlet 

Inlet 1 '  
Figure 1.39 Illustration of a direct-acting relief valve. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



40 Tessmann et al. 

Figure 1.40 Illustration of a pilot-operated relief valve. 

pressure against a spring element. In operation, the fluid pressure acts upon both 
sides of piston ( 1 )  because of the small orifice (C)through the piston and the piston 
is held in the closed position by the light-bias spring (2).When the pressure increases 
sufficiently to move the pilot poppet (4) from its seat. the fluid behind the piston 
will be directed to the low-pressure area, such as the return line. The resulting pres- 
sure imbalance on the piston will cause it to move in the direction of the lower 
pressure, compressing the spring and opening the discharge port. This action will 
effectively prevent any additional increase in pressure. The setting of the pilot-op- 
erated relief valve is adjusted by the preload of the poppet spring (3). 

Pressure-Reducing Valves 
Pressure-reducing valves are used to supply fluid to branch circuits at a pressure 
lower than that of the main system. Their main purpose is to step the pressure down 
to the requirements of the branch circuit by restricting the flow when the branch 
reaches some preset limit. The prewure-reducing valve is illustrated in Fig. 1.41 [2]. 
In operation, a pressure-reducing valve permits fluid to pass freely from port C to 
port D until the pressure at port D becomes high enough to overcome the force of 
the spring (2). At this point, the spool will move, obstructing flow to port D and 
thus regulating the downstream pressure. The direction of flow is irrelevant with a 
pressure-reducing valve, as the spool will close when the pressure at port D reaches 
the set value. If free reverse flow is required, a check valve must be used. 

Counterbalance Valves 
The normal use of counterbalance valves is to maintain back pressure on a vertically 
mounted cylinder to hold vertical loads such as encountered in hydraulic presses. A 
typical circuit using a counterbalance valve is shown in Fig. 1.42 [2]. Counterbalance 
valves can be operated by either a direct pilot or a remote pilot. As shown in Fig. 
1.42, when a direct pilot is utilized. the pressure on the rod side of the cylinder must 
reach the valve setting before it will open and permit flow. When the valve is op- 
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E 
Figure 1.41 Illustration of a pressure-reducing valve. 

erated by a remote pilot, this pilot line can be connected to the pump outlet. In this 
case, the valve will open when the inlet pressure to the cylinder reaches some value. 
There will be very little rod side pressure in this arrangement. Reverse flow will not 
pass through the counterbalance valve, as shown in Fig. 1.42. Therefore, a bypass 
check valve must be included to permit the cylinder to be raised. 

2.3.3 Check Valves 

Check valves are normally used to control the direction of fluid flow. However, their 
operation is similar to that of a direct-operated relief valve. Figure 1.43 [23]shows 
a simple check valve and a cross-sectional illustration of the parts. The valve consists 
of a seat, a poppet, and a spring. The valve remains closed against flow until the 
pressure at its inlet creates sufficient force to overcome the spring force. Once the 
poppet leaves its seat, hydraulic fluid is permitted to flow around and through the 
poppet to the valve outlet port. For this reason, a simple check valve can only allow 
flow in one direction. Like direct-operated relief valves, simple check valves have a 
cracking pressure. By changing the spring, cracking pressures between 5 and 75 psi 
can be obtained. For special applications, a “no-spring’ ’ version is also available. 
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Figure 1.42 A typical Counterbalance-valvc hydraulic circuit. 

Figure 1.43 Illustration of a simple check valve. 
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Figure 1.44 Illustration of a pilot-operated check valve. 

For load holding and in decompression-type hydraulic press circuits, a pilot- 
operated check valve is used. It performs the same function as the simple check 
valve described above. However, in contrast to the simple check valve, a pilot- 
operated check valve can be piloted “open” when a reverse flow is required. Figure 
1.44 [23] illustrates the components of a pilot-operated check valve. The valve has 
two distinct sections, the check-valve section and the pilot section. The check-valve 
section allows free fluid flow from port A to port B while preventing reverse flow 
from B to A without leakage. However: if a pilot pressure signal is supplied to port 
X, then a force is applied to the pilot piston, which forces the piston rod against the 
check-valve poppet. This force then unseats the poppet, allowing free flow of fluid 
from port B to port A. 

2.3.4 Directional Control Valves 

In typical hydraulic systems, there may be rotary or linear actuators present. These 
actuators normally have two ports. If oil is pumped into one of the ports while the 
other is connected to tank, the actuator will move in one direction. In order to reverse 
its direction of motion, the pump and tank connections must be reversed. The sliding- 
spool-type directional control valve has been found to be the best way to accomplish 
this change. 

Figure 1.45 [24] shows an illustration of a sliding-spool-type directional control 
valve. The valve has a cylindrical shaft called a spool, which slides in a machined 
bore in the valve housing. The housing has ports to which the hydraulic pump, return 
line to tank, and lines for the actuator are connected. The number of ports designates 
the valve type. For example, a valve with four ports is referred to as a “4-way” 
valve; a valve with three port connections would be called a “%way” valve. Fur- 
thermore, spool valves can be classified as “2-position” or “3-position’’ valves. 

A 2-position valve can only be shifted fully left or fully right. A common use 
for such a valve would be in a cylinder application which only requires the cylinder 
to extend or retract to its fullest positions. Another application would be in hydraulic 
motors which only run in forward or reverse directions. 
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Figure 1.45 Illustration of a spool-type directional control valve. 

A “3-position’’ valve is similar in operation to a “2-position” valve except 
that it can be stopped in a third or “neutral” position between ports A and B. While 
in the centered or neutral position. flow may or may not be possible, depending on 
the spool design of the center position. Figure 1.46 [24] shows some common “3- 
position” spool designs. 

Most valve manufacturers test their valves for flow capacity and develop charts 
that plot valve flow rate versus pressure drop (AP) .From these plots, a flow factor 

Figure 1.46 Typical flow paths available for 3-position spool valves. 
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denoted CV can be determined for each valve. The CV factor then can be used to 
calculate the flow characteristics of the valve at other conditions; for example, a 
valve with a CV = 1 will flow 1 gpm at a 1-psig pressure drop using a 1 .O specific 
gravity (SG) fluid. Figure 1.47 [21] lists the circuit definitions used in the following 
equations. The CV factor is calculated by 

Q ~ S Gcv = - (1.38)
C P 

Parallel circuits: 

Q = (CV, + CV, + - . * )  (1.39)& 

Series circuits: 

AP 
= JSC,(l/CVj + l/CVi + - 9  (1.40) 

Seriedparallel circuits: 

(1.41) 

1 2 3 4 
v v v v  

A 

PARALLEL CIRCUIT SERIES CIRCUIT 

P2
P x  v PI P2 
P3

P3 

r 4 
v 3EP4 IEv 4  Ps A 4 PSA v 

SERIESIPARALLEL PARTIAL PARALLEL 
CIRCUIT CIRCUIT 

Figure 1.47 Circuit definitions for valve flow CV factor calculations. 
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Partial parallel circuits: 

cv2q= + C V , d r n 3 '  + ... 
(1.42)Q =  z/sc 

2.3.5 Rotary and Linear Actuators 

Rotary motors and linear cylinders are used to convert the energy in the hydraulic 
circuit to either rotary torque and speed or linear force and velocity. Rotary actuators 
or motors can be gear, vane, or piston design and will operate very similar to a pump 
except that flow and pressure are inputs, and torque and rotation are outputs. These 
are normally referred to as continuous-rotation actuators. Another type of rotary 
actuator is the limited-rotation design and is sometimes called a rotary cylinder. In 
this design, the output shaft is limited, usually to less than 360" of rotation. By far, 
the most prevalent actuator found in hydraulic systems is the linear actuator or 
cylinder. 

Cylinders are either single acting or double acting. Hydraulic cylinders are 
normally constructed of a barrel, piston assembly, piston rod. end caps, ports, and 
seals, as shown in Fig. 1.48 [7 ] .The piston provides the effective area against which 
the fluid pressure is applied and supports the piston end of the rod. The opposite 
end of the rod is attached to the load. The cylinder bore, end caps. ports, and seals 
maintain a fluid-tight chamber into which the fluid energy is connected. Whether the 
rod will extend or retract in a double-acting cylinder depends on which port fluid is 
directed. In a single-acting cylinder, there is only one port which when adequately 
pressurized will extend the rod. The single-acting cylinder depends on external forces 
such as weight and gravity to retract the rod. 

Hydraulic cylinders are normally sized to accommodate the load requirements 
(Table 1.6) [21]; for example, if the load requirements are such that the cylinder 
must move a load of 20,000 lbs at a speed of 20 ftlmin in the extend direction. this 

Figure 1.48 Components of a typical double-acting cylinder. 
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Table 1.6 Cylinder Size, Load, and Pressure Data 

Bore diam. 
(in.) rod Eff. area d (lb) at Load (Ib) at Load (Ib) at Load (Ib) at 
(2.5 in.) Mode (in.’) 1000 (psi) 2000 (psi) 3000 (psi) 5000 (psi) 

4 Pull 7.66 7,700 1 5,000 23,000 38,000 
5 Pull 14.7 15,000 29,000 44,000 74,000 
6 Pull 23.4 23,000 47,000 70,000 120,000 
6 Push 28.3 28,000 56,000 85,000 140.000 

information will determine the size of the cylinder, the necessary fluid pressure, and 
the input flow rate, as was shown in (Section 2.1.5). 

2.3.6 Accumulators 

The purpose of an accumulator in a hydraulic system is to store or provide fluid at 
a pressure to minimize short-duration pressure spikes or to reach a short-duration 
high-flow demand. Most accumulators used in hydraulic systems are the spring- 
loaded or the gas-charged type. The spring-loaded accumulator simply uses the spring 
force to load a piston. When the fluid pressure increases to a point above the preload 
force of the spring, fluid will enter the accumulator to be stored until the pressure 
reduces. The gas-charged accumulator can be either a piston type or a bladder type, 
as shown in Figs. 1.49 and 1.50, respectively [25] .In the gas-charged accumulator, 
an inert gas such as dried nitrogen is used as a precharge medium. In operation, this 
type of accumulator contains the relatively incompressible hydraulic fluid and the 
more readily compressible gas. When the hydraulic pressure exceeds the precharge 
pressure exerted by the gas, the gas will compress, allowing hydraulic fluid to enter 
the accumulator. 

2.3.7 Components of a Hydraulic Circuit Diagram 

The proper planning of any hydraulic system should start with a properly drawn 
hydraulic circuit, using ISO-1219-approved graphic symbols. Figures I .46 [24], 1.51 
[181, and 1.52 [181 show the most common symbols found in circuit diagrams. An 
example of a simple hydraulic circuit used by hydraulic fluid manufacturers is ASTM 
D-2882-83 “Standard Method for Indicating the Wear Characteristics of Petroleum 
and Non-Petroleum Hydraulic Fluids in a Constant Volume Vane Pump.” This pump 
test is currently the only one that has ASTM status. Figure 1.53 is an illustration of 
the hydraulic circuit diagram for this test. The electric motor (1 )  supplies mechanical 
energy to a Vickers V- 104 vane pump (Z), which, in turn, converts mechanical energy 
into hydraulic energy. The pump outlet pressure is monitored by a pressure gauge 
(4). The relief valve (5) is adjusted to induce a load pressure of 2000 psi as measured 
by the pressure gauge (4). The outlet of the relief valve is at low pressure <20 psi. 
The fluid then passes through a filter (6), then through a flow meter (7), which 
measures the flow rate to be -5-6 gpm (8 gpm at no load). The fluid then passes 
through a heat exchanger (8) and then into the reservoir (9). After the reservoir, the 
fluid passes through a 60-mesh filter (usually inside the reservoir at the outlet to the 
pump). A thermoregulator valve (13) is used to maintain a constant reservoir tem- 
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Figure 1.49 Illustration of a piston-type gas-charged accumulator. 

perature (14) (set at 80°C for oil or 65°C for water-based fluids). Based on the known 
parameters of speed (1200 rpm), pressure (2000 psi), and flow (8 gpm. theoretical), 
other parameters, such as power, torque, and heat, can be readily calculated for this 
circuit as follows: 

Power,,pur= (gpmNpsi) - (8.01(2000)
= 9.3 hp- (1.43)

1714E, (1714)(1.0) 

(hp)(63,025) (9.3)(63.025) (1.44)Torque,,,,, = 
(rpm)E, 

--
(1200)(1.O) 

= 490 in.-lbs 

__-BTU - 1.s(gpm)(psi)= (1.5)(8.0)(2000) = 24.000 (1.45)
h 

It should be noted that these calculations have assumed the pump to be 100% 
efficient (E, = 1.0). In the real world. this is never the case. Typically, vane pumps 
have E, < 0.9. The effect of this would be to increase the power requirement of the 
pump to deliver the desired flow rate at a given load-induced pressure. However. 
from actual experience with this ASTM test, the Vickers V-104 pump delivers only 
-5-6 gprn at 2000 psi. This is because the test requires running the pump at a 
2000-psi-load pressure, which is 1000 psi higher than the designed maximum pres-
sure for this pump. Therefore, the volumetric efficiency E,.= -6/8 = -0.75: assum-
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Figure 1.50 lllustration of a bladder-type gas-charged accumulator. 

ing the mechanical efficiency E,,= 0.9, we have the total efficiency E, = (0.75)(0.9) 
= 0.68 as a more reasonable value for the total efficiency of this pump at 2000 psi. 

2.4 Basic Hydraulic System Design 

2.4.1 Pipe and Hose Sizing 
Whereas it is necessary to connect the various components in a hydraulic system 
with some kind of piping, such piping will produce flow resistance and therefore 
cause parasitic losses in the hydraulic system. To avoid as much loss as possible, 
the piping or hose must be sized properly. The internal diameter of the hose is 
extremely important because the fluid velocity at any given flow rate will depend 
on that diameter. In fact, the fluid velocity will equal the flow rate divided by the 
internal area of the pipe as follows: 

V = -
0.3208Q (1.46)

A 

where V is the velocity (ft/s), Q is the flow rate (gpm), and A is the internal pipe 
area (in.'). 
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Figure 1.51 Basic hydraulic symbols- 1 

The fluid velocities recommended for hydraulic systems are given in Table 1.7. 
Pressure-drop calculations for the piping or hose can be made using Eq. (1.32). 
Although most texts refer to the flow regime present in the pipe when making such 
calculations, the Moody diagram will take the flow regime into consideration, as it 
relies on the Reynolds number (Nr)which depends upon fluid velocity, fluid viscosity, 
and the inside diameter of the pipe as shown by the equation, 
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Figure 1.52 Basic hydraulic symbols-2. 

316212
N,  = - (1.47)

Pd 

where N ,  is the Reynolds number, is the viscosity (cSt), and d is the pipe inner 
diameter (in.). 

Fittings and valves must be handled somewhat differently than straight runs of 
pipe. The easiest way to calculate the losses resulting from fittings and valves is to 
use the equivalent-length method to estimate the effect by treating it as if it were an 
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Figure 1.53 ASTM D-2882 pump test hydraulic circuit diagram. 

additional length of pipe. Table 1.8 lists some common devices and their equivalent- 
length values, which are given as the length-to-diameter (LJD)  ratios so that they 
can be used directly in the modification of the Darcy equation as follows: 

(1.48) 

where hf is the equivalent length, A is the friction factor, LJD is the equivalent- 
length values, U is the fluid velocity, and g is the gravitational constant. 

The analytical methods presented here to calculate pressure losses in hydraulic 
piping and fittings is accurate but can be very time-consuming. A method that is less 
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Table 1.7 Recommended Hydraulic Circuit Flow Velocities 

Suction line Pressure line Return line 

Viscosity 

~~ 

Velocity Pressure Velocity velocity 
(SUS) (ftjs) (psi) (ftjs) (ftjs) 

700 2.0 365 8.2- 10.0 5.5- 15.0 
465 2.5 725 11.5-13.0 5.5-15.0 
230 4.0 1450 14.5- 16.5 5.5- 15.0 
140 4.3 2900 16.5-20.0 5.5- 15.0 
140-700 4.3-2.0 <2900 20.0 5.5-15.0 

accurate but provides a reasonable estimate of pressure losses in hydraulic systems 
involves the use of tables available from pipe manufacturers and in various hand- 
books concerning fluid flow (Table 1.5). 

2.4.2 Reservoir Design 

A typical design for an industrial reservoir is shown in Fig. 1.54 [7]. Several features 
can be seen in this figure. The overall dimensions should enclose a sufficient volume 
of oil to permit air bubbles and foam to escape during the resident time of the fluid 
in the reservoir. The depth must be adequate to assure that during peak pump de- 
mands, the oil level will not drop below the pump inlet level. The pump should be 
mounted below the reservoir so that a positive head pressure is available at all times. 
This is very critical when water-based hydraulic fluids are used, as these fluids can 
have a higher specific gravity as well as a much higher vapor pressure than mineral- 
oil-based fluids (Sec. 2.2.7). The reservoir should be sized to afford adequate fluid 
cooling. Baffles are provided to prevent channeling of the fluid from the return line 
to the inlet line. The bottom of the return line is usually cut at a 45"angle to assist 
in the redirection of the fluid away from the inlet. A cleanout plate is provide to 
promote cleaning and inspection. Sight gauges are normally used to monitor the fluid 
level. A breather system with a filter is provided to admit clean air and to maintain 
atmospheric pressure as fluid is pumped into and out of the reservoir. With water- 
based hydraulic fluids, a pressurized reservoir is recommended. Special breather caps 

Table 1.8 Equivalent Length Values 

Equivalent length 
Device (LeID) 

Check valve 150 
90" Standard elbow 30 
45" Standard elbow 16 
Close return bend 50 
Standard tee-run 20 
Standard tee-branch 60 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



54 Tessmann et al. 
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Figure 1.54 A typical design for an industrial reservoir. 

can be purchased to vent between 1 and 15 psig. If one of these are used, make sure 
that it has a vacuum brake to vent at approximately -0.5 psig. (Note: Not all 
pressure caps have a vacuum brake.) This is important so that when the reservoir is 
cooling down, no appreciable vacuum develops in the reservoir tank. This feature 
will minimize pump cavitation upon start-up and also prevent a possible tank 
implosion. 

2.4.3 Natural Frequency and Time Response 

When designing any hydraulic system, especially when heavy masses are moved 
quickly, there is one very important design factor that needs to be considered. That 
factor is known as the “natural frequency” (Go)of the system. Knowledge of this 
frequency is important because it determines how fast one can accelerate a given 
load and, thus, its maximum achievable velocity. 

From the physical laws of motion, the natural frequency of a hydraulic system 
can be found by taking the square root of the effective spring constant divided by 
the effective moving mass: 

F 
(1.49) 

where Go is the natural frequency, C is the effective spring constant, and M is the 
effective moving mass. This is a simple statement; however, determination of the 
effective spring constant and effective moving mass is not so simple. The effective 
spring constant not only includes the compressibility of the trapped hydraulic fluid 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



55 Hydraulic Pump and Circuit Design 
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Figure 1.55 Illustration of the hydraulic spring-mass system. 

between the valves and the actuators but also the movement of any hoses or piping, 
as well as structural vibrations. The effective mass of the system is the combination 
of all the moving loads, including the mass of the trapped fluid between the valves 
and actuators, as illustrated in Fig. 1.55 [26]. 

In the simplified case of a linear cylinder in a closed circuit (Fig. 1.56) [26], 
the natural frequency can be calculated using the following expression: 

(1  S O )  

or 

00
F,)= -

27F 

where Go is the natural frequency (rads), A ,  is the cylinder blind end area (in.'), A,, 
is the cylinder extending end area (in.*), p is the bulk modulus of fluid, V ,  is the 
cylinder blind end volume (in.'), V2is the cylinder extending end volume (in.3), M 
is the effective moving mass (lbs-s'/ft, slugs), and F,, is the natural frequency (Hz). 
There are computer programs available which can be used to determine the frequency 
response of a hydraulic system by using the impulse method. 

Figure 1.56 Illustration of the natural frequency parameters. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



56 Tessmann et al. 

The time response of a hydraulic system is the synergistic result of the response 
times of all of the components used in the system [27]. Therefore, most component 
manufacturers will provide information relative to the responsiveness of their com- 
ponents. Unfortunately, the information derived from the component manufacturers 
is not consistent. The ability to understand and utilize the response information ob- 
tained from component manufacturers using a second-order system depends on the 
definition of several aspects of the response subject as follows: 

Delay time: the time required for the output to reach 50% of the steady 
output 
Rise time: the time required for the output to rise from 10% to 90% of the 
final output value 
Maximum overshoot: the time at which the maximum overshoot occurs 
Settling time: the time for the system to reach and stay within a stated plus- 
and-minus tolerance band around the steady-state output 

A graph illustrating these parameters is presented in Fig. 1.57. Control technology 
can be used to evaluate the response of a complete hydraulic system if all of the 
component information is given in consistent and correct terms. 

Tolerance 

Error 
I ( 1  --$ -1 
I 
I 
I 
I 
I 
I 
I 
I 

Figure 1.57 Step response of a second-order system. 
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Calculation of Natural Frequency, Acceleration, Maxinzuni Velocity, Acceleration 
Pressure, and Flow Rate 

For economic reasons, it is often desirable to operate a hydraulic system as fast as 
possible. This is especially true on automated assembly lines, where hydraulics are 
used to move parts. 

As an example of a simple calculation, consider the following application, 
where one needs to determine the maximum speed and shortest cycle time to perform 
a repetitive task. By way of a single-rod hydraulic cylinder (1.5-in. bore, 1 -in. rod), 
a proportional directional control valve is used to accelerate a 1000-lb load ( M )  to 
a constant velocity over a distance of 30 in. in 1 s and then decelerate the load to a 
stop. The load is then retracted in the same manner to start the cycle over again 
(Fig. 1.58) [26]. To solve this problem, the natural frequency must first be calculated 
so that the time to accelerate the load can be determined. Then, the maximum ve- 
locity, acceleration pressures, and required flow rates can be calculated for both the 
extending and retracting modes. The following information is given: 

U)= 1000 lbs (load) 
T,  = 1.0 s (stroke time) 

A ,  = 1.76 in.' (1.5 in. cylinder bore) 
A ,  = 0.98 in.' (1.5-in.' bore area - 1-in. rod area) 

S = 30 in. (stroke distance) 
p = 200,000 lb/in.' (bulk modulus of oil) 

L,  = 46.50 in. (cylinder blind-end pipe length) 
L, = 38.75 in. (cylinder rod-end pipe length) 
D = 0.62 in. (pipe inner diameter) 

Pipe size = 0.75-in. outer diameter X 0.065-in. wall 

The first step is to calculate the pipe trapped volumes between the control valve 
and the cylinder blind-end inlet (V 3 )and the rod-end inlet (V,) in Fig. 1.58 [26 ]  from 
the following equation: 

Figure 1.58 Illustration of a typical natural frequency calculation. 
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n D 2  v,= -4 L ,  

n(0.62)‘ 
(46.5)-~ -

4 
= 14.04 in.’ 

VJ = (0.30)(38.75) 

= 11.7 in.’ (1.51) 

Next, calculate the dimension d, using the above values along with the given param- 
eters, using the following expression: 

(0.98)(30) + 1 1.7 

= 20.6 in. ( 1.52) 

Next, calculate the total trapped volume between the valve and cylinder blind end 
( V , )  and cylinder rod end (V,), using the following relations: 

V ,  = V ,  + A,,d 

= 14.04 + 1.76(20.6) 
= 50.3 in.‘ 

V, = VJ + A , . ( S- d )  

= 11.7 + 0.98(30 - 20.6) 
= 20.9 in.’ (1.53) 

Convert the load to units of mass as follows: 

( 1.54) 

where M is the effective moving mass (lbs - s2/in., slugs), w is the load force (lbs), 
and g is the gravitational constant (in./s2). Then, substitute the known quantities into 
Eq. ( 1.50)to obtain the natural frequency (i&,)of this system: 

( 1.76)’(200,000) + (0.98)2(200,000)
WI =- v ‘  (50.3)(2.59) (20.9)( 2.59) 

= 91.1 ra&s ( 1.55) 

In calculating G,,,we have not taken into consideration other factors that con- 
tribute to the spring constant of the system, namely hoses and other mechanical 
components. However, it has been shown over the years that a good approximation 
to determine the usable acceleration is to divide the calculated natural frequency by 
3 [26]. This simplification avoids a much more complex mathematical analysis, 
which would have required variables which are difficult, if not impossible, to define. 
Therefore, the usable frequency (6)can be estimated as 
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oO 91.1 rad 
o=-=-- - 30.4 -

3 3 S 

or 

o
F = - - - -- 30.4 - 4.8 Hz ( 1.56)
2n  2n  

The acceleration time ( T )or the time for one complete oscillation can now be 
calculated: 

T = - - - - 11 - - 0.033 s (1.57)
o 30.4 

However, it has been determined that this period is too short for acceleration to 
stabilize using proportional valves. Generally, for stable acceleration, the time al-
lowed must be a minimum of four to six times the time period for one oscillation 
[26]. Therefore, the acceleration stabilizing time (T,,)is calculated to be 

T,,= 6T = 6(0.033) = 0.20 s (1.58) 

From the stroke distance (S), the acceleration time (T,,) and the stroke time 
(T,),the maximum velocity (V,,,), acceleration (A,,,, j, and the acceleration force (F[,j 
can be easily calculated from the following expressions: 

( 1.59) 

V1,1:1x 37.5 in. 
= ------ 188, ( 1.60)

T,, 0.20 S-

U' (z)Fa = MA,,,,, = -A,,,,, -- 188 = 487 Ibs (1.61) 
g 

Before we can calculate the acceleration pressure at the blind end (PI,)and rod 
end (P,.) of the cylinder, the frictional force that the load imposes on the system 
needs to be determined. For this calculation, it is assumed that the coefficient of 
friction (F) equals 0.58; we can then determine the force due to friction (F,)  and 
the total force (F, )as follows: 

F, = puf= (0.58)(1000) = 580 lbs (1.62) 

F, = F, + F,, = 580 + 487 = 1067 lbs (1.63) 

F, 1067 
p ,  = -= --- 606 psi

A ,  1.76 

p,.=--=---
F, 1067 - 1089 psi (1.64)
A,. 0.98 

One should note that for a single-rod cylinder, the rod-end pressure is always 
greater than the blind end, but only with double-rod cylinders having equal rod 
diameters will the pressure be the same at both ends. 

Finally, the flow rate required at the blind end (eh)and rod end (Q,.) may be 
calculated as follows: 
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( 1.65) 

2.5 Hydraulic Fluid Considerations 

2.5.1 Foaming 

Most hydraulic fluids have an antifoaming agent as an additive. These additives have 
caused discussions among hydraulic system designers and users. Most of the addi- 
tives used to control the foaming tendencies of hydraulic fluids accomplish this task 
by increasing the surface tension of the fluid. When the surface tension increases, 
the size of air or vapor bubbles which will coexist in the fluid become smaller and 
are therefore less likely to rise to the surface and cause a foaming situation. However, 
when the air is allowed to remain in the fluid, the compressibility of the fluid in- 
creases or, stated in another way, the bulk modulus of the fluid decreases. The sus- 
pension of air or vapor in the circulating fluid of a hydraulic system is a fault of the 
system; that is, a well-designed system will not permit air or vapor to become en- 
trained in the fluid. Some expert designers of hydraulic systems have said that they 
would rather not have an antifoam agent present. Without the addition of the anti- 
foaming agent, a system that is poorly designed will be readily apparent and can be 
fixed. Details on foaming, air entrainment, and air release are provided in Chapter 4. 

2.5.2 Bulk Modulus 

The bulk modulus of a fluid is a term used to describe the compressibility of the 
fluid. In fact. the bulk modulus is inversely proportional to the compressibility. The 
purpose of a hydraulic system is to raise the potential energy of the system by 
increasing the pressure of the fluid. This potential energy can then be converted into 
kinetic energy that will do useful work. However, a fluid with a low bulk modulus 
will be very compressible and the energy necessary to raise the pressure must also 
be sufficient to compress the fluid. Most hydraulic fluids have a very high bulk 
modulus in the pristine condition. However, when air is present, the effective bulk 
modulus will be low and the system fluid will need to absorb the heat generated 
when the compression takes place. Calculation procedures for bulk modulus and 
fluid compressibility is described in more detail in Chapter 4. 

Fluid Compressibility and Cylinder Lunge 

Fluid compressibility has a great effect on cylinder performance-especially when 
the fluid type is changed, such as changing from a mineral-oil- to a water-based or 
synthetic fluid. Hydraulic cylinders are especially sensitive to changes in bulk mod- 
ulus. In critical operations, it is often necessary to extend the cylinder smoothly and 
at a very constant velocity. If the load changes, the compressibility of the hydraulic 
fluid will have a negative influence on the constant velocity. Also, any change in the 
volume ( A V )  of the fluid under compression will translate into a change in cylinder 
stroke (AS) defined as “lunge.” The following expressions can be used to calculate 
“lunge” (AS) and the resultant velocity change (AV): 
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(1.66) 

(AS)(60) 
(1.67)Au = 

AT 

where A S  is the lunge (in.), V,, is the volume in the pipe (in.‘), A is the effective 
piston area (in,2),S is the Stroke (in.), AL is the load change (lbs), P is the bulk 
modulus of the fluid. Au is the velocity change (in./min), and AT i 4  the load change 
time (s). 

We will iiow apply these equations to the meter-in (Fig. 1.59) [2X] and the 
meter-out (Fig. 1.60) [28] circuits under the following conditions: 

A ,  = 4.9 in.’ (blind-end area) 
A, = 2.5 in.’ (rod-end area) 

S = 24 in. (5troke) 
L ,  = 3000 lbs (full load) 
& = 1000 lbs (reduced load) 

AL = 2000 lbs (load change. L ,  - L2) 

Figure 1.59 Illustratioii of a cylinder. meter-in circuit. 
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From Pump 

Figure 1.60 Illustration of a cylinder meter-out circuit. 

AT = 1 s (load change time) 
VrJ= 36 in..’ (oil line volume) 
p = 200,000 Ib/in.’ (bulk modulus of oil) 

For the meter-in mode (Fig, 1.59) using Eqs. (1.66) and (1.67), we calculate 

[36 + (4.9)(24)](2000)= 0.064 in. (1.68)
AS = (4.9)’(200,000) 

AV = 
(0.064)( 60) in. 

= 3.8 - (1.69)
1 min 

For the meter-out mode (Fig. 1.60) using Eqs. (1.66) and (1.67), we calculate 

AS = 
[36 + (2.5)(24)](2000)

= 0.154 in. ( 1.70)
(2.S)’( 200,000) 

AV = 
(0.154)(60)

= 9.2 -
in. (1.71)

1 min 
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As can be seen from the above examples, the degree of “lunge” is directly propor- 
tional to the load change and inversely proportional to the bulk modulus of the fluid. 
Also, the cylinder lunge is greater in the meter-out mode than in the meter-in mode. 
This is due to pressure intensification in the rod end of the cylinder as discussed 
earlier in this chapter (Section 2.1.5). 
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Bearing Selection and Lubrication 

FARUK PAVLOVICH 
The College of New! Jersey, Trenton, New Jersey, and UniversiQ, of Mostat; 
Mostar; Bosnia and Herzegovina 

1 INTRODUCTION 

The first practical studies to reduce resistance to motion date to ancient times. Figure 
2.1 [l] illustrates the movement of heavy stone blocks during pyramid construction 
in ancient Egypt. This figure shows that basic empirical tribological science was 
applied as early as approximately 2400 B.C. 

Two basic tribological principles are illustrated in Figure 2.1.The first principle 
is the preservation of the high resistance to sliding and the tribo-system is illustrated 
by the dry friction interface of the worker’s feet to the ground, which results in the 
maximum friction force while pulling the load. The second principle is typified by 
the magnitude and shape of the load surface and modification of the friction prop- 
erties of the ground interface with the introduction of a lubricant. This is a very 
basic representation of the first forms of sliding bearings. 

The radial sliding bearing used for connecting the wheels and shaft illustrated 
in Fig. 2.2 [ I ]  represents a more sophisticated modem tribo-system. The use of these 
bearings produce a significant decrease of friction by substitution of sliding friction 
by the rolling friction wheel-ground interface which produces a lower resistance to 
motion. The tribo-system is further modified by the introduction of a washer-bushing 
whose interfacial friction properties are dependent on the selection of the washer- 
bushing material pair, design, and lubricant selection. 

One early application of rolling antifriction bearings, according to archeological 
evidence, was a thrust roller bearing used for the rotating potter’s wheel illustrated 
in Fig. 2.3 [ 2 ] .Originally, the rolling element bearings and the raceway were con- 
structed from hard wood. Later, bronze was used to construct the outside raceway. 

Metal roller bearings were first manufactured at the end of the 18th century. 
Subsequently, both the bearing assembly and the production process were improved 
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Figure 2.1 The transport of heavy stone blocks during pyramid construction in ancient 
Egypt. 

and standardized. Currently, the focus of bearing technology research is to reduce 
friction energy losses and to significantly increase lifetimes. Additional objectives in- 
clude broadening roller bearing load ranges, operating speeds and temperatures, ap- 
plicability for use in aggressive environments, with and without application of lubri-
cants, and use in high-vacuum applications. 

2 APPLICATION OF ROLLER BEARINGS IN HYDRAULIC SYSTEMS 

In addition to their ability to position rotating elements of mechanical systems with 
respect to each other, roller bearings are selected based on load, speed, and operating 
environment. Although the ability of a hydraulic fluid to provide adequate lubrication 
is currently important, research is in progress to develop rolling element bearings 
that are less sensitive to the lubricating properties of a hydraulic fluid. Bearing ma- 
terials, such as ceramics, are being developed that may be used under conditions of 
poor lubrication and that will operate in high vacuum. Figure 2.4 [3,4] illustrates 
selected examples of pumps with the bedding positions of rolling element bearings 
used: centrifugal pump, propeller pump, gear pump with outside toothing, gear pump 
with inside toothing, winged pump, axial piston pump, and radial piston pump. 

Figure 2.2 The first forms of radial sliding bearing. 
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Figure 2.3 The thrust roller bearings used for rotating potters wheel. 

3 TYPES OF ROLLER BEARINGS 

Contemporary production of roller bearings is characterized by high diversification 
of bearing types and the broad range of materials facilitating their use to replace 
other bearings such as sliding hydrodynamic and hydrostatic bearings. Roller bear- 
ings are classified by the following: the direction of applied load: radial, axial and 
radi-axial; the shape of the rolling elements, including ball bearings, roller bearings, 
convex roller bearings, and needle bearings; position of contact -radial-contact bear-
ings and angular-contact bearings; the material of construction -steel, ceramic, and 
hybrid bearings. The classification of bearings may also be done according to other 
characteristics, including number of raceways, high operation speeds, and area of 
application. In this section, the most frequently applied types of bearings and a brief 
description of their characteristics will be discussed. 

3.1 Radial-Contact Roller Bearing 

An example of a radial-contact roller bearing is illustrated in Figure 2.5 [ 5 ] .This 
bearing is designed for radial and radi-axial loads and high speeds. With increasing 
speed, the load capacity of the bearing-canying capacity in the radial direction de- 
creases. The bearing construction is rigid; therefore, it can sustain only minimum tilt 
of the support shaft without damage. 

3.2 Single-Row Angular-Contact Roller Bearing 

As opposed to radial-contact roller bearings (radial bearing) where the contact is 
perpendicular to the direction of the bearing axis, the contact points of the rolling 
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Figure 2.4 Q p e s  of pumps: (a) centrifugal pump; (b) propeller pump; (c) gear pump (with 
inside toothing); (d) winged pump; (e) axial piston pump; (f) radial piston pump. 

elements for an angular-contact roller bearing with respect to the bearing raceways 
is tilted, not radial, as illustrated in Fig. 2.6. The tilted contact is capable of taking 
the axial load and axial force in the support in one direction only, even with pure 
radial loads. To eliminate the tendency of bearing raceway separation resulting from 
the action of load, this bearing is frequently installed as a pair. The angular-contact 
roller bearing is rigid, suitable for high operation speeds, and it has higher load- 
carrying capacity than the radial-contact bearing of the same size. This bearing type 
is used only for very rigid shafts or in pairs for supporting the load-carrying shaft 
on both ends. 
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(d) 

Figure 2.4 Continued 

3.3 Double-Row Angular-Contact Roller Bearing 

The double-row angular-contact roller bearing illustrated in Fig. 2.7 [5 ]  looks like 
the double single-row angular-contact roller bearing and is designed to accept sig- 
nificant radial and two-sided axial loads. This bearing is characterized by high stiff- 
ness and it is most commonly applied for positioning very rigid shafts rotating at 
moderate speeds. 
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Figure 2.4 Continued 

Figure 2.5 Radial-contact roller bearing. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



71 Bearing Selection and Lubrication 

Figure 2.6 Single-row angular-contact roller bearing. 

Figure 2.7 Double-row angular-contact roller bearing. 

3.4 Double-Row Angular-Contact Aligning Roller Bearing 

Double-row angular-contact aligning roller bearings, as illustrated in Fig. 2.8 [ 5 ] ,  are 
capable of accepting both radial and moderate axial loads. Bearing alignment is 
achieved by the spherical shape of the outside raceway. These bearings are capable 
of high operating speeds and are used for shafts with a significant bedding tilt up to 
4 in. 

3.5 Single-Row Convex-Roller Aligning Bearing 

Single-row convex roller aligning bearing, illustrated in Fig. 2.9 [5] ,exhibits a larger 
rolling element and raceway contact surface, providing a significantly larger load- 
carrying capacity than the roller bearings of the same dimensions. Bearing alignment 
of up to 4 in. of the shaft tilt in the bedding is ensured by the spherical shape of the 

Figure 2.8 Double-row angular-contact aligning roller bearing. 
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Figure 2.9 Single-row convex-roller aligning bearing. 

outside raceway. The bearing is capable of sustaining high-impact loads and they are 
used at low operation speeds. 

3.6 Double-Row Convex-Roller Aligning Bearing 

The double-row convex-roller aligning bearing is self-aligning up to a tilt angle of 
2" at lower loads and up to 0.5" at higher loads (Fig. 2.10) [5].Bearing self-alignment 
is achieved by the spherical shape of the outside raceway. It is used for high loads, 
sustains significant impact loads, and used at low speeds. 

3.7 Tapered Roller Bearing 

An illustration of a tapered roller bearing is provided in Fig. 2.11 IS]. Tapered-roller-
bearing raceways are cones whose generators cross at the same point on the bearing 

Figure 2.10 Double-row convex-roller aligning bearing. 

Figure 2.11 Tapered roller bearing. 
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Figure 2.12 Different cylindrical radial roller bearing design 

axis. The rolling elements are also cones whose generators cross the bearing axis at 
the same point. The inside race has guiding ribs for the rolling elements and the 
outside race is positioned in the assembly by the axial force produced in use. The 
bearing is primarily used for transmitting axial loads but may also be used as a pure 
radial or radi-axial bearing. In comparison to the ball bearing of the same size, 
tapered roller bearings exhibit a higher load-carrying capacity, but it also produces 
higher noise. Tapered roller bearings are used at moderate speeds. 

3.8 Cylindrical Radial Roller Bearing 

Different cylindrical radial roller bearing designs are available as shown in Fig. 2.12. 
One example is illustrated in Fig. 2.13 [ 5 ] . This bearing is used only for radial loads. 
Because cylindrical roller bearings can accommodate axial displacement, no support 
shafts are required in the axial direction. These bearings are rigid, are used at high 
operating speeds, and are capable of sustaining high loads. 

3.9 Needle Roller Bearings 

The characteristic design feature of needle roller bearings, such as the bearing illus- 
trated in Fig. 2.14 [ 4 ] , is the shape of the rolling elements which are typically 
cylinders with a length-to-diameter ratio greater than 3. This type of bearing is 
characterized by the high load-carrying capacity with small dimensions. The small 
tolerance of the radial clearance enables the needle roller bearings to precisely guide 
the shaft. The needle bearing can only transmit radial loads, and it is used for mod- 
erately high angular speeds and oscillatory motion. 

Figure 2.13 Cylindrical radial roller bearing. 
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Figure 2.14 (a.b) Needle roller bearing 

3.10 Thrust Ball Bearing 

Thrust ball bearings, illustrated in Fig. 2.15 [ S ] ,  are exclusively applied for taking 
the axial loads. When used in combination with radial bearings. they can take sig- 
nificant radi-axial loads. Because of the centrifugal force action, which increases 
friction between balls and raceways, the rotational frequency is restricted to lower 
and moderate values. 

3.11 Tapered Roller Thrust Aligning Bearing 

Aligning of the tapered roller thrust aligning bearing is facilitated by the spherical 
construction of the raceways (Fig. 2.16) [S]. Besides high axial loads, tapered roller 
thrust aligning bearings can also accommodate moderate radial loads. Because of the 
significant hydrodynamic effect, these bearings may be used at high speeds. 

4 ROLLER BEARING SELECTION 

Application of theoretical and practical knowledge are required for roller bearing 
selection. Elasto-hydrodynamic (EHD) theory is used to predict the bearing lifetimes. 
The accuracy of such predictions is dependent on many factors. including steel purity, 
production quality, control of particulate contamination, and lubricant additives. 

Figure 2.15 Thrust ball bearing. 
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Figure 2.16 Tapered roller thrust aligning bearing. 

4.1 Calculation of Minimum Thickness of the Oil Layer 

The high specific loads deform the wear contact surfaces. Contact deformation may 
also be affected by fluid viscosity and temperature within the contact 7one. Contact 
deformation is one of the criteria for elasto-hydrodynamic (EHD) lubrication. Figure 
2.17 [7] illustrates the form and distribution of pressure in the lubricant layer during 
the EHD lubrication. 

Lubrication within the EHD contact is characterized by three zones: input con- 
vergent region, Hertzian region, and output divergent region. Pressure distribution in 
the lubricant layer follows the Hertzian pressure in the material until the gap con- 
tracts. As a result of fluid-flow continuity immediately in front of the contraction, a 
very high-pressure spike is observed. In the Hertzian region, the lubricant is exposed 
to both high pressure and an elevated temperature which both act to affect fluid 
viscosity in an interrelated way. The fluid film within the gap determines the lubri- 
cation effectiveness. For calculation of the oil layer thickness, several procedures for 
varying complexity may be applied. Equations that quantitatively describe EHD lu-
brication will be provided here. 

The minimum thickness of the lubricating film (h,,,,,)under isothermal condi- 
tions is calculated by 

Figure 2.17 Distribution of pressure in the lubricant layer during the EHD lubrication. 
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where R is the radius of the reduced cylinder and is calculated by 

R = R,R,(R,  + R,)  ' 
The variables R I  and R,  are the radii of the coupled surface curvatures; E, is the 
complex elasticity modulus, which is calculated by 

E,  = 0.5[(1 - F'P, ) E l  ' (1  - p 2 P 2 ) E , ' ]  

where E, and E,  are the elasticity moduli of the coupled materials, F is the Poisson 
ratio. q is the dynamic viscosity of the lubricant, at atmospheric pressure and working 
temperature, and U , )  is the input velocity defined by 

where u I  and U, are the coupled surfaces velocities; B is the pieso viscosity coeffi- 
cients, and P is the load. 

By dimensional analysis, the ratio hlR is obtained as a function of the three 
dimensionless variables, usually denoted by G, U, and W: 

The variable G is called the material parameter, U is the velocity parameter, and W 
is the load parameter. 

For the line contacts, the equation for the dimensionless thickness of the oil 
layer has the form 

in which the dimensionless variables have the form 

G = BE, 

U = qu0E, 'R- . '  

W = PE, ' R  '1  I 

where I is the cylinder length. 
For the point contact, if the contact surface is a circle, the dimensionless equa- 

tion for film thickness is 

where the values G and U are as defined above and W is defined as 

W = PE,-'R' 

For the point contact, if the contact surface is an ellipse, the dimensionless equation 
is 
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where the value G is defined above and the values U and W are defined as 

U = ~ U ~ ) E \ ~ R , I  

W = PE\'RS 

R,, = R<,IR&,,l + R J I  

R ,  = RhIRh2(RhI + Rh?)- I 

where the notations for R,, and RI,correspond to Fig. 2.18 [7 ] .The variable k is called 
the ellipse parameter, and it represents the ratio k = b/a, where b and a are the ellipse 
axes' lengths. 

The equation for determination of minimum oil film thickness for the isother- 
mal conditions and line contact is 

'f111n-- - 2.6560 5juo7W-0 I ?  

R 

For nonisothermal conditions, the dimensionless equation is 
h,,,,,= 2.65B0 5J(TuO)o 7R04310  13E\o (13p-0 I T c  

where c is the thermal correction factor. 

Figure 2.18 (a-c) Contact surface for different form of bearing elements. 
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Figure 2.19 Relative working life as a function of lubrication effectiveness.2.19 Relative working life as a function of lubrication effectiveness. 

The lubrication effectiveness (A) can be calculated from 

A = hR- '  

where h is the oil film thickness and R is the average value of the contact surfaces' 
roughness. 

Figure 2.19 [8] illustrates the relative working life of a bearing as a function 
of A. Bearing working life is directly proportional to the thickness of the lubricating 
film. For A values greater than 4, bearings lifetimes are significantly longer than L, 
the nominal lifetime (&) of a bearing. The majority of bearings, however, operates 
under lubricating regimes characterized by a A value between 1 and 3. When A is 
less than 1, the bearing probably will not achieve the calculated working life because 
of wear contact surface destruction caused by adhesive wear and surface fatigue. 

Fluid viscosity variation as a function of temperature is illustrated in Fig. 2.20 
[7] and the dependence of mineral oil viscosity on pressure is illustrated in Fig. 2.21 
Wl. 

4.2 Bearing Size 

Roller bearings must be properly sized to assure proper bedding characteristics. Bear-
ing sizing requirements are machine dependent. Variables affecting bearing selection 
include the following: the type of loads (static or dynamic, purely radial, axial, or 
radi-axial); low or high rotational speeds and accuracy, required noise level; and 
required bearings' lifetimes under conditions of good lubrication and so forth. Two 
selection procedures have been which are dependent on static and dynamic load 
rating. 

4.3 Bearing Selection Based on Static Load Rating 

The static load rating is defined as that load which, at the most critical point, will 
not cause plastic deformation larger than 0.0001 of the rolling element diameter; it 
is denoted by C. The relation between the plastic deformation and load was deter-
mined experimentally by the following expression for static bearing characteristics 
(f,.)
interrelating static load rating (CO)and static load (PO): 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



79 Bearing Selection and Lubrication 

10' 
6 

6 

4 


3 

2 

10' 
8 

6 

b 

3 

2 

10-I 

e 
6 

c 
3 

2 

10-1 
8 
6 

4 


3 

2 

10-
20 30 40 9 60 70 80 90 100 120 

y c -
Figure 2.20 Fluid viscosity variation as a function of temperature. 

The following classification scheme for fs reflect the requirement to prevent plastic 
deformation: 
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Figure 2.21 Mineral oil viscosity variation as a function of pressure. 

f, = 1.5-2.5 for high requirements 
f s  = 1.0-1.5 for normal requirements 
f5= 0.7- 1 .O for low requirements 

The load C that corresponds to the static characteristics values off> = 1, at the 
most critical point of contact -the rolling element -raceway, a permanent defor- 
mation of 0.0001 of the rolling element diameter. 

Standards I S 0  76-1987 and DIN I S 0  281 provide a standard criterion for 
definition of the static load. A maximum value was adopted for the calculated contact 
stress at the most critical point of contact, the rolling element on the raceway. The 
value of the contact stress ( p ) varies with the type of bearing: 

4600 N/mm’ for aligning ball bearings 
4200 N/mm’ for all other ball bearings 
4000 N/mm’ for all roller bearings 

These data refer to standard bearings whose assembly components are constructed 
from steel of the same hardness. 

4.3.1 Determination of the Equivalent Static Load 

The static equivalent load is the calculated value of load; radial load for radial 
bearings and axial load for axial bearings, at the most loaded point between the 
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rolling element and raceway that causes the same effect as combined load. The 
expression for calculation of the static equivalent load (PO)is 

PO = XOFr + YOFO 

where POis the static equivalent load (kN), F, is the radial load (kN), F, is the axial 
load (kN), Xo is the radial load factor, and Yo is the axial load factor. 

Values of axial and radial load factors for various bearing assembly designs 
are provided by the bearing manufacturer. If the calculated equivalent PO< F,, then 
the radial force component is being neglected and the equivalent static load is as- 
sumed to be PO= F,. 

4.4 Bearing Choice Based on Dynamic Load Rating 

The load rating for dynamically loaded bearings is dependent on material fatigue 
strength and pitting. The calculation procedures are described in various national and 
I S 0  standards. The most commonly used equation is 

L,,,= L = c”P-” x 10‘ rpm 

where LIois the rating life of 10‘ rpm, C is the dynamic load rating, P is the dynamic 
equivalent load, and p is the rating life power. 

Dynamic load rating is defined as load of constant direction and intensity at 
which 90% of the tested bearings achieve 106cycles ( r )  without the appearance of 
fatigue. Data on dynamic load rating are provided by the bearing manufacturer. The 
value of the rating life power varies with the type of bearing: p = 3 for ball bearings 
and p = 3.33 for cylindrical rolling elements bearings. 

For a constant number of revolutions, the rating life in hours may be determined 
from 

( L  x 10’)(n-’)
L h l O  = L,l = 

60 

where L,,10 is the rating life (required value), L is the rating life (tabular value), and 
n is the number of revolutions (min-’). 

The following equations are derived from the definition of dynamic load rating: 

L500(3 3.3 3)(60)n-  I 
L, = h 

60 

or the more general equations, 

Lh = C T ’ ( 3 3 . 3 3 ) n - I  

,r;,l~500-1/?= ( 3 3 . 3 3 ) l / ~ ~ - I / / ~ ~ p - I  

is the dynamic factor andf, = (33.33)1‘fn-1’fwherefL = L,11’”500-’’2 is the number of 
revolutions factor; fL = 1,  at a rating life of 500(h) and f,, = 1, at the number of 
revolutions of 33.33 min-’. Using these substitutions, the following equation is 
obtained: 

fL = f,,cp-‘ 

Values of fL and J1are available from the bearings’ manufacturer for different types 
of machine and different rotational frequencies. 
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Determination of Dynamic Equivalent Load 
The influence of the outside axial and radial forces acting on a bearing can be 
determined experimentally or the dynamic equivalent load ( P )  which represents the 
effect of axial and radial forces on expected lifetime of the bearing. This represents 
the same rating life as when it is exposed to a combined load. Dynamic equivalent 
load is calculated from 

P = XF,  + YF, 

where P is the dynamic equivalent load (kN), F, is the radial load (kN), F ,  is the 
axial load (kN), X is the radial load factor, and Y is the axial load factor. These load 
factors vary with rolling element bearing design and construction and are available 
from the bearings' manufacturer. 

For the axial bearings that are transmitting a radial force, the dynamic equiv- 
alent load is determined from 

P = F,, 

For needle bearings, the expression for determination the equivalent load is 

P = F  

where F is the radial outside load acting on the needle bearing. 

Bearings Selection Based on the ModiJied Theory of Dynamic Load Rating 
The relationship between the number of revolutions and the applied load was de- 
veloped by Lundberg and Palmgren and has been the standard engineering practice 
for the prediction of rolling element bearing lifetime since 1947 [9]. However sig- 
nificant differences between calculated and determined lifetimes were observed. 
Some of the reasons for these differences include the effect of wear processes that 
accompany working surface coupling, the use of newer and better specification-grade 
steels, the effect contaminant particles and some wear products on initiation and 
development of bearing destruction, improved measures accuracy of surfaces finish, 
and development of methods for maintaining system cleanliness. 

Alternative equations has been proposed for determinating bearing life which 
include the influence of these significant parameters omitted in the Lundberg- Palm- 
gren equation [S]: 

L,," = a,a,a,L 'pm 
Lh,rli = ala2a3Lh 

where L,,,,and Lh,,crare the bearing lifetimes determined by the modified theory, a ,  is 
the probability choice factor, a,  is the material factor, a3 is the working conditions 
factor, and L and L ,  are the rating lives. 

Contact surface fatigue obeys the Weibull's probabilities distribution. For rating 
lifetimes other than at 90% probability of failure, the appropriate factor is selected 
from Table 2.1 [5 ] .  

Instead of factors a,  and u3,the complex factor of material and working con- 
ditions influences is introduced, obtained as a product a Z 3 , ,and s,  and a??= a23,1s  
[ S ] .  The factor a23is calculated in several steps. The ratio of bearing load rating ( C )  
and static equivalent load (P),f , ,  is used along with the factor that is dependent on 
bearing type to determine K ,  (Fig. 2.22) [5].  
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Table 2.1 The Probability Factor a, 
~ ~ 

Probability selection (%) 10 5 4 3 2 1 
Life rating 
Factor a,  

LIO 
1 

L5 
0.62 

L4 
0.53 

L, 
0.44 

L2 

0.33 
Ll 

0.2 1 

To determine K2, the ratio of “working” and “required” viscosity must be 
determined. The required viscosity is determined from the half-sum of the diameters 
of the outside and inside raceways, or their mean values, and working number of 
revolutions (Fig. 2.23) [ 5 ] . Working viscosity is determined based on the working 
temperature obtained from Fig. 2.24 [ 5 ] . The value of K2 is determined from Fig. 
2.25 [ 5 ] ,using the ratio of working to required viscosity and the value offs = C,)/ 
P,, for fluids not containing additives or for fluids containing additives whose influ- 
ence on wear is untested. For fluids containing additives, which are used on the 
proper way, K2 = 0. 

The value of the factor is determined from Fig. 2.26 [5]and is dependent 
on the ratio of working to required viscosities and the factor K ,  which is the sum of 
factors K ,  and K 2 .  

The lubricant purity factor s quantifies the influence of soiling on the rating 
life, depending on the degree of soiling V . Tables 2.2 and 2.3 [5]provide parameters 
suggested by international standard for the evaluation of the degree of lubricant 
soiling. The standard is based on experience about the influence of size and number 
of particles on initiation and development on the destruction process of the contact 
surfaces of rolling bearings: 

4 

3 

1 

0 
6 a 10 120 2 4 

1,. -
Figure 2.22 Determination of the K I  factor: (a) ball bearings; (b) cylindrical radial roller 
bearings and tapered roller bearings; (c) radial and axial convex-roller bearings; (d) cylindrical 
roller bearings without separator. 
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Figure 2.23 Required viscosity as a function of half-sum of diameters of the outside and 
inside raceways. 
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Figure 2.24 Working viscosity. 
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Figure 2.25 Determination of the K2 factor. 

Figure 2.26 Determination of the uz311factor. 
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Table 2.2 Approximate Value for a Purity Factor V 
~ ~ ~ ~ ~ ~ ~ ~ 

Point contact: 
Approximate 

effectiveness of Line contact: 

(D - 412 
required purity 
level according 

filtration 
according to 

required purity 
level according 

(mm) V to IS0 4406 IS0 4572 to IS0 4406 

L12.5 0.3 1118 1219 

>12.5 and <20 

>20 and <35 

0.5 
1 
2 
3 
0.3 
0.5 
1 
2 
3 
0.3 
0.5 
1 
2 

1219 
1411I 
15/12 
16/13 
1 219 
13/10 
15/12 
16/13 
18/14 
13/10 
14111 
16/13 
17/14 

13/10 
15/12 
16/13 
17/14 
13/10 
1411I 
16/13 
17/14 
19/15 
1411 1 
15/12 
17/14 
18/15 

>35 
3 
0.3 

19/15 
14111 

201 16 
14111 

0.5 
1 
2 

15/12 
17/14 
18/15 

15/12 
18/14 
19/16 

3 20116 21/17 

Pavlovich 

~~ ~~ 

Approximate 
effectiveness of 

filtration 
according to 

I S 0  4572 

Table 2.3 Purity Class According to IS0 4406 (quotation) 

Number of particles per 100 mL 

Over 5 pm Over 15 pm 

More than u p  to More than u p  to Code 
~~~ 

500,000 1,000,000 64,000 130,000 12/17 
250,000 500,000 32,000 64,000 19/16 
130,000 250,000 16,000 32,000 18/15 
64,000 130,OOO 8,000 16,000 17/14 
32,000 ~ , O O o  4,000 8,000 16/13 
16,000 32,000 2,000 4,000 15/12 
8,000 16,000 1,000 2,000 14111 
4,000 8,000 500 1,m 13/10 
2,000 4,000 250 500 1219 
1,ooo 2,OOo 130 250 1118 
1,000 2,000 64 130 1117 

500 1,000 32 64 1016 
250 500 32 64 916 
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For the normal level of soiling V = 1, the purity factor takes the value s = 
1. 
At realized increased and high purity, V = 0.5 and V = 0.3, respectively, 
depending on value of factor fs and ratio of working to required viscosity 
(Fig. 2.27, top), factor s takes values of s > 1. 
At increased soiling, V = 2, and high soiling, V = 3, depending on the factor 
fs-,
the purity factor takes values of s < 1 (Fig. 2.27, bottom). 

The soiling factor V is dependent on bearing size, type of contact, and oil purity 
class [ 5 ] .When soiling occurs under high-load conditions, there is a stronger negative 
influence with decreasing contact surface area. As the size of rolling element bearings 
decreases, the sensitivity to soiling increases. 

Using ceramic rollers with or without a coating and steel raceway with a mod- 
ification of surface, hard and soft coating or both, special heat treatment can improve 
bearings life, particularly in extreme condition such as in high speed, poor lubrica- 
tion, high temperature, high vacuum, ceramically active environments, presence of 
water, and other situations in which acceleration of wear is indicated [ 10- 121. 

The effects of fire-resistant fluids on bearing wear must be treated differently 
than mineral-oil-based hydraulic fluids [131. For rolling element bearings lubrication 
with fire-resistant hydraulic fluids, the equation and Table 2.5 provided in Section 
5.3 may be used. Bearing manufacturers often recommend hybrid and ceramic bear- 
ings for use with fire-resistant hydraulic fluids. The calculation procedures are iden- 

m UJ m m c n  

K=O. 7 

~ = 0 . 6  

2,s 3 4 5 6 7 8 910 12 14 16 20 1 2 3 5 10 15 20 30 
Stressing index f,. Cleanliness factor s 

1 

0.03 

Cleanliness factor s depending on V, stress 
level, expressed by f,., and viscosity ratio K 

Figure 2.27 Cleanliness factor s depending on V,  stress level, expressed by f s  and the 
viscosity ratio. 
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tical as those used for steel bearings [5]. Under conditions of good lubrication, the 
absence of chemically active substances, and the absence of water and soiling, this 
approach is suitable because both steel and ceramic bearings have approximately 
equal working capacities. The working capacity of ceramic bearings with poor lu- 
brication, the presence of soiling, high vacuum, and especially the presence of chem-
ically active substances and water is several times higher than for steel. 

5 COMMON WEAR MECHANISMS 

Rolling element bearing wear varies with the loading history that will determine the 
mechanism of surface failure and wear. Proper analysis and identification of these 
failure mechanisms is critically important if future occurrences are to be avoided. 
Failure analysis procedures require consideration of bedding design for the bearing, 
type of bearing, material of construction, production procedures to increase contact 
surfaces’ resistance to wear, manufacturing precision, determination of the contact 
surface topography, type of lubrication, lubricant, and system maintenance pro- 
cedures. 

With the exception of abrasive wear resulting from particular contamination, 
the most common failure mechanism of rolling element bearings is fatigue wear. 
Other types of wear, including adhesive, corrosive, and fretting, are less frequently 
encountered as the root cause of the bearing failure. However, they may occur as 
secondary wear processes. 

5.1 Fatigue Wear 

Fatigue wear is caused by cyclic action of contact stresses in surface layer. Figure 
2.28 [14] shows the distribution of the contact stresses in the rough contact layer. 
As a result, complex stress states are present that are locally significantly and may 
exceed the yield stress after many repetitions, creating conditions for initiation of 
the fatigue crack. 

Figure 2.29 [ 151 illustrates the distribution of normal and shear stresses under 
conditions of rolling without sliding. The primary shear stresses T = 1/2(u, - 0,) 

achieve their maximum value at a depth of 0.78a, where a is the half-width of the 
Hertzian contact surface [15]. These shear stresses are the primary cause of initial 
crack creation, which, in the absence of other causes, appear in the zone of maximum 
stress. 

When both rolling and sliding of contact surfaces occur, stress distribution is 
determined by the magnitude of friction force as shown in Fig. 2.30 [15]. Under 
these conditions, maximum shear stress, with increase of shear force, moves toward 
the surface, causing the fatigue crack to form closer to the surface. 

Crack propagation is significantly influenced by physical, chemical, and met- 
allurgical characteristics of the friction pair, as well as characteristics of the applied 
lubricant [161. 

Observation of the macro and micro records of the surface layer of bearings 
exposed to high loads shows that a dark bandlike zone forms at a depth of 0.1-0.5 
mm, preceding crack initiation. Upon enlargement, white spots are observed that are 
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Figure 2.28 Contact stress in surface layer. 
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Figure 2.29 Distribution of normal and shear stresses under the condition of rolling with- 
out sliding. 
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Figure 2.30 Distribution of stress under sliding and rolling conditions. 

characterized by higher hardness and a cubic structure. Fatigue crack initiation occurs 
on the boundaries of these spots [16]. 

Figure 2.31 1171 illustrates typical changes of the material structure and also 
material properties, “white bands”, caused by repeated material stressing. This struc- 
tural change is a decay of the martensite. Figure 2.32 [16] illustrates a microcrack 
in the initial failure phase. 

The mechanism and speed of fatigue wear contact-surface failure of rolling 
element bearings depend on  various factors, including magnitude of normal and shear 
stresses, significant influence of the surface-layer structure, load history, presence of 
the hard particles during the contact-surface coupling, corrosive activity of environ- 
ment, lubricant base fluid, and composition [ 16,18-251. 

5.2 Abrasive Wear 

The presence of low levels of abrasive particles in the contact zone accelerates 
fatigue crack initiation’s decreasing resistance to fatigue wear [25-271. In the pres- 
ence of hard particles with intensive destruction processes occur at the contact sur- 
face resulting in rapid failure of the rolling element bearing. 

Although the mechanism of material removal from the contact surfaces is ba- 
sically identical, two types of abrasive wear have been reported: wear caused by 
impact of the abrasive particles on the surface, and wear caused by coupling of the 
contact surfaces by the abrasive particles. 

The ratio of material surface hardness to abrasive particle hardness is directly 
related to the surface’s resistance to abrasive wear, as shown in Fig. 2.33 [ 7 ] .  If 
particle hardness is lower than the hardness of the material working surface, the 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



91 Bearing Selection and Lubrication 

Figure 2.31 Typical material changes of fatigue specimens- white bands. 

Figure 2.32 Microcracks In the initial failure phasc (clectron micrograph, two-stage sur-
face replica, magnification 17,SOOX). 
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H B a  
Figure 2.33 Volume of wear particles depending on the hardness of the surface and ab-
rasive wear. 

quantity of the wear product increases slowly with increase of the hardness of the 
abrasive particle. This type of wear is designated “light abrasive wear.’’ When the 
hardness of the abrasive particle is approximately equal to the working surface hard- 
ness, greater quantities of wear products will result. If the hardness of the abrasive 
particle is greater than the working surface’s hardness, no significant increase in wear 
products will be obtained. However, a significant increase friction will result. This 
is called “heavy wear.” 

In rolling element bearings, depending on the lubrication regime and hardness 
and size of the abrasive particles, light and heavy wear frequently occurs in com- 
bination with other types of wear. Generally, it is possible to control this type of 
wear by controlling the size and quantity of abrasive particles present in the lubricant. 
The intensity of wear as a function of the concentration of the introduced abrasive 
is shown in Fig. 2.34 [20]. The solid line represent a new bearing with a fresh 
abrasive, and the dashed line represents the same relationship when an old lubricant 
is with the new bearing. These data show that the intensity of wear is most intensive 
during the first few hours and that wear increases with each addition of the new 
abrasive. In Fig. 2.34 wear intensity is significantly smaller with a used lubricant. In 
Fig. 2.35 [26] is shown the relative bearing life depending on the kind of indented 
particles [26]. 

5.3 Adhesive Wear 

When the lubricant film thickness is less than the height of surface roughness, direct 
contact occurs between the surface asperities when the bearing surfaces are in relative 
motion. High localized pressures are present at the wear contact points. When the 
surface asperities come into contact, strong intermolecular bonds between the two 
surfaces may be formed, as illustrated in Fig. 2.36. This may result in the formation 
of “microwelds.’ ’ Because of tangential surface movement, existing bonds may be 
destroyed and new microwelds may be formed. This adhesive wear process is called 
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Concentration of abrasive h g / / l  
Figure 2.34 Intensity of wear as a function of concentration of the introduced abrasive; 
solid line represents new rolling bearing with fresh abrasive; dashed line represents new 
bearing with old lubricant. 
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Figure 2.35 Relative bearing life depending on the kind of indented particles. (Reprinted 
with permission. SAE paper, Loesche T., Weingard M. Quantihing and Reducing the EfSect 
of Contanzination on Rolling Bearing Fatigue, c. 1995, Society of Automotive Engineers, 
Inc.) 
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1 - metal 
2 - oxide layer 
3 - monomolecular layer 
4 - polymolecular layer 

Figure 2.36 Modcl of contact surfaccs undcr the condition of mixed lubrication. (1) metal; 
(2) oxide layer; (3) monomolecular layer; (4) polymolecular layer. 

“scuffing” and is characterized by significant changes in surface topography (Fig. 
2.88b [17]) and structure (Fig. 2.37 [17]) and by the formation of wear debris. 

Rolling bearings subjected to high concentrated loads and significant raceway 
deformation with rolling elements characterized by a significant presence of inertial 
resistance to acceleration are frequently susceptible to adhesive wear. A change oc- 
curs in the perimeter velocity of the rolling element, and the angular velocity is 
significantly decreased with respect to the velocity of the forced rotation, as illus-
trated in Fig. 2.38 [17]. The reduction in surface velocity creates a situation of 
reduced elasto-hydrodynamic lubrication leading to surface asperity contact [171.The 
resulting stresses at these asperity contacts is significantly higher than the yield point 
of the metal which leads to the formation of frictional bonds. The formation and 
subsequent breaking of frictional bonds results in the destruction of contact surfaces 
and adhesive wear. The presence of wear debris from this process at the wear contact 
coupling zone may initiate subsequent abrasive wear, depending on the hardness of 
the wear debris and the initiation of cracks and fatigue wear as a secondary process. 

5.4 Corrosive Wear 

Corrosive wear refers to surface destruction of steel, nickel, aluminum, and other 
metal surfaces by chemical or electrochemical attack. Surface corrosion produces 

Figure 2.37 Cross section of damaged cylinder roller. 
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Figure 2.38 The change in  surface vclocity of the roller. 

oxide coatings. passivating them to further attack. The type of surface passivation is 
dependent on the chemical characteristics of the corrosive environment and on the 
bearing material. For steel alloys, the oxide coating is typically paramagnetic iron 
oxide wFe,O,, ferromagnctic iron oxide y-Fe,O,, or magnetite FeiO,, which is typ- 
ically formed in the presence of water, either in the form of humidity or may be 
present in the fluid. Magnetite may be transformed into rust (Fe,O,.HIO). The oxide 
coating thickness and tribological characteristics are dependent on the quantity of 
the fluid. 

The most frequently encountered forms of corrosive coating may be classified 
by its color and thickness; thin, relatively bright <40 pm. gray and light brown 4 0 0  
Fni. and thick and dark >500 pm. Intensive contact loadings in the presence of 
unresisting oxide surface coatings destroys the pasivating oxide layers, forcing the 
corrosion process deeper into the metal surface. 

5.5 Fretting Corrosion 

Fretting corro\ion, illustrated in Fig. 2.39 [ 281, is most often encountered for machine 
elements constructed from non-corrosion-resistant materials that undergo small but 
repetitive movements (1 Ibratioas) and are exposed to corrosive environments, Sur- 
face destruction caused by fretting corrosion forms \mall micron-sized craters filled 

Figure 2.39 Raceway damaged with fretting corrosion 
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Figure 2.40 Typical phases in a fretting corrosion process. 

with wear debris. The surfaces are characteristically covered with red Fe,O, or dark 
Fe,O, oxides or Fe,O,.H,O if humidity is present. 

Figure 2.40 illustrates that fretting corrosion starts with hardening and cyclic 
plastic flow of the subsurface layer at the wear contact. This is caused by the vibra- 
tion movement of the load. Surface asperities are plastically deformed where oxide 
layer destruction has occurred and intermolecular bonds develop. Mutual vibrational 
movement of the contact surfaces breaks these intermolecular bonds and, in the 
presence of the debris from fatigue material damage, creates conditions for contact- 
surface destruction. Initially, the wear debris consists of the metal oxide material. 

The second phase of the fretting corrosion wear is characterized by formation 
of the corrosive environment which consists of wear debris, absorbed oxygen, and 
moisture (H,O). A steady-state balance is established between the formation of wear 
products and their removal from the contact zone. Surface deformation activates the 
tribo-chemical reactions involved in the corrosion process. When the thin outer layer 
of surface oxides is destroyed, the work-hardened layer immediately below is sub-
jected to the vibrational loads, leading to fatigue loads accelerated by the corrosion 
process. 

Upon removal, the metal oxide debris acts as a catalyst accelerating the ad- 
sorption of oxygen and moisture. A reactive electrolytic environment is formed be- 
tween the wear contact surfaces. Corrosive destruction progresses into the subsurface 
layer, creating corrosive fatigue damage, thus accelerating the wear process. 

The investigation of the influence of the effect change on the angle of axle and 
the change in load showed that the angle of movement having a great effect on 
fretting wear is no more than 1 degree, but increases rapidly when the angle rate is 
greater (Fig. 2.41 [28]). 
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Figure 2.41 Influence of the angle of movement on the rate of increased breadth. 

6 ENHANCEMENT OF ROLLER BEARING WEAR RESISTANCE 

Roller bearings are typically subjected to various types of wear process throughout 
their lifetime, leading to a complex overall surface destruction process. The wear 
contact surface destruction process can be retarded by various measures, including 
wear surface material selection, process of producing these wear surfaces (heat treat- 
ment and surface roughness) of the bearings and raceways and resulting accuracy of 
the production process, protection of the bearing assembly against corrosive envi- 
ronments, lubricant selection, method of bearing lubrication, and system cleanliness. 

6.1 Influence of Bearing Design on Wear 

Bearing wear can be affected by the operating conditions and design. Bearing op- 
erating conditions can be affected by various factors, including selecting proper bear- 
ing type, assuring necessary accuracy of shafts and beddings, providing adequate 
shaft and bedding stiffness, protecting against the operating environment, lubrication 
system, and lubricant selection. Aspects of bearing design that affect wear include 
material pairs for the wear contact surface, size of the wear contact, weight of rolling 
elements, maximum friction reduction, load distribution, increasing working capacity, 
decreasing size, high speeds, autonomy, and reduction of system contamination. This 
discussion will be limited to the effects of bearing design on wear. 

The best bearing designs should increase the wear contact surface area, provide 
homogeneous distribution of contact stresses, and organize spreading of deforma- 
tions, as illustrated in Fig. 2.42 [29]. Usually, bearing design changes are made to 
modify the curvature of the rolling element and raceway contact with the inside and 
outside rings. Bearings with cylindrical and conical rolling elements exhibit line 
contact, and modification is performed to avoid peaks that appear at the end of 
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Figure 2.42 (a) Direction of deformation in a Hertzian contact; (b) distribution of stress 
in Hertzian contact; (c) distribution of principal and resulting stress under contact point. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



z.0 

99 Bearing Selection and Lubrication 

Resulted stress 

.?.5-/ 
0 0.5 i.O :.,L 1.0 

(c> 
Surface layer depth 

Figure 2.42 Continued 

contact, as illustrated in Fig. 2.43 [29]. Macrostress distribution improvement may 
be achieved by rounding the ends of cylindrical and conical rolling elements or by 
using raceways with a convex profile as illustrated in Fig. 2.44 [29]. In convex-roller 
bearings, the roller profile radius is smaller than the radius of raceway profile. The- 
oretically, the contact is treated as a rigid body and forms a point contact. Because 

Line profile I Convex profile 

Figure 2.43 Distribution of presure; convex profile of raceway; straight-line profile of 
roller; straight-line profile of raceway; and convex profile of roller. 
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Line profile I Convex profile 

Figure 2.44 Distribution of pressure; straightline profile of raceway; straight-line profile 
of roller; convex profile of raceway; and convex profile of roller. 
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Figure 2.45 The forms of contact area. 
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Figure 2.46 Dependence of rolling element and the raceways curvature on wear intensity. 

the profile curvature of the contact surfaces is negligible at small loads, F < F,,, the 
surface contact forms an ellipse, as illustrated in Fig. 2.45 [29]. 

Figure 2.46 [30] illustrates the effect of rolling element and raceway curvature 
as expressed by the curvature parameters CO,and C,,,,: 

These studies, which were conducted by measuring the radioactivity increase within 
the inside raceway, suggest mutual dependence of the ratios of coupled surface pro- 
files and wear intensity. 

Studies on the influence of different contact-surface profile curvatures in con-
vex-roller bearings [30] suggest a positive influence of the small values of the cur- 
vature factor, C,,,,< l%,  on wear reduction. At higher values of the curvature factor 
C, wear increases, which may be the result of contact-surface reduction and the 
corresponding increase in surface pressure within the contact zone. In addition, re- 
sults of these studies suggest that wear debris in the contact zone can participate in 
the destruction of the roller-bearing surface. 

Reduction in surface wear and an increase in efficiency ratio can be achieved 
by modification of the contact surface in the main load direction. Modification can 
also be performed on the face ribs and on the rolling element separators to reduce 
friction parasitic losses. 

Figure 2.47 [31] illustrates the design of the rolling bearing with face contact 
over the conix and the convex front face. Investigations have shown that the friction 
losses in this case are less than losses of friction that occur during contact of flat 
front faces (Fig. 2.48) [31]. 

Decreasing parasitic friction losses in the bearing separator contact is most 
frequently accomplished using a material with a low friction coefficient (zinc-phos- 
phate coatings, PTFE, MOVIC). 

The coil separator illustrated in Fig. 2.49 [32] is elasto-hydrodynamically lu- 
bricated if there is sufficient fluid flow through the wear contact. This type of sep- 
arator has performed well for low-speed applications such as gyroscopes. 

One of the causes of vibration of the bearing is the shape error of bearing parts, 
such as the circularity of bearing track, cylindricity, eccentricity, paralellism, rough- 
ness of rotating surface, and the size variation of rolling elements per unit container. 
Roller bearings with a size accuracy of <0.1 mm are being used increasingly in high-
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Figure 2.47 Internal geometry of NUP-type rolling bearing. 
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Figure 2.48 Dependence of friction torque and form of face contact. 
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Outer ring 

/ .  Inner ring 

Figure 2.49 (a,b) Coil separator. 

speed applications previously dominated by the use of slider bearings to decrease 
vibrations [33]. This is illustrated in Figure 2.50 [33] for the use of HDD spindle 
motors and bearings used in personal computers. 

Low internal clearance typical for high-speed application requires the accurate 
control of bearing temperatures. Temperatures also govern the materials’ propriety, 
lubricant properties, lubricant thermal stability, and overall thermal analysis of the 
bearing compartment. Subrace cooling is used to help control the ring temperature 
gradient in aerospace applications (Figs. 2.5 1-2.53) [34,35]. 

Hybrid bearings restrain the buildup of heat generated by centrifugal force or 
gyro sliding of fast rotating balls, and research is progressing on oil-air lubrication 
that involves radically reducing the amount of lubricant to restrain heat generated 
by oil churing, and jet lubrication that involves the forced circulation of low-viscosity 
oil and the use of its coolant effects to restrain temperature rises which allows stable 
rotation up to a value of 2 X 10 [121. 

1984 1988 1992 1996 2000 

Year 
Figure 2.50 Trends in NRRO demand levels for HDD spindle motors and bearings. 
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Figure 2.51 Subrace cooling; thrust bearing. 

6.2 Material Selection 

Steels are now produced with an oxygen content of <10 ppm, which has resulted in 
reduced the metal oxide content, which acts as initialtion points for fatigue wear 
failure. This has enabled the control of size and number of intermediaries in existence 
per unit of area, providing optimal structure of the surface layer [33]. The availability 
of ultrahigh-purity steels has provided a greater then fivefold increase in the working 
capacity of rolling element bearings, as shown in Fig. 2.54 [33]. 

The most common bearing steel grade is AISI E52 100, a high-carbon chromium 
steel. This steel alloy is produced in electric furnaces under vacuum to reduce the 
oxygen content, increasing the carrying capacity and reliability. 

AISI 449 C steel is used when bearing materials with improved corrosion 
resistance are required. However, these steels exhibit lower carrying capacity at tem- 
peratures, <1OOOC, with respect to E52100 1361. 

Roller 
Straight Crown Element 
fhrough ' r T RRadius Inner Land 
Outer Race k\++ -
'- Guided Cage 

Guide Flange 

Cooling 

Guide Flange Lubrication 

Lu bncation Passages 
Passages 

Figure 2.52 Subrace cooling; roller bearing. 
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(a> Cylindrical rollcr beanng 

(b) Bail beanng jet 

Figure 2.53 (a,b) Subrace cooling; cooling increases. 

For elevated temperature use, >175"C, steel alloys containing molybdenum, 
tungsten, and vanadium alloying elements are used. These steels are capable of main- 
taining a hardness of 58 HRC at working temperatures as high as 315-480°C. 

Halmo and M50 steels are used for working temperatures up to 310°C. For 
operation at extremely high temperatures (up to 427"C), T-1 and M-10 steels may 
be used. For working temperatures up to 492"C, AISI H-1 and H-2 steel alloys are 
used, and for temperatures up to 538"C, AISI WB-49 is used. Highly alloyed steels 

lrticle 


10 102 103 104 

Lifetime. hours 

Figure 2.54 Extension of lifetime through increased purity of bearing steel. 
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that maintain high hardness at elevated temperatures typically exhibit lower resis- 
tance to contact surface destruction at working temperatures of <65"C, as illustrated 
in Fig. 2.55 [36]. 

Figure 2.55a illustrates that the longest life is obtained for rolling elements of 
AISI EX-15. Halmo exhibits somewhat lower fatigue wear resistance, 78% of EX- 
15 wear resistance. The working life of H- 1, M- 10, M-50, T- 1 ,  and H-2 balls is less 
and the lowest fatigue wear at moderate working temperatures was obtained with 
AISI M-420 balls. It was found that the presence of carbide (Fe,C) grains of larger 
sizes and larger number at temperatures <100°C initiates accelerated destruction of 
rolling bearings contact surfaces [36]. 

The presence of carbides is especially important for maintaining the required 
hardness at elevated temperatures. Chromium, molybdenum, and vanadium form 
carbides that maintain steel hardness at elevated temperatures. Although cobalt does 
not form carbides, it may affect carbide formation by other elements. The distribu- 
tion, kind, size, form, and concentration of contained carbides determine the resis- 
tance to fatigue surface failure of bearing wear contact surfaces. 

New alloys have been developed to extend the working temperature ranges of 
conventional carbon steels. Starting from Japanese steel JIS SUJ 2 (C-l.O%, Si-
0.2596, Cr- I .5%, MO-, V-), a medium-heat-resistance bearing-steel, JIS KUJ 7 (C-
1.O%, Si- 1 .O%, Mn-0.5% < Cr-2.096, Mo-0.5%), was developed; it is capable of 
maintaining hardness up to 250°C. Figure 2.56 [37] illustrates comparative test results 
for KUJ 751 and SUJ 251 steels at a working temperature of 250°C. 

Increasing the requirements for high-speed operation, smaller sizes, friction 
reduction, reducing dependence on the friction reduction properties of the lubricant, 
increasing the resistance to aggressive environmental conditions such as corrosion 
and particulates, and increasing the reliability and working life of rolling element 
bearings has led to the development of new materials. 

The required physical properties of contact layers are obtained by various sur- 
face heat-treatment practices. Heat-treatment practices include nitriding from a salt 
bath, nitrocarburizing and carburizing from atmospheres, and induction heat treat- 
ment; see Ref. 38. 

Ceramic materials are being used to significantly improve bearing lifetimes and 
reliability [ 10,39,40]. Ceramic materials were used partially for rolling elements of 
hybrid bearings and integrally for races and rolling elements of ceramic rolling bear- 
ings. The ceramic material used most extensively in bearing production is silicon 
nitride (Fig. 2.57) [40]. In Fig. 2.58 [41], a block diagram provides a comparison 
between the basic physical properties of steel and ceramic materials. 

For achieving the high performances of ceramic materials, the procedure of hot 
isostatic pressing (HITP) illustrated in Fig. 2.59 [40] is used. Other technologies do 
not produce material structures that possess adequate physical properties necessary 
for roller bearing applications as shown in Fig. 2.60 [40]. 

The comparison of hybrid and steel bearings under conditions of elasto-hydro- 
dynamic lubrication and with the use of filteration to remove particles larger than 
0.5 k m  has been performed. Two load levels, P = 2900 N/mm' and P = 2400 N/ 
mm', and a rotational speed of n = 1200 rev./min showed that hybrid bearings failed 
in less time than steel bearings at P = 2900 N/mm'. However, when evaluated at the 
lower load P = 2500 N/mm', the hybrid bearings exhibited longer calculated lifetimes 
than steel M50 bearings, as shown in Fig. 2.61 [ 141. 
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Figure 2.55 (a) Dependence of relative life on concentration of steel alloys at temperatures 
~ 6 5 ° C ;(b) dependence of hardness and temperatures of standard roller bearing steels. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



108 Pavlovich 

Figure 2.56 Comparative test results for KUJ 751 and SUJ 251 steels at temperature of 
250°C. 

Figure 2.57 Structure of silicon nitride ceramic sinter-HIP process. 
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Figure 2.58 Comparison among basic physical properties of steel and ccramic materials. 

Figure 2.59 Hot isostatic pressing. 
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Porosity Flexural loading €-module Kic-value Weibull-module 
resistance 

% NfIlfTl-2 kNrnrn‘2 MNN~I-~/* 

I
SSN 0-5 300-600 200-280 5-7 10-16 

RBSN 15-20 100-300 70-200 2-4 10-16 

HPSN 500-800 250-300 6-8 12-20 

HlPSN 600-900 280-320 6-9 15-25 

Figure 2.60 Basic physical properties for different Si +N, qualities. 

The effect of material selection to particulate contamination has also been il- 
lustrated [26] .Steel bearings built from M50, lubricated elasto-hydrodynamically, 
exhibited a lifetime that was 10 times the calculated value. However, hybrid bearings 
did not produce any increase in lifetime with filtration. 

Figure 2.62 [ 2 6 ]  illustrates the dependence of working temperature on the prod- 
uct Dn for the steel (line I) and hybrid bearings (line 11). 

Grease is often used to seal “lubricated for life” bearings. It was found that 
hybrid bearings exhibit a lifetime that was two to five times greater than a steel 

N 


0.01 0.1 1 10 103 


L1Oexper /L1U-caicui 

Figure 2.61 Comparison LlO of hybrid and steel bearing under condition of elasto-hydro- 
dynamic lubrication. ( 1 )  Balls from ceramic with failure; (2) balls from steel; ( 3 )  balls from 
ceramic; (4) theoretical life rating; ( 5 )  inner raceway from steel. 
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Figure 2.62 Dependence of working temperature and Dn value for steel (I) and ceramic 
(11) roller bearings. T = temperature; M = moment of friction. 

bearing. This difference is even greater for nonlubricated bearings, with the hybrid 
bearing exhibiting a working lifetime five to seven times greater than that obtained 
for a steel bearing [39]. 

Ceramic bearings can be used at temperatures up to 1100°C with poor lubri- 
cation and under conditions that are corrosive to steel. In addition, ceramic bearings 
also exhibit a 40% reduction in friction and are approximately 60% lower in weight 
[421. 

To improve the wear resistance, reduce friction, and improve corrosion resis- 
tance, coatings of various types may be applied to impart the desired property. Coat- 
ing procedures include chemical and galvanization procedures, and coatings obtained 
by dipping, spraying, plasma vapor deposition (PVD), chemical vapor deposition 
(CVD), and ion implantation. 

A porous Fe,O, coating approximately 0.4-2.0 pm thick with a characteristic 
bright brown color is produced by burnishing procedure. This coating is suitable for 
working temperatures up to 400°C and is most frequently used for wear reduction. 

Corrosion and wear resistance are improved under conditions of mixed lubri- 
cation by Zn phosphatizing. Good coating strength to the base material is typically 
obtained. The porous coating thickness is usually between 2 and 12 bm with a 
characteristic dark color and is suitable for working temperatures up to 300°C. Zinc 
phosphate coatings are typically used to improve corrosion resistance and the sliding 
properties of the cage. 

Magnesium phosphatizing improves corrosion resistance and wear resistance 
under conditions of mixed friction. The coating color is brown, with noticeable po-
rosity. The coating thickness is usually between 3 and 15 pm, and it is compatible 
with the base material. 

Chemical nickel plating improves corrosive and wear resistance and the sliding 
properties of the base material. The metallic bright coating is thin, 15-20 bm, with- 
out porosity. The connection with the base material is very good, especially for rough 
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surfaces. The maximum working temperature is dependent on the base material and 
the applicability of the coating and is limited to 500°C. 

Thin, hard chrome plating is used for repairing damaged working surfaces and 
for improving corrosion resistance. The connection with the base material is very 
good and the usual coating thickness is between 1 and 3 pm with a hardness of 
1 100 HV. Depending on the base material, temperatures up to 700°C may be used. 

Zinc-nickel and zinc-iron coatings are applied mainly for improving corrosion 
resistance. They are deposited at a thickness of 3-10 or 1-7 pm, respectively. 
Depending on  the type of the base material, they may be used at temperatures up to 
250°C. 

Galvanically deposited gold-silver coatings are used for improving wear re- 
sistance under dry lubrication. This coating exhibits a dark color and is approximately 
5 p m  thick. Corrosion resistance and working temperature are dependent on the base 
material. The maximum working temperature for the coating is 350°C. 

Currently, the most frequently used coatings, titanium nitride, Me-I-C (Balinit 
c), and I-C coatings, are obtained by a PVD procedure. Titanium nitride (TIN) im- 
proves wear resistance and sliding properties and is deposited to thicknesses of 2-
4.5 pm. The coating exhibits a bright golden color with hardness >ZOO0 HV and it 
is well connected to the base material. A special PVD device is used to deposit TiN 
after cleaning. The process of material deposition is conducted from the plasma state 
to the desired surface or surfaces. The working piece temperature during the coating 
deposition phase is ~500°C.The bright silver chrome-nitride Cr/CrN coating is used 
for improving wear resistance. It exhibits a hardness up to 1500 HV. It is deposited 
by a PVD process at temperatures lower than 500°C. 

The bright black Me-I-C coating is deposited to thicknesses of 1-4 p m  and it 
is very well connected to the base material. The coating hardness is about 1000 HV 
and is used for improving sliding properties and wear resistance. This coating is 
limited to working temperatures of about 300°C. 

The I-C coatings are carbon coatings of amorphous dark color and they are 
deposited to thicknesses of 1-3 p m  with a hardness of 3000-6000 HV. The con- 
nection with the base material is good. It is deposited at temperatures of 150-200°C. 
The coating improves the wear resistance and sliding properties of the base material. 

The most frequently applied CVD coatings are titanium nitride and titanium 
carbide. The TiN coating exhibits a shiny golden color and a hardness >2000 HV 
and is deposited to thickness of 2-4.5 pm. The coating produced by the CVD 
procedure exhibits a very good connection to the base material. The coating depo- 
sition temperature is higher than 1000°C. The coating improves the base material 
wear resistance but worsens weldability. 

Titanium carbide (Tic) coatings are applied by ion implantation and exhibit a 
shiny silver color and a hardness of 3500 HV and it is well connected to the base 
material. It is deposited to a thickness of 3 pm. The deposited coating worsens the 
surface quality of the base material and requires additional machining to ensure the 
required quality. The deposition temperature is over 1000°C. A film thickness of less 
than 0.5 p m  improves the wear resistance of the base material. The appearance and 
surface structure remain identical to the initial ones. The maximum working tem- 
perature is determined by the base material. In combination with the PVD coating 
MoS, it is used for improving wear resistance and sliding characteristics of rolling 
elements of AISI 440C steel. 
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Ion-implanted CrN coatings are deposited to a thickness of less than 0.5 pm 
and are used to improve the wear resistance of the base material. The surface rough- 
ness is unchanged and the maximum working temperature is limited by the base 
material. 

The most frequently used coatings applied by dipping and spraying are zinc 
and ceramic coatings. Ceramic coatings (A1,O + Ti02) are metallic gray and are 
deposited to a thickness of about 250 pm.They exhibit a gray porous structure and 
are significantly harder, frequently over 1000 HV, than the base material. Their cor- 
rosive stability is excellent and they may be used at all normal working temperatures. 
The connection with the base material is good, but coated surfaces are additionally 
machined to achieve the desired surface quality. Ceramic coatings are used to isolate 
the influence of electric current. They are well suited for application to rolling bodies 
or the races. 

The physical and chemical properties of PVD layers have an intermediate po- 
sition between metals, and ceramic PVD layers are electrically conductive and have 
a metallic luster, but they do not build up alloys with other metals and they are 
sluggiqh in reaction with other materials [12]. 

In the past few years. full-coated bearings can be found in a new approach to 
combining ceramic balls with coated races to improve the behavior of a tribological 
system [121. Because of their superior properties, four different kinds of coating have 
been selected for coating the races of the bearings: CrN, TiAlN, TiN + C, and 
WC + C. Figure 2.63 summarizes the properties of the different coatings [12]. 

6.3 Influence of Lubricant and Lubrication Systems 

Elasto-hydrodynamic lubrication is dependent on many factors that include working 
surface geometry, elastic properties of the material, thermal conductivity, physical 

Figure 2.63 Comparison properties of coatings for roller bearings. 
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properties of the fluid, loads, speed, and the lubrication system. It has been shown 
that the use of bearings constructed from high-purity steel, high manufacturing ac- 
curacy, operating with a sufficient number of revolutions, with a fluid of adequate 
viscosity, with fluids free of contaminants, and under conditions of no contact de- 
formation can exceed their life rating by up to 10 times. Under conditions of elasto- 
hydrodynamic lubrication, coupled surfaces are typically separated by an oil layer 
of 2-3 p,m. Therefore, to assure no asperity contact between the working surfaces 
is to assure both manufacturing accuracy and the high quality of the surface finish. 

To assure optimal bearing lifetimes, elimination of particles larger than the 
thickness of the oil layer is necessary. However, elasto-hydrodynamic lubrication 
rarely occurs under conditions of total absence of metal surface contact which occurs, 
for example, at the beginning of bearing rotation. Particles originating from wear 
debris and other sources, if their size is greater than the fluid film thickness, will 
increase the contact fatigue of the bearing surfaces. Elasto-hydrodynamic lubrication 
significantly reduces friction, therefore moving the point of the fatigue crack initia- 
tion deeper into the surface layer. 

Figures 2.64 and 2.65 [43] illustrate the pressure distribution in the fluid film 
and stress distribution with material depth, respectively. Changes of pressure and the 
physical form of the fluid film as a function of physical properties of coupled cylin- 
drical surfaces and the lubricant are shown in Figure 2.66 [43]: Curve a refers to 
rigid cylinders with a constant lubricant viscosity of lubricant; curve b refers to rigid 
cylinders and viscosity dependent on pressure; curve c refers to elastic cylinders and 
constant viscosity; curve d illustrates elastic cylinders and viscosity dependent on 
pressure. 

Figure 2.67 [43] illustrates the variation of fluid pressure distribution and fluid 
film thickness as a function of material parameters. The pressure distribution and 
changes of the oil layer form as a function of rotational velocity is illustrated in Fig. 
2.68 [42]. These data show that at constant load, the maximum pressure, minimum 
oil layer thickness, and oil layer gap are functions of the rotational velocity of the 
contact surface. 

Figure 2.69 [43] illustrates the pressure distribution of nonidealized rough sur- 
faces. Studies of the influence of surface roughness on the rough layer carrying 

-
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Figure 2.64 Pressure distribution in fluid film. 
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Figure 2.66 Change of pressure and physical form of the fluid film as a function of 
physical properties of coupled cylindrical surface. 
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Figure 2.67 Variation of fluid pressure distribution and fluid film thickness as a function 
of material parameters. W = 3 X lO-’; U = lop”;  G = 5000 for (a); G = 2500 for (b). 

capacity showed that increased longitudinal roughness significantly reduces the car- 
rying capacity of the oil layer [42]. 

The oil layer not only provides lubrication, which is pressure and speed de- 
pendent, but it also cools the wear contact. Figure 2.70 [43] depicts the temperature 
field within the elasto-hydrodynamic contact. The lubrication properties of the roller 
bearing at the moment that motion begins is characterized by direct contact of work-
ing surfaces, localized interruptions of fluid film, insufficient conditions to provide 
hydrodynamic lubrication, and the tribological characteristics determined by the in-
teraction of very thin fluid film and the material surface. Lubrication (FT)under these 
conditions is either mixed-film or boundary lubrication. Friction under these condi- 
tions is determined by 

F T  = ~ A , T+ ( I  - <X)A,T~ 

where cx is the contact coefficient of pure metals surfaces, A ,  is the total real contact 
surface, T is the material shear stress, and 7, is the boundary layer shear stress. 

The friction coefficient is 

F = a p m  + ( 1  - @F., 

where pmis the friction coefficient of the coupled surfaces and p, is the friction 
coefficient of the boundary layer. 

Mixed friction occurs in bearings operating at high contact pressures and in-
sufficient velocities required for elasto-hydrodynamic lubrication or a transient con- 
dition such as the moment when the bearing starts to move. It is critical to remove 
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Figure 2.68 Pressure distribution (a) and change of the layer form (b) as a function of rotational velocity. W = 

3 x 10-5;G = 5000; U = 0, dry contact (1 ) ;  U = I O - ~(1);  U = 10 ''(2) ;  U = 10 'I (3); U = 10 I" (4); U = 10." 
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Figure 2.69 Pressure distribution of nonidealized surface. 

particulate contamination when the bearing is in the mixed-film regime because some 
asperity contact already occurs as a result of the thin film in the wear contact. The 
effect of velocity on the coefficient of friction for boundary, mixed-film, and elasto- 
hydrodynamic lubrication is illustrated by the Stribeck diagram shown in Fig. 2.71. 

Lubricants that must provide mixed-film and boundary lubrication contain ad- 
ditives that form the boundary layers that reduce the friction coefficient and prevent 
direct metal-to-metal contact. The boundary layer is formed on surfaces by atomic, 
molecular, and microparticle interactions. These additives are designated as friction 
modifiers, and antiwear and boundary lubricants for high pressure. 

Although additives are necessary to provide adequate roller bearing lubrication, 
their effect is concentration dependent. Excessive, or inadequate, additive concentra- 
tions may enhance and accelerate fatigue wear. Figure 2.72 [U]illustrates the work- 
ing life of roller bearings lubricated by oil, with and without EP (extreme pressure) 
additives. These data illustrate that the bearing working life is reduced by the use of 
nonoptimal EP additive concentrations [44]. 
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Figure 2.70 (a,b) Temperature field within the elasto-hydrodynamic contact. 
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Figure 2.71 Stribeck diagram. 

Mineral-oil-based fluids may contain low concentrations of water (500-600 
ppm). However, water concentrations may be increased by adsorption of water from 
the air, particularly in humid environments. Studies using radioactive isotopes have 
shown that mineral oil-water contaminants may hydrogen-bond to metal surfaces 
[14]. Because water molecules are much smaller than the lubricant molecules, they 
diffuse to the tips of microcracks. Through chemical reaction, atomic hydrogen is 
produced which diffuses into the metal, causing hydrogen embrittlement of steel. 
Hydrogen embrittlement reduces fatigue strength. The structure of the surface layer 
of steel balls lubricated by oil with addition of water is shown in Fig. 2.73 [45]. 
Figure 2.74 [181 shows the effect of water concentration in lubricant on the working 
life of rolling bearings. 

Various methods have been used to prevent the negative influence of water 
contamination in mineral oil, including hydrogen-bond complexation, hydrophobic 
layer isolation, and water isolation removal. For example, isopropylethanolamine 
(IPEA) has been used to negate the deleterious effects of water contamination in 
mineral oil. IPEA works by hydrogen-bonding the water, preventing cathodic reduc- 
tion to hydrogen at the tips of the microcracks, thus preventing hydrogen embrittle- 
ment. This is illustrated in Table 2.4 [45]. 

Many industrial applications, such as mining, die casting, molten metal proc- 
essing, and forging, require the use of various non-mineral-oil-derived hydraulic 
fluids. However, the use of these fluids with conventional bearing materials have 
resulted in a significant reduction in working life and reliability (Fig. 2.75) [46]. 
This has been particularly true with water-containing fluids. A correlation has been 
developed to predict the working life of roller bearings lubricated by mineral oil and 
fire-resistant hydraulic fluids [131: 
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Figure 2.72 Working life of rolling bearing lubricated by oil with and without EP additives. 
(a) Bearing weight-loss comparisons to contaminant concentration levels for various lubricant 
viscosity grades. Note the increased wear for gear lubricants SAE80EP and SAE90EP. both 
with EP additives, as compared to the SAE140 gear oil not having EP additives. (b) Fatigue 
life performance comparison of a life test reference oil and a gear oil with similar viscosities. 
(Reprinted with permission. SAE paper, Nixon P. JI., Zantopulos 11. Ohservatiorz of the trttpuct 
of Lubricant Additives on Fatigue Life Pei$ormance of Tapered Roller Benrirtgs, c. 1995 
Society of Automotive Engineers, Inc.) 
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Figure 2.73 Thc structurc of thc surface layer of steel balls lubricated by oil with addition 
of water. (a) Continuous-type pitting failure produced by lubricant supersaturated with water 
( X  100); (b) continuous-type pitting of a race experienced in  practice when using lubricant 
contarninatcd with water. 

where the values of coefficient ( a ) for various lubricants are provided in Table 2.5. 
It has been reported that a water-glycol hydraulic fluid provided a bearing life 

of only approximately 10% of that obtained by a mineral-oil hydraulic fluid 1221. 
However. bearing lifetimes of up to 48% of that obtained by a mineral-oil hydraulic 
fluid was attainable with the use of a fatty acid additive. This same study showed 
that additive5 exhibited a significantly greater effect on the bearing life than iacreas- 
ing viscosity [22]. 
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1 25 100 400 

Water concentration (PPM) 
Figure 2.74 The effect of water concentration in lubricant on the working life of rolling 
bearings. 

Lubricating greases are frequently used for approximately 80% of all bearings 
used in hydraulic, transportation, and other machine applications [47]. The primary 
lubricating characteristics of greases are as follows: 

1 .  Lubricating greases are ductile, but not as liquid as lubricating oils, which 
reduces leakage in use. 

Table 2.4 Effect of Additives* 

Initial Mean pitting 
counting life 

Time of rate from corresponding 

Additive 
Concentration 

(%I 
stressing 

(min) 
fatigued track 

(dmin) 
to load 
(min) 

None - 20 33,400 26 
Iso-amyl alcohol 3 40 49,500 34 
Sarkosine derivative 2 20 37,000 22 
Substituted imidazoline ‘0’ 2 20 24,000 59 
Sarkosine derivative + 

substituted imidazoline ‘0’ 22l 20 26.000 60 

Substituted imidazoline ‘0’+ 
N-methyl glycine derivative 22l 20 2 1,200 97 

Sarkosine derivativet 2 20 30,000 38 

*Load, 600 Kg. Lubricant, NEL ref. oil + 3% tritiated water + additive. 
‘At a load of 500 Kg. 
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C U M U L A T I V E  F A I L U R E S  - PERCENT 

Figure 2.75 Effect of petroleum oil and combustion-resistant hydraulic fluid on the life of 
an angular-contact ball bearing. 

Table 2.5 Lubricant Factors at 10% Failure Level 
~ ~ ~~~~~ 

Load Life fm 10% failures 
millions of Lubricant 

Fluid kN (lbf) revolutions factor 

Mineral oil 3.34 
2.45 

(750) 
(550)  

48.7 
123.0 

1 
1 

Phosphate ester 
Water in oil emulsion 

Water glycol solution 

3.34 
3.34 
2.35 
3.34 

(750) 
(750) 
(550) 
(750) 

13.7 

20.6 
8.59 

3.81 

1.53 
1.78 
1.82 
2.34 

2.45 (550) 5.34 2.84 

Values of Lubricant Factors Based on Modal Life 

Lubricant 
F!uid factor 

Water-glycol solution 2.6 
Phosphate ester base 1.5 
Phosphate ester 1.2 
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2. The load-carrying capacity of the lubricating film of a grease is signifi- 
cantly greater than an oil film with the same thickness. 

3. The effect of lubricant loss on proper operation and working capacity of 
a grease is less than that of oil. 

4. The reduced capillary activity of greases improves the resistance to those 
types of wear that are aggrevated by capillary activity (pitting). 

5. Greases can protect a system from particle ingression by blocking openings 
to the environment. 

As with lubricating oils, lubricating greases are formulated with a combination 
of different additives. A schematic representation of the procedure for obtaining 
different types of grease is shown schematically in Fig. 2.76 [47]. Tables 2.6 and 
2.7 [47] provide a summary of procedures and basic characteristics, respectively, for 
the most common types of grease. The most frequently used additives in lubricating 
greases manufacture are provided in Table 2.8 [47]. 

Grease 

Basic oilz E! 
Corrosion) 
protection . Metal 
deactivator 

Oxidation1 
inhibitor 

Antiwear 

High 
pressure 

Different chemistry 
structure 

48,c,0 
Different 
viscosity 

1 . 2 . 3 . L  

Figure 2.76 Procedure for obtaining different types of grease. 
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Table 2.6 Metal Soap Greases 

Type of soap Advantages Disadvantages 

8 8Sodium Fibrous constitution, nonfluid character Not water resistant 
0 Dropping point around 200°C Application only up to 
8 Low cost 80-100°C 

8 Low corrosion 
protection 

8Lithium Up to 80-90°C water resistant Not resistant to steam 
Application to 120- 145°C 
Good corrosion protection 
Drooping point around 190°C 
Good working characteristics 

Aluminum Water resistant like sodium grease Hydropolysired under 8 

Application up to 100°C influence of water 
Barium Water resistant Difficult production 8 

Application up to 100°C Expensive8 

Protection against corrosion 
Low loss of oil 

Calcium Flexible on low temperature Application only up to 8 

Good water resistance 60°C only 
Often fibrous Drooping point 

around 100°C 
Bad corrosion 
protection 

7 ROLLER BEARINGS’ WORKING SURFACES FAILURE 

A survey of characteristic types of working surface damage of roller bearings will 
be reviewed here. Suggestions to prevent the occurrence of these failures will also 
be provided. 

Lundberg and Palmgren showed that the end of the useful lifetime of a roller 
bearing was characterized by working surface fatigue wear as illustrated in Fig. 2.77 
[48]. The initial phase of fatigue wear, illustrated in Fig. 2.78, is characterized by 
micropitting [48]. After the appearance of the initial phase of destruction, approxi- 
mately 20-30% of the total working capacity remains (Fig. 2.79) [48]. Contact 
pressure strongly influences proper operation of the damaged bearing. Figure 2.80 
[48] shows that the remaining working capacity at a Hertzian pressure of 2600 MPa 
is only 5% of the total working capacity. However, at a Hertzian pressure of 2000 
MPa, the remaining working capacity is approximately 27%. The appearance of the 
working surfaces of the inside and outside raceways in the final phase of fatigue 
wear is shown in Fig. 2.81 [49]. 

Fatigue wear pitting, when it appears on diametrically opposite sides of race- 
ways, indicates ring deformation under the working load as shown in Fig. 2.82 [49]. 

Bearing eccentricity causes inhomogeneous load distribution, localized in- 
creases in load that exceed the design limit of the bearing, and acceleration of fatigue 
crack development, as illustrated in Fig. 2.83 [50]. 
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Table 2.7 Complex-Metal Soap Greases 

Type of soap Advantages 

Stabile up to 160- 180°C Sodium K 
Drooping point over 220°C 
Water resistant up to 90°C 
Good corrosion protection 
Stabile up to 150-160°C Lithium K 
Drooping point over 260°C 
Very good stability against water 
Applicable up to 160°C Aluminum K 
Dropping point over 260°C 
Very good stability in water 
Good pump effect 
Fine structure 
Not expensive 
Stabile in water and steam Barium K 
Stabile under influence of alkali and 
acid environment 

Applicable up to 150°, short term 
around 170°C 

Dropping point over 260°C 
Very good corrosion protection 
Applicable under very high pressure 
Water and steam resistant Calcium K 
Dropping point over 250°C 

* Good lubricant ability 
Good corrosion protection 
Very good press resistance 
Good pump effect 
Not expensive 

Disadvantages 

Not steam resistant 

Critical additiving 
Difficult production 

Not applicable with 
other grease 

Soft under shear stress 

Difficult production 
High soap demands 
More expensive 

Becomes harder under 
high temperature 
(Steep temperature- 
consistence-gradient ) 

Bad reversibility of 
consistency 

Particle contamination in the coupling zone may cause different types of work- 
ing surfaces damage which are dependent on the hardness of the particles. Fig. 2.84 
[48] shows working surface damage caused by soft particles. Working surface dam- 
age caused by hard particles is shown in Fig. 2.85 [48]. The initial destruction caused 
by particle contamination significantly accelerates initiation and development of fa- 
tigue wear. 

Figure 2.86 [48] shows craters caused by electric current flow. As with other 
causes of wear development, the craters and structural changes caused by electric 
current flow are a form of localized surface destruction which leads to accelerated 
destruction of working surfaces. 

Adhesive wear of working surfaces illustrated in Fig. 2.87 [48] is caused by 
direct contact of metal surfaces in relative motion to each other with different perim- 
eter velocities. This type of wear is frequently combined with or precedes fatigue or 
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Table 2.8 Additives 

Material Typical Bonding 

EP additive Carbon, chlorine, phosphor 
bond, off and on in 
combination with lead, 
graphite, or MoSz 

Wear-reducing additives High molecular bonding like 
fatty acid oil, oxided wax 
or lead soap, graphite, or 
MoS 

Anticorrosion additive Organic bonding, active 
sulfur. phosphor or 
particles as phosphite. 
metal salts, or 
tiophosphoric acid, 
sulfured wax or trepan 

Aging Phenols, aromatic amines, 
sulfured phenols, zinc 
di tiophosphates 

Additions for improving Polyisobutilens, 
surface-lubricant olefinpolymers, latex 
adhesion 

Pavlovich 

Duty 

Protects against adhesion wear 

Reduces wear under boundary 
and mixed lubrication 
conditions 

Protects of corrosion 

Protects from dcstruction 
caused by oxidation 

Improves connection of 
lubricants with surface 

Figure 2.77 Fatigue wear. 
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Figure 2.78 Micropitting. 

Figure 2.79 Intensity of failure in function of time. 
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Figure 2.80 Influence of contact pressure on remaining working capacity. 

Figure 2.81 Thc appearance of the working surface in the final phase of fatiguc wear. 
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Figure 2.82 Pitting on opposite side of raceways 

Figure 2.83 Fatigue wcar caused inhomogeneous load distribution. (Rcprinted with the 
permission of SKF.) 
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Figure 2.84 Working surface darnages caused by soft particles. 

Figure 2.85 (a,b) Working surface damages caused by hard particles. 

Figure 2.86 The craters on working surface caused by electric ciirrcnt flow. 
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Figure 2.57 Adhesive wear of working surfacc. 

R, = 0.07 prn 0 20 40 66 s6 100% 

Fl, = 0.W pm 0 m iw Sb l k  

(b) 

Figure 2.58 (a,b) Adhesive wear combined with abrasive and farigue wear. 
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abrasive wear (Fig. 2.88) 1481. Material transfer from one working surface to another 
is observed in adhesive wear, as shown in Fig. 2.89 [17]. 

True brinelling occurs when loads exceed the elastic limit of the ring materials 
(Fig. 2.90) [49]. Brine1 marks show as indentations in the raceways. Any static 
overload or severe impact can cause brinelling. Severe brine11 marks can cause in-
creasing vibration and, in connection with increasing vibrational load. can cause 
premature fatigue failure. 

A small relative motion between balls and raceways that are subject to external 
vibration can cause elliptical wear marks in an axial direction with a bright finish 
and sharp demarcation at each ball position (Fig. 2.91) [49]. This form of wear is 
typical for nonturning bearing, where oil film cannot be formed to prevent raceway 
wear. 

Figure 2.89 (a,b) Material transfer from one working surface to another. 
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Figure 2.90 (a,b) The occurrence of true brinelling. 

In addition to contributing to other wear processes, corrosive wear itself may 
cause major working surface destruction. Corrosive wear of roller bearings is caused 
by chemical and electrochemical processes and is tnost commonly encountered with 
fixed, slowly moving, and normally operating roller bearings. Roller bearing corro- 
sion produces an oxide which appears as black-brown stains, as shown in Fig. 2.92 
1491. These coatings are destroyed or removed by system vibrations. After repetitive 
oxide formation and destruction, the process proceeds further into the material, lead- 
ing to a reduction in bearing life. Figure 2.93 [49] illustrates the surface of a ball 
exposed to humidity and acid. Figure 2.94 [49] illustrates corrosive wear occurring 
on a raceway surface that was caused by humidity. The appearance of corrosive 
damage of rolling elements is illustrated in Fig. 2.95 [49]. 

Abrasive wear occurs from surface sliding because of the presence of particle 
contamination in the lubricant. Damage appears as narrow grooves in the direction 
of motion and is characterized by a change of color and surface topography (Fig. 
2.96) [48]. As the process proceeds, wider grooves are observed in the direction of 
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Figure 2.91 Elliptical wear marks caused by external vibration. 

sliding; these grooves inhibit the formation of the lubricating film which accelerates 
working surface destruction as shown in Fig. 2.97 [48]. 

Besides destroying working surfaces in the direction of the primary load, par- 
ticle contamination may also destroy the side surfaces of both rolling elements and 
raceways. Damage of the outside ring’s surface is shown in Fig. 2.98 [48]. Damage 
of the roller’s sides caused by hard particles in the contact zone is shown in Fig. 
2.99 [48]. Figure 2.100 [48] shows the appearance of the side surface damage by 
abrasive wear. 

Tribological wear may also occur on auxiliary elements of rolling bearings. 
Figure 2.101 1481 shows cage damage caused by particle contamination. Figure 2.102 
[ 481 illustrates typical cage damage caused by rotational speed variation of the rolling 
element. 

Bearing damage may be diagnosed even in the earliest stages by frequency- 
spectrum analysis. The frequency spectrum of a damaged and undamaged rolling 
bearing is shown in Fig. 2.103 [48]. 
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Figure 2.92 (a,b) Oxide caused by roller bearing corrosion. 
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Figure 2.93 Surface of a ball exposed to humidity and acid. 

Figure 2.94 Coirosive wear on a raceway surface caused by humidity. 
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Figure 2.95 Corrosive damage of rolling elcmcnts 

Figure 2.96 Damage caused by particle contamination in the lubricant. 
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Figure 2.103 Frequency spectrum of damaged and undamaged rolling bearings. 

Figure 2.104 Recording of temperature variations with and without lubrication. 

Damage caused by insufficient lubrication or lubricant loss may be readily 
detected by monitoring the bearings’ operating temperature. Figure 2.104 [48]illus-
trates a recording of the temperature variations with and without lubrication. 
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1 INTRODUCTION 

The life and reliability of all engineered systems has become of paramount impor- 
tance. The cost of downtime and repair cannot be tolerated and therefore must be 
avoided or eliminated. Currently, the design life of most fluid systems is determined 
from a consideration of the stress levels to which the system components are sub- 
jected. Very little attention is given to the contamination level of the system fluid or 
to the tolerance that the system components exhibit to the presence of particulate 
contamination. Although fluid cleanliness and filtration are critical factors influencing 
the field life and reliability of hydraulic and lubrication systems, design engineers 
are without an adequate understanding of the nature of these parameters. The primary 
purpose of this chapter is to provide a broad understanding of the area that includes 
fluid cleanliness and filtration. This area is generally known as contamination control. 

Contamination control is mandatory in maintaining the integrity of all power 
and motion systems. Without it, few, if any, systems could be expected to achieve 
their design goals, not to mention their expected field lives. Because fluid systems 
are the backbone of our industrial machinery, contamination control provides the 
keystone needed to achieve effective, reliable, and economical production of the 
necessities of our modern civilization. This critical technology is rapidly becoming 
accepted as an application science because its utilization is the key to the ultimate 
success of every engineered system. 

Contamination control is a broad subject and applies to all types of engineered 
systems. It covers the planning, organizing, managing, and implementing of all as- 
pects to determine and achieve a reasonable field life resulting from the presence of 
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contamination entrained in the system fluid. Some authors define contamination as 
any unwanted influence that can destroy the integrity of a system by causing an 
imbalance between the tolerance level of the system components and the contami- 
nation level of the system fluid. However, this definition is far to broad for adequate 
coverage in this chapter. Therefore, particulate contamination will be given primary 
consideration here. The more specific areas that comprise the contamination control 
technology can be summarized as follows: 

1. Identification: This area includes the recognition and description of the 
various contaminants. 

2. Analysis: This area includes the characterization and quantification of the 
contaminants. 

3. Exclusion: This area includes the prevention of contamination from enter- 
ing the circulating fluid of a hydraulic or lubrication system. 

4. Filtration: This area includes the capture and retention of particulate con- 
taminants that have already become entrained in the system fluid. 

5 .  Component tolerance: This area includes the evaluation and improvement 
in the capability of a component to resist the attack of particulate 
contaminants. 

The preceding summary should quickly lead the reader to the following axiom 
of the contamination control technology: 

Any particulate contamination must be prevented from entering the fluid system. If we 
fail to accomplish the exclusion task, we must provide a method to remove that con- 
tamination which becomes entrained. If we fail at both of these tasks, then the com- 
ponent must be able to live for a sufficient length of time with the resulting contami- 
nation level. 

2 PARTICULATE CONTAMINANT 

Particulate contamination is discrete portions of material which exist as minute par- 
ticles. Particulate contamination is very serious to all surfaces in relative motion 
within a system component as well as the integrity of the system fluid. Particulate 
contaminants found in operating fluid system come in all sizes and shapes and are 
normally described by their physical properties, structures, size, and size distribution. 
Of primary concern here, however, is where these contaminant particles normally 
come from and what effect they have on a fluid system. 

2.1 Sources of Particulate Contamination 

Particulate contaminants can enter the system fluid in one of three primary ways: 

1 .  Built-in contaminant 
2. Ingressed contaminant 
3. Generated contaminant 

A built-in contaminant is that contamination which is place in the confines of the 
system during the fabrication process. For example, many times, oil rags are used 
to wipe off surfaces and hands. Lint and fibers associated with the rags themselves 
have often been found in the hydraulic and lubrication systems. Most of the time, 
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the reservoir used to store the excess oil of a fluid system is fabricated using a 
weldment. The process of welding the various seams of the reservoir will create slag 
and metal particles. These particles will become built-in contamination if some cor- 
rective action is not used. 

Ingressed contamination is that material which enters the system fluid from the 
environment. Most fluid systems operate in a very dirty environment such as that 
encountered when dust is carried by the wind. The environmental dust and water, 
for that matter, will surround the system and can be sucked into the system during 
operation. The amount of particulate contamination entrained in the air surrounding 
a fluid system is illustrated in Fig. 3.1. 

100 

50 

30 


10 

5.0 

OPERATION OR INSTALLATION 

Figure 3.1 Concentration of environmental particulates. 
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As can be seen in Fig. 3.1, the concentration of dust particles in the air can be 
very high, especially when the surface is disturbed by the movement of a vehicle. 
The average dust concentration surrounding an over-the-highway truck is approxi- 
mately 0.04 mg/ft3, whereas that of a crawler tractor operating in a earth-moving 
capacity is about 1.0 mg/ft.3 The fluid systems will breathe (discharge air and suck 
in air) as they heat up and cool off. In addition, hydraulic systems breathe environ- 
ment air when double-acting cylinders with single rods are operated; that is, the 
volume of fluid on one side of such a cylinder is larger than the other side owing 
to the area of the rod. When the double-acting, single-rod cylinder is extended, more 
fluid must enter the cylinder from the reservoir than will be returned to the reservoir 
by the rod end of the cylinder. Therefore, the volume of fluid in the reservoir will 
decrease. This decrease in volume will either create a vacuum in the reservoir or air 
must be drawn in to make up the volume. If the air is not properly filtered as it 
enters the reservoir, a large number of dust particles will ingress along with the air. 
These dust particles will become entrained in the circulating fluid, raising the con- 
tamination level of the fluid. 

Generated contamination is caused by particles which are created when surfaces 
in relative motion wear. The wearing process will create wear debris in the form of 
particles composed of the materials comprising the surfaces in relative motion. There 
are many mechanisms and processes by which contamination can be generated within 
a fluid system and there are a great number of surfaces on which these mechanisms 
can occur. However, it would appear that this type of contaminant stems from one 
or more of the following: 

1. Erosion 
2. Cavitation 
3. Fretting 
4. Scoring 
5. Broaching 
6. Lapping 
7. Abrasion 
8. Corrosion 
9. Oxidation 

10. Others 

Not to be overlooked is the contamination generated when the hydraulic fluid is 
doing double duty by acting as a general-purpose lubricant for gear trains, clutches, 
and other mechanical parts. 

2.2 Effect of Contamination 

The primary effect of particulate contamination is to accelerate the destruction of 
working surfaces in relative motion. However, contaminant particles can also become 
lodged in the clearances between moving parts and impede their movement or per-
haps prevent the motion completely. The destruction of working surfaces by the 
influence of contaminant particles is called three-body abrasion as a process, and 
contaminant wear as a result; that is, scientists who study the various wear mecha- 
nisms usually call it surface destruction when contaminant particles are present in 
three-body abrasion. However, to the user of a fluid system, the only thing he is 
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aware of is the loss of performance of the system and the components. Therefore, 
contaminant wear is measured in terms of performance degradation and not in terms 
of dimensional changes as surfaces are destroyed. It has been estimated that up to 
70% of the failures of fluid systems are effected by the presence of particulate 
contamination. 

Motion failures resulting from entrained particles are commonly referred to as 
contaminant lock or particulate lock. Such a lock, or jam as it is sometimes called, 
can impeded the movement of internal parts or the flow of fluids; that is, contaminant 
particles can become wedged tightly between surfaces, preventing any relative mo- 
tion, or they can accumulate in an annular space or orifice until the clearance or 
orifice area is completely blocked, preventing fluid flow. One situation encountered 
in some cases occurs when small particles accumulate in the clearance space between 
a spool and bore of a valve. These small particles can amass in sufficient numbers 
to fill at least part of the clearance space. When this happens, the spool will become 
stuck in the bore and the valve will cease to function. This phenomenon is called 
silting or silt lock because it is caused by silt-sized particles. 

The degradation of system or component performance resulting from particu- 
late contamination is generally called contaminant wear. There can be no doubt that 
the presence of contaminant particles will cause the destruction of internal surfaces 
within fluid components. Furthermore, this surface destruction is accompanied by a 
dimensional change in the surfaces. However, the performance of the component 
cannot be reliably predicted from knowledge of the dimensional changes to internal 
parts of the component. Therefore, many researchers and engineers utilize the con- 
cept of Contaminant wear in estimating the deleterious effect of contamination. The 
degradation in performance of a fluid component as a function of particulate con- 
tamination is found by conducting a contaminant sensitivity test. In the evaluation, 
the component is subjected to various contamination environments and the degra- 
dation in performance is measured. More will be presented on contaminant sensitivity 
analysis later in this chapter. 

2.3 Particle Size and Shape 

The particles that become entrained in a fluid system are irregularly shaped. We need 
to be sure to understand that they are seldom, if ever, round. However, when sci- 
entists and engineers talk of contaminant particles, their size is usually described as 
so many micrometers in diameter. Of course this is not correct. Only a spherical 
particle can be correctly described by one dimension. In fact, particulate contami- 
nants are normally measured by using their longest dimension, as shown in Fig. 3.2. 
Many times, this causes very large problems because many of the particle-sizing 
instruments in use today actually measure the projected diameter. It can be seen in 
Fig. 3.2 that there can be a large difference between the largest or longest dimension 
and the projected diameter. In order for particle-sizing technology to be placed on a 
common footing, automatic particle counters are normally calibrated to produce size 
dimensions relative to the longest dimension. 

The shape of the particles making up the contaminants in a fluid system can 
only be described as irregular. Although contaminant particles exhibit features which 
reflect their origin, generating factors, and exposure, most attempts to quantify par- 
ticulate contaminants according to some shape feature have not been successful. The 
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MARTIN'S 
DIAMETER 

A 

Figure 3.2 Particle size description. 

one parameter that has offered some assistance in the contamination control tech- 
nology is the shape factor, which utilizes one dimension to express the degree of 
irregularity of the particle. Shape factors are very significant in powder technology 
because the shape of particles influences their interaction with fluids, packing and 
entrainability among other things. In contamination control, particle shape can cause 
gross errors in size measurement. Hence, a shape factor must be taken into consid- 
eration to make statistical averaging independent of measurement. 

From a contamination control standpoint, shape factors have at least three func- 
tions: 

1. Conversion values for expressing actual particle size in terms of some 
equivalent size 

2. Proportionality factors for particle size analysis 
3. Transformation factors to express such terms as particle surface area, 

weight, and volume 

The use of the longest dimension to describe the size of an irregularly shaped particle, 
even though it is imprecise, is common. Four well-known shape factors employed 
in this context are as follows: 

Sphericity: defined as the ratio of the surface area of a sphere having the 
same volume as the particle to its actual area 
Circularity: defined as the ratio of the perimeter of a circle having the same 
projected area as the particle to its actual perimeter 
Flakiness: defined as the ratio of breadth of the particle to its thickness 
Elongation: defined as the ratio of the length of the particle to its width 
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In most cases, the techniques for quantifying particle shape leave a lot to be desired. 
The necessary dimensions or values are difficult to obtain for an individual particle; 
for example, in order to determine the elongation factor, the length and width of a 
particle must both be measured. 

Table 3.1 illustrates the average dimensions for some of the more common 
contaminant particles. As can be seen from this table, the diameter of a circle that 
has the same projected area as the contaminant particle is significantly less than the 
longest dimension of the actual particle. For comparison purposes, the circularity 
factor is shown in Table 3.1. The particle was considered rectangular in order to 
determine the actual particle perimeter. Because the width of the particles listed in 
Table 3.1 was normalized to 1 ,  the elongation factor and the longest dimension are 
the same. 

2.4 Test Contaminants 

The contamination control technology relies heavily on the use of test contaminants, 
such as contaminants for calibrating particle-counting equipment, for evaluating fil-
tration performance, and for measuring the contaminant sensitivity of system com- 
ponents. In order to produce test data which can be used for product development, 
performance comparison, and database type of analysis, it is very important that the 
contaminant used to generate the data is as consistent as possible. 

For many years, the standard contaminant in the contamination control area 
was Air Cleaner Test Dust. This test dust was produced by the General Motors 
Corporation from the 1930s until very recently. At this point in time, General Motors 
is no longer producing test contaminants, but a replacement has not been agreed on 
by the various standards making bodies. Because Air Cleaner Test Dust was widely 
used in the past and a great deal of data being used today was generated using this 
standard contaminant, some description is needed here. In addition, some of the 
procedures, such as the particle-counter calibration procedure, still use AC Fine Test 
Dust from protected reserves. 

Air Cleaner Test Dust was produced from natural Arizona road dust by the GM 
Phoenix Laboratory. From the raw dust, two grades or distributions of test contam- 
inants were processed-AC Fine Test Dust (ACFTD) and AC Coarse Test Dust 
(ACCTD). The weight distributions of these two test contaminants is given in Table 
3.2. It should be obvious from Table 3.2 that the difference between ACFTD and 
ACCTD can produce a significant variation in test data. The ACFTD is currently the 
basis of calibration procedures for Automatic Particle Counters as given by IS0  4402 
international standard. The particle size distribution for ACFTD as shown in I S 0  
4402 is given in Table 3.3. This distribution is the “official” calibration contaminant 
currently used for automatic particle counters. Because this test dust is no longer in 
production, the supply will be exhausted at some point in the future. It is envisioned 
that a new “standard” test dust will be approved before that occurs, 

Since General Motors has stopped production of Air Cleaner Test Dust, there 
are various other test contaminants currently available. These test dusts include silica- 
based material, spherical iron particles, iron oxide, pyron powders, various abrasives, 
aluminum oxide, and latex particles. However, care must be exercised when using 
these contaminants if it is necessary to compare test results with those obtained with 
other contaminants. 
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Table 3.1 Shape Factor Information f o r  Environmental Contaminants 

Relative Dimensions of Common Particles 

Diameter of circle Perimeter of circle 
with projected with projected 

Particle Average width Average length area equal t o  area equal to Circularity Elongation 
identification ( W )  ( L )  L X W  L X W  factor factor 

~~~~ ~ ~ 

Limestone 1 I .9s I .58 4.96 0.84 1.95 
AC Fine Test Dust I I .49 1.38 4.36 0.88 1.49 
Aluminum oxide I 1.48 1.37 4.30 0.87 I .48 
Iron Powder 1 1.64 1.45 4.56 0.86 I .M 
Quartz I 1 .6S I .4s 4.56 0.86 I .6S 
CarboNndum I I .65 I .45 4.56 0.86 1.65 
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Table 3.2 Weight Distribution of Air Cleaner Test Dust 

Particle size 
increment Fine grade Coarse grade 

~~~~ 

0-5 39 +_ 2% 12 t 2% 
5 - 10 18 * 3% 12 t 3% 

10-20 16 2 3% 14 2 3% 
20-40 18 2 3% 23 ? 3% 
40-80 9 ? 3% 30 2 3% 
80-200 9 2 3% 

Table 3.3 Particle Size Distribution of 1 mg/L Suspension of AC Fine Test Dust 
(per I S 0  4402) 

No. No. No. No. 
part./mL part./mL part./mL part./mL 

Diameter > diameter Diameter > diameter Diameter > diameter Diameter > diameter 

1.oo 175 1.943 26.OO 11.758 5 1.OO 1.1986 76.00 0.2534 
2.oo 1396.884 27 ,00 10.464 52.00 1.1 151 77.00 0.2403 
3.00 991.813 28.00 9.340 53.00 1.0386 78.00 0.2279 
4.00 708.078 29.00 8.360 54.00 0.9682 79.00 0.2 162 
5.00 516.688 30.00 7.503 55.00 0.9035 80.00 0.2053 
6.00 385.724 31.oo 6.75 1 56.00 0.8439 81.oo 0.1950 
7.00 293.984 32.00 6.089 57.00 0.7890 82.00 0.1853 
8.00 228.183 33.00 5.504 58.00 0.7383 83.00 0.1762 
9.00 179.953 34.00 4.986 59.00 0.6914 84.00 0.1676 

10.00 143.913 35.00 4.526 60.00 0.6481 85.OO 0.1595 
11.oo 116.5 15 36.00 4.117 6 1.OO 0.6079 86.00 0.1519 
12.00 95.369 37.00 3.751 62.00 0.5707 87.OO 0.1447 
13.00 78.823 38.00 3.425 63.00 0.5362 88.00 0.1379 
14.00 65.721 39.00 3.132 64.00 0.5042 89.00 0.1315 
15.00 55.230 40.00 2.869 65.00 0.4744 90.00 0.1254 
16.OO 46.748 4 1 .OO 2.632 66.00 0.4467 91.OO 0.1196 
17.00 39.828 42.00 2.418 67.00 0.4209 92.00 0.1142 
18.00 34.136 43.00 2.225 68.00 0.3968 93.OO 0.1090 
19.00 29.419 44.00 2.051 69.00 0.3744 94.00 0.1042 
20.00 25.483 45.00 1.892 70.00 0.3535 95.00 0.0995 
21.oo 22.178 46.00 1.748 71.OO 0.3339 96.OO 0.0952 
22.00 19.386 47.00 1.617 72.00 0.3156 97.00 0.09 10 
23.OO 17.015 48.00 1.498 73.00 0.2985 98.00 0.0871 
24.00 14.990 49.00 1.389 74.00 0.2825 99.00 0.0833 
25.00 13.254 50.00 1.290 75.00 0.2675 100.00 0.0798 
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3 CONTAMINANT MEASUREMENTS 

The measurement of particulate contamination entrained in a liquid is an important 
aspect of contamination control technology. The accuracy and credibility of partic- 
ulate contaminant analysis depends on the controlling external influence, using 
proper methodology to collect samples, preparing samples correctly, and using ac- 
curate analysis methods. 

3.1 Particle Size Distribution 

From a contamination control standpoint, a particle size distribution is basically a 
statistical description of the particulate matter entrained in a liquid. Normally, it is 
given in terms of a plot of the number of particles per milliliter of liquid, whose 
longest dimension is greater than the size indicated on the abscissa versus the longest 
dimension. Particle size distributions found in operating hydraulic and lubrication 
systems are usually skewed and exhibit a log-normal form. Undoubtedly, the most 
familiar distribution function in general is the Gaussian or normal distribution, which 
exhibits a bell-shaped curve. However, contaminants found in operating systems 
seldom, if ever, exhibit the Normal or bell-shaped curve. A comparison of the log- 
normal and the normal distributions is shown in Fig. 3.3. 

In contamination control, the cumulative particle size distribution is used al-
most universally. The exclusively used model for the cumulative particle size distri- 
bution is the log-normal model, which is commonly plotted on a graph where the 
vertical axis to a log scale and the horizontal axis is log squared. This is normally 
referred to as the log-log squared graph or the Cole chart for the individual who first 

#LOG NORMAL NORMAL 


Figure 3.3 Comparison of normal and log-normal particle size distribution. 
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Figure 3.4 Log-log squared graph. 

suggested the log-log squared model. Such a graph is shown in Fig. 3.4. The Cole 
chart is widely used for plotting cumulative particle size data in the contamination 
control technology. 

3.2 Fluid Sampling Versus In-Line Analysis 

In order to perform a contaminant analysis on the fluid of an operating system, it is 
necessary to evaluate the fluid itself. This means that either a representative sample 
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of the system fluid must be extracted from the system or the analysis must be made 
in-line. In either case, care must be taken to ensure that the fluid being sampled is 
indeed representative of that circulating in the system. In addition, it must be free 
of entrained air and water. Because of current limitations of the particle-counting 
equipment, in-line particle size analysis is normally confined to the laboratory. There- 
fore, field-type contaminant analysis relies on the extraction of fluid samples that 
can later be analyzed. Although several different analyses can be performed on a 
fluid sample, only particulate analysis will be considered here. 

3.3 Sampling Hydraulic and Lubrication Systems 

The credibility of particulate contaminant analysis depends on eliminating several 
aspects of the process. First, the extraction method has to eliminate the possibility 
of obtaining a nonrepresentative sample. In addition, the sample fluid must be col- 
lected in a clean sample container to prevent adding extra particles to the fluid. 
Another aspect involves the handling and preparation of samples prior to analysis. 
The final factor which can seriously affect the particulate contaminant analysis is the 
calibration of the particle-counting equipment. 

3.3.1 Sample Container Cleanliness 

The cleanliness level of sample containers, any processing fluid used in analysis, and 
the surfaces of the analysis equipment are all critical influences which will affect the 
validity of particulate contaminant analysis. The manner of cleaning the containers 
is not nearly as important as having complete confidence in the fact that they are 
indeed clean. The use of new bottles as fluid sample containers does not necessarily 
imply that there is little or no particulate contamination in the bottle. Even bottles 
described as surgically clean are not free of particulate contaminants. The term “sur- 
gically clean” means that there are no live microorganisms in the container; it does 
not mean that there are no particles. It must be kept in mind that particles which 
have a longest dimension of less than 40 pm cannot be seen with the naked eye. 
Therefore, the fact that there are not particles visible does not mean that the sample 
container is clean enough to be used for sampling purposes. 

The effectiveness of a cleaning process used on any component depends not 
only on separating and dislodging particulate material but also on the cleanliness 
level of the rinsing fluid. Research has demonstrated that, under normal conditions, 
an ultrasonic bath with a power rating of at least 10 W/in.’ of bath area is adequate 
to dislodge foreign material from most surfaces. In addition, the ultrasonic action 
will be more effective when detergents are added to the bath fluid. Detergents also 
provide a benefit is removing oil films that may be on the surfaces to be cleaned. 

3.3.2 Sample Container Cleanliness Evaluation 

The cleanliness level of a sample container must be evaluated by placing a superclean 
fluid in the container, vigorously agitating the container with the superclean fluid in 
it, and then determining the particle size distribution of the resulting fluid. It should 
be obvious that the evaluation of the sample is influenced not only by the matter 
remaining in the container after it has been processed through the cleaning procedure, 
but also on the cleanliness level of the superclean fluid and the accuracy of the 
counting technique used. Experiments have shown that it is practical to provide 
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superclean fluid that has a cleanliness level of less than one particle per milliliter 
greater than 5 km. The operation and calibration of automatic particle counters are 
the subject of IS0  Standard 4402, which will be discussed later in this chapter. 

The qualification and control of the sample container cleaning method is es- 
tablished by I S 0  Standard 3722. The standard ignores the cleaning technique and 
concentrates on the ability of the procedure to produce clean or superclean sample 
containers. The flowchart shown in Fig. 3.5 illustrates the various aspects of the IS0 
qualification procedure. The procedure assumes that if a sufficient number of con- 
secutive clean sample containers are produced by a given cleaning process and all 
of them meet a specified cleanliness level, then there is a high level of confidence 
that the process will continue to produce an acceptable container. The standard also 
relies on the premise that if samples from an outgoing stream of sample containers 
are selected at random, any failure to meet the acceptable cleanliness requirement 
will most likely reflect a change in the process which must be rectified. 

CLEANING , 

METHOD 

PARTICLE 
COUNT 

' SPE-
R C L  

(START OVER) 

SPECIFY AOOL 
AND INSPECTION 

RATIO 

INSPECTION 

PROCESS OUALlFlEO 
(USE PERiODlC INSPECTION) 

Figure 3.5 I S 0  sample container cleanliness qualification flow chart. 
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The flowchart indicates that 100%of the sample containers must be inspected 
until the cleaning procedure is qualified. Periodic inspection is permitted after the 
procedure is qualified. Because the cleanliness level of the sample container should 
depend on the contamination level of the fluid to be placed in the container, the 
Required Cleanliness Level (RCL) should be selected such that it is at least two 
orders of magnitude less than the anticipated fluid contamination level. In this man- 
ner, very little analysis error will occur because of the cleanliness of the sample 
container. There are two terms shown in Fig. 3.5 which need to be defined, However, 
an understanding of the I S 0  standard is not intended here. One term is Average 
Outgoing Quality Level (AOQL), which is an estimate of the percentage of contain- 
ers that may not meet the criterion. For example, an AOQL of 1% suggests that 
there may be as many as 1% of the sample containers processed may not meet the 
cleanliness criterion. The second term is CAN, which stands for Consecutive Ac- 
ceptance Number. This is the number of sample containers produced consecutively 
that must meet or exceed the cleanliness requirement before the cleaning process is 
qualified. 

3.3.3 Sample Extraction 

Fluid sampling can create a major source of error in particulate contaminant anal- 
ysis. A great deal of effort has been expended in recent years to elevate sampling 
from an art to a science. The use of a sampling method that does not provide a 
representative sample for the system being evaluated can yield misleading and 
possibly dangerous results. There are two types of procedure for extracting useful 
samples- the static sampling method and the dynamic sampling technique. Static 
sampling, as the name suggests, draws fluid from a system at rest or when it 
is not operating. This method has the advantage of being easy to use; however, 
the fluid in a static system tends to develop a concentration and particle size 
gradient. Therefore, samples extracted at the high point in the system will exhibit 
a different contaminant analysis than a sample taken from a low point in a static 
system. 

Dynamic sampling is far more prevalent in actual practice than static sampling. 
Dynamic samples are taken from the system while it is in operation. The basic types 
of dynamic sampling are laminar- and turbulent-flow sampling. The interest in lam- 
inar-flow sampling originated from sedimentation studies in open channels and has 
little value for particulate contaminant analysis. This can be more easily understood 
when it is realized that closed-conduit fluid systems, such as hydraulic and lubrication 
systems, seldom, if ever, operate in true laminar-flow conditions. 

Turbulent-flow sampling is the optimal means of obtaining representative sam- 
ples from a fluid system. As the name implies, a violent mixing action occurs across 
the full cross section of the conduit in a turbulent section of a hydraulic or lubrication 
system, which ensures uniform particulate distribution in the sampling field. The 
quality of a turbulent-flow sample does not depend on the sampling flow rate or the 
probe configuration, as long as the sample is extracted from a fully turbulent region 
of the system. I S 0  Standard 4021 is an accepted procedure for extracting samples 
from dynamic fluid lines. Figure 3.6 show an example of a generic sampling devise 
as called out in I S 0  4021. 
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Figure 3.6 IS0 turbulent-flow sampling method. 

3.4 Sample Preparation 

Because, many times, a sample may not be analyzed for several days after it is 
extracted, all samples should be prepared in such a manner that the settling which 
will occur when the sample remains inactive is eliminated. Therefore, sample prep-
aration is concerned with the factors that can enhance the accuracy of the fluid 
analysis. Two of the primary factors which must be of special concern are particle 
dispersion and sample dilution. 

3.4.1 Particle Dispersion 

Most analysis methods require that particles be suspended and dispersed as discrete 
entities in the fluid so they can be assessed individually rather than as agglomerates. 
Poorly dispersed particles represent the largest single source of error in all size 
analysis methods that depend on the segregation of distinct particles. When agglom-
eration exists, particle size values are normally too large and the size distribution is 
too broad. Particles can usually be resuspended by violent agitation with a paint 
shaker for about 15 min, followed by a 30-s exposure in an ultrasonic bath. Some-
times, it is necessary to “heat soak” or apply heat to the sample before agitation. 
In every case, violent agitation with a paint shaker should precede the actual analysis 
procedure. 
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3.4.2 Sample Dilution 

In all sizing and counting techniques, there is a limitation to the concentration of 
particles which can exist per unit volume of fluid without introducing a saturation 
error. This concentration limit can be avoided by diluting the sample prior to final 
preparation and analysis. If sample dilution is required, a minimum amount of 
dilution should be used to avoid unnecessary errors. Samples can be diluted in a 
single-step manner or serial dilution can be utilized. Single-step dilution, as the 
name implies, requires that the sample be diluted only one time. A serial dilution 
would repeat the dilution operation more than once to obtain the final dilution value. 
For example, if a sample is diluted 10 to 1 and then the resulting mixture is again 
diluted by 10 to 1, the final result is a dilution of 100 to 1 obtained in a series 
fashion. 

When making dilutions, contaminated fluid should first be analyzed to deter- 
mine an approximate dilution ratio. Then, clean dilution fluid should be used to flush 
the measuring equipment to ensure reliable subsequent measurements. Theoretically, 
the amount of dilution should make no difference as long as the counts decrease by 
the proper proportion. However, extreme care must be exercised when diluting highly 
concentrated samples because any measurement error is multiplied by the dilution 
factor. Dilute the sample until the particle count is just below the saturation limit of 
the counter. To check the reliability of a count, dilute further and recount the sample. 
The particle count should decrease by the same proportion as the dilution. If the 
counts do not decrease appropriately, further dilution is required. Once the proper 
dilution is reached, the original sample should be diluted using the one-step method 
to evaluate the errors made in the serial dilution. Either the one-step or the serial 
dilution technique is acceptable if executed with the proper amount of care. 

3.5 Automatic Particle Counter Calibration 

Without a doubt, automatic particle counters are the most widely used means of 
assessing fluid contamination levels in industry today. The success of these tools 
depend on the standards available with which to calibrate them. In the past, particle 
counter users depended on the counter manufacturers to calibrate and achieve re- 
peatability. In the industry associated with hydraulic and lubrication systems, this 
ended with the adoption of IS0 Standard 4402-a calibration procedure for auto- 
matic particle counters that use ACFTD as the calibration basis. The rationale for 
the calibration procedure is illustrated in Fig. 3.7. As can be seen from this flowchart, 
three items are needed: 

1 .  AC Fine Test Dust 
2. “Superclean” sample containers 
3. An automatic particle counter with the manufacturer’s operation manual 

Two separate aspects are included in the calibration-a saturation procedure and a 
particle size calibration procedure. 

The saturation procedure establishes the particle concentration level that the 
particle counter can accept without experiencing coincidence (two or more particles 
in the sensing zone simultaneously) or electronic timing problems. The counter is 
subjected to increasing concentrations levels until the count no longer increases lin- 
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Figure 3.7 Automatic particle counter calibration flowchart. 

early with the concentration. This concentration level is designated the saturation 
limit of the counter. The size calibration follows the saturation procedure and uses 
the established particle size distribution of ACFTD published in the standard. The 
counting threshold of the counter is adjusted until the resulting count agrees with 
the published particle count value. 
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3.6 Gravimetric Level Analysis 

A second measurement method widely used in contamination control technology is 
the gravimetric analysis. The method was originally developed by the Society of 
Automotive Engineers (SAE/ARP-785) and is now IS0 Standard 4405. In the tech- 
nique, the analyst measures the dry weight of contaminant per unit volume of sample 
fluid. Then, the contamination level is reported in terms of milligrams of contaminant 
per liter of fluid. Particles are collected by filtering the sample fluid through two 
preweighed membranes placed one under the other. The top membrane retains the 
contaminant and the bottom membrane is for control purposes. After the sample has 
been filtered, the membranes are thoroughly rinsed with prefiltered solvent and the 
membranes are reweighed. The weight of the top membrane before and after filtering 
minus the weight change of the bottom membrane (the control membrane) represents 
the weight of the contaminant retained on the analysis or top membrane. The control 
membrane corrects the change in the membrane weight caused by such factors as 
the removal and/or absorption of plasticizers and other oil constituents. 

Care must be exercised when interpreting gravimetric levels. It must be re- 
membered that gravimetric levels do not relate to the particle size distribution of the 
system fluid. A gravimetric level composed of very small particles (silt-sized parti- 
cles) will have an entirely different effect on the system components than the same 
gravimetric level composed of very large particles such as fatigue chunks and cutting 
wear debris. 

3.7 Contaminant Cleanliness Levels 

There are several ways of describing the cleanliness level of the fluid in hydraulic 
and lubrication systems. The cumulative particle size distribution and the gravimetric 
level are two examples of the various methods of expressing contaminant cleanliness 
levels. However, the most prevalent cleanliness levels callouts are those based on 
particle size distribution. In 1964, the National Aerospace Society adopted a clean- 
liness code which is still widely used today. Another cleanliness code was approved 
by the military in 1967 (MIL-STD-1246A) which essentially expanded the range of 
most of the existing codes. The main problem with all of these codes, which provided 
distinct particle size ranges or intervals, is that they were based on a constant slope 
for the particle size distribution curve. This presented a quandary in that not all 
particle size distributions have the same slope and, therefore, some interpretation was 
required. 

The most useful and, therefore, the code that enjoys the most acceptance is the 
IS0 Solid Contaminant Code. This code is based the premise that a step ratio of 2 
for particle concentration is adequate to differentiate between significantly different 
systems and to allow for reasonable differences is measurements. Various particle 
concentration increments are identified by range numbers. To use the IS0  code, a 
fluid is analyzed using counting equipment calibrated per I S 0  4402 to determine the 
number of particles per unit volume greater than both 5 p m  and 15 km. The two 
results are assigned their appropriate range numbers, which can be determined from 
a tabular listing of the range numbers corresponding to particle concentration. How- 
ever, the simplest and most direct method of assigning the code is by using a graph 
as shown in Fig. 3.8. 
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This graph allows a particle count which includes the counts for greater than 
5 pm and greater than 15 pm to be plotted. The IS0 code then would be the range 
of numbers where the distribution curve passed through the 5- and 15-pm lines. For 
example, a particle count of 50,000 particledml greater than 5 p m  and 7000 par-
ticles/mL greater than 15 p m  would have an IS0 code of 23/20. Furthermore, a 
particle count of 1000 particles/mL greater than 5pm and 100 particles/mL greater 
than 15 pm would have an I S 0  code of 17/14. It can be seen from Fig. 3.8 that the 
IS0 Solid Contaminant Code is not based on a single slope of the particle size 
distribution curve and it covers the complete range of contaminant concentrations. 

4 FILTRATION 

The particulate contamination that ingresses a hydraulic or lubrication system must 
be removed or it will build up to a concentration that will be very detrimental to the 
system components. In the context here, the removal of contaminant particles from 
a fluid system is called filtration. Filtration methods are available that can be used 
to maintain an operating system at or below some contamination level. 

4.1 Filtration Mechanics 

An ideal filter is one which provides maximum resistance to the passage of entrained 
contaminants while offering minimum resistance to the flow of system fluid. Most 
of the filter media used to day consist of pores and capillary passages created by the 
structure of the medium. For example, many filters are composed of nonwoven 
fibrous material that forms a mat. When contaminated fluid passes through such 
material, a fraction of the particles in the fluid are captured and retained. Normally, 
the particles retained vary with the size of the particles, the separation capability of 
the medium, and the structural integrity of the filter. Particles mechanically trapped 
by the surface or by the pores within the medium are captured by a process called 
absorption. Therefore, absorption is a sieving or straining mechanism. Particles at- 
tracted and held by surface forces are removed by a process referred to as adsorption. 
Adsorption, hence, is created by electrostatic or van der Waals attractive forces, 
among others. 

Filters are often referred to as “depth type’’ or “surface type.’’ In this context, 
a surface-type filter is one in which the vast majority of the particles retained by the 
element are captured by the surface configuration of the medium. A typical example 
of a filter medium usually thought of as a surface type is a wire screen. A depth- 
type filter is one where the large particles will be captured on the surface, and smaller 
particles will enter the capillaries where they can be removed by pores or quiescent 
zones within the medium. This is undoubtedly a great oversimplification. The flow 
of particles, entrained in a fluid, through the passages of a fibrous medium is a 
complex phenomenon resulting from the transport, capture, and retention mecha- 
nisms involved. A further complication is created by the locations in a fiber matrix 
where the particles can be captured and by the probability that a particle will reach 
a potential capture site along with the probability that the particle will be retained 
once it is captured. 
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4.2 Filtration Performance 

The performance of a filter is normally thought of in terms of three parameters- 
particle size efficiency, contaminant capacity, and pressure drop. Obviously, the par- 
ticle size efficiency of a filter is determined by measuring the particle concentration 
upstream of the filter and downstream of the filter and performing the proper cal- 
culations. The contaminant capacity of a filter is found by measuring the amount of 
contaminant that can be exposed to the filter before the pressure drop becomes too 
large. The pressure drop is usually the clean element pressure differential and is 
related to the losses of the system. Both the particle size efficiency and the contam- 
inant capacity are found by exposing the filter to some contaminant, using some 
specified test procedure. The particle size efficiency can expressed for either a size 
interval or for a cumulative size range and often the values are not specifically 
identified. In addition, the contaminant used in determining the particle size effi- 
ciency is critical and seldom noted. These uncertainties led directly to a new ex- 
pression for reporting filtration efficiency- the filtration ratio- which was intro- 
duced by the FPRC in 1970. 

The filtration ratio (also known as the beta or alpha ratio) describes the capa- 
bility of a filter to separate particles and only has a useful value when the specified 
conditions exist as follows: 

1 .  Standard test dust: The beta ratio refers to the use of ACFTD; the Alpha 
Ratio is use with ACCTD. 

2. Standard and qualified test system 
3. Standard test conditions 

Steady-state flow and temperature 
Constant and measured ingression rate 
Controlled fluid 

These conditions were originally described in IS0  Standard 4572, which is com- 
monly referred to as the “Multipass Filtration Test.’’ 

4.3 Filter Test Systems 

In general, there are three different system used to test filters for hydraulic and 
lubrication applications. These three test system are described as follows: 

Single-pass system 
Multipass system 
Drawdown system 

In a single-pass test system, contaminated fluid is pumped through the test filter and 
out to a separate reservoir, as in a fuel system where the fuel goes to an engine or 
a water system where the water is put through a sprinkler. In another version of the 
single-pass test system, a very high-efficiency filter is placed downstream of the test 
filter to catch the contaminant particles which escape the test filter. In the case of 
the multipass test system, the fluid is forced through the test filter and back to the 
test system reservoir. The fluid which returns to the test system reservoir is contin- 
ually mixed with injected contaminant and reexposed to the test filter. Hence, the 
contaminant which escapes the test filter is recirculated through the test system in a 
multipass manner. A drawdown system is very similar to the multipass without the 
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Figure 3.9 Examples of filter test systems. 

continuous injection of contaminant; that is, a specified volume of fluid contaminated 
to a given contamination level is circulated through the test filter without the addition 
of more contaminant. Figure 3.9 shows a schematic for each type of filter test 
system. 

4.4 Multipass Filtration Performance Tests 

The multipass filter test system actually consists of two distinct circuits. One system 
is the filter test system and the other is the contaminant injection system. A schematic 
of the multipass test system is illustrated in Fig. 3.10. Both of these systems have 
reservoirs with conical bottoms and a return-line diffuser to aid in contaminant en- 
trainment. In addition, both systems contain appropriate pumps, heat exchangers, and 
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Figure 3.10 Schematic of multipass filter test system. 

cleanup filter loops. In operation, a small stream is injected from the contaminant 
injection system to the main filter test system. The test facility must be qualified as 
specified in the I S 0  Standard 4572. The qualification procedure determines the ca- 
pability of each of the multipass systems to maintain the contaminant in suspension 
throughout the expected duration of a filter test at the lowest flow rate to be used. 
The qualification not only reveals whether or not the facility can keep the particles 
in suspension but also shows if these particles are destroyed or more particles are 
added through wear of the system components. 

A block diagram of the multipass test procedure is shown in Fig. 3.1 1. As can 
be seen in this figure, the procedure requires that the filter element to be tested first 
be subjected to a fabrication integrity as specified IS0 Standard 2942. This is done 
to ensure that the element being tested does not have severe leaks resulting from 
manufacturing imperfections or handling damage. The operating conditions of the 
test must be established, such as flow, temperature, and so forth, and the injection 
system must be prepared so that there is sufficient contaminant to produce a 10-mgl 
mL base upstream gravimetric level at the prescribed injection flow rate. Then, the 
test element is subjected to a continuous flow and a continuous contaminant injection 
until a specified pressure drop is reached. The specified pressure differential is called 
the terminal pressure drop. Upstream and downstream samples are extracted at spec- 
ified points in the loading curve based on the net pressure drop. The various pressure 
drop terms are illustrated graphically in Fig. 3.12. 

Fluid samples are taken at 2 min after the injection has commenced and at 
10%, 20%, 40%, and 80% of the net pressure drop. These samples are placed in 
clean sample containers which are certified per IS0 Standard 3722 through a sam- 
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Figure 3.12 Graphical illustration of pressure drop terms. 
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pling procedure prescribed in I S 0  Standard 402 I .  In-line counting equipment and 
procedure can be used instead of sampling, provided it is properly qualified. Samples 
are analyzed by measuring the cumulative particle size distribution using particle- 
counting equipment calibrated per IS0 Standard 4402. All data derived from the 
multipass test are recorded on a data sheet. Although there are several different data- 
sheet layouts which are used, the official test report sheet is shown in Fig. 3.13. 

4.5 Multipass Data Interpretation 

The multipass filter test produces several very important facts relative to the test 
element. The most obvious of these facts is the filtration ratio at each of the particle 
sizes counted throughout the test. It must be kept in mind that the multipass test 
requires steady-state conditions and, therefore, will not reveal the performance of the 
filter element under dynamic conditions. However, if a test element performs poorly 
under the steady-state conditions prescribed in the multipass test procedure, it is not 
apt to improve under dynamic conditions. A large value for the filtration ratio mean 
that the filter has captured and retained a large number of the particles from the 
influent. For example, a filtration ratio of 2 mean that one-half of the particles in the 
upstream fluid are captured, and a filtration ratio of I reveals that none of the particles 
in the influent were captured. When the test contaminant is ACFTD, the filtration 
ratio is indicated by the p and a is used for the filtration ratio when the test con- 
taminant is ACCTD. 

Experience has shown that many filters exhibit an increasing or decreasing 
filtration ratio during the multipass test. This is most likely due to changes in the 
structure of the fiber matrix as the filter loads up and pressure forces change. There- 
fore, at the conclusion of a multipass test, there will be a filtration ratio for each 
particle size evaluated at each service point, as shown in Fig. 3.13. Because the 
service points or pressure drop points where samples are extracted are also related 
to time, there are at least two methods of reducing the filtration ratios to a few 
meaningful values. Obviously, one could report the minimum value for the filtration 
ratio observed during the test at each particle size. However, if the assumption is 
made that the filter will perform in the field as it did in the test, then using the 
minimum filtration ratio does not fairly represent the performance of a filter element 
throughout its useful life. Therefore, a second designation is also used. This is the 
time-weighted-average filtration ratio. It is important to note that the development 
of the multipass test produced a mathematical relationship which described the par- 
ticle concentration in the test system as a function of the test parameters and the 
performance of the test element. Although the mathematical derivation is beyond the 
scope of the material, it can be stated that the particle concentration in the system 
will resemble the solution to a first-order differential equation. 

The results of the multipass test will also reveal information concerning the 
contaminant capacity of the test element. The total number of grams of test contam- 
inant injected into the filter test system to reach the terminal pressure drop is des- 
ignated as the apparent contaminant capacity, and because this value will be related 
to the kind of test contaminant used, the value must be qualified by stating the test 
contaminant. For example, if the test was conducted using ACFTD, then the capacity 
will be designated as the ACFTD capacity. Because the test filter will rarely, if ever, 
remove 100% of the contaminant subjected to it, there will be a difference between 
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Figure 3.13 IS0 multipass filter test report sheet. 

the amount of contaminant injected and the amount of contaminant retained by the 
filter. Because the conditions of the test are very carefully controlled, it is possible 
to estimate the amount of contaminant retained based on the test parameters and the 
apparent capacity. 

The evaluation of the particle size separation performance of a filter using the 
multipass test procedure depends on the use of automatic particle counters and their 
accuracy. In order to produce accurate results, any automatic particle counter must 
be properly calibrated. In the case of automatic particle counters used in multipass 
testing, they must be calibrated per the IS0 Particle Counter Calibration Method 
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Figure 3.14 Accuracy assessment of automatic particle counters. 

(IS0 4402) discussed earlier. An international “round-robin” survey relative to par- 
ticle counter reproducibility was conducted to evaluate the accuracy of automatic 
particle counters. Based on the information obtained during this survey, the standard 
deviation versus particle count magnitudes was established as shown in Fig. 3.14. 
In addition, confidence intervals were calculated as shown in Fig. 3.15 to determine 
the limitations of accuracy for particle counters. 

In order to apply the information on the accuracy of automatic particle counters 
to the results of a multipass filter test, assume that an upstream particle count of 
2000 particles was obtained and the downstream count was 100. This means that 
the filtration ratio of the filter element at this particle size was 20. By examination 
of Fig. 3.15, it can be estimated that when a particle count of 2000 is obtained, one 
can be 95% confident that the actual count will be between approximately 1900 and 
2100. Furthermore, the 95% confidence interval for a count of 100 is about 85- 1 10. 
Therefore, based on the accuracy of the automatic particle counter, the 95% confi-
dence interval for the filtration ratio would be approximately 17.3-24.7. The data 
show that accuracy. 

4.6 Flow and Impulse Effects 

Leakage through a filter element bypass value, surges in the flow through the filter 
element, and impulses resulting from machine dynamics will all have significant 
influence on the performance of a filter element as measured by the multipass test. 
Most system designers depend on the filter element and housing manufacturer to 
ensure that the fluid which enters the filter housing is forced to go through the 
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Figure 3.15 The 95% confidence intervals for automatic particle counters. 

element. However, it is possible for fluid to bypass the element through several 
different passages. For example, most filter housings incorporate a bypass valve 
intended to protect the element from an excess pressure drop. An excessive pressure 
differential across an element could cause structural damage. Many of these bypass 
valves permit some fluid to leak through to the downstream side of the element. 
Many hydraulic and lubrication systems allow the flow to increase and decrease 
during a normal work cycle. For example, a hydraulic system with a pressure-com- 
pensated pump will produce large flow surges in typical operation. In addition, the 
flow through an engine lubrication filter is a function of engine speed. Therefore, as 
the engine speeds up or slows down, the flow through the filter element changes. 
Impulse, impact, and vibration are all imparted to the filter because of the structure 
of the machine on which the filter housing is mounted. For example, a tracked vehicle 
such as a dozer will cause very violent impulses not only to the filter housing but 
also to the operator himself. 
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Fluid can bypass a filter element for many reasons. Improperly sealed side 
seams and end caps on the filter element itself is one very real possibility. In addition, 
the element can rupture during operation or be damaged before installation, and the 
result will be high bypass flow. However, the two causes which are probably primary 
are a poor fit between the element and the housing, and a bypass valve which is 
poorly designed or stuck open due to silting. Particles which pass around the element 
will retain the upstream size distribution, as there is no modification by filtering. 
This bypass leakage alters the shape of the downstream particle distribution from 
that normally expected from a filtering action to something much flatter. As shown 
in Fig. 3.16, the expected particle size distribution downstream of a filter is very 
steep for a well-designed element. However, when a certain percentage of the flow 
is permitted to bypass then the downstream distribution will be a composite of the 
distribution imposed by the filter and the distribution of the upstream contaminant. 
These two distributions are added together before the fluid exits the housing. The 
large particles which ingress the system or are generated by the system components 
will have a very great effect on the performance characteristics of the filter when 
flow bypassing occurs. 

Flow surges imposed on a filter element can have devastating effects on the 
wear rate exhibited by the system components. These surges cause the element to 
unload contaminant, which increases the overall contamination level of the system 
fluid. Several tests have been reported on the effect of cyclic flow during multipass 
testing. The results of some of these tests are shown in Figs. 3.17 and Fig. 3.18. 
Figure 3.17 reveals that a cyclic flow where the flow rate varied from a value of Q 
to one-half Q and back greatly reduced the effectiveness of the filter. However, when 
the flow was cycled from some value to zero and back there was even more effect. 
These data show that the change in filtration performance as a function of the mag- 
nitude of the flow cycle is certainly not linear. In studying Fig. 3.18, it can be 
observed that the performance of a “3-ym” filter is significantly better than that of 
a “ l O - ~ m ”  filter under steady flow conditions; however, under a cyclic flow envi- 
ronment, these two filters performed the same. 

The effect of flow surges can be better appreciated by considering the overall 
influence on the contamination level of the system. If it is assumed that every time 
a filter is subjected to a surge that N particles are sloughed. If only one surge is 
subjected to the filter, these N particles will be recaptured by the filter when steady 
flow returns, and there will be little effect. However, if another surge occurs before 
the effects of the first surge can be eliminated, the overall influence is additive. As 
shown in Fig. 3.19, when a series of flow surges are imposed on a filter at some 
time interval T, then the particle concentration of the system fluid will increase in a 
manner inversely proportional to the time interval. 

4.7 Partial and Dual-Flow Filtration 

There are several different types of filter systems in use today-some are very 
advantage and some are detrimental. These filters are usually classified as follows: 

Full-flow filtration 
Partial- and dual-flow filtration 
Auxiliary filtration 
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Figure 3.16 Effect of bypass leakage on filter downstream characteristics. 

In a full-flow filtration system, the entire flow of the system passes through the filter. 
This is the most common type of filtration system used today. Full-flow filters are 
placed at various location in the system-suction line, pressure line, and return line. 
Partial-flow filtration is similar to the dual-flow filtration system in that the flow of 
the system is split into two paths. In the partial-flow filter system, some amount of 
the flow in allowed to bypass the filter in an unfiltered path, whereas in a dual-flow 
system, two filters are used instead of permitting an unfiltered flow path. The partial- 
flow system is illustrated schematically in Fig. 3.20 and a schematic of a dual-flow 
system is shown in Fig. 3.21. 
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Figure 3.17 The effect of cycle flow versus steady flow on filtration ratio. 

In a partial-flow filtration system, the bypass flow is normally controlled by a 
fixed-area orifice. However, the orifice is usually sized to permit the designated flow 
with the pressure drop exhibited by the filter when it is clean or has not been sub- 
jected to any contamination. This produces a problem which makes the partial-flow 
filtration system less than perfect. As the filter becomes loaded with contaminants, 
the pressure drop increases. Therefore, more flow will go to the unfiltered path and 
less will pass through the filter element. As this change of flow occurs, the apparent 
or effective filtration ratio will decrease until the point at which all of the fluid goes 
through the unfiltered passage; at that point, there will no filtration at all. 

In dual-flow filtration, a portion of the flow normally passes through a fine 
filter while the remainder of the flow passes through a coarse filter. Dual-flow filtra- 
tion does not yield a predictable performance. The problem lies in the fact that the 
proportion of the flow which passes through each filter constantly changes as the 
filters load up. Because a predictable filter performance is not possible and, therefore, 
a predictable system contamination level cannot be obtained, this type of filtration 
system should be used with great care. 
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Figure 3.18 The effect of cyclic flow on 3- and 10-pm filters. 
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Figure 3.19 Effect of repeated flow surges on contamination level. 
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Figure 3.20 Schematic of a partial-flow filtration system. 

4.8 Auxiliary Filtration Systems 

Auxiliary filtration systems are often called off-line filtration. This type of filtering 
system offers an ideal location for the system filter because the filter is sheltered 
from the flow surges and disturbances that can create particle sloughing of the cap- 
tured particles. A schematic of a simplified fluid system that includes an auxiliary 
filtering circuit is shown in Fig. 3.22. As can be seen in this figure, the system fluid 
is pumped from the reservoir through the off-line filter and back to the reservoir. 
Obviously, the contamination level maintained by the auxiliary filtration system is 
not only a function of the performance of the filter but also on the flow rate of the 
auxiliary circuit. Analysis indicates that the flow magnitude is an extremely important 
parameter in designing this type of system. The primary advantage of the off-line 
filtering circuit is that the filter element is not subjected to the flow changes normally 
encountered in the main system. In addition, many other fluid conditioning compo- 
nents such as heaters, coolers, dehydrators, and degassers can be incorporated into 
the auxiliary circuit much more effectively than in the main systenl. 

I 

/I\ FINE I 

Figure 3.21 Schematic of a dual-flow filtration system. 
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Figure 3.22 Simplified fluid system with auxiliary filter circuit. 

5 COMPONENT CONTAMINANT TOLERANCE 

Any discussion of contamination control could not be considered even close to com-
plete without a section which, at least briefly, covers component contaminant sen- 
sitivity. An effective contamination control program cannot be established without 
first determining the contamination level with which the system can perform for a 
reasonable period of time. In order to discover this contamination level, component 
contaminant sensitivity tests are normally conducted. Contaminant sensitivity is gen- 
erally expressed in terms of the degradation of some critical performance parameter 
as a function of contaminant exposure. Most tribologists are accustomed to thinking 
of wear in terms of material lost or dimensional changes. However, it is very difficult, 
if not impossible, to equate dimensional changes or material losses to a degradation 
of component or system performance. To the user of a hydraulic or lubrication sys- 
tem, the only thing that is of concern is the system performance. Therefore, the life 
of a system must be expressed as the amount of time the system can operate satis- 
factory. For example, in a hydraulic system, pump wear will result in a reduction in 
flow rate. When the flow decreases, all of the system functions will slow down. 
When a certain reduction in speed has occurred, the user will become unhappy. At 
that point, the system is effectively worn out. This section will discuss contaminant 
wear only briefly in an attempt to provide the reader with a little insight to the 
subject. The contaminant-related failure modes will be discussed along with the 
contaminant sensitivity testing. The results of the contaminant sensitivity test will 
be presented in terms of contaminant tolerance profiles and omega rating. 

5.1 Contaminant-Related Failure Modes 

A fluid system can fail for a number of reasons. One of the most prevalent causes 
for failure is excessive contamination in the system fluid. It has been estimated that 
approximately 70% of the failures in hydraulic systems are due to the presence of 
Contamination. In considering particulate contamination, there are two predominate 
failure modes. In pumps, motors, and cylinders, for example, the contaminant-related 
failure mode is surface wear. However, although the internal surfaces of valves can 
wear, the predominate failure in these components is the result of a stoppage of 
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motion. Therefore, the primary contaminant-related failure modes in fluid system are 
contaminant wear and contaminant lock (motion failure is normally called contam- 
inant lock). 

5.2 Contaminant Lock 

Motion failures result in some form of lock or jam and are characterized by the 
stopping of a given motion or function due to an interference mechanism. In addition, 
this type of failure can also result in a stoppage of flow, as when an orifice becomes 
plugged up. A frustrating characteristic of most contaminant lock failures is that there 
is little or no evidence of the presence of particulate contamination when the com- 
ponent is disassembled. The problem lies is the fact that when the component is 
disassembled, the offending particles will be moved, and as they would probably be 
much smaller than can be seen with the naked eye, there is no evidence of their 
presence. The three typical contaminant lock situations are shown schematically in 
Fig. 3.23. Contaminant particles can become jammed in several locations of the 
sliding spool valve. In addition, a large number of very small particles can settle out 
in the clearance between the bore and the spool. When this occurs, the force needed 
to actuate the spool will increase in proportion to the quantity of the silt-sized par- 
ticles until the force becomes great enough to prevent spool motion entirely. 

5.3 ContaminantWear 

Contaminant wear is characterized by performance degradation. Therefore, parts de- 
stroyed by contaminant wear are usually not replaced because they are broken but 

STATIC JAMMING SHEARING JAMMING 
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Figure 3.23 Three fundamental types of contaminant lock. 
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because they could no longer satisfy the performance requirements for which they 
were originally designed. Because contaminant wear results in the performance deg- 
radation of a system, a performance parameter that reflects the loss of material from 
critical surfaces and the wear debris in the fluid can be used to quantify and relate 
the severity of wear in a fluid system. The performance parameter which best reveals 
the amount of contaminant wear that has taken place in a component depends on 
the type of component being considered. For example, a fixed-displacement pump 
is a flow generator and, therefore, it would seem that flow would be the best param- 
eter. However, if some thought is given to the steady performance model for a fixed- 
displacement pump, it would be soon be realized that the actual output flow of a 
pump is dependent on pressure; that is because the leakage flow is a function of 
pressure and the clearances within the pump. Contaminant wear will increase the 
clearances. Therefore, at low pressures, there will be very little change in flow rate 
as the contaminant wear increases the clearance paths. However, at high pressures, 
the loss of flow would be dramatic. 

Variable-displacement pumps are somewhat different from fixed-displacement 
pumps in that they have a displacement-varying mechanisms. The most common of 
this type pump is the pressure-compensated pump in which the displacement is 
reduced when high pressures are exposed to the pump. In this case, there are nor- 
mally two performance parameters used to assess contaminant wear. One of these 
parameters is the flow output at a high pressure that is somewhat below the com- 
pensator setting. For example, this parameter is usually the flow rate at two-thirds 
of the compensator setting. The second parameter is the actual standby pressure or 
the no-flow pressure. Each of the fluid components have one or more performance 
parameters which are sensitive to the wear of internal surfaces. The hydraulic motor 
normally relies on speed degradation at a fixed load or pressure differential. Cylinders 
use dynamic seal leakage, whereas valves are dependent on their intended purpose. 

5.4 Contaminant Sensitivity Testing 

Contaminant sensitivity is defined as the performance degradation of a fluid com- 
ponent in terms of contaminant exposure. Of course, the reason to know this infor- 
mation is to interpret it in terms of contaminant life. Contaminant life, in general, 
depends on three factors: 

The severity of the operating conditions such as pressure, speed, and 
temperature 
The contamination level of the circulating fluid 
The contaminant sensitivity of the system components 

In order to assess contaminant sensitivity, it is necessary to perform a sensitivity test. 
The contaminant sensitivity test which was developed first and is of widespread use 
in the fluid industry is for a fixed-displacement pump. Therefore, the contaminant 
sensitivity test for a fixed-displacement pump will be used as an example to provide 
an overview of this area of contamination control technology. 

All contaminant sensitivity tests rely on a qualified test system that allows the 
component to be exposed to increasing sizes of contaminant while the selected per- 
formance parameter is monitored. In the case of fixed-displacement pumps, the flow 
rate at a constant applied pressure is monitored to determine performance degrada- 
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tion. The qualification procedure certifies that the particular test is capable of ex- 
posing the pump to a designated contamination for an adequate length of time with- 
out permitting the contaminant to settle out. 

A schematic of the test circuit needed for a contaminant sensitivity test on a 
fixed-displacement pump is shown in Fig. 3.24. The reservoir is required to have a 
conical bottom and the fluid entering the reservoir must be diffused below the surface 
of the fluid. These requirements are designed to prevent particulate contamination 
from settling during the test. Provisions are made to either pressurize the reservoir 
or use a charging pump to ensure adequate pressure at the pump inlet. The injection 
reservoir is constructed as shown in Fig. 3.24. The heat exchanger is either a one- 
pass or a tow-pass unit and is mounted vertically with the fluid entering the bottom 

INJECTION CHAMBER 

INJECTlON 
CHAMBER 

(See Detail) 

CONTROL 
FLOW MONITOR V FILTER 

Figure 3.24 Schematic of contaminant sensitivity test system for a fixed displacement 
pump. 
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and circulating through the tube side. The load valve normally used is a simple 
needle-valve configuration. 

The contaminant sensitivity assessment evaluation is conducted as indicated in 
the flowchart in Fig. 3.25. Research conducted on contaminant sensitivity testing 
showed that in order to obtain useful data on a wide spectrum of pumps and maintain 
reasonable wear rates, it was necessary to expose the pump to a gravimetric level of 
300 mg/L for each size range. The size ranges needed for the test are 0-5, 0-10, 
0-20, 0-30, 0-40, 0-50, 0-60, 0-70 and 0-80 pm. Experience has shown that 
many pumps are capable of being exposed to all of the size ranges at the specified 
300 mg/L while sustaining very little damage. However, some pumps will exhibit 
excessive performance degradation after only the 0-30-pm exposure. It is not very 
useful to conduct the entire test without observing any degradation because it would 
be impossible to use this type of information as design criterion. Therefore, tests 
conducted at less than 300 mg/L would not produce useful information from the 
pumps with the least contaminant sensitivity. 

During the test, with the pump operating at the rated condition prescribed by 
the manufacturer, the 0-5-pm slurry is injected and the pump is operated for 30 
min at this exposure or until the flow remains constant for 10 min. Then, the fluid 
is circulated through the filter system until the contamination level is less than 10 
mg/L. The injection and filtration process is continued through the size ranges until 
the flow rate decreases to less than 70% of the rated flow or until the 0-80-pm size 
range has been injected. The flow degradation ratio is found by dividing the final 
flow after each injection is filtered out by the rated flow. The flow degradation 
signature of the pump is obtained by plotting the flow degradation ratio versus the 
upper limit of the contaminant size range of the corresponding injection, as shown 
in Fig. 3.26. No additional interpretation procedure is required to recognize which 
pump shown in Fig. 3.26 has the best contaminant tolerance. 

5.5 Interpretationof Contaminant Sensitivity Test Results 

The flow degradation signature is essential in selecting a pump that is tolerant to the 
presence of particulate contamination. However, fluid systems can reach contami- 
nation levels that will destroy even the most tolerant pump. Therefore, a need exists 
to interpret the contaminant sensitivity test data in terms of pump life or pump 
contaminant life. Predicting the service life of a system and its individual components 
is an important feature of design mechanics. Classical machine design relies on 
stresses and strains to evaluate the endurance limit of component materials. From 
this information, the field life of a system is estimated. An early failure resulting 
from contaminant wear can occur even when the stresses and strains within the 
system are well below those anticipated during the design phase. Thus, the objective 
of contamination control is to ensure that the system life is shorter as a result of 
fatigue than contamination. The service life of a component or system because of 
particulate contamination is called the contaminant service life. 

There have been two popular methods developed to interpret the results of a 
contaminant sensitivity test in terms of contaminant service life. A rigorous treatment 
of either of these techniques is beyond the scope of this material; however, a brief 
explanation of the two methods will be given. In chronological order, the contaminant 
tolerance profile was developed followed by the omega life. Both of these procedures 
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Figure 3.25 Flowchart of pump contaminant sensitivity test. 
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Figure 3.26 Flow degradation signatures of typical pumps. 

are derived from the same base. The performance degradation observed in the con- 
taminant sensitivity test is utilized to determine the contaminant sensitivity coeffi- 
cients for the component at each particle size range. The contaminant exposure rate 
and the particle destruction rate are taken into account in evaluating the contaminant 
wear sensitivity coefficients. This is a fairly complex set of calculations because each 
particle size must be considered along with the effect of one size on the others. Once 
a complete set of sensitivity coefficients are available, they can be used to calculate 
the Contaminant service life of the component operating at test conditions when the 
component is exposed to a given contamination level. 

The contaminant tolerance profile describes the maximum particle size distri- 
bution level that can be continuously exposed to the pump without degrading its 
performance more than a designated amount during a specified period of time (say 
1000 hs, for example). The tolerance profile is constructed by finding several dif- 
ferent particle size distributions that produce the same contaminant life as determined 
from the contaminant sensitivity calculations. By definition, the contaminant toler- 
ance profile is the locus of tangency points associated with particle size distribution 
lines that yield the same contaminant life. A partial construction of a profile is shown 
in Fig. 3.27.  The profile is such that any contamination level with a particle size 
distribution which is tangent to the contaminant tolerance profile will provide a 
contaminant service life equal to the service life associated with that profile; for 
example, if a 1000-h contaminant tolerance profile is calculated for a given pump 
based on contaminant sensitivity test data, any particular size distribution which is 
tangent to, or falls below, that profile line will provide a contaminant service life 
1000 h or greater for the component of. 

The second method of interpreting the results of a contaminant sensitivity test 
is the omega rating concept. This method is actually an extension of the profile 
technique in that it requires the use of a contaminant tolerance profile calculated the 
same as described previously. However, in addition to the profile, the omega rating 
method also makes use of the Beta Ten Filtration Model. The Beta Ten model relies 
on the assumption that most filters used for decontaminating hydraulic and lubrica- 
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Figure 3.27 Contaminant tolerance profile 

tion systems obey the log-normal model. Using this model, the particle size distri- 
bution downstream of a filter can be calculated. Performing these calculation for an 
ingression rate of 10 mg/L and under the conditions of no element bypass, steady 
flow, and no vibration, the Beta Ten profiles can be plotted as shown in Fig. 3.28.  
As can be seen in Fig. 3.28,  each of the filter profile lines are identified by the 
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Figure 3.28 Omega rating concept. 

filtration ratio (beta ratio) for particles greater than 10 pm as derived from the 
multipass filter test. In order to obtain an omega rating, the contaminant profile must 
be plotted on the log-log squared graph along with the Beta Ten profiles. The Beta 
Ten protile tangent to the contaminant tolerance profile defines the omega rating. 
Referring to Fig. 3.28, the Beta Ten profile tangent to the contaminant tolerance 
profile is identified by Beta Ten equal to approximately 1.08. Therefore, the omega 
rating for the pump which exhibited the contaminant tolerance profile shown in Fig. 
3.28 would be 1.08. Of course, the preceding example does not take into account 
the actual operating conditions (pressure, temperature, fluid, etc.) and therefore can 
be used as a guide. 
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6 CONTAMINATION CONTROL METHODOLOGY 

The contamination control to fluid systems is a much more complex task than the 
preceding sections would lead one to assume. Obviously, it involves the removal of 
particulate matter. However, if the particulate contamination were excluded from ever 
entering the system in the first place, there would be no need to remove it. In 
addition, if the system components were designed to live with extremely high con- 
tamination levels, again there would be little need to remove particulates. Another 
aspect of the contamination control task involves the fluid itself. The fluid manufac- 
turers are researching additives to permit the system fluid to protect the components 
from attack by particulate contaminants. Finally, the duty-cycle severity and the 
penalty to be paid when a system fails will have a very great influence on the 
contamination control objectives. Therefore, in its total activity, contamination con- 
trol is essentially a balance of many aspects. 

6.1 ContaminationControl Balance 

The contamination control balance is shown schematically in Fig. 3.29. The ingres- 
sion rate inherent in the system design operating in a given environment and the 
filtration provided work together to produce a contamination level in the system 
fluid. On the other side of the balance, the component contaminant sensitivity, the 
operational duty cycle, and the protection provided by the system fluid must be 
matched to the contamination level to produce an acceptable contaminant service 
life of the system. Fluid contamination control is practiced for only one purpose- 
to obtain an acceptable component contaminant service life and system reliability. 
This service life depends almost entirely on the two factor shown in Fig. 3.29-the 
contamination level of the system fluid and the contaminant tolerance of the system 
components. 
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Figure 3.29 Contamination control balance. 
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6.2 Filter Performance Factors 

There are many factors that must be considered in the filter selection process. How- 
ever, before the filter selection activity can begin, some information about the com- 
ponents and system must be known or at least estimated. The contamination level 
the filter must maintain is determined by the most contaminant-sensitive component 
in the system. This is only logical because there may be only one filter. In cases 
where more than one filter is used, then the contaminant sensitivity of more than 
one component may be of importance. However, the actual contaminant tolerance 
level of the system is seldom a factor in the filter selection process. Instead, the 
system designer often relies on past experience and chooses a filter he has used 
successfully in the past. Whatever the selection criterion for the separation efficiency 
is, it must be the first consideration. Without adequate removal performance, an 
acceptable contamination level will be very difficult to maintain. The second param- 
eter of the filter is contaminant capacity. If the filter cannot retain an adequate amount 
of particulate matter, it will become useless in a very short period of time. This leads 
to the use of a large number of elements or the filter will go into a bypass mode of 
operation and there might as well not be a filter in the system. The third filter 
performance factor is pressure drop. Because the filter will introduce some pressure 
loss in the system even when it is clean, this parasitic loss must be one of the 
considerations in filter selection. 

Of course, there are filter factors other than performance factors that must be 
a part of the filter selection process. The construction of the housing and filter ele- 
ment must be such that there is adequate sealing of the element. If the seals allow 
fluid to bypass the element, the performance of the filter will be greatly reduced. In 
addition, if a bypass valve is used to protect the element during a cold start-up and 
other high-pressure-drop conditions, the construction of the bypass valve must be 
such that fluid is not inadvertently allowed to bypass the element. The compatibility 
of the filter element materials and the system fluid are a major consideration in filter 
element selection. In some cases, the system fluid can attach the element and degrade 
binders and adhesives. When this occurs, the element can essentially disintegrate and 
become additional contaminant material in the system. 

It must always be remembered that fluid cleanliness and filtration can spell the 
difference between a successful system design and a failure. Fluid cleanliness cannot 
make a poorly designed system successful, but it can turn a good design into a 
catastrophe. Contamination control is not something that should be added to a sys- 
tem. It should be a integral part of the design process. The component should be 
selected to provide as much contaminant tolerance as can be found and afforded. 
This will reduce the work load of the filter. The fluid should be selected to provide 
protection for the components. Finally, the filter is selected to produce the contam- 
inant environment in which these components will live for an adequate period of 
time. 
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1 INTRODUCTION 

The hydraulic fluid is a component of the hydraulic system. This component is used 
for power transmission. The most common fluids used in hydraulic application are 
shown in Table 4.1. Each of these fluids exhibits uniquely different physical prop- 
erties and possess different advantages and limitations which are summarized in 
subsequent chapters. 

Hydraulic system performance is affected by the physical properties of the fluid 
component, which include density, viscosity, air entrainment and air release, foaming, 
cavitation, and various electrical properties such as conductivity, resistivity, and per- 
mitivity. In this chapter, a review of these and other important physical properties 
will be provided. The role of these physical properties on fluid performance in hy- 
draulic systems will also be discussed. 

2 DISCUSSION 

2.1 Viscosity 

One of the most important fundamental physical properties of a hydraulic fluid is 
viscosity. Fluid viscosity, which is a measure of the “thickness” of the fluid, affects 
both operational characteristics of the hydraulic system and the lubrication properties 
exhibited by the fluid. (The effect of hydraulic fluid viscosity on lubrication will be 
discussed in Chapter 3 .) 

‘Deceased. 
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Table 4.1 Illustrative 
Examples of Hydraulic 
Fluids Used in 
Industrial Applications 

Petroleum oil 
Polyol ester 
Phosphate ester 
Vegetable oil 
Water-glycol 
Water-in-oil emulsion 
Chlorinated hydrocarbon 
Synthetic hydrocarbon 
Silicate ester 
Silicone 
Water 

Minimum viscosity limits for hydraulic pumps are dependent on pump design. 
The maximum fluid viscosity that can be used, also known as “cold-start” viscosity, 
is dependent on [ l ]  

1. Maximum viscosity that the pump will tolerate 
2. Maximum viscosity creating a pressure drop in the suction line, which is 

dependent on pipe resistance, pipe bends, line strainers, and so forth and 
should equal the pump suction capacity 

3. Maximum viscosity creating maximum acceptable pressure drops in long 
high-pressure lines 

Zino used the five-zone viscosity selection chart shown in Fig. 4.1, which is 
derived from an ASTM D 341 log-log viscosity-temperature plot, to illustrate the 
critical dependence of hydraulic fluid viscosity on fluid temperature and system pres- 
sure [2]. Both temperature and viscosity must be considered if optimal hydraulic 
fluid performance is to be achieved. 

In this section, hydraulic fluid temperature, pressure, and shear rates on vis- 
cosity will be discussed. Chapter 5 provides a general overview of fluid viscosity 
classification. Chapter 6 will discuss the effect of fluid viscosity on lubrication. 
2.1.l Hydraulic Pump Viscosity Limits 

The effect of temperature and pressure on the pumpability of a fire-resistant emulsion 
is illustrated in Fig. 4.2, where it is apparent that there is an optimal range for the 
proper operation of a hydraulic pump [3]. This is also illustrated in Fig. 4.3, where 
it is shown that at very low temperatures, increased fluid viscosity leads to cavitation, 
and at excessively high temperatures, insufficient fluid viscosity results in pump 
slippage and poor efficiency [4]. Similar low-temperature effects on hydraulic pump 
operation have been reported by Stecki et al. [5]. 

qp ica l  hydraulic fluid viscosity limits for vane, gear, and piston pumps are 
provided in Table 4.2 [11. Similar recommendations have been provided for various 
vane, gear, and radial and axial piston pumps supplied by a number of specific 
manufactures [6]. Although these data illustrate the importance of viscosity on the 
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Temperature (OF) 

Figure 4.1 Five-zone chart for hydraulic fluid viscosity selection. (From Ref. 2.) 
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Figure 4.2 Effect of temperature and pressure on fluid pumpability. (From Ref. 3.) 
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Figure 4.3 Effect of fluid viscosity on volumetric efficiency (vane pump with reservoir 
below the pump). (From Ref. 4.) 

operation of a hydraulic system, specific viscosity limits for the pump and hydraulic 
circuit are dependent on the pump and hydraulic circuit in use. 

2.1.2 Newtonian Viscosity 

The “coefficient of viscosity” (q)for the fluid depicted in Fig. 4.4 [7] is linearly 
proportional to shear stress (7)and shear rate (dvldz): 

The value dvldz represents the change in fluid velocity with respect to change in 
position in the z direction [8]. 

Table 4.2 Typical Recommended Hydraulic Fluid Viscosity Ranges 

High-pressure gear pump Unboosted piston 

Typical data Vane Plain bearings Bearing Sliding valves Seated valves 

Minimum viscosity (cS) 20 25 16 16 12 
Optimum viscosity (cS) 25 25 20 30 20 
Maximum viscosity (cS) 850 850 850 500 200 
Suction capacity (in. Hg) 10 17 17 5 1 

Source: Ref. 1 .  
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Unit Area, A 

\ TubeOf 

Figure 4.4 Visualization of absolute viscosity. (From Ref. 7 . )  

Ne wtonia n/lvon-Ne wtonian Behavio r 
Fluid viscosity is classified as Newtonian or non-Newtonian. As shown above, New- 
tonian fluid viscosity does not vary with shear rate [7]. Viscosities of non-Newtonian 
fluids do vary with shear rate, as illustrated in Fig. 4.5 [9]. Hydraulic fluids typically 
exhibit varying degrees of non-Newtonian viscosity behavior. At high shear rates, 
which are estimated to approach 10‘ s-’ in the inlet zone of the wear contact [ lO],  
even hydraulic fluids that normally exhibit Newtonian behavior at low shear rates 
may be non-Newtonian [ 111.  The fluid shown in Fig. 4.6 exhibits two Newtonian 
regions referred to as the “first” and “second” Newtonian regions [ 1 1 1 .  The two 
Newtonian regions are connected by a non-Newtonian transition. 

Non-Newtonian viscosity behavior is particularly important when considering 
the lubrication properties of a fluid. Aderin et al. have reported that non-Newtonian 
viscosity behavior at the Hertzian contact inlet region may account for significantly 
lower pressure-viscosity coefficients (see Chapter 3) than predicted from low-shear- 
viscosity measurements [ 121. 

A general equation that has been used for non-Newtonian “power-law” fluids 
is the Ostwald-de Waele equation [8]: 

7 
= To (z)” 
where qois the viscosity of the fluid at a reference low shear rate and n is the power- 
law exponent, which is 1 for Newtonian fluids and less than 1 for non-Newtonian 
fluids [13]. 
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3 

Shear Rate (Rs) 

Figure 4.5 Illustration of shear-stress variation with shear rate for Newtonian and non- 
Newtonian fluids. (From Ref. 9.) 

The power-law relationship may be modified to describe the two Newtonian 
and the non-Newtonian regions depicted in Fig. 4.7 [13]. One modification is the 
truncated power-law model where the three regions are simply connected as shown 
in Fig. 4.7 [13]. In this model, q0 is the low shear viscosity in the first Newtonian 
region, q.; is the viscosity in the second Newtonian region, and the power law is 

I I I 

103 10' 105 106 1 
Shear Rate (sec-') 

Figure 4.6 High-shear viscosity profile of a water-glycol hydraulic fluid. (From Ref. 1 1.) 
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Figure 4.7 Illustration of the truncated power-law model and the Carreau model for non- 
Newtonian fluids. (From Ref. 13.) 

used to describe the viscosity behavior during the transition from first to the second 
Newtonian regions. 

One of the disadvantages of the truncated power-law model is the discontinuous 
first derivative. There are various alternative models that have been used to provide 
a continuous transition between the first and second Newtonian regions [14]. One 
alternative model to the truncated power-law model is the Carreau model [151: 

where q is a time constant and n is the power-law coefficient. 

2.1.3 Viscosity-Temperature Relationship 

Fluid viscosity varies with both temperature and pressure of the fluid as illustrated 
in Fig. 4.8 [7]. The temperature dependence of viscosity is described by Eyring and 
Ewell’s equation [16,171: 

hN 
rl = v eAEIRT 

where 

h = Planck’s constant 
N = Avogadro’s number 
V = molecular volume (molecular weightldensity) 

AE = the activation energy for viscous flow 
R = the gas constant 
T =  the absolute temperature (K). 

Andrade’s equation has been used as an alternative to Eyring and Ewell’s equation: 

q = AehI7 

where A and b are constants. 
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Figure 4.8 Viscosity versus pressure for a hydraulic oil. (From Ref. 7.)  

Currently, one of the most commonly used equations to predict viscosity tem- 
perature relationships of mineral oils is the Walther equation [ 18,191: 

log log(q + c )  = a - 6 log T 

where a and b are constants for a particular fluid and C varies with viscosity. This 
use of the equation is described in ASTM D 342-87 [20]. 

A more general treatment of the viscosity- temperature relationships is to curve- 
fit experimental viscosity-temperature data to the Vogel equation [ 121 and solve for 
a temperature-viscosity coefficient: 

'I = AeB'" c ' )  

where A,  B ,  and C are least-squares curve-fitting constants and T is the absolute 
temperature (K). 

The temperature -viscosity coefficient can then be determined at any temper- 
ature from 

d l n q  - B  
dT ( T - C)' 

2.1.4 Viscosity- Pressure Relationships 

In addition to shear rate and temperature, the viscosity of hydraulic fluids may also 
be significantly affected by pressure, as shown in Fig. 4.8 [7] .This relationship is 
dependent on the chemical composition of the fluid, as shown for the paraffinic and 
naphthenic oils in Figs. 4.9 [21] and 4.10 [22]. 
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Figure 4.9 Viscosity -pressure relationships at different temperatures for paraffinic and 
naphthenic hydraulic oils. (From Ref. 21.) 

The pressure-viscosity variation of naphthenic and paraffinic petroleum oils 
has been studied and a number of general observations were made [21]: 

Viscosity increases with increasing pressure, 
The increase of viscosity with pressure decreases with increasing 
temperature. 
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Figure 4.10 Viscosity-pressure relationship for Mil 5606 aerospace hydraulic fluid. (From 
Ref. 22.) 
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At room temperature, the viscosity of most petroleum oils increases by 
approximately 2.3 when pressure is increased to 5000 psi. 
The same increases in pressure will exhibit a greater effect on viscosity at 
higher pressure. 
Increasing pressure will increase the viscosity index of naphthenic oil more 
than a paraffinic oil. 

The effect of pressure on viscosity is modeled by the Barus equation [23]: 

where q P is the centipoise viscosity at pressure (P) ,qois the viscosity at atmosphere 
pressure, P is the pressure, and a is the pressure-viscosity coefficient. 

Unfortunately, as Jones et al. have shown, a linear graphical solution to the 
Barus equation by plotting In q as a function of P is not obtained, except at low 
pressures (see Fig. 4.11) [24]. The slope of the tangent to log q as a function of P 
isotherm (aoT)at atmospheric pressure is often used for the calculation of the 
pressure-viscosity coefficient used for elasto-hydrodynamic (EHD) lubrication 
analysis: 

a , )T  = - -XId l n q ldp T.P=latrn - “‘I dP T.p=latrn 

However, agT,which is obtained by graphical differentiation, is dependent on 
a relatively few low-pressure data points which contribute substantially to overall 
error. An alternative solution which provides a more reliable viscosity -pressure re-
sponse is to solve for a*,as shown in Fig. 4.1 1 by graphically integrating [25]: 

The advantage of a* is that all of the variations of viscosity with pressure over the 
entire pressure range are included in the calculation, as illustrated in Fig. 4.11 [24]. 

In many cases, the value of a is not available. One early attempt to predict a 
for petroleum oils at pressures up to 10,000 psi is reported by Fresco et al. [26]. 
Fresco’s a-prediction chart is shown in Fig. 4.12 and is based on the viscosity- 
temperature properties of a fluid as represented by the “ASTM slope” [19]. 

The ASTM slope is the slope of the viscosity temperature line of the Walther 
equation, which is plotted as described in ASTM D 341. (This is not equivalent to 
the value B in the Walther equation.) In addition to determining the ASTM slope 
graphically, it can be calculated from [ 191 

So and Klaus subsequently developed a single correlation which can be used 
for a broad range of fluids and fluid blends [27]. This correlation is based on the 
viscosity and density of the fluid at the temperature of interest. The viscosity-tem- 
perature behavior of the fluid utilizes the term m,,which is calculated from 

ASTM sloDe 
mo = 0.2 
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Figure 4.11 (a) Modeling viscosity-pressure behavior with a,,, and a*. (b) Typical 
viscosity-pressure isotherm. (From Ref. 24.) 

The So-Klaus correlation is [27,29] 

where 

cx = pressure-viscosity coefficient (kPa-' x 1 0 ~ )= d(log q ) / d ~at P = o 
log qO= base 10 logarithm of the atmospheric viscosity in centistokes at the 

temperature of interest 
p = atmospheric density in g/mL at the temperature of interest 
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Atmospheric Viscosity (cSt) 

Figure 4.12 Nomogram for prediction of viscosity -pressure coefficient of mineral oil 
hydraulic fluid. (From Ref. 26.) 

mo= the viscosity- temperature property based on atmospheric kinematic 
viscosities at 373°C (100°F) and 98.9"C (210°F) of the fluid of 
interest. 

Wu et al. have developed a simplified equation for predicting a based on free- 
volume theory [28]: 

(Y = (0.1657 + 0.2332 log ~ o ) m O  

where 

(Y = the pressure-viscosity coefficient (kPa-' X 105) 
mo= the viscosity-temperature property determined from the ASTM- Walther 

equation and is equal to ASTM slope/0.2 
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qo= the atmospheric kinematic viscosity at the temperature of interest 
(m m3/s) 

Other methods used to predict the value of a are summarized in Table 4.3 [195]. 
The Appledoorn equation has been proposed for the simultaneous calculation 

of the effects of both temperature and pressure on viscosity [28] 

Table 4.3 Various Methods Used in the Comparisons of the Effectiveness in Predicting the 
Pressure Effects on Viscosity 

Developer Correlation Ref. 

Kouzel rip 
To 1000

log = -(0.0239 + 0.01638 q:1278) 188 

Roelands et al. For nonpolymer fluids 

log 2 = (A)'[(O.O02C, + 0.003C,, + 0.055)log qll+ 0.2281 

189 

log(v - 0.890) = 0.00955(C4 + ISC,) - 1.930 
For polymer fluids 

log(l0g q,. + 1.200) = z,,log ( I + -28pqoo) + log(l0g Tll + 1.200) 

Z,, = 0.62,, + 0.42,, 

Fresco = Pa'"(10 '), 
560 

cx = -, 
U,) OR

log a' = A + B log(V,,) + C(1og V,,)' 

A,  B, and C are function of ASTM slope 

190 

Kim log 2 = P(a' + p ) ( W )
U,1 

a' is calculated from Fresco's method 

191 

p = A' log V,  + B'(1og V,)' 

A' and B' are a function of temperature; graphical method is also available 

= a(98.IP) I92 (:)logSo and Klaus 

s = 2.848 X 10 'm5190'[l~g(V,,)]''"' 
t = 3.999[log(Vl,)]'0973p001'hZ 

Chu and Cameron log (2)= 16 log (1 + 0.062( 10'")P X 10-' 

T ::OW 

+ U = [0.183 + 0.2951 log(q,,)] 

Worster 

for naphthenics 

= uP(10~' )+ a = [0.183 + 0.2951 log(ql)] for naphthenics (:)log 

195 

196 

Source: Ref. 195. 

193 

194 
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where 

q = the viscosity at temperature F,  expressed in OF, and pressure P 
q4= a reference viscosity at atmospheric pressure and temperature F,, 
a = the viscosity -temperature (Appledoorn) coefficient 
a = the pressure-viscosity coefficient. 

Both temperature and pressure exhibit potentially large effects on viscosity and 
the simultaneous inclusion of both in viscosity calculations is desirable. 

2.1.5 Shear Degradation 

Many hydraulic fluids contain higher-molecular-weight viscosifiers or thickener ad- 
ditives that will degrade under the high-shear-rate conditions present in hydraulic 
pump applications. Molecular degradation due to high shear rates is called “me- 
chanodegradation” [30-321. 

High-molecular-weight additives such as viscosifiers and thickeners do not exist 
in solution in their chain-extended form as they are often drawn on paper. Instead, 
the hydrocarbon or polymeric portions of the molecules coil around each other, 
providing a relatively long-range order in solution that increases viscosity (thickening 
effect) with increasing concentration. The degree of intermolecular hydrocarbon or 
polymer chain entanglement increases with increasing molecular weight (chain 
length). 

When mechanical energy (shear) is applied to thickened solution, for example, 
by circulation in a hydraulic pump circuit, a shear-induced thinning of the solution 
occurs. If this a reversible process; it is called non-Newtonian behavior, as discussed 
previously. However, if sufficient energy is applied, it may take less energy to break 
covalent C-C bonds in the entangled hydrocarbon or polymer chains (mechano- 
degradation) than to pull them apart (non-Newtonian shear thinning). 

When C--C bond scission occurs, which is a nonreversible, permanent effect, 
the average molecular weight of the hydrocarbon or polymer is reduced. If there is 
a reduction in molecular weight, there will be corresponding reduction in solution 
viscosity. Note: it is important to realize that although other processes may produce 
molecular degradation, such as thermal and oxidative degradation, only shear deg- 
radation is a mechanodegradation process. 

Hydraulic fluid shear stability has been studied using an Eaton hydraulic pump 
shear stability test conducted according to SAE 7 1R “Recommended Practices for 
Petroleum Fluid” [33]. The pump circuit used for this test is shown in Fig. 4.13 
[33]. Figure 4.14 illustrates that varying degree of shear stability are possible with 
fluids of similar viscosity [34]. Fluid viscosity stability decreases with increasing 
pump rotational speed beyond a threshold value, as shown in Fig. 4.15 [34]. 

Figure 4.16 shows that fluid viscosity stability decreases with increasing pump 
pressure [34]. However, little effect of temperature on fluid viscosity shear stability 
was observed, as shown in Fig. 4.17 [34]. Similar viscosity stability tests have been 
conducted using a Vickers V104 vane pump [32]. 

Another viscosity shear stability test involves the use of a multiple-pass fuel- 
injection or diesel-injection nozzle system [35]. Currently, a Fuel Injection Shear 
Stability Test (FISST) described in ASTM D 3945-93 is used [36]. 

The FISST apparatus is illustrated in Fig. 4.18; it utilizes an American Bosch 
fuel-injection pump, fuel-injection nozzle, a fluid reservoir, and either the Deckel or 
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Reservoir 

Figure 4.13 Schematic of hydraulic pump circuit for prediction of hydraulic flui .d shear 
stability. (From Ref. 33.) 

11.0. 
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SAE Pump Shear Test (Hours) 

Figure 4.14 Illustration of viscosity-shear stability of various hydraulic fluids in the hy- 
draulic pump test. (From Ref. 34.) 
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Formulation : Polymethacrylate I1 

0 1 2 3 4 5 6 7 8 9 10 

Time (Hours) 
Figure 4.15 Effect of hydraulic pump motor rotational speed on shear stability. (From Ref. 
34.) 

a Pintel nozzle configuration, as illustrated in Fig. 4.19 [36]. Fluid shear stability is 
dependent on the type of nozzle selected, as shown in Fig. 4.20 1371. 

Hydraulic fluid shear stability may also be modeled by a sonic shear stability 
test such as that discussed in ASTM D 2603 [33,38]. This test is conducted using a 
Raytheon Model DF-101 magnetostrictive oscillator rated at 200-250 W and 10 
kilocycle. Potentially useful data have been obtained when the test is conducted at 
full power. An alternative test is this ultrasonic shear stability test [33]. 

2.2 Vapor Pressure 

If the vapor pressure of a hydraulic fluid is too high, gas pockets may form in areas 
of low pressure, such as the inlet of the hydraulic pump. This will aggravate cavi- 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



Physical Properties and Their Determination 211 

7.6 

0 1 2 3 4 5 6 7 8 9 10 

Time (Hours) 
Figure 4.16 Effect of hydraulic pump pressure on shear stability. (From Ref. 34.) 

tation. Fluid volatility also affects lubrication because hydrocarbon lubricants with 
higher volatility may result in higher wear [16]. 

Vapor pressure of hydraulic fluids is dictated by the most volatile components. 
For aqueous fluids, this would be water. For mineral oils, volatility is determined by 
the more volatile component of the oil. The chart shown in Fig. 4.21 may be used 
for determining the vapor pressure from the boiling point of the fluid [39]. 

For mineral oils exhibiting vapor pressures approaching lO-' mm Hg, the 
Maxwell-Bonnell chart shown in Fig. 4.22 may be used [40]. Vapor pressure for 
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Figure 4.17 Effect of fluid temperature on shear stability. (From Ref. 34.) 

low volatility synthetic oils should be appropriately corrected [411. The variation of 
vapor pressure of various fluids with temperature is shown in Fig. 4.23 [7] .  

2.3 Gas Solubility 

When a gas, such as air, comes into contact with a hydraulic fluid, a finite amount 
will become soluble in the fluid. Gas solubility is primarily dependent on the chem- 
ical composition of the fluid, concentration of the gas, and system pressure. Examples 
are provided in Fig. 4.24 [7]. 

The estimation of gas solubility is important when considering the effect of air 
entrainment on lubrication, cavitation, and potential foaming, especially on rapid 
depressurization [42]. In this section, the prediction of gas solubilization in various 
fluids will be discussed. 
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Nozzle Holders 
(Pintle and Deckel Nozzles 
Installed Side By Side) 

=+= 

I 
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Il l  
Poppet 
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Feed Line To Pump 

Figure 4.18 Automated fuel-injector shear stability tester. (From Ref. 36.) 

The solubility of a dissolved gas in a fluid is quantitatively described by 
Henry’s Law [43]: 

where K/ is Henry’s Law constant, P, is the pressure of this gas, and XIis the mole 
fraction of the dissolved gas in solution. This relationship indicates that the mole 
fraction of the dissolved gas will increase as the pressure of the gas increases. This 
is illustrated by the family of curves shown in Fig. 4.25 [44]. 
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Pintle 

Figure 4.19 Nozzles for fuel-injection stability test machine. (From Ref. 36.) 

One of the more common methods of describing gas solubility is by the Ost- 
wald coefficient (L) , where the solubility of a gas is expressed as volume of a gas 
(V,,)dissolved in a given volume of liquid (V , )at equilibrium [43]: 

The procedure for calculating the Ostwald coefficient (L,) of a reference fluid 
(R) is provided in ASTM D 2779: 

L, = 0.300 exp [( 0 . 6 3 9 9 ( 7  - T )  In 3.333&,, 

where &) is the Ostwald coefficient at 273°K and may be selected from Table 4.4. 
The Ostwald coefficient for the described fluid (L) is calculated from 

L = 7.70LR(980- p) 

where p is the density of the fluid (kg/L) at 288°K (59°F). 
One of the disadvantages of ASTM D 2779 is that it is limited to use for 

petroleum oils. Beerbower has proposed on alternative model to calculate the Ost- 
wald coefficient for a broader range of fluids [45]: 

In L = [0.0395(8, - 8')' - 2.661 (1 -
2:) 
-

- 0.3038, - 0.0241(17.60 - S2)' + 5.7311 

where L is the Ostwald coefficient, T is the absolute temperature in K ,  8,  is the 
solubility parameter of the fluid (in MPa)"2 and is defined as 
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I I I I 
6o0 5 10 15 20 ’ 

Number of Passes 

Figure 4.20 Effect of the number of cycles through the fuel-injection stability test machine 
on test severity. (From Ref. 37.) 

Pressure (Millimeten of Mercury) 

Figure 4.21 Hydrocarbon vapor pressure chart. (From Ref. 39.) 
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Figure 4.22 Maxwell-Bonnell chart for low vapor pressure. (From Ref. 40.) 
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Figure 4.23 Typical vapor pressure values for different classes of hydraulic fluids. (From 
Ref. 7.)  

Figure 4.24 Air solubility in different hydraulic fluid types. (From Ref. 7.) 
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Pressure (bar) 

Figure 4.25 Gas dissolution in oil as a function of pressure and temperature. (From Ref. 
44.) 

Table 4.4 Gas Solubility Parameters 

Beerbower solubility 
Ostwald coefficient parameter (a2) 

Gas (L)at 0°C“ (MPa)”’ 

Helium 0.012 3.35 
Neon 0.018 3.87 
Hydrogen 0.040 5.52 
Nitrogen 0.069 6.04 
Air 0.098 6.69 
Carbon monoxide 0.12 7.47 
Oxygen 0.16 7.75 
Argon 0.18 7.77 

Krypton 0.60 10.34 
Carbon dioxide 1.45 14.8 1 
Ammonia 1.7 
Xenon 3.3 
Hydrogen sulfide 5 .O 

“L is applied only to petroleum fluids of 0.85 Kg/dm’ density, d, at 15°C. To correct 
for other densities: L, = 7.70 L (0.980 - d ) . See ASTM D 2779 for details. 
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where AH,, is the heat of vaporization and V ,  is the volume of the fluid. 
The solubility parameter (6,) may also be calculated from [45] 

6, = 7.36 + 0.01203~ 

for densities up to 0.886 kg/m3 at 288 K (60°F). For higher-density fluids, the sol- 
ubility parameter is calculated from the refractive index (n,) at 298 K [45]: 

6, = 8.63n;] + 0.96 

Value of 6, for the gas may be taken from Table 4.4. 
Another common parameter that is used to describe gas solubility in a liquid 

is the Bunsen coefficient (a),which is the volume of a gas at 273 k (32°F) and 101.3 
kPa (1 atm) dissolved by one volume of the liquid at a given temperature at 10 1.3 
kPa ( 1  atm). The Bunsen coefficient may be calculated from ideal gas law [43]: 

273.15 P 1 
a =  (vv---

760 V , )  ( y )T 

where 

P,v= the partial pressure of the gas 
Vq= the volume of the gas absorbed at standard temperature and pressure 
V,= the volume of the absorbing solvent 
T =  the absolute temperature (K) 
P = the total pressure. 

The Bunsen coefficient may also be calculated according to ASTM D 3827: 

P - P,,L 
cx = 2697 

T 

where 

P = the partial pressure of the gas (MPa) 
P,,= the vapor pressure of the fluid (MPa) 
T = the temperature (in K) 
L = the Ostwald coefficient 

Bunsen coefficients for a number of hydraulic fluids are provided in Table 4.5. 
The variation of the Bunsen coefficients with pressure and temperature for 

various gases in a hydraulic oil is illustrated in Fig. 4.25 [44]. Interestingly, there is 
only minimal variation of the Bunsen coefficient for air in hydraulic oil with variation 
in temperature, as shown in Fig. 4.26 [46]. 

An example of the use of the Bunsen coefficient to predict air solubility in a 
mineral oil is provided by Fig. 4.27 [47]. In this example, 

where V/\ is the volume of air (in cm3) at 760 mm Hg and 20"C, Vol, is the volume 
of oil (in cm3), a,,lIis the Bunsen coefficient for mineral oil (-0.09), P I  is the initial 
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Table 4.5 Bunsen Coefficients for Dissolved Air in Lubricating Oils 

Bunsen 
Fluids coefficient Ref." 

Water 0.187 A 
Mineral oil 0.07-0.09 A 
Phosphate ester (HFD-R) -0.09 A, B 
Dicarboxylic ester -0.09 A 
Silicone oil 0.15-0.25 A 
Polychlorinated biphenyls, (HFD-S) -0.04 A 
Oil-in-water emulsion (HFA) -0.05 B 
Water-glycol (HFC) -0.04 B 

"ReferenceA is W. Harnann, 0.Menzel, and H. Schrooder, "Gase in Olen-Grundlagen 
fur Hydrauliken," Fluid, 1987, September, pp. 24-28; Reference B is D. Staeck, 
"Gases in Hydraulic Oils,'' Tribologie und Schrnierunaptechnik, 1987, 34(4), pp. 201 -
207. Reference B states that the Bunsen coefficient for air in a phosphoric and ester is 
-0.05. 

pressure in kPa/cm', and P, is the final pressure (in kPa/cm'). The example shows 
that the partial pressure of air of 1 kPa/cm2 will result in 9 vol.% of air in the oil. 

Another approach used to quantify gas solubility is the Hildebrand and Scott 
equation [48]: 

v2+2(cY,- a2)'
In X ,  = -In Pp -

RT 

where 

X ,  = the mole fraction of gas in the fluid 
Pp = the vapor pressure of the gas at temperature T (absolute) 

Temperature ("C) 

Figure 4.26 Variation of the Bunsen coefficient as a function of temperature for air, oxy- 
gen, nitrogen, and hydrogen. (From Ref. 46.) 
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P, Pressure (kp/cm2) 

Figure 4.27 Illustration of the dependence of air dissolution on pressure. (From Ref. 47.) 

+I = the volume fraction of the gas 
X, = the partial molal volume of the gas 

a],
a,= the solubility parameters of the fluid and gas, respectively. 

The values for 01 may be taken from Table 4.6, Hildebrands’ reference [48], or an 
extensive listing provided by Hoy [49]. 

2.3.1 Sources of Foaming and Air Entrainment 

Excessive foaming and air entrainment may lead to numerous problems in a hy-
draulic system which include the following [50-541: 

Spongy controls 
Loss of horsepower 
Reduction in bulk modulus 
Loss of system fluid 
Temperature effects 
Erosion and cavitation 
Noise 
Reduction in load bearing capacity of the lubricating film [ 5 5 ]  

Increasing pump noise is one of the best indicators of fluid aeration problems. This 
is illustrated in Fig. 4.28 [56]. 

There are various sources of air entrainment which include the following [57]: 

1. Release of Dissolved Air. All hydraulic fluids contain dissolved air which 
may be released when the pressure is rapidly decreased. This may occur 
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Figure 4.28 Hydraulic pump noise dependence on entrained air at the pump inlet. (From 
Ref. 56.) 

at valves and orifices, the discharge side of the operating mechanism, and 
when the fluid returns to the reservoir. 

2. Mechanical Introduction. Entrained air may be introduced at the vacuum 
side of hydraulic mechanisms or when there is leakage in the suction side 
of the pump. 

3. Improper Bleeding. When initially filled, the hydraulic system will contain 
air in all forms (free, entrained, and dissolved). For proper operation, the 
hydraulic system should be properly bled for air removal. 

4. Improper Addition of Makeup Fluid. Air may be entrained if additional 
fluid is added with splashing in the reservoir. 

5 .  Contamination. A common source of increased air entrainment and foam- 
ing is fluid contamination by surface-active compounds. Alternatively, fluid 
contamination may cause precipitation of the antifoam or air-release agent, 
resulting in subsequent increases on air entrainment. 

Improperly Designed Reservoirs 

Hydraulic fluid air entrainment may be due to improperly designed fluid reservoirs 
[ S  1,58,59]. Two commonly encountered errors in reservoir design are fluid return 
lines above the liquid level and insufficient immersion of the suction line, as shown 
in Fig. 4.29 [5 I]. Insufficient immersion of the return line causes splashing, increased 
foaming, and air entrainment. Insufficient immersion of the suction line causes sur- 
face vortexing, which will draw air into the fluid facilitating air entrainment. 
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Air 
Vortex 

(a) Acceptable Sump (b) Unacceptable Sump 

Figure 4.29 Illustration of the effect of reservoir design on air entrainment. (From Ref. 
51.) 

In some cases where it is difficult to remove air, a fine-wire gauze screen can 
be placed in the sump as shown in Fig. 4.30, which will “filter” all but the finest 
air bubbles in the system, preventing recirculation through the hydraulic system [5 I]. 

Air solubility decreases with decreasing pressure. One of the low-pressure 
points in the hydraulic system is at the inlet of the pump. Figure 4.31 illustrates how 
air bubbles form with decreasing pressure and then redissolve on the pressure side 
of the pump [51]. This is also illustrated for a gear pump in Fig. 4.32 [60]. To avoid 
pressure drops at the pump inlet, the pipe diameter from the reservoir should be 
maximized and the length of the line should be as short as possible. Similar pressure 
drops may be encountered at sharp bends, elbows, pinched or kinked flexible hose, 
and banjo joints. 

One recommended reservoir design is illustrated in Fig. 4.33 [%I. Hallet rec- 
ommended the following: 

1. The main return line should be approximately 8 in. below the fluid surface. 
2. The suction line should be located 6 in. from the bottom of the reservoir 

to minimize settled solid contaminants from entering the system. 
3. A 3-in. air filter should be located at the top of the reservoir. 

I Thin Layer of Foam, I 

\ 
100 Mesh Wire Gauze 

Figure 4.30 Illustration of the use of wire gauze to facilitate air-bubble removal from the 
reservoir. (From Ref. 5 1.) 
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Figure 4.31 Suction-line pressure drop facilitation of air-bubble release from entrained air. 
(From Ref. 51.) 

4. A float switch should be installed at the top of the tank to shut the system 
down if the oil level drops below the recommended working range. 

5. A 4-in. suction fan should be installed at the top of the reservoir to prevent 
water condensation in cold weather by removing heated air. 

If the reservoir is pressurized with compressed air or nitrogen, direct contact 
of the gas with the fluid should be minimized with the use of a perforated plate, as 

Figure 4.32 Illustration of air release at the inlet of a gear pump. (From Ref. 60.) 
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Figure 4.33 Dofasco 6000-gal reservoir design. (From Ref. 58.) 

Neoprene 
Bladder 

L . - o - - - - To Support Bladder 

Figure 4.34 Procedure for hydraulic reservoir pressurization. (From Ref. 5 1.) 
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shown in Fig. 4.34 [51]. This will help prevent saturation of the hydraulic oil by the 
compressed gas. Another way of minimizing the potential saturation of the hydraulic 
fluid with a gas is to pressurize the reservoir hydraulically, as shown in Fig. 4.35 
~ 1 . 

It may not be possible to design the pump reservoir and suction line as shown 
in Fig. 4.29 due to space limitation. In these cases, a possible alternative is to put 
the suction line inside of the reservoir, as shown in Fig. 4.36 [59]. A plug is placed 
at position A to break the siphon effect by the entry of air. An alternative design is 
provided by Fig. 4.37, which includes a suction screen chamber at the top of the 
reservoir. 

Ingvast reported the use of a specially designed reservoir (see Fig. 4.38) that 
provides continuous degassing of a hydraulic fluid [61]. In addition to continuous 

re 

Figure 4.35 Reservoir pressurization using hydraulic pressure. (From Ref. 5 1 .) 
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1 


Figure 4.36 Illustration of pump suction-line placement inside of the reservoir. (From Ref. 
59.) 

degassing, it is also possible to continuously feed pressurized fluid to the pump inlet, 
thus minimizing the potential for both fluid air entrainment and cavitation. 

Improper installation of air vents is another potentially significant source of air 
entrainment in a hydraulic system. Figure 4.39 illustrates that air pockets of en- 
trapped air can be avoided by the use of properly designed air vents [62]. 

Foaming Versus Air Entrainment 
When fluids are agitated or mixed in reservoirs and pumping through the hydraulic 
system they are in contact with a gas, usually air. Gases in a hydraulic fluid may be 
present in one or more of these possible forms: free air, entrained air, and dissolved 
air [53]. 

Free air refers to air trapped in a system, such as an air pocket in a hydraulic 
line, but not totally in contact with the fluid. Entrained air is air that is suspended, 
usually in the form of small bubbles, in the fluid. Dissolved air is in solution and is 
not free or entrained. It is estimated that petroleum oil hydraulic fluids may contain 
as much as 10% volume of dissolved air [52]. Although dissolved air is thought to 
have no significant effect while dissolved, processes that reduce air solubility such 
as decreasing pressure and increasing temperature will result in foaming or release 
of entrained air, both of which are deleterious processes [53]. 

The solubility of a gas in a fluid was treated quantitatively in the previous 
section. Problems of “free air” will be discussed in a subsequent section. In this 
section, the fundamental properties of the formation and elimination of air bubbles, 
either as foam or entrained air, is discussed. Although there is often a similarity 
drawn between foam and air entrainment, these are actually different processes and 
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Figure 4.37 Illustration of a suction screen chamber. (From Ref. 59.) 
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Figure 4.38 Facilitation of air release using a vacuum pump. (From Ref. 61.) 
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Figure 4.39 Air-vent designs that prevent air entrainment. (From Ref. 62.) 

are associated with different problems. Air entrainment refers to the dispersion of 
individual air bubbles separated by a relatively thick fluid film in the hydraulic fluid. 
In foaming, air bubbles form a separate layer on the surface of the fluid and are 
separated by relatively thin fluid films, as illustrated in Fig. 4.40. 

It should be noted that it is possible to have a high amount of unstable foam 
with relatively little air entrainment. Similarly, it is possible for air entrainment and 
high foam to coexist. The objective in fluid formulation is to reduce foaming and 
air entrainment. 

Foaming 

Foam is a dispersion of an entrapped gas in a liquid. To produce a stable foam, a 
surface-active component must be adsorbed into the gas-liquid interface, as shown 
in Fig. 4.41 [63]. This surface film prevents the coalescence of the air bubbles, thus 
stabilizing the film. Foam stability is dependent on the following [ a ] :  

1. Sugace area. Foam stability increases with increasing surface area, as 
shown in Fig. 4.42 [68]. Foam destabilization is dependent on bubble co- 
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Figure 4.40 Illustration of foam and entrained air. 

alescence. There is an energy balance of the Gibbs free energy (hG) of 
the system, which is quantitatively dependent on 

AG = aAA 

where a is the surface energy and AA is the changing surface area. In a 
foam, there is an increase in energy due to the surface area increase and 
a decrease in energy is due to the transfer of the profoamant (surfactant) 
molecules from the fluid to the gas-liquid interface [65]. 

2. Surfme ten~ion.Foam stability increases the surface tension decreases rel- 
ative to the fluid film. More important is the way the surface tension 
changes with the surface area of the film. which follows the Gibbs 
relationship 

where E is the surface elasticity, A is the surface area of the fluid film, and 
y is the surface tension of the liquid film. Stable foams have a readily 
variable (elastic) surface films. 

3. Viscnr i~ .It is more difficult to form foams in higher viscosity fluids. How- 
ever. once formed, these foams are more difficult to break. Table 4.6 and 
Fig. 4.43 shows that this is true up to approximately 100 m Z / s(cS). Above 
100 mm'ls (cS), profoaming behavior decreases [66]. 
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d d 


d Q i 
Figure 4.41 Mechanism of air-bubble stabilization by the Gibbs-Marangoni effect. (From 
Ref. 63.) 

4. The temperature dependence of foam stability for various hydraulic fluids 
is shown in Fig. 4.44 [67]. Foam stability generally decreases with increas- 
ing temperature (decreasing viscosity). 

5. Contamination Concentration. The magnitude and stability of foams 
formed in a fluid increase to a plateau point with increasing concentration 
of the profoaming contaminant. 

The antifoam mechanism is shown in Fig. 4.45. The first step is introduction 
of the defoamant into the surface film that is stabilizing the foam. The defoamant 
then spreads throughout the surface film surrounding the air bubbles. As the defoa- 
mant spreads, a shearing force results, which causes a flow of the stabilizing film 
away from the gas-bubble interface, resulting in a thinning of the interfacial film 
which continues until the gas-bubble ruptures, releasing the gas inside of the bubble 
[681. 

Antifoam compositions vary from single- to multiple-component systems. Sin- 
gle-component systems are typically water insoluble and surface active because they 
must displace the profoaming surfactant in the interfacial film stabilizing the gas 
bubbles. Examples of single-component systems include fatty acids and their glyc- 
erides/ethoxylates, polypropylene glycols, and higher alkylalcohols. Typically, this 
class of antifoams is used at concentrations of 0.1-0.4% [65]. 
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Low surface area 

unstable 

Highsutfacearea 

more stable 

Figure 4.42 Relationship between bubble surface air and foam stability. (From Ref. 68.) 

A multicomponent antifoam system typically contains a uniform dispersion of 
a mineral-oil-based material, hydrophobic silica, and a surfactant such as a fatty acid 
or alcohol exthoxylate composition in the fluid throughout the hydraulic system 
[65,69-721. 

The rising velocity (U) and drag coefficients (Cd)of gas bubbles in a fluid can 
be calculated from Hadamard-Rybczynski equations [73] :  

(p - P ' W ?  rl + rl'
U =  

6rl 2rl + 3rl 

c(j= -
8 27 + 3q' 

Re 7 + q' 

Table 4.6 Viscosity Dependence of Foaming Tendency of Mineral-Based Oils 

Foaming tendency (mL)" 
Air releaseb 

Viscosity grade 24°C 93.5"C After (5 O"/mi n ) 

VG 7 
VG 22 
VG 46 

40/0 
1 oo/o 
420/0 

20/0 
2010 
20/0 

30/0 
110/0 
380/0 

0 
0.5 
1.5 

VG 460 200/0- 230/0 120/0 160.0 

"Foaming behavior was determined according to JIS K 2518. 
'Air release was determined according to ASTM D 3427. 
Source: Ref. 66. 
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Figure 4.43 Effect of viscosity on foaming tendency. (From Ref. 66.) 

O -60 I 
0 80 160 240 

Temperature ("C) 

COMPOSITION 
Dadgnation Surface Tension 

(dyndcm) 

1. Pdyalkylchlorarylsiloxanes PAKhS 21.7 

2. Polyalkylsiloxanes60% Dioctylsebacate 60% PAS 28.4 

3. Petroleum Fraction200300'C.+8% Butyl Ester of PolyvinylAlcohol NF 27.7 

4. Alkylarylphosphates AAF 34.1 

6. Polyalkylgarrma-Trifluoropropylsiloxanes PAFS f0.0 
d 

Figure 4.44 Temperature dependence of foam stability of different fluids designated. (From 
Ref. 67.) 
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+ -

\ 
Foaming
Liquid 

1. Drop of Defoamer 2. Spreading 

3. Thinning 4. Rupture 

Figure 4.45 Mechanism of defoaming by foam-control agents. (From Ref. 65.) 

where 

p, q = the density and viscosity, respectively, of a fluid surrounding a spher- 
ical gas bubble 

p’, q’= the density and viscosity, respectively, of the gas 
d =  the diameter of the bubble 
g = the acceleration due to gravity 

Re = the Reynolds number for the bubble, which may be calculated from 

UdRe = -
TlP 

For a gas bubble, p >> p’ and q >> q’;then, the well-known Stokes equations 
are derived, which state that the velocity of bubble movement is dependent on the 
density, viscosity, and diameter of the bubbles: 

16 c,, = -
Re 

This model is represented by Fig. 4.46a. An alternative form of this equation is [74] 

where r is the radius of the gas bubble. The rate of ascent of the “naked” bubble 
is a function of diameter, as shown in Table 4.7 [74]. Typically, air bubbles range 
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a) Stokes Model b) Hadamard-Rybczynski Model 
Figure 4.46 Comparison of the (a) Stokes and (b) Hadamard-Rybczynski models of fluid 
movement around an air bubble in solution. (From Ref. 73.) 

from 10-7to 10-3m for a gas lyosol, 10-6to 1OP3 m for an aeroemulsion such as 
entrained air, and >10-3for coagulation for dispersed gas [75]. 

If a surface-active agent such as an antifoam composition is present, the stream 
lines around the bubble follow the Hadamard-Rybcznski model shown in Fig. 4.46b 
[73]. Slightly different forms of the Stokes equations should be used for this model: 

U=---
W d 2  
18rl 

24 
C d  = -

Re 

Drag coefficients of three different antiwear hydraulic oils as a function of 
varying Reynolds number are shown in Fig. 4.47a. Similar data for two fire-resistant 
hydraulic fluids-phosphate ester (SFR-C) and water-glycol fluid Irus 504-is pro-
vided in Fig. 4.47b. In both cases, the data correlate within the Stokes equation, 
which means that gas bubbles move as solid spheres in these fluids by the Stokes 
model [73]. 

Ida performed similar experiments with a silica-supported defoaming agent and 
a single-component higher-alcohol-type defoaming agent. His results showed that the 
silica-supported defoaming agent followed the Stokes model and the higher-alcohol 
defoaming agent (and other additives) followed the Hadamard- Rybczynski model 
V l .  

Table 4.7 Ascent Rates of Naked Bubbles 

Bubble diameter Terminal rates of 
(mm) ascent (mm/s) 

I 11.oo 
10-’ 0.11 
10-2 0.001 1 
10-~  o.ooo011 

Source: Ref. 74. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



10-* 10-' 1oo 
Reynolds Number (Re) 

104 
symbol oil name oil temp.("C) U (cst) 

0 lnrs 504 19.520.6 10598.6 
X SFR-C 24.6-25.4 116106 

Stokes Eauation 

..
-

rn Hadamard-Rvbczvnski Equation 

1 t I I 1 I l l  I I I t I t I l * \10' ' ' * I ' 

1o-2 10" Ioo 
(b) Reynolds Number (Re) 

Figure 4.47 Comparison of drag coefficients for (a) different petroleum oils and (b) fire-
resistant fluids. (From Ref. 73.) 
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Pressure = 12 BAR 

-Saturation at atmospheric pressure 
I I I I I 


10 50 100 150 200 


Hours 

Figure 4.48 Dissolution rate of air in hydraulic oil under pressure. (From Ref. 78.) 

Fowle studied the effect of a silicone antifoam on the air-release properties of 
a turbine oil [74]. Although these fluids initially exhibited both antifoaming and air- 
release properties, the air-release property was lost with increasing use time. Other 
work [76,77] has shown that although silicones exhibit excellent antifoam properties, 
at least initially, they do not exhibit superior air-release properties. 

Figure 4.49 Effect of viscosity on air dissolution with compression. (From Ref. 79.) 
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Figure 4.50 Air released from petroleum oil. (From Ref. 7.) 

The dissolution of air in a fluid is a time-dependent diffusion process. Figure 
4.48 shows the dissolution rate of air in a hydraulic oil with time at 12-bar pressures 
with no flow, which helps explain the relatively long diffusion times [78]. Figure 
4.49 illustrates the solubilization of air bubbles with increasing pressure and fluid 
viscosity [79]. 

The reverse of this process is “air release.” Figure 4.50 shows that the release 
of air from a hydraulic fluid is enhanced by increasing temperature (lower viscosity) 
and reduced pressure [7]. Figure 4.51 illustrates the volume reduction of a hydraulic 
oil containing entrained air with respect to increasing pressure [78]. 

When an air-ignitable mixture is present inside of the air bubbles, ignition may 
occur from the temperature rise which occurs during compressing during a pressure 
cycle (see Fig. 4.52) [80]. This process requires only nanoseconds and the localized 
temperature may be as high as 1100°C. These high temperatures may subsequently 
lead to oil degradation [81]. This is called the “micro-diesel effect’’ and may cause 
localized hot spots and pressure spikes, which may subsequently lead to structural 
damage of the hydraulic pump [78]. 

Foam Tests 
In this section, an overview of various laboratory tests that have been used to measure 
the foaming tendency of hydraulic and other industrial fluids will be discussed. The 
Tamura classification of these tests will be followed [82]. These test classifications 
include static tests, such as pouring, shaking, beating, rotational, and stirring, and 
dynamic tests, which include air injection and circulation. This discussion will be 
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= 
.I 

0+ 

Pressure (bar) 

Figure 4.51 Volume reduction of H-L hydraulic oil (H-LP 36) permeated with air bubbles 
relative to bubble-free oil with increasing pressure. (From Ref. 78.) 

Figure 4.52 Theoretical bubble temperature increase with compression at atmospheric 
pressure. (From Ref. 80.) 
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followed by a description of pump tests that have been reported for measurement of 
the foaming tendency of hydraulic fluids. 

STATIC TESTS 

1. Pouring tests. One common test used to determine the foaming tendency 
of a fluid is the Ross-Miles method [83,100]. This test is conducted by 
allowing fluid to flow from a fixed height onto the surface of the same 
solutions using the test apparatus shown in Fig. 4.53a. The initial foam 
head and the foam head after 5 min is measured. These values provide a 
measure of foaming tendency and foam stability. 

2. Shake test. Perhaps the simplest foam test, although not very reproducible, 
is the bottle shake test [85],  where 200 mL of the fluid is placed in a 16- 
oz. wide-mouth, screw-top glass bottle and then shaken with an up-and- 
down motion. The initial foam height and after 5 min is recorded. The 
time required for the foam head to drop to 1 cm above the initial fluid 
level is recorded. 

Dimensions in mm 

/ 
Rubber Sto er 

r_ee 
I 

L ir 

Foaming Column 

Figure 4.53 Measurement of foaming tendency: (a) Ross-Miles apparatus, (b) foam gen- 
eration using plungers, and (c) Bhat and Harper apparatus. (From Ref. 82.) 
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echanical drive 

rTimer Con troller 

Variable Speed 
Stirrer Motor 

0.8cm dia. 
,6.77cm 

String for Opening the 

Temperature Controlled 
Water Bath7 

Foam Column, 500mlcalib. 5ml 
Propeller (5.lcm dia.) 
with 3 Blades (50 pitch

Ground-Faced 
35-20 Female Joint 
35-25 Male Joint 

(c) 

Figure 4.53 Continued 
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3. Beating method. A standard volume (200 mL) of the fluid is placed in a 
1-L cylinder and beaten 30 times in an up-and-down motion with a porous 
dish using the apparatus schematically illustrated in Fig. 4.53b [86]. The 
foam volume immediately after heating is recorded. 

4. Stirring method. The ASTM D 3519 [87] test is used for (Waring blender) 
measurement of foaming of low-viscosity solutions under high-shear con- 
ditions. In this test, 200 mL of fluid is placed in a Waring blender and 
stirred at a high speed for 30 s and the initial foam height and foam height 
after 5 min is measured. The time for the foam head to drop to 1 cm above 
the initial fluid level is also measured, A variation of this test is the “Stir- 
ring Plate” method described in JIS K 2241 [88]. In this test, 60 mL of 
solution is placed in a 100-mL cylinder and stirred at 1500 rpm for 5 min. 
The foam volume 15 min after the stirring is stopped is measured. An 
example of this test apparatus is illustrated in Fig. 4 . 5 3 ~was reported by 
Bhat and Harper [89]. 

DYNAMIC TESTS 

Air-injection method. Another common test to determine the foaming ten- 
dency of a hydraulic fluid is ASTM D 892 [90]. Air is injected at 94 
mL/min through an 80 FM porous glass frit into 190 mL of test fluid 
contained in a l-L graduated cylinder for 5 min, as illustrated in Fig. 4.54, 
at which time the foam height is measured. A simplified version of this 
test is used to measure the foaming properties of engine coolants is illus- 
trated in Fig. 4.55a [82]. A similar version of this test using requested 
compressed gas flow was recently patented [91,921. 
Circulation method. A French method [93] has been reported which in- 
volves continuously dropping the test fluid from a 750-mm height through 

Air Flow 89 - 99 
Capillary 0.4 dla. x 16 

Flow Meter 

1000 ml Graduated 

Figure 4.54 ASTM D 892 foam testing apparatus. (From Ref. 90.) 
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Metered Oil S u p p l b  

Note: Use Laboratory Clamps to 
Center Air Inlet Tube and 500ml 
Graduated Cylinder 

ASTM Partial 
Immersion Thermometer 

Glass Tube and 
Connection Using Vinyl Level of Water Bath 

(350 - 375ml Mark) 

Air Inlet Tube 
eat Resistant Glass) 

500 ml Graduated Cylinder eve1 of Coolant Test Solution 
(Heat Resistant Glass) 

750 Watt Hot Plate 

(a) 

Figure 4.55 (a) Glassware foam test and (b) recycling and fall method. (From Ref. 82.) 

a nozzle placed in a 40-mm-diameter 1080-mm-high glass cylinder, as 
shown in Fig. 4.55b [82]. A pump is used to recirculate the fluid. 

Air Entrainment- Experimental Procedures 

Numerous experimental procedures have been reported to determine the propensity 
for a fluid to entrain air. Some procedures are based on relatively simple laboratory 
glassware apparatuses. Most often, proprietary experimental apparatuses which have 
been custom built for this specific purpose are used. An overview of experimental 
procedures that have been reported to study hydraulic fluid air entrainment will be 
provided here. 

1 .  “Bubbly” oil viscorneter. In order to study the effect of air-bubble en- 
trainment on the viscosity of mineral-oil-based hydraulic fluids, Hayward 
developed the “bubbly” oil viscometer shown in Fig. 4.56a [94,95]. An 
aerator, illustrated in Fig. 4.56b, which is similar to a jet-type suction 
pump operating at 600 psi, is used to aerate the fluid [94]. Bubble content 
is controlled with the valve on the air suction line and oil pressure. Bubbly 
oil flows from the tank into a sump, from which it is returned to the 
aerator, forming a continuous circuit. The bubbles were separated by fit-
ting the viscometer tank with a 60-mesh, 36-SWG wire gauze fitted at an 
angle of 30” in the sump. 

Fluid flow through the viscometer tube in Fig. 4 . 5 6 ~  was measured 
by placing a container of known volume beneath the jet at position A 
shown in Fig. 4.56a and measuring the time to fill the container with a 
stop watch [94]. 
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I_ 

Figure 4.55 Continued 

Bubble content was determined by measuring the volume of the 
bubbles in the bubbly oil. Hayward found that bubbles imparted a rela- 
tively small increase in viscosity over the range of 30- 170 CS at 30°C 
according to 

q b-= 1 + 0.OlSp 
To 

where q b  is the viscosity of bubbly oil, qo is the viscosity of bubble-free 
oil, and p is the percentage of bubble content. 

2. Deutsche shell air-release test. An air-oil emulsion is prepared using an 
aspirator usually fitted to water line to provide a vacuum source for fil- 
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Figure 4.56 Hayward “bubbly” oil viscometer: (a) circulation system; (b) oil aerator; (c)  
viscometer tube. (From Ref. 94.) 
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tration [96]. Oil is fed through the entry, usually attached to the water 
line. The rate of air release from a 5% air-oil emulsion is determined 
graphically by plotting the change in density with time. Poor temperature 
control, which is vital, is one of the disadvantages of this procedure. 

3. Allgemeine Elek Tricitats- Gesellschaft (AEG) method. This is basically 
a Waring blender test where 700 mL of the fluid at the test temperature 
(usually 50°C) is stirred at a "high" agitation rate approaching 20,000 
rpm for 25 s. The fluid is then poured into a 1OOO-mL graduated cylinder 
and the rate of air-bubble loss is measured [96]. 

4. Technischer UberwochungslVerein (TUV) method. This test method, DIN 
51 381, involves the preparation of an air-water emulsion by introducing 
compressed air through a 2-mm capillary tube for 7 min using the ap- 
paratus illustrated in Fig. 4.57 [98]. 

The test temperature is usually 25"C, 50"C, or 75°C. Air release is 
determined by monitoring fluid density with time. The volume of dis-
persed air is calculated using 

(PO - P J  x 100L =  
PO - P I .  

1 

I 

-I 
1 Do:L20 -

- .-F= 
f '  3# 

Figure 4.57 TUV air-in-oil dispersion method. (From Ref. 98.) 
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where L is the volume % of dispersed air, p,, is the density (g/mL) of the 
bubble-free fluid, p, is the density after time ( x )  (in min), and pr. is the 
density of air (in g/mL) at the test temperature. 

5. Rowland’s air-entrainment method. In this test, which is a variation of 
the AEG method discussed previously, 600 mL of the fluid at 100°F is 
mixed in a 1200-mL reservoir of a Waring blender at 9200 rpm for 10 s 
and then poured into a rectangular reservoir shown in Fig. 4.58a [99]. 
Because the amount of air is measured optionally, the sides of the res- 
ervoir are flatted to minimize error. The filled reservoir is immediately 
placed in a 100°F constant-temperature bath. The test cell is withdrawn 
periodically to measure bubble content by light absorption using the pho- 
tocell shown in Fig. 4.58b and then replaced in the constant-temperature 
bath. 

6.  Dynamic L.T.G. method. The L.T.G. apparatus is shown in Fig. 4.59 [1001. 
This method is based on a circuit utilizing a gear pump. Air content may 
be varied from 5 to 20 L and the size of the reservoir may be varied. A 
“rest time” (TR) value is calculated from 

TR, = Vie 
where TR, is the time of the oil in the settling tank (in s), Q is the 
volumetric capacity (L/s), and Vi is the volume of oil (L) in the tank 
being used. 

The advantage of this method is that it not only measures air release 
but also the stability of the aerated fluid under operating conditions. 

,Inside Width = 1 1/4 in. 

6 in. 

Glass Plate Thickness = 3/32 in. 

Figure 4.58 Measurement of bubble content by light transmission. (a) Glass measuring 
cell and (bj Light absorption measuring cell. (From Ref. 99.j 
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(b) Side View 

Figure 4.58 Continued 

7 .  Dead-weight apparatus. The principle of measurement of bubble content 
for the dead-weight apparatus, which is shown in Fig. 4.60 is based on 
Henry’s Law, where the solubility of a gas is proportional to the absolute 
pressure [1011. With sufficient compression, all of the gas bubbles will 
dissolve in the oil. The reduction in volume is a function of the bubble 
content. 

This is one variation of the general class of piston-and-plunger 
methods, where a cylinder is filled to overflowing, a cap is then screwed 
on, a 15-lb. plunger is inserted, which creates a pressure of 300 psi [94]. 
The reduction in volume is proportional to the bubble content of the oil. 
Other variations of the general method have been reported by Magorien 
[53]and Liddell et al. [102]. An interesting variation of the system was 
reported, in which gas content of a water-glycol fire-resistant hydraulic 
fluid was measured using ram pressure and displacement curves while 
the fluid was in operation in an actual hydraulic circuit [103]. 

8. Zander method. Zander et al. have recently reported an apparatus (shown 
in Fig. 4.58) procedure capable of measuring relatively short air-release 
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G 

-
A. Settling Tank E. Air Feed System
B. Heating Bath F. Measuring Unit 
C. Oil Flowmeter G. Recorder 
D. Gear Pump 

Figure 4.59 Schematic diagram for apparatus used for dynamic study of air entrainment: 
A-settling tank; B -heating bath; C-oil flowmeter; D-gear pump; E-air-feed system; 
F-measuring unit; G-recorder. (From Ref. 100.) 

times [104]. This procedure is based on continuous measurement of the 
differential hydrostatic pressure between the points shown in Fig. 4.6 1 
[104]. The volume fraction of air bubbles is calculated from the differ- 
ential pressure divided by the fluid density and plotted as a function of 
time. This procedure is sensitive for air-release times less than 10 s. 

9. Hydrostatic balance. A relatively simple procedure for the reproducible 
measurement of air-bubble volume is to apply Archimede’s principle 
[ 1011. In this procedure, a heavy object of 10 spherical, of known volume 
( V )  and weight ( W ) ,  is immersed into the bubbly oil and the displaced 
fluid weight is measured (the volume will be equal to the volume of the 
object). The bubble content is calculated from 

Bubble content = wb - WO 
w - WO 

where 

wh = the apparent weight of an object when immersed in bubbly oil 
W = apparent weight of an object when immersed in bubble-free 

oi1 
WO= the weight of the object. 

10. Surnple bottle method. The steel bottle shown in Fig. 4.62 is filled with 
bubble-free oil at atmospheric pressure and then the cap is immediately 
screwed on with the attached valve in the open position [1051. For either 
bubbly oil or bubble-free oil under pressure (or a vacuum) in a hydraulic 
system, the pressure-type sample bottle shown in Fig. 4.63 is used. The 
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Figure 4.60 Dead-weight apparatus for measurement of air entrainment. (From Ref. 101.) 

“bottles” are essentially :-in. bare pipe with a !-in. vacuum diaphragm 
valve at each end, capable of withstanding pressures up to 200 psi. After 
deaerating at 0.01-0.02 mm Hg and the gas content at standard temper- 
ature (273 K, 760 mm Hg), the volume of air content (1/1 by volume) is 
determined using 

Air content = 35.92 (;,)- (P? ;PI) 

where 

V,  = the volume of the deaeration chamber (mL) 
V,,= the volume of the sample bottle (mL) 
Pz = the final pressure of the deaeration chamber (mm Hg) 
P, = the initial pressure of the deaeration chamber (mm Hg) 

11. Turbidity measurement. Turbidity of hydraulic fluids varies with both the 
quantity and size of entrained air bubbles, as shown in Fig. 4.64 [106]. 
However, this figure also shows that turbidity measurements may possibly 
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I 

Figure 4.61 Measurement of entrained air by differential pressure. (From Ref. 104.) 

yield erroneous results due to instrument sensitivity for very low levels 
of entrained air. 

12. In-line analysis of fluid aeration. Tsuji and Katakura photographically 
examined and measured the effect of dissolved air on the changes of 
bubble size in a hydraulic system [ 1071. This study was performed using 
a measuring apparatus which was inserted in the hydraulic circuit, as 
shown in Fig. 4.65a. A schematic of the measuring apparatus is provided 
in Fig. 4.65b. In this work, deaerated oil was used and bubbles were 
injected into the system through a “bubble injection port.” The charac- 
teristics of the injected bubble was then studied photographically. 

Oil Level -

Figure 4.62 Open-type sample bottle, (From Ref. 105.) 
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Figure 4.63 Pressure-type sample bottle. (From Ref. 105.) 

In another study, Tsuji and Matsui quantitatively measured the bubble content 
of a hydraulic fluid during operation [108]. The experimental test circuit is shown 
in Fig. 4.66. Air is drawn into the hydraulic fluid by the suction with pressure of the 
pump and air content is controlled through with valve. Aerated fluid is sent to the 
measurement system by natural head. Bubbles in the fluid are photographed through 
a sight glass in the system shown in Fig. 4.66. The volume distribution of the bubbles 
in the fluid in the hydraulic circuit is shown in Fig. 4.67. 

Air-Release Specifications 
Barber and Perez have summarized the current national specifications for air release. 
These are summarized in Table 4.8 [76]. 

2.4 Compressibilityand Bulk Modulus 

When a hydraulic system is activated, the hydraulic fluid is compressed as shown 
in Fig. 4.68. Compression is defined as “volume percent decrease under adiabatic 
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Figure 4.64 Quantification of entrained air by appearance. (From Ref. 106.) 

conditions” [ 1091. (In adiabatic processes, it is assumed that there is no loss of heat 
due to compression.) 

Compressibility ( X )  = ($)A p  

In the absence of specific technical data, it is often assumed that the compress- 
ibility of a petroleum oil is approximately 0.5% for each 100 psi pressure increase 
up to 4000 psi [ 1101. However, compressibility for representative fluids as a function 
of pressure is provided in Table 4.9 [ l  1 I] and Fig. 4.69 [ 1121. 

Bulk modulus is defined as “the resistance to a decrease in volume when 
subjected to pressure” and is the inverse of compressibility [ 1091: 

Bulk modulus ( K )  = -Vo (%) 
Although the bulk modulus of a fluid affects hydraulic system performance, it 

is especially important in servo valve operation. If the bulk modulus is too high, 
fluid is not sufficiently compressible and excessive fatigue failures of the valve hous- 
ing may result. 

The change in volume at a constant pressure is dependent on the type of com- 
pression process: isothermal compression with no change in temperature or adiabatic 
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Figure 4.65 (a) Apparatus for measurement of air content of hydraulic oil; (b) observation 
cell of air-content measurement apparatus. (From Ref. 107.) 
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prgz
\
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Figure 4.66 (a) Hydraulic circuit for measurement of air content: 1-light source; 2 -
camera; 3 -light source; 4-photocell; 5-DC amp; 6-oscilloscope; (b) Optical cell for 
quantification of air-bubble content. (From Ref. 108.j 

(isoentropic). Differences between isoentropic and isothermal compressibility are 
shown in Fig. 4.70 [ I  121. 

Hayward has reported the isoentropic compressibilities for selected fire-resis- 
tant fluids (Table 4.10). For mineral oils, the following expression for isoentropic 
mineral oil was given [113,114]: 

p @ 20°C and 10,000 lbs./in.’ = 3.5 - 0.2 log r\ 

where p is in 1OPh in.*/lb. and r\ is the kinematic viscosity at 22°C. The bulk modulus 
does not follow Hooke’s Law because the relationship of pressure to specific volume 
(AVW,,) is not linear, as shown in Fig. 4.70 [I 121. 

There are two general graphical solutions to determine the bulk modulus. One 
solution is the secant bulk modulus (K,,,), where a straight line is drawn between 
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Figure 4.67 Bubble distribution in hydraulic oil. (From Ref. 108.) 

Table 4.8 National Specifications for Air Release 

Specification Comment 

DIN 51524 Parts 1, 2,  and 3 For IS0 VG grade, air release limit up to 
IS0  VG 10, 22, and 32, 5 min maximum 
I S 0  VG 46 and 68, 10 min maximum 
IS0 VG 100, 14 min maximum 

Dension Hydraulic ATP-30283-A Deaeration by AFNOR NFT 60-149 shall be 7 min 
maximum for any viscosity grade 

Case Poclain SA Deaeration by AFNOR N m 60- 149 shall be 7 rnin 
maximum for all grades. The test temperature 
varies according to the grade (PPF 0 30°C, 
PPTC @ 5OoC, PPCC 0 70°C) 

Svensk Standards ss 15 54 34 The air release requirement varies with the grade: 
SH15, 5 rnin maximum 
SH32 8z 46, 10 rnin maximum 

SH68, 12 rnin maximum 
AFNOR NF E 48-603 For the HM fluids, the requirement varies with 

IS0 grade: up to 
IS0 VG 32, 5 rnin maximum 
IS0 VG 46, 7 rnin maximum 
I S 0  VG 68, 10 rnin maximum 

IS0 CD 11 158 For up to 
IS0 VG 32, 5 min maximum 
IS0 VG 46 and 68 grades, 10 rnin maximum, 

and for IS0  VG 100 and above, 14 min 
maximum 

Source: Ref. 76. 
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Figure 4.68 Illustration of fluid compressibility. 

atmospheric pressure and the pressure of interest on the pressure-specific volume 
curve, as shown in Fig. 4.7 1 [1121: 

K,,, = - - AP at constant temperature (:;I

The isothermal secant bulk modulus can be calculated for any fluid from den- 

sity or viscosity as follows [ I ] :  
From fluid kinematic viscosity: 

K,,, = (1.30 + 0.15 log q)[(antilog 0.0023)(20 - T ) ]  X 10' + 5.6P 

From fluid density: 

K,,, = [1.51 + 7(p - 0.86)][(antilog 0.0023)(20 - T ) ]  X 10' + 5.6P 

where P is the pressure (in bars), T is the temperature (in "C), q is the 
kinematic viscosity at atmospheric pressure (in CS at 2O"C), p is the density 
at 20°C and atmospheric pressure (in kg/L). 

Table 4.9 Volume Reduction with Increasing Pressure for Common Hydraulic Fluids 

% Reduction in volume % Reduction in volume 
Fluid at 1000 psi at 10,000 psi 

Water 0.34 3.3 
Water-in-oil 0.35 3.5 
Water-glycol 0.26 2.6 
Mineral oil 0.35 3.4 
Phosphate ester 0.25 2.5 
Chlorinated aromatic fluids 0.24 2.4 
Silicone fluids 0.66 6.8 

Source: Ref. 1 1  1 
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vlm 

Relative Decrease In Specific Volume (-V/V) 

Figure 4.69 Relative decrease in specific volume ( -AV/V,,) for different hydraulic fluids. 
(From Ref. 112.) 

vo -vRelative Speclfic Volume Decrease 7 
Figure 4.70 Illustration of the differences in specific volume (V,, - V)/V,,, for isoentropic 
and isothermal compression. (From Ref. 112.) 
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Table 4.10 Compressibility Values for Various Formulation of Fire-Resistant Fluids 

Fluid Description Measured Values 

Isentropic secant 
compressibility 
at 10,OOO lbs./ 

Water Viscosity in.’ and 20°C 
content at 22°C [(in.’/Ib.) X 

Type of fluid Additives (wt.%) (CS) 10-h] 

Water -glycol Liquid-phase and vapor-phase corrosion 35-50 61.9 2.01 
inhibitors, metal deactivator, and 
lubricity improver 

Water-glycol Liquid-phase and vapor-phase corrosion 35-50 100 1.98 
inhibitors, metal deactivator, and 
lubricity improver 

Diethylene glycol polyalkylene Corrosion inhibitor and antiform 55 43.4 2.07 
glycol mixture in water 

Water -glycol Liquid-phase and vapor-phase corrosion 50 91.7 2.05 
inhibitor 

Water -glycol Liquid-phase and vapor-phase corrosion 40 81.6 2.06 
inhibitor 

Water-glycol Corrosion inhibitor antiwear and - 22.7 2.01 
antioxidant 

Water -glycol Corrosion inhibitor antiwear and - 52.4 2.02 
antioxidant 

Water-glycol Corrosion inhibitor antiwear and - 139 1.99 
antioxidant 

Water -glycol solution Antirust 40 117 1.97 
Water-in-oil emulsion Emulsifier, corrosion inhibitor, antiwear 40 117 3.15 

and oxidation inhibitor 
Water-in-oil emulsion Emulsifier, antiwear, and antirust 43 77.7 3.00 
Water-in-oil emulsion Emulsifiers 37.5 1200 3.05 
Water-in-oil emulsion Emulsifier gum inhibitor, antirust and 40 222 3.09 

antiwear (by vol.) 
Water-in-oil emulsion Corrosion inhibitor and antiwear - 145 3.08 
Water-in-oil emulsion Corrosion inhibitor and antiwear - 182 3.07 
Phosphate ester Viscosity index improver, corrosion - 18.2 2.93 

inhibitor, antioxidant, dye and other 
multipurpose additives 

Phosphate ester (mixture of None - 146 2.34 
triaryl phosphates) 

Phosphate ester None - 135 2.27 
Phosphate ester Antioxidant, copper deactivator, - 73.5 2.29 

antirust, emulsifier and antiform 
Phosphate ester Viscosity index improver, antioxidant, - 85.5 2.27 

copper deactivator, antirust, 
emulsifier, and antifoam 

Phosphate ester Antioxidant and antiform - 142 2.34 
Phosphate ester Antiform - 342 2.33 
Aryl phosphate None - 723 2.32 
Aryl phosphate None - 149 2.36 
Aryl phosphate None - 91.9 2.28 
Aryl phosphate None - 82.5 2.28 
Aryl phosphate None - 245 2.37 
Mixed aryl alkyl phosphate Viscosity index improver and traces of - 15.9 3.20 

ester other additives 
Mixed chlorinated diphenyl Rust inhibitor, foam-control additive, - 182 2.27 

and lubricity additive 
Chlorinated polyphenyl Viscosity index improver, antiwear, - 347 2.28 

antifoam, and antirust 
Sebacate diester None - 21.7 3.14 
Adipate diester None - 22.6 3.28 
Silicate ester None - 11.5 3.61 
Chlorophenyl methy None - 74.4 4.27 

pol ysiloxane 

Source: Ref. 114. 
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Figure 4.71 Illustration of the calculation of secant bulk modulus. (From Ref. 112.) 

If sudden variations in pressure are encountered, as is typical in hydraulic 
systems, the use of the isoentropic (dynamic) secant bulk modulus is preferred: 

= --LS]K,, A P  at constant entropy 

where Vo is the specific volume at atmospheric pressure at constant entropy, A V  is 
the difference in specific volume (Vo - V) at pressure P. 

The isoentropic second bulk modulus may also be calculated from either Auid 
viscosity or density [9]. From fluid viscosity, 

K,,, = (1.57 + 0.15 log q)[(antilog 0.0024)(20 - T)] X 104 + 5.6P 
K,,, = [1.78 + 7(p - 0.86)][(antilog 0.0024)(20 - T ) ]  X 104+ 5.6P 
The secant bulk modulus is dependent on both temperature, as shown in Fig. 

4.72 [116] and Table 4.11 [115], and pressure, as shown in Fig. 4.73 [116]. The 
isothermal tangent bulk modulus is determined by drawing a line tangent to the 
pressure of interest on the pressure-specific volume curve, as shown in Fig. 4.74: 

K,,, = - v  (g) at constant temperature 

where V is the specific volume at pressure P. 
The isoentropic tangent bulk modulus may be calculated by multiplying the 

isothermal bulk modulus by the heat capacity ratio Cp/Cr.vpica l  values for mineral 
oils are provided in Table 4.12 [94]. 
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Figure 4.72 Secant bulk modulus versus temperature for petroleum oils. (From Ref. 116.) 

All of the illustrative compressibility and bulk modulus data provided thus far 
has been for nonaerated fluids. However, as discussed previously, it is common for 
hydraulic fluids to undergo some aeration in use. Because air is more than 10,000 
times as compressible as oil, aeration will significantly effect bulk modulus as shown 
in Fig. 4.75 [ 1171. The Hayward equation that describes the effect of air bubbles on 
secant bulk modulus is 

Table 4.11 Variation of Bulk Modulus with Pressure 
and Temperature 

Secant bulk modulus 
increase with pressure 

(0-5000 psig) (96) 

Fluid type 100°F 400°F 

Petroleum base 30 100 
Phosphate ester 20 47 

Source: Ref. 115. 
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Figure 4.73 Secant bulk modulus versus pressure for petroleum oils. (From Ref. 116.) 

Tangent Bulk Modulus at P 
A 

vo -vRelative Specific Volume Decrease 7 
Figure 4.74 Illustration of the calculation of tangent bulk modulus. (From Ref. 112.) 
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Table 4.12 Typical C,,/C,,Ratios for Mineral Oils 

Temperature c,,/CT, c,,/C,! 
("C) (atmospheric pressure) (70 MPa) 

10 1.175 1.15 
60 1.166 1.14 

120 1.155 1.13 

Source: Ref. 94. 

p = Pressure (PSI) 

Figure 4.75 Bulk modulus factor-pressure curves for air-oil mixture. (From Ref. 117.) 
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where 
V, = the total volume at atmospheric pressure P,, 
V,,= the air volume at atmospheric pressure P,, 
PO= atmospheric pressure 
P = the system pressure 
K = the secant bulk modulus of the unaerated oil [94,118,119] 

This equation should be used with caution due to the solubility of air in the fluid at 
higher pressures. 

Hodges has provided nomograms to determine the secant and tangent bulk 
modulus of aerated fluids when the relative volume of the entrained air is known. 
The secant and tangent bulk modulus values are calculated from the value of 4 taken 
from Figs. 4.76 and 4.77, respectively, and using the appropriate equation [9]: 

Secant bulk modulus (aerated) = K,,,+,,, 

Tangent bulk modulus (aerated) = K,,,4,,, 

2.4.1 Prediction of Bulk Modulus 

Because the modulus varies with temperature and pressure, it is of interest to be able 
calculate the value at a temperature or pressure other than the one available. Klaus 

1.c 

0.a 

0.6 

er 
0.4 

0.2 

Pressure (MPa) 

Figure 4.76 Correction coefficient for secant bulk modulus of any fluid containing undis- 
solved air. (From Ref. 9.) 
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I 

Pressure (MPa) 

Figure 4.77 Correction coefficient for tangent bulk modulus of any fluid containing un- 
dissolved air. (From Ref. 9.) 

and O’Brien have shown that the use of the following equations with Fig. 4.78 
permits the calculation of secant bulk modulus at any temperature between 32°F and 
425°F and pressure between 0 and 150,000 psig [120]: 

where 

K,,, = the isothermal secant bulk modulus at pressure P (psi) and temperature 
T (OF) 

( K & ,  = the isothermal secant bulk modulus at 0 psig and temperature T 
P = the pressure (psig) 

where 

(Kt&, = the isothermal secant bulk modulus at pressure P (psig) and temper- 
ature T ,  (OF) 

(Kt&? = the secant isothermal bulk modulus at pressure P (psig) and temper- 
ature T2 (OF) 
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Figure 4.78 Generalized bulk modulus-pressure relationship (32-425°F). (From Ref. 120.) 

The value of (3 is obtained from Fig. 4.79 [120]. 
Klaus also showed that the tangent bulk modulus and secant bulk modulus are 

interrelated by [1201 

( K t u J P  - ( K e c ) 2 P  

Wright has provided a nomogram for the prediction of secant bulk modulus of a 
petroleum oil at different temperatures shown in Fig. 4.72 and pressures shown in 
Fig. 4.73 [121]. 

The bulk modulus varies with oil chemistry (paraffinic versus naphthenic), as 
shown in Fig. 4.80 [121]. 

2.4.2 Methods of Measurement 

Various methods have been reported to determine the bulk modulus of fluids. These 
include a mercury piezometer, a single-liquid piezometer, metal bellows, and acoustic 
method, and a thermodynamic conversion method [11 31. Goldman et al. have re- 
ported the use of a piston method using the apparatus shown in Fig. 4.81 [122]. 

A similar system has been developed by Hayward, where a load is applied 
through a rod entering the fluid being tested and the penetration of the rod is pro-
portional to the compressibility of the fluid. A schematic of the instrument is shown 
in Fig. 4.82 [ I  131. 

Ultrasonic measurement of compressibility has also been applied using the 
apparatus similar to that shown in Fig. 4.83 [123,124]. 
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Pressure x lOW3(PSIG) 

Figure 4.79 Effect of temperature and pressure on bulk modulus. (From Ref. 120.) 

2.5 Cavitation 

Cavitation is defined as “the dynamic process of gas cavity growth and collapse in 
a liquid” [125]. These cavities are due to the presence of dissolved gases or vapor- 
izable liquids and they are formed when the pressure is less than the saturation 

1 0 - ~  
1 I I 

\ ‘  

I I ! I 
4100 200 300 400 0 

Temperature (OF) 

Figure 4.80 Effect of oil type and temperature on secant bulk modulus at 20,000 psig. 
(From Ref. 121.) 
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Figure 4.81 Apparatus for measurement of fluid compressibility. (From Ref. 122.) 

pressure of the gas (gaseous cavitation) or the vapor pressure of liquid (vaporous 
cavitation) [1261. 

2.5.1 Gaseous Cavitation 

According to Henry's Law, the solubility of a dissolved gas, such as dissolved (not 
entrained) air in a hydraulic fluid, is directly proportional to the pressure on the fluid. 
A decrease in pressure will decrease the solubility of the gas, releasing it from the 
solution in the form of bubbles. When the system is pressurized again, the gas will 
redissolve with the generation of heat. This process is called gaseous cavitation. 

2.5.2 Vaporous Cavitation 

If the pressure of a system is reduced below the vapor pressure of the fluid, vapor 
bubbles (cavities) will form. This is called vaporous cavitation. The vapor pressure 
of water, which is present in many fire-resistant fluids or as a contaminant in mineral 
oil, is shown in Fig. 4.84 [127]. The greater propensity for cavitation of water and 
water-containing fluids compared to mineral oil is due to the vapor pressure of water. 

Of the two forms of cavitation, gaseous and vaporous, gaseous cavitation is 
most often encountered in hydraulic systems. However, even with relatively large 
amounts of entrained air, gaseous cavitation still may not occur, although hydraulic 
response times will be affected [1281. 
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Figure 4.82 NEL bulk modulus tester. (From Ref. 113.) 

2.5.3 Cavitation Numbers 

Calculation of Cavitation Number 
A common indicator of cavitation potential of a fluid at the cavitating surface is the 
cavitation number ( K )  [129,1301: 

where 

P,, = the static pressure at the inlet 
P,, the vapor pressure of the fluid = 
Vo = the velocity at the inlet 
p = the fluid density 

The smaller the number, the greater the cavitation potential. 
Hara et al. evaluated the effect of water content of a water-glycol and a water- 

in-oil (W/O) emulsion on the “critical” cavitation numbers (K,.)using an orifice in 
a hydraulic circuit test shown in Fig. 4.85 [131]. For this work, K,. is defined as 
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Figure 4.83 Ultrasonic velocity apparatus. (From Ref. 124.) 
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Figure 4.84 Vapor pressure of hydraulic fluids. (From Ref. 127.) 
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Figure 4.85 Hydraulic circuit for cavitation test. (From Ref. 131.) 

where P I  is the orifice inlet pressure and P ,  is the orifice outlet pressure. 
The results of this study showed that increasing water content produced a 

general increase in critical cavitation numbers with increasing Reynold’s numbers 
for both the water-glycol and W/O emulsion fluids, as shown in Figs. 4.86 and 4.87, 
respectively [1311. 

2.5.4 Cavitation Equations 

A dimensionless equation has been developed which provides an interrelationship 
between the type of pump and the required fluid velocity inside of the pump to 
assure no cavitation. This equation is [7] 

where 

Ql.= the volume flow loss due to cavitation (ft’/s) 
QT = the total theoretical pump discharge flow rate (ft3/s) calculated from A,V, 

[A,  = area (in ft) 
Vp= velocity of piston, vane, or gear tooth (in ft/s) 
PA= atmospheric pressure (lbs./ft2) ( I  in. Hg = 70.7 Ibs./ft’) 
PI = the pump inlet pressure (Ibs./ft’) 
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Figure 4.86 Effect of water content on cavitation of a water-glycol and a mineral-oil 
hydraulic fluid. (From Ref. 131.) 

Pk,= the vapor pressure of the fluid (lbs./ft2) 
p = the fluid density (slugs/ft') 
C = the cavitation number, which is calculated from (V. - V,)/V,, where V, 

and V2are the velocity of the fluid in the pumping cavity at points 1 and 
2, respectively (see Fig. 4.88) 

The dimensionless term QL/QTindicates the loss of flow caused by cavitation, 
(P ,  - Pl,)PAis a measure of the static pressure available at in pump inlet to increase 
the fluid velocity, and P,/pCV; is a coefficient that includes the effect of fluid density 
and flow rate. This equation was used to derive Figs. 4.89 and 4.90, which show the 
probability and nature of cavitation, respectively. 

The dimensionless cavitation equation may be rewritten 

-
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Figure 4.88 Schematic for derivation of the cavitation equation. (From Ref. 7.) 

Vp (ft./sec.) 

Figure 4.89 Probability of cavitation, This graph relates inlet pressure to pump velocity. 
The cavitation factor C is a measure of the acceleration required by the fluid to reach the 
velocity of the moving element. High values of C mean that the fluid is initially at a standstill 
and requires maximum acceleration. Low values of C mean the fluid has initial velocity that 
helps move the oil into the pumping cavity. The value of C is dependent on inlet design and 
pump type. Vanes in stator pumps typically may be as low as C = 0.25. Screw pumps may 
have C = 0.3. Spur gear and vane in rotor pumps will be no better than C = 0.4.Piston pumps 
may have C < 0.7. Any pump may approach C = 1.0 if the inlet design is not correct. (From 
Ref. 7.) 
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- 0  Pi - Pv- 1 

PA 

Figure 4.90 Nature of cavitation. QL/QTis a measure of the nature of cavitation and varies 
almost linearly with available net positive suction pressure in the region of severest cavitation. 
A hypothetical pump with zero cavitation corresponds to the curve on the extreme left, where 
any pressure is sufficient to give full flow. QI,/QT= 0. Actual pumps will perform in the area 
indicated by the other three curves. These curves are for pure cavitation effects and do not 
include the effect of entrained air and slip. (From Ref. 7.) 

(PI - PdAP 
QD = 

PCVP 

where QD is the actual pump discharge flow volume (ft'/s) which is Qr - Q,. 
The limitations to the use of these equations are as follows [7]: 

1. A fluid that is cavitating may not completely flash to vapor. In this case, 
the pump will perform less than predicted because the back pressure is 
less. Conversely, fluid with vapor pressure (Pv)higher than the inlet pres- 
sure ( P , )can prevent pumping entirely and pressurization or cooling of the 
inlet may be required. 

2. Air or gas entrainment may increase cavitation, particularly with large inlet 
pressure drops, because trapped air expands and occupies the pumping 
space. These equations assume that there is no entrained or dissolved air 
and that the theoretical vapor pressure is achieved. 

3 .  Although temperature variation will affect vapor pressure, the slope of the 
curve &/erversus (P ,  - P,)/P, shown in Fig. 4.90 will remain the same. 
Any fluid at any temperature may be analyzed as long as there is a position 
suction head. 

4. Viscosities up to 2000 (SUS) do not affect performance, but above that, 
cavitation increases. For fluid viscosities greater than 20,000 SUS, it may 
be necessary to pressurize the fluid. 

5 .  Any one or all of these separate effects may produce a separate family of 
curves. For example, if the speed is increased but other factors remain the 
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same, cavitation may become “excessive” instead of “moderate.’ ’ How-
ever, inlet restriction or entrained air will give similar results. Therefore, 
careful analysis is necessary. 

2.5.5 Gaseous and Vaporous Cavitation in Pumps and Orifices 

Cavitation problems often occur when pressure losses in the suction line to the pump 
inlet are sufficient to reduce air solubility, producing an entrained air mixture. This 
mixture is then fed into the pump, resulting in gaseous cavitation. If the pressure 
drop is sufficient, vaporous cavitation may result. 

One example of a potential vaporous cavitation problem is in a gear pump 
when gear teeth come out of mesh on the suction side, as shown in Fig. 4.91 [1261. 
Increasing void volume occurs due to the rotation of the gears. This volume must 
be filled through the orifice between the tip of the driving tooth and the face of the 
driven tooth. If there is insufficient fluid flow, vacuum cavities formed within the 
fluid may implode on the discharge side [1261. 

In cases where a fluid flows through an orifice, such as the constriction shown 
in Fig. 4.92, there must be a pressure drop at the constriction according to Bernoulli’s 
theorem, which states 

P,+ f p v :  = P, + f p v ;  

where p is the fluid density, P ,  and Pz,and V, and V, are the pressures ( P )  and flow 
rates (V), respectively, at points 1 and 2. To provide the necessary equality, the 
pressure at position 2 must be less than the pressure at position 1, as shown in Fig. 
4.92, as the fluid velocity is greater at position 2 than position 1 .  This pressure 
decrease may be sufficient to cause vaporous cavitation. This situation may occur in 
orifices in a hydraulic system needle valves and gate valves such as in spool and 
poppet valves, as shown in Fig. 4.93a and 4.93b, respectively [126]. 

Hara also studied the effect of orifice shape on cavitation using the hydraulic 
circuit test illustrated in Fig. 4.85. The results of this work, summarized in Fig. 4.94, 
showed that sharp edges produce higher critical cavitation number (K,.)than rounded 

2-92e.brnp 

\ *+ ‘\ Suction 
T \ \ \ D r i ” e r  Side 

.‘ ,.’ J .’
,‘ 

-. . /, .’ *,, , ,,’ ,, ,. 

Figure 4.91 Suction mechanism of a gear pump. (From Ref. 126.) 
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Figure 4.92 Illustration of a Venturi meter. 

edges [131]. Hara has shown that cavitation pressure is not only dependent on fluid 
turbulence (Re)but also on the internal surface friction [ 1311. 

Ying used flow numbers (f)to illustrate the effect of orifice shape on cavitation 
numbers (K) [ 1321. The equation for the cavitation number of a jet pumped through 
a long orifice where there is a constriction with a pressure difference across the 
constriction is [ 1301 

where Pd is the downstream pressure, P,, is the vapor pressure of the fluid, and P,, 
is the upstream pressure. The equations for flow number are 

Re 
Cd 

2H sin a (2(P,,;P d ) )f= 

rl 

where 

a = the half-cone apex angle of the poppet valve 
x = the valve displace relative to the sleeve 
H = the lift of a poppet valve 
Cd= the discharge coefficient 
p = the mass density 
q = the kinematic viscosity 

Re = the Reynolds number 

These equations were used to calculate the cavitation number for hydraulic valve 
components. In hydraulic systems, the presence of cavitation is dependent on fluid 
flow or flow number (f).The critical value of K that produces cavitation is defined 
as the "incipient" cavitation number (K i ) .Figure 4.95 illustrates the dependence of 
K, on flow number and orifice shape [132]. Interestingly, the sensitivity of Ki to 
orifice shape decreases with increasing flow number. (When K,= 0, cavitation will 
not occur.) 
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Figure 4.93 Typical orifices used in hydraulic systems: (a) spool valve and (b) poppet 
valve. (From Ref. 126.) 

Figure 4.96 illustrates the dependence of the flow number on both fluid type 
and the dimension of value opening [132]. This means that the O N  emulsion shown 
produces a significantly larger flow number than the other fluids evaluated and, 
therefore, will also exhibit a greater cavitation potential. 

Figures 4.97a and 4.97b illustrate the dependence of cavitation in spool valves 
and poppet valves, respectively, on hydraulic fluid type using cavitation pressure (P,)  

PRound-edged 0 Sharp-edged 
OO 2000 4000 6000 8000 

Re 
Figure 4.94 Influence of orifice shape on cavitation (water-glycol, 40% water). (From 
Ref. 131.) 
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Figure 4.95 Cavitation number (K , )versus flow number ( f )  for different orifices. (From 
Ref. 132.) 

[ 1321. The cavitation pressure is the downstream pressure where cavitation occurs. 
The downstream pressure in these systems is equal to the pressure in the reservoir, 
which is often atmospheric pressure. 

Cavitation should not occur because atmospheric pressure is greater than the 
vapor pressure. However, cavitation does occur due to the presence of “flash” pres- 
sure drops Get cavitation), as shown in Fig. 4.98, which are caused by localized 
pressure drops in vortices which arise from turbulent mixing [ 126,1331. 
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Figure 4.96 Flow number versus fluid types. (From Ref. 132.) 
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10i~ 1 = Oil-In-Water 
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Figure 4.97 (a) Cavitation pressure versus fluid type for a spool valve; (b) cavitation 
pressure versus fluid type for poppet valves. (From Ref. 132.) 
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Distance 
Figure 4.98 Cavitation in the mixing zone of a submerged jet. (From Ref. 126.) 

2.5.6 Bubble-Collapse Mechanism 

Figure 4.99 shows that bubbles begin to collapse with increasing pressure. Bubbles 
collapse nonsymmetrically, forming a liquid microjet which subsequently ruptures, 
forming a “water hammer” [134]. Kleinbreuer modeled the bubble collapse as a 
symmetrical process and the results are shown in Fig. 4.100 [135]. The wide range 
of bubble-collapse pressures have been reported up to >70 MPa and are summarized 
in Table 4.13 [136,137]. 

The impact force of the imploding bubble during cavitation is dependent on a 
number of factors such as the vacuum within the bubble at this time of collapse. For 
example, the bubble may be partially filled with either a gas (gaseous cavitation) or 
a liquid (vaporous cavitation), causing the implosion to be less intense [138]. Al- 
though cavitation damage is often associated with vaporous cavitation expected to 
occur when the hydraulic system pressure is equal or less than the vapor pressure 
of the fluid, this actually may not occur [139]. This is because cavitation failure is 
related to the tensile strength of the fluid, which is affected by contamination of the 
surface of the metal which will serve as sites to facilitate the bubble nucleation 
process, thus also facilitating cavitation [126,1401. 

Deshimaru studied the effect of the Reynolds number on the cavitation of fluids 
with or without additives [1411. The results of this study showed the following: 

1. The cavitation number increases with turbulence at Reynolds number 
[Re = d(2AP/p)”’q-‘] values less than 8000. Higher Reynolds numbers 
produce slightly decreasing cavitation numbers. 

2. Cavitation decreased with the addition of viscosity-modifying additives; 
this was attributed to the Thoms effect, the inhibition of cavitation by the 
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1 2 
Initial Bubble Initiation of 

Bubble Collapse 

3 4 
Forming of Liquid Jet Impact and 

Metal Extrusion 

Figure 4.99 Mechanism of cavitation bubble collapse. (From Ref. 134.) 

addition of viscosity-enhancing additives which promote more laminar 
flow, thus reducing the Reynolds numbers. 

2.5.7 Material Effects 

Cavitation erosion from bubble collapse occurs primarily by fatigue fracture due to 
repeated bubble implosions on the cavitating surface, if the implosions have sufficient 

Substrate Substrate 
Figure 4.100 Theoretical bubble-rupture pattern during cavitation as bubble approaches a 
solid surface. (From Ref. 135.) 
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Table 4.13 Bubble-Collapse Pressures and Methods of Measurement 

A. Bubble-Collapse Pressures 

Methods for calculation 
or measurement of 

Investigators Bubbles collapse pressure Results Ref. 

Theory Rayleigh Empty bubble Spherical; incompressible 1260 atm at the stage 175 
of 1/20 of initial 
radius 

Hickling and Gas bubble; initial gas Spherical; compressible <2 x 10"atm 76 
Plesset pressure 

f,= 10 atm 
lvany and Gas bubble; initial gas Spherical; compressible 6.77 x 10' atm 77 

Hammitt pressure 
f,= 1 0  ' atm 
P,= 1 0  ' atm 5.82 X 10' atm 

Plesset and Vapor bubble Based on microjet 2 x 10' atm 178 
Chapman velocity 

Experiment Jones and Edwards Spark-induced hemispherical Piezoelectric pressure-bar 104atm I79 
(single bubble) 

Akamatsu and H,gas in water shock tube 
bubble 

Pressure gauge; holo- 
gauge 

Time duration: 180 
Fujikawa graphic interferometry 2 - 3  ps 

10'- 105atm 
Tomita and Shima Spark-induced bubble Pressure transducer: Several 1 0  MPa 181 

photoelasticity 
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B. Methods of Measurement 

Methods for 
Apparatus to generate measurement of collapse 

Investigators cavitation pressure Results Ref. 

Experiment Sutton Acoustic Photoelasticity Collapse time 2 p,s 182 
(cavitation cloud) 1.36 X 10' atm 

Endo and Vibration Observation of pit on I .2- I .4 GPa 183 
Nishimura steel surface 

Sanada et al. Vibration Holographic > 1  CPa 184 
interferometry 

Kato et al. Hydrofoil Pressure-detecting film Max. 50 MPa 185 
Model propeller Max. 1 0 M P a  

Okabe et al. Vibration Same as above Apparent impact 186 
pressure 

Max. 15 MPa 
Oba et al. Jet-flow gate valve Same as above Erosive impact 187 

pressure 
>70 mPa 
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Table 4.14 Mechanical Properties of Various Materials 

Steel Tensile strength Modulus of elasticity Vickers Hardness 
JIS AISI U (MPa) (GPa) (HI,) 

s1oc 420 204 130 
s35c 615 204 180 
s55c 706 204 240 
HT80 853 204 300 
c u  196 122 98 
A1 145 71 41 

Soitrce: Ref. 142. 

impact force [142]. Therefore, the potential for cavitation is dependent on the ma- 
terial properties, especially tensile strength and the initial condition of the material 
surface [142,1431 and, in some cases, material structure [1441. Some illustrative 
examples are provided in Table 4.14 [142]. 

Okada et al. have determined that impact loads of 9.1 N (aluminum) 9.7 N 
(copper), and 13.7 N (mild steel) are required to form a 4-pm pit from a single 
implosion of a single bubble [1451. However, the bubble-collapse pressures will vary 
with the bubble size, shape, and location. 

Talks and Moreton evaluated the volumetric cavitation erosion rates of different 
hydraulic fluids toward different steels using an ultrasonic cavitation erosion test; see 
Table 4.15 [146]. Their results, summarized in Table 4.16, illustrate that the general 
order of cavitation of different fire-resistant hydraulic fluids toward the different 
steels was water > W/O emulsion > water-glycol > invert emulsion > mineral oil. 
Although cavitation erosion rates were dependent on fluid properties, the erosion 
damage was only a function of the material properties [ 1461. 

Tsujino et al. in another ultrasonic laboratory study with a different group of 
hydraulic fluids found the order of erosion rates shown in Fig. 4.101 to be [147] 
water > HWBF > water-glycol > phosphate ester > mineral oil; HWBF denotes a 
high-water-base fluid. These data are consistent with the results predicted by Hara 
et al. from cavitation number calculations shown in Fig. 4.86 [131]. 

Typically, cavitation bubbles exist in a large “clouds.” Figure 4.102 illustrates 
a cavity formed by cloud of bubbles from a HWBF. The actual eroded test specimen 

Table 4.15 Volumetric Cavitation Erosion Rates for Different Hydraulic Fluids Toward 
Different Steels’ Volumetric Erosion Rates (mm’h) 

Distilled WIO Invert Mineral 
Stee1 water Emulsion Water-glycol emulsion oil 

Mild steel 5.54 5.5 0.73 0.21 0.27 
Stainless steel 1.47 1.2 0.34 0.05 0.02 
Bearing steel 0.27 0.22 0.02 0.02 0.01 

Note: Data based on an ultrasonic open-beaker laboratory test. 
Source: Ref. 146. 
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Table 4.16 Cavitation Rating of Different Fluids 
~ ~ 

1 2 3 4 
Cavitation Straight mineral Mineral oil with Biodegradable Synthetic-base 
rating Ce2,mg, oil additives hydraulic oils oil 

Very low 4 BD 32 
Low 3 Tellus-68 Cassida-HF68 
Medium low 2 Turbo-T68 

Tonna-T220 
Medium high 1 Vitrea-150 Naturelle-HE46 Cassida-GL 150 

Naturelle-HFR32 Cassida-HF46 
High 0 Ondina-Vitrea-9 Omala-320 Cassida-GL46O Cassida-GL460 

Cassida-HF32 Cassida-HF32 
Tellus-32 Cassida-HF15 
Tellus-T32 

Source: Ref. 168. 

is shown in Fig. 4.103 [148]. The varying distribution and shape of the eroded 
surfaces formed by different fluids was examined by scanning electron microscopy 
(SEM) and is illustrated in Fig. 4.104 [1481. Different studies have shown that every 
bubble in the cloud does not cause damage upon collapse. The damage frequency 
has been reported to vary between 1 in 16,000 [1491 and 1 in 30,000 [1501. 

Cavitation bubbles may undergo multiple collapse and reformation processes. 
Knapp and Hollander have reported that a single bubble may undergo as many as 
seven collapse and reformation processes [1511. The breakage and reformation pro- 
cess will cease as the viscosity of the surrounding fluid dissipates the energy gen- 
erated from bubble breakage. 

Backe and Berger have reported that cavitation wear rate (mm'/h) can be es- 
timated from material properties [1521: 

where 

E (N/mm2)= the elastic modulus of the material 
R,,, = the maximum yield strength at 0.2% elongation 

R,  (N/mm2)= tensile strength 
W (N/mm') = the work to deform the test specimen for the tensile test (A&)) 

H = the Vickers hardness 
p,,.(g/cm3)= the material density. 

2.5.8 Test Methods 

There have been a number of test procedures reported; they include spark-induced 
bubble formation and cavitation collapse [1531, hydraulic cylinders [154,1551, hy- 
draulic circuits [13 1,1561, and other devices. Although these tests, particularly the 
use of hydraulic circuitry, continue to be of interest, there are primarily two types 
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Figure 4.101 Propensity for cavitation damage for various hydraulic fluid types. (From 
Ref. 147.) 

of laboratory screening test to determine the cavitation potential of fluids: submerged 
jets and ultrasonic vibratory apparatus. 

Two common submerged-jet test configurations are in use. One is the config- 
uration reported by Lichtarowicz and Kleinbreuer [157- 1631. An illustration of the 
system reported by Lichtarowicz is provided in Fig. 4.105 [159] and the system 
reported by Kleinbreuer is illustrated in Fig. 4.106 [162]. 

The second most common type of test cell that is used for laboratory studies 
of cavitation is the ultrasonic vibratory test [164- 1671. The ultrasonic vibrational 
cavitation test may be conducted in one of two possible configurations: the specimen 
or the fluid may be vibrated [ 1661; the test configuration of the ASTM G 32 test 
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Figure 4.102 Illustration of a cavity formcd by a cloud of bubbles from a high-water-base 
fluid. (From Ref. 118.) 

procedure is shown in Fig. 4.107 [167]. A classification procedure has been proposed 
using a vibrational cavitation testing system based on the following criteria [1681: 

Cavitation threshold 
Cavitation power input 
Maximum cavitation erosion 
Slope of the cavitation erosion line 

An illustration of the cavitation rating of different fluids is provided in Table 4.16 
(1681. 

2.6 Density 

Density not only influences flow rate and pressure drop, but it also affects the natural 
frequency of a hydraulic system. The natural frequency (f)is the square root of the 
density (p): 

= d P  

Some typical examples of density bariation with temperature are provided in 
Fig. 4.108 [7]. Becau\e fluid density will vary with the specific formulation, these 
values are best obtained from the fluid supplier. 

Table 4.17 provides an approximation of the coefficient of expansion for min- 
eral oil based fluids [16]. Similar data is available for other fluid classes. 

2.7 Thermal Conductivity 

The thermal conductivity of hydraulic fluids may be determined experimentally by 
various methods [ 169- 1731. One relatively simple procedure is illustrated in Fig. 
4.109 I 169I. The thermal conductivity (k , )  is calculated using 
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Figure 4.103 (a) Impinging cavity clouds for a HWBF; (b,c) resulting eroded test speci- 
men. (Courtesy of A. Yamaguchi. Yokohama National University, Yokohama, Japan.) 

A 
J cm/s"Ck,. = 

r n  - Bikg 

where A and B are cell constants. kg is the mass of the fluid in the cell, m is the 
rate of change of cell resistance with power input, which is determined from least- 
squares analysis of the experimentally determined cell resistance (R)and power input 
(0: 


R = R,, f inP 

where R,, is the resistance of the cell with zero current. 
A typical range for thermal conductivity for mineral oil and synthetic hydro- 

carbon base oils is 0.14 W/m K at 0°C (273 K) and 0.1 I W/m K at 400°C (673 K) 
[161. 
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Figure 4.104 SEM photographs of crodcd surfaccs. (Courtesy of A. Yamaguchi, Yokohama 
National Univcrsity, Yokohama, Japan.) 
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Figure 4.105 (a) Momma-Lichtarowicz hydraulic circuit used for cavitation testing; (b) 
test chamber and nozzle. (From Ref. 159.) 

2.8 Electrical Properties 

2.8.1 Electrical Conductivity 

The amount of electrical charge that passes any point in a conductor per unit time 
is the current. The current passing through an area of 1 cm’ perpendicular to the 
direction of the current is current density ( j ,  Ncm’); the current density is propor- 
tional to the potential gradient (dU/dr)and they are related by Ohm’s Law: 
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Discharge Tube 1 


Discharge Tube 1 

Figure 4.106 Aachen cavitation testing apparatus. (From Ref. 162.) 

Figure 4.107 Schematic of ASTM G 32 vibratory cavitation erosion apparatus. (From Ref. 
167.) 
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Figure 4.108 Densities of typical hydraulic fluids. (From Ref. 7.) 

au 
j = - K -

ax 

The conductivity (K) is the proportionality constant. The electrical field ( E )  is defined 
as 

Another expression for Ohm's Law is 

Table 4.17 Coefficient of Expansion for Mineral-Oil Lubricant's Specific 
Gravity Coefficient of Expansion 

Specific Gravity Coefficient of Coefficient of 
at 60°F ( 15.6"C) Expansion per "C Expansion per OF 

1.076-0.967 0.00063 0.00035 

0.966-0.850 0.00072 0.00040 

0.849 -0.776 0.00060 0.00050 

0.775 -0.742 0.00108 0.00060 


Source: Ref. 16. 
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Galvanometer 

To Potentiometer 

Figure 4.109 (a) Schematic of a cell used to measure thermal conductivity of fluids; (b) 
resistor test circuit diagram. (From Ref. 169.) 
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j = KE 

If the conductor has a length 1’ and a cross-sectional area of A,  the electromagnetic 
force (EMF) ( E )  across the ends is 

E = V? - v, 
v7 E.E = - - -- v,-

1’ 1’ 

The current carried by the conductor is related to the current density by 

The conductance ( L ) is defined as 

The current is related to conductance by 

I = &  

The resistance ( R ) of the conductor is 

where p is the resistivity, which is the inverse of conductivity (p = l / ~ ) .Ohm’s Law 
becomes 

E = IR 

Fluid conductivity is measured using a conductivity cell, similar to that shown 
in Fig. 4.1 10. Two platinum electrodes, which are typically coated with platinum 
black, are sealed into the ends of the cell. The cell is filled with the fluid and the 
resistance is measured by placing the cell in one arm of a Wheatstone bridge. Typ- 
ically, the frequency is 10oO cycleds. The resistance of the cell ( R )  is 

The cell constant ( K  = l’ /A) is determined by measuring the resistance (R , )  
using a fluid of known conductivity (K,): 

K = -
1’ 

= K,&
A 

The conductivity (K) of an unknown fluid is calculated using 

K = K,v(2) 
It should be noted that fluid conductivity is dependent on temperature and 
composition. 
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Figure 4.110 Test cell to measure fluid conductivity. 

2.8.2 DC Resistivity 

Direct current resistivity of an insulating material is the quotient of a DC electrical 
field strength and steady-state current within the material [174]. A DC test voltage 
is applied to the test fluid to provide an electrical stress of 250 V. 

2.8.3 Volume Resistivity 

Volume resistivities of an insulating material is the quotient of a DC electrical field 
strength and steady-state current within the material [174]. A DC test voltage is 
applied to a test fluid to provide an electrical stress of 250 V mm over 60 s. After 
the test, the current ( I )  and test voltage ( V ) is recorded. The resistivity (p) is cal- 
culated using 

I 
p = K -

V 

where V is the test voltage (V), I is the test current (A), and K is the cell constant 
(m). 

2.8.4 Relative Permitivity 

The relative permitivity (E , )  of a fluid is the ratio of the capacitance (C, ) of a ca- 
pacitor in which the space between and around the electrodes is entirely filled with 
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the insulating fluid of interest, to the capacitance of the same cell in vacuum (IEC 
Stnd). The relative permitivity (E,) of a fluid is obtained from capacitance measure- 
ments of an unknown fluid and a known fluid and is calculated using 

where C,  is the capacitance of the cell filled the test fluid and Cc,is the capacitance 
of the cell filled with air as the dielectric. 
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Fluid Viscosity and Viscosity 
Classification 

BERNARD G. KINKER 
Roh Max  USA, Inc., Horsham, Pennsylvania 

1 VISCOSITY 

Viscosity is the most important property of a hydraulic fluid because it relates directly 
to hydrodynamic lubrication and power transmission. For adequate hydrodynamic 
lubrication, it is necessary to maintain a fluid film between moving surfaces under 
load. A lubricant of insufficient viscosity will fail to do this. For power transmission, 
a fluid of excessive viscosity will result in sluggish operation. The importance of 
viscosity is far more complex than described here, but these simple descriptions are 
a starting point for a discussion of viscosity and its relevance to hydraulic fluids. 

1.1 Absolute Viscosity and Newton’s Law 

Viscosity is a fluid’s resistance to flow. The viscosity of a fluid, either liquid or gas, 
describes opposition to a change in shape or to movement. A mathematical descrip- 
tion was first developed by Sir Isaac Newton as a special case of his second law of 
motion: 

Shear stress = (Coefficient of viscosity)(Shear rate) (5.1) 

where the shear stress is the force per area and the shear rate is the velocity gradient. 
This leads to a description of viscosity as the force that must be overcome to cause 
a given fluid motion. Newton’s viscosity law applies when laminar, or nonturbulent, 
flow occurs. Laminar flow can be imagined as numerous, discrete layers (lamina) of 
the fluid moving in the same direction, but the velocity of each layer will vary 
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depending on distance from a system boundary. The concept of velocity as a function 
of distance is known as the velocity gradient. 

Fluid flow through a tube caused by an applied pressure, known as Poiseulle 
flow, is represented in Fig. 5.1. The arrows represent layers moving in streamlines 
between stationary, parallel walls. The layer closest to a wall is assumed to adhere 
to the wall and cause a frictional drag on the next layer, which is moving under the 
applied force. Successive layers experience gradually reduced frictional drag and 
flow at successively higher velocities. The central layer encounters the least friction 
from adjacent layers and, consequently, has the highest velocity. This change in 
velocity, from zero at the boundaries to the highest at the center, describes the term 
velocity gradient. 

Another way to induce flow is to provide a tangential shearing force to one 
surface that moves with respect to a second surface (Couette flow). In Fig. 5.2, the 
upper, movable plate is being forced at a uniform velocity over a fluid film so as to 
exert a shearing force on the fluid. The bottom plate is stationary. Assuming adhesion, 
the fluid layer next to the moving surface experiences the same velocity as the 
moving plate, while the layer immediately next to the bottom surface is stationary. 
Moving up from the stationary layer, intervening layers experience gradually reduced 
drag and gradually higher velocities until arriving at the topmost layer, which moves 
in concert with the surface. 

If the dimensions of the system in Fig. 5.2 are force = 1 N, velocity = 1 d s ,  
area of the moving plate = lm', and the distance between the two plates is 1 m, 
then rearranging Eq. (5.1) and substituting 

N/m' Pa
Absolute viscosity = 

Force/Area 
--___-__- ( 5 . 2 )Velocity/Distance m/s/m 

-
S- ' - Pass 

Newton's law describes absolute, or dynamic, viscosity which has the units of Pascal 
seconds. More commonly used units are the Poise (P), the cgs unit named after Jean 

FORCE 1 

STATIONARY 1. 11
LAYER 

Figure 5.1 Schematic of streamline flow between two stationary boundaries. 
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Figure 5.2 Schematic of streamline flow between moving and stationary surfaces. 

Louis Marie Poiseuelle, investigator of streamline flow, and the centipoise (cP); 1000 
CP equals 10 P which equals 1 Pa-s .  The usual symbol for viscosity is q. 

Newtonian fluids, those that conform to Newton’s law, have a linear shear 
stress-shear rate relationship and the value of the slope is the coefficient of viscosity 
as shown in Fig. 5.3. By examining the shear stress-shear rate properties of the two 
fluids in Fig. 5.3, one can begin to gather a sense of the importance of viscosity in 
maintaining a fluid film between moving surfaces. A higher-viscosity fluid provides 
more resistance to flow out of a potential contact zone and generates a higher lifting 
force. By definition, Newtonian fluids have a constant viscosity over all values of 
shear rate; see Fig. 5.4. However, under certain conditions, not all fluids are New- 
tonian; important deviations relevant to lubricant behavior will be discussed in Sec-
tion 5. 

S 
H 
E 


0 1 2 3 

SHEAR RATE 

Figure 5.3 Newtonian liquids: relationship of shear rate versus shear stress. 
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0 
SHEAR RATE 

Figure 5.4 Newtonian liquids: constancy of viscosity with increasing shear rate. 

Fluidity is the reciprocal of viscosity and conveys the meaning of ease of flow. 
Rearrangement of Eq. (5.1) yields 

Shear rate = (Shear stress)( l/Coefficient of viscosity) (5.3) 
= (Shear stress)(Fluidity) 

When fluidity is high, the velocity gradient is large at constant shear stress. 

1.2 Rheology and Kinematic Viscosity 

Rheology, the study of flow, can be accomplished by a variety of techniques. The 
most common include measuring the time to flow through a capillary, measuring the 
force necessary to rotate a cylinder at a given angular velocity through a fluid, or 
measuring the time for a falling sphere to move through a fluid. Absolute viscosity 
is usually measured by the rotating cylinder technique. A more common technique, 
often used for lubricants, is to determine kinematic viscosity by passing a liquid 
through a capillary tube. Kinematic viscosity is calculated from Poiseuelle’s equation 

Pnr4t q=-
8VI 

(5.4) 

where t is the time for a volume V to flow through a capillary of radius Y and length 
1 under a pressure of P. However, the method is difficult to apply experimentally, so 
indirect measurements are usually made. 

A very common, indirect procedure used to measure kinematic viscosity is 
ASTM D 445 (Kinematic Viscosity of Transparent and Opaque Liquids) [ l ] .  The 
procedure utilizes a modified Ostwald viscometer, a U-shaped tube with a capillary 
near the bottom of one side of the U. When a liquid is higher on one side of the 
tube, the pressure that causes flow is proportional to the difference in height between 
the two levels, the density of the liquid, and the acceleration due to gravity. If the 
viscosity of one liquid is known, then time to flow between two reference points on 
the tube can be compared to the efflux time of an unknown liquid. Viscosity can be 
calculated by the simple equation 
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where the subscripts 1 and 2 represent values for the two liquids. Units of kinematic 
viscosity are normally reported as millimeters squared per second, commonly known 
as centistokes (cst) (named for Stokes who investigated the motion of falling spheres 
in liquids). Because kinematic viscosity is measured only under gravity pressure, the 
shear rate is relatively low, about 100 s-' .  Kinematic viscosity should only be mea- 
sured at temperatures above the cloud point, the temperature at which forming wax 
crystals begin to cause haze. Insoluble wax crystals can lead to serious errors in the 
measurement as the particles may interfere with flow through the capillary. 

Kinematic viscosity is related to absolute viscosity by the density of the liquid 

Absolute viscosity = (Kinematic viscosity)(Density) (5.6) 

2 VISCOSITY -TEMPERATURE RELATIONSHIP 

An ideal lubricant would be equiviscous at all temperatures in order to provide a 
constant degree of lubrication. However, viscosity is highly dependent on tempera- 
ture. In the extreme, at hot temperatures, a fluid may no longer have sufficient 
viscosity to form a film of adequate strength between moving surfaces, whereas at 
cold temperatures, it may become too viscous to flow at all. 

2.1 Effect of Temperature 

The viscosity of a liquid decreases with increasing temperature; gases have the op- 
posite relationship. An empirical relationship of viscosity to temperature for petro- 
leum oils and hydrocarbons in general is given by the McCoull-Walther equation 
first described in 1921 [2] and the basis for ASTM D 341 (Viscosity-Temperature 
Charts for Liquid Petroleum Products): 

log log(q + 0.7) = A - B log T (5.7) 

where q is the kinematic viscosity, T is the absolute temperature, and both A and B 
are constants for a given liquid. The negative slope B indicates that higher temper- 
atures result in lower viscosities, as shown for some selected liquids in Fig. 5.5. 
Taking the derivative of Eq. (5.7) yields the slope B = (l/q)(&q/tjT),usually referred 
to as the viscosity- temperature coefficient. 

2.2 Viscosity Index 

Apparent from Fig. 5.5 is that different liquids may have distinctly different 
viscosity -temperature relationships, as some lose far more viscosity than others 
when temperature increases. The extent of decreasing viscosity with increasing tem- 
perature is described by the viscosity index (VI), a dimensionless number calculated 
from measured viscosities using ASTM D 2270 (Calculating Viscosity Index from 
Kinematic Viscosity at 40 and 100°C).This arbitrary VI scale was originally devised 
by Dean and Davis [3]. The calculation of VI requires measurement of 100°C and 
40°C kinematic viscosities at which are then compared to a reference scale. In the 
original scale, a Pennsylvania paraffinic oil which for the time had excellent 
viscosity-temperature properties was assigned a VI of 100. Another oil, a Texas 
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Figure 5.5 Viscosity -temperature properties of various liquids. 

Gulf naphthenic oil with poor viscosity -temperature properties was assigned a VI 
of 0. VI is calculated by 

Viscosity index = (5.3) 

where L is the kinematic viscosity at 40°C of a reference oil with VI = 0 and 
kinematic viscosity at 100°C equivalent to the oil being evaluated, H is the kinematic 
viscosity at 40°C of a reference oil with VI = 100 and kinematic viscosity at 100°C 
equivalent to the oil being evaluated, and U is kinematic viscosity at 40°C of the oil 
being evaluated. In practice, one rarely calculates VI; extensive tabulations are pro- 
vided in ASTM DS 39B. For a given liquid, one can determine any viscosity between 
the reference temperatures with a knowledge of its VI and one reference viscosity. 

High-VI lubricants tend to be preferred for applications that experience wide 
temperature variations, notably outdoor applications, because viscosity changes less 
with temperature. As shown in Fig. 5.6, for two oils with equivalent 40°C kinematic 
viscosities but different VIs, the higher-VI oil is more viscous as temperature in- 
creases and is less viscous at lower temperatures. The VI of a base oil can be 
enhanced by the use of polymeric additives known as viscosity index improvers (V1 
improvers), which are further described in Section 4.2. Oils containing VI Improvers 
are often known as multigrade oils or HV hydraulic fluids. 

The viscosity index is often used as a quality indicator of lubricants. However, 
some caution must be used in interpreting VI beyond the reference temperature range 
and for multigrade oils. At sufficiently cold temperatures, below the cloud point of 
paraffinic oils, viscosity may be much higher than implied by VI because of the 
onset of wax crystallization, as shown in Fig. 5.7. Additionally, multigrade oils may 
be less viscous than implied by VI because of polymer shear thinning or shear 
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Figure 5.6 Viscosity -temperature properties of high- and low-viscosity-index liquids. 

degradation in equipment operating at shear rates far higher than associated with 
determination of kinematic viscosity. Both cold temperature and shear-thinning ef- 
fects will be discussed further in Section 5 on non-Newtonian behavior. 

In addition to describing the viscosity-temperature behavior, VI may also be 
used to infer the chemical nature and quality of base oils. This should be apparent 
from the definition of VI, as high naphthenic and aromatic content oils have low VI 
values, whereas substantially paraffinic oils have higher VIs. In comparing the VIs 
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Figure 5.7 Effect of wax crystal formation on viscosity- temperature properties below the 
cloud point. 
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of two oils, one might assume that the higher-VI oil has a greater paraffin content 
and is, therefore, more oxidatively stable. However, caution must be used because 
VI does not impart knowledge of the distribution of naphthenic to aromatic mole- 
cules. Between two oils of unequal VI, it is possible that the higher-VI oil could 
have a higher concentration of undesirable, oxidatively unstable aromatic molecules. 

3 VISCOSITY -PRESSURE RELATIONSHIP 

Just as viscosity varies with temperature, it also varies with pressure, but in this case, 
viscosity increases with increasing pressure. This behavior is an important aspect of 
lubrication because a liquid is significantly more viscous or may even become an 
amorphous solid under sufficiently high loads. Peak Hertzian contact pressures are 
often in the 6.9 X 10"-kPa (100,000 psi) range, well above the solidification points 
of naphthenic [6.9 X 10" W a  (10,000 psi)] or paraffinic oils [ 1.4 X 10JW a  (20,000 
psi)]. It is under such high-pressure conditions that elastohydrodynamic lubrication 
can occur, thus providing the film thickness necessary to maintain sufficient lu- 
brication. 

3.1 Effect of Pressure 

High-pressure viscosity can be measured directly by various instruments: a falling- 
body high-pressure viscometer, a rolling-ball high-pressure viscometer, or a high- 
pressure capillary viscometer. In 1893, Barus [4] described an empirical isothermal 
viscosity-pressure relationship in which viscosity increases exponentially with 
pressure: 

q,,= Toenp (5.9) 

where qlpis the viscosity at pressure p, qO is the viscosity at atmospheric pressure, 
and a is the pressure-viscosity coefficient. It must be noted that viscosity-pressure 
properties do not vary uniformly; rather, a depends on the magnitude of pressure, 
the chemical nature of the liquid, and temperature. 

3.2 Mathematic Relationships of Viscosity and Pressure 

Viscosity -pressure relationships for liquids are normally expressed by the viscosity- 
pressure coefficient a in Eq. (5.9). A better sense of the nature of the coefficient 
comes from rearranging Eq. (5.9) to 

(5.10) 

This indicates that the viscosity -pressure coefficient is the change in viscosity rel- 
ative to the change in pressure. Higher values of a predict a more viscous liquid as 
pressure increases. For a change of pressure equal to l /a ,  viscosity will change by 
a factor of 2.71. 

Further defining a,the derivative of Eq. (5.10), (l/q)(8q/8p), expresses the 
viscosity -pressure differential relative to viscosity at atmospheric pressure. Although 
Eq. (5.10) implies a linear relationship of ln(viscosity) with pressure, this is seldom 
the case for most liquids except at low pressures. This is illustrated in Fig. 5.8, where 
a plot of isothermal viscosity -pressure properties indicates a decreasing slope (de- 
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Figure 5.8 Viscosity -pressure properties of various liquids. 

creasing viscosity -pressure coefficient) with increasing pressure [5]. For most liquids 
useful as lubricants or hydraulic fluids, the approximate range of the viscosity- 
pressure coefficient is (1.5-5.0) X 10-' Pa-' [ ( l -3)  X 10-' psi-']. At pressures less 
than 2.8 X 10' kPa (4000 psi), the difference among viscosity-pressure coefficients 
of different fluids is relatively small, but at high pressures, the differences can be 
quite marked. 

Because a is often a function of pressure, the methodology used to obtain its 
value must be stated. One well-known technique uses the value of the tangent, at 
atmospheric pressure, to a log(viscosity) versus pressure plot. This form of the 
viscosity -pressure coefficient, termed aOT,multiplied by atmospheric viscosity is 
often used to predict film thickness tendencies. Another technique is to evaluate the 
integral of (q$r),,8p)-' over the entire pressure range. This value is designated as a* 
(reciprocal asymptotic isoviscous pressure) and is the least dependent on measure- 
ment procedures and errors. 

An empirical relationship has been developed by Roelands [6] which smoothes 
viscosity-pressure data for a given liquid at a given temperature: 

log T,, + 1.200 = (log To + 1.200) (1  (5.1 1)+ &jZ 
where q is absolute viscosity in centipoise and P is gauge pressure in kilogram per 
square centimeter. A simplified form of Eq. (5.11) is 

H = Zp -I-H,, (5.12) 
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where H = log(1og q,,+ 1.200), p = log(1 + P/2000), H,, = log(1og qo + 1.200), 
and 2, the slope of the relationship, is the pressure-viscosity index. A chart with 
axes proportional to H and p will linearize pressure-viscosity data for many fluids. 
The pressure-viscosity index and cxgT are related by 

log cxoT = log 2 + (Ho  - 2.9388) (5.13) 

3.3 Factors Affecting Viscosity-Pressure Relationships 

Viscosity -pressure properties vary greatly with the chemical nature of a liquid. Par- 
affinic and naphthenic oils, for example, behave differently under pressure, as shown 
in Fig. 5.8, where the naphthenic oil, relative to the paraffinic oil, has a greater 
viscosity increase with increasing pressure. One is reminded of the viscosity -tem- 
perature relationships of different chemical classes. The increase of naphthenic oil 
viscosity with pressure and the decrease with temperature are both greater than those 
for paraffinic oils. These behaviors lead to a general rule that when comparing two 
liquids of similar atmospheric viscosity but in different chemical classes, those with 
a lower viscosity index will have a higher value of a.Even within the same chemical 
class, higher-viscosity materials tend to have higher viscosity -pressure coefficients, 
as indicated by the data for naphthenic oils A and B in Table 5.1 IS].  

Temperature also influences viscosity -pressure properties. Lower temperatures 
tend to give higher values of cx and to produce larger differences of cx within a 
chemical class. At sufficiently high temperatures, the differences become quite small, 
as shown by the 149°C data in Table 5.1. Viscosity-temperature and viscosity- 
pressure properties have been linked through an empirical equation 171 that relates 
viscosity -pressure coefficient to atmospheric viscosity and density at a given tem- 
perature and the viscosity-temperature property [the ASTM slope for Eq. (5.7) di-
vided by 0.2001. It has also been shown that temperature and pressure effects on 
viscosity can be combined in a free-volume treatment (see Sec. 4.1 for a discussion 
of free volume) of viscosity [8]. 

The chemical nature, temperature, and pressure effects on viscosity are, indeed, 
quite complex, but they should become clearer after a more fundamental discussion 
of viscosity in the following section. 

Table 5.1 Selected Viscosity -Pressure Coefficients 

'aor (N/m') 

Fluid q, 38°C (cP) 38°C 99°C 149°C 

2 Ethylhexyl sebecate 11 1.39 1.19 
Paraffinic oil 29 2.18 1.78 

Naphthenic oil A + VI Improver 1.21*' 
Naphthenic oil A 

60 
22 

1.83 
2.15 

1.24 
1.44 

Naphthenic oil B 1.33 68 3.07 1.81 
Polybutene (M,,= 409) 90 3.18 2.22 

"VI Improver = 4% PMA ( M ,  = 560,000) 
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4 MOLECULAR BASIS OF VISCOSITY 

Viscosity is also identified with internal friction of a fluid, the friction generated by 
molecules as they move by each other during flow. How do molecules move during 
viscous flow? Why do some flow more slowly? Why do liquids become less viscous 
with increasing temperature, more viscous with pressure? Detailed scientific treat- 
ments have provided significant understanding of the physical chemistry and molec- 
ular movements during viscous flow. However, the theory is not so well advanced 
that accurate predictions can be made for liquids composed of complex molecules. 
Still, the principles help one comprehend the nature of viscosity and the behavior of 
different types of molecules during viscous flow. 

4.1 Small Molecules 

Base fluids contain molecules that fit into the category of small molecules. It should 
be recognized that most fluids contain mixtures of many different molecules, but 
flow properties still can be described by general theories of viscosity. 

Lattice theory states that liquids consists of a matrix of molecules and vacancies 
or “holes” scattered throughout. During liquid viscous flow, the flow unit, which 
may be a group of molecules, a single molecule, or a segment of a molecule, 
“jumps” into an existing hole and thereby creates a new hole. Some source of energy 
is required for a molecule to jump over an energy barrier and into a hole. Under a 
shearing force, holes are filled so as to relieve the stress; thus, flow is in the direction 
away from the stress source. At higher temperatures, more energy is available and 
more jumps can be made per unit time, resulting in lower viscosity. At higher pres- 
sures, a fluid is compressed, resulting in smaller holes, so fewer jumps can be made, 
resulting in higher viscosity. 

Energy of activation for viscous flow is related to the latent heat of vaporization 
of the molecule or molecular segment making the jump because the molecule must 
be removed from its surroundings. Activation energy for viscous flow tends to be 
about one-third to one-fourth of the heat of vaporization because the molecule re- 
mains in the liquid state and intermolecular forces are replaced. Eyring’s equation 
[9,10] combines viscosity and energy -temperature terms 

(5.14) 

where 

R = gas constant 
T = temperature 

AG, = standard free energy of activation for viscous flow (related to standard 
free energy of vaporization 

A = related to the molar volume of a given material 

Several important viscosity relationships can be found in Eq. (5.14). The inverse 
relationship with temperature is clearly present in the exponential term and can be 
seen more clearly by differentiation of Eq. (5.14) at constant pressure: 

(5.15) 

The direct relationship of molecular weight, for a homologous chemical series, is in 
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AG, because higher molecular weight translates to higher heat of vaporization and 
thus higher viscosity. The validity of the viscosity -molecular weight relationship for 
linear paraffins [ 111 from pentane (C,H,,) through hexadecane (C,6H34)is shown in 
Fig. 5.9. 

The constant A from Eq. (5.14) is defined by 

(5.16) 

where 

12 = Planck's constant 
N,,= Avagadro's number 

MW = molecular weight 
p = density 

MW/p = molar volume (volume/mole) 

The term A does not contain energy or temperature parameters but does incorporate 
molecular size. As the molecular weight increases, the value of A decreases, leading 
to the somewhat surprising consequence that viscosity is lower as molecular weight 
increases. A physical sense of this phenomenon is that a higher molecular weight 
yields a lower molar volume, thus fewer, although larger, molecules in a given vol- 
ume. Accordingly, there would be more free volume or holes available for jumps. 
However, the exponential term by far dominates in Eq. (5.14), so that molecular 
weight, by its relationship to energy of activation, has a profound influence on in- 
creasing viscosity. 

Further development of the theory [121 suggests that viscosity on a molecular 
scale can be related to the energy required for internal rotation of molecular linkages 
and the barriers to such rotation. If the energy barrier is high, then the molecule 
tends to be rigid and have a high-energy barrier for translational motion (flow into 
a hole) of the molecule or a molecular segment. Molecular structures can range from 
rigid to flexible. For example, in Table 5.2, the aromatic compound benzene is com- 
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Figure 5.9 Effect of increasing molecular weight on viscosity of n-paraffins (cP) at 20°C. 
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Table 5.2 Molecular Structure Effects and Barriers to Internal Rotation on 
Molecular Flexibility 

V,, (kcaVmo1 
of linkages) 

Compound Structure effect (barriers) Flexibility‘’ 
~~~~ ~ ~ ~ 

n-C9H2,, 
(C&)JC
2,2,4,4-Tetramethylpentane 

Branching 2.8 (8) 
2.8(4),4.9(4) 
4.9(8) 

2.1 
0.3 
0.5 

n-C ,,H 3 0  2.8 (13) 4.2 
2,2,3,3,5,6,6-Heptamethylheptane 4.9(all) 0.3 
n-GH,, 
1-Hexene 

Double bonds 
2.8 (3), 2.0 ( 1 )  
2.8 (5) 0.84 

0.85 
IS-Hexadiene 2.8 (2), 2.0 ( 2 )  1.o 
1,3,5-Hexatriene, cis 1.2 (2) >1.7 
Benzene, naphthalene Aromatic rings Infinite 0 
Cyclopentane, cyclohexane, Naphthene rings 10 (1, 2)h 0.5 

decalins 
Diphenyl Jointed rings 4.5(1) 0.5 
Dicyclohexy 1 3.6 (1 )  0.3 
Tricyclopentylmethane Crowding of rings 5 (all) 0.95 
Tric y clohex y lmethane on alkane 5 (all) I .4 
Tri(2-cyclohexylethyl)methane 3.6 (4),2.8 (3) 5 .1  

“External degrees of freedom including internal rotation, from density and vapor pressure data. 
hPseudorotation for cyclopentane and boaVChair transition for cyclohexane. 

pletely rigid because the individual linkages cannot bend out-of-plane. Linear par- 
affins are flexible because rotation around the C-C linkage is possible, but a sig- 
nificant degree of branching in paraffins creates barriers to rotation, increasing the 
rigidity. Viscosity equations are similar to Eq. (5.14) but differ for rigid and flexible 
molecular structures: 

(5.17) 

(5.18) 

where 

E,,= standard energy of vaporization 
k,k’ = constants 
C = flexibility 
R = gas constant 
T = temperature 

A,A’  = (&rn)”’/v 
rn = molecular mass 

For rigid molecules, v is related to molecular surface area because a rigid surface 
must move in concert as the flow unit, and for flexible molecules, 1.1 is related to 
molecular cross-sectional thickness because a segment of the molecule may be the 
flow unit. The exponential energy term dominates and depends on the value of C 
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which is low for rigid molecules; therefore, viscosity is high. A physical sense is 
that rigid structures must move as a whole (complete rigidity) or in a highly coor- 
dinated state, whereas flexible molecules may experience segmental translations. The 
viscosity predictions for similar MW compounds are aromatic > naphthenic highly 
branched paraffins > n-paraffins. Double bonds increase flexibility by allowing free 
rotation around the bond alpha (adjacent) to the double bond, thereby reducing 
viscosity. 

The viscosity -temperature relationship clearly depends on activation energy 
but an additional element, density change associated with temperature change, needs 
to be considered. If A G ,  from Eq. (5.14) is replaced by the relationship AH,.- TAS,. 
and density is transferred to the left-hand side of the equation, then differentiation 
at constant pressure yields 

(5.19) 

which indicates a viscosity -density relationship. As the temperature rises, the pack- 
ing density of molecules will decrease, creating greater free volume or more holes. 
The relationship of viscosity to free volume is expressed as 

(5.20) 

where Vo is the molal volume at 0°K and Vfis the free (unoccupied) volume that 
relates to the quantity and size of the holes in lattice theory. As the temperature rises, 
so does the free volume (as well as energy), with a corresponding reduction in 
viscosity of both rigid and flexible molecules. However, rigid molecules experience 
a greater loss of viscosity as translational motion into additional and larger holes 
becomes more favored. Rigid molecules are aromatic and naphthenic structures 
which tend to low viscosity index values. 

The viscosity -pressure coefficient is also a function of free volume, molecular 
rigidity, and size of a flow unit participating in a jump. The viscosity-pressure 
relationship is approximated by 

= P (5.21)(2) 
where P is the pressure and V,, represents the size of holes per mole and is directly 
related to the viscosity -pressure coefficient at constant temperature. Clearly, pressure 
impacts free volume and the size of holes. Molecular rigidity considerations are the 
same as for viscosity-temperature, but with decreased hole size under higher pres- 
sure, the viscosity will increase. 

4.2 Polymers in Solution 

Polymeric additives known as viscosity index improvers (VI improvers) are used to 
increase both the viscosity and VI of base stocks. The VI improvers are widely used 
to formulate high-VI, or multigrade, fluids for use where excellent viscosity -tem-
perature properties are required. One finds multigrade fluids used in automotive, off- 
highway, tractors, aircraft, and industrial equipment exposed to wide temperature 
ranges. To formulate a multigrade fluid, a low-viscosity base stock is thickened with 
a VI improver to a high-temperature viscosity target; ideally, the low-temperature 

(;) In 
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viscosity of the blend experiences only a relatively modest increase in viscosity (Fig. 
5.10). 

Because of molecular size and the possibility of chain entanglement, polymer 
flow is far more complex than that of small molecules, so the above viscosity treat- 
ments are far less precise. However, Eq. (5.9) still applies to describe viscosity 
properties of polymers. However, the heat of vaporization of the polymer is not the 
correct parameter to describe the activation energy of viscous flow [12]. It has been 
found that the AH,. of paraffins rises along with chain length to an asymptotic limit 
at about 30 carbons, suggesting that polymer segments of about 20-40 carbons may 
participate in translational motion in concert. This segment length is roughly similar 
to the size of base oil. Polymer flow appears to be controlled largely by the negative 
entropy of activation for viscous flow, perhaps due to the large molecular size. Sim- 
ilar negative entropies have been noted for small rigid molecules with the possible 
physical sense that insufficient space is available for translational motion; the exact 
meaning is obscure. 

Polymer thickening of base stock is due to molecular size, which is immensely 
greater than that of the solvent or base stock in which it is dissolved. The long 
polymeric strand, the "backbone" of the polymer, is configured in a random coil 
shape. Coil size, or hydrodynamic volume, is proportional to polymer molecular 
weight, as a first approximation, but it is more exactly to the cube of the root mean 
square end-to-end distance of the polymer [ 131. From a simplistic microscopic view- 
point, smaller, less viscous solvent molecules do not readily flow around or through 
the viscous, polymer coil [14]. Another viewpoint is that larger molecules more 
completely fill holes limiting the ability of other molecules or segments to participate 
in movement. The degree of viscosity increase depends on coil size, thus higher- 
molecular-weight polymers provide more thickening. The overall viscosity of a poly- 
mer-thickened solution is related to VI improver concentration and molecular weight 
through the following equation [ 151: 

In q = KM:c - k"(My,)'c' + In qo (5.22) 

L l 
0 
G BASE STOCK 

V + VI 
I' 

I "- -IMPROVER 
S -... 
C 
0 
S BASE STOCK 
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Y 
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Figure 5.10 Thickening effect of viscosity index improver at high and low temperatures. 
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where 
M ,  = VI improver viscosity average molecular weight 

c = VI improver concentration 
q0= solvent viscosity 
a = solubility of the specific polymer chemistry, solvent and temperature. 

The VI lift shown in Fig. 5.10 seems anomalous because viscosity contribution 
is normally greater at lower rather than higher temperatures. The VI improver phe- 
nomenon is dependent on the chemical nature of the polymer, but those giving higher 
VI lifts function primarily by coil expansion with increasing temperature [16]. At 
lower temperatures, polymer solubility is relatively poor, resulting in a contracted, 
lower-volume coil. As the temperature increases, the solubility improves and, with 
better solvation, coils expand to a maximum size and donate greater viscosity. The 
process of coil expansion is entirely reversible, as coil contraction occurs with de- 
creasing temperature (see Fig. 5 .l l ) .  Polymer chemistry and molecular-weight effects 
have significant influence on coil expansiodcontraction and, ultimately, VI lift. Poly-
mers with polar chemical compositions (e.g., polymethacrylates and styrene poly- 
ester) undergo larger coil expansiodcontraction because solubility in hydrocarbon 
solvents changes with temperature. In contrast, hydrocarbon polymers (e.g., olefin 
copolymers, polyisobutene, hydrogenated styrene -diene, and polyisoprene) are well 
solvated by hydrocarbon solvents at all temperatures so as to experience lesser de- 
grees, sometimes none, of coil expansionkontraction [ 141. These same chemical 
factors also relate to the value of the exponent a in Eq. (5.22). For a given chemistry, 
higher-molecular-weight polymers, being less soluble, impart higher VI lift than 
chemically equivalent lower-molecular-weight materials. 

Commercial VI improvers are available in various chemical compositions and 
molecular weights ranging from about 20,000 to 800,000 Da. The higher-molecular- 
weight materials are the most efficient thickeners and provide the greatest VI lift but 
are also the most susceptible to shearing effects (see Section 5.3). Selection criteria 
should focus on the impact of the application on stability [ 171 as well as thickening 
efficiency and VI lift. 

n 

TEMPERATURE 

SOLVENT POWER 

Figure 5.11 VI Improver coil expansion. 
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5 NON-NEWTONIAN BEHAVIOR 

Under certain conditions, some liquids may not always obey Newton’s viscosity law. 
“Non-Newtonian” behavior occurs when the viscosity changes depending on the 
value of shear stress or shear rate. Because viscosity may vary, it is often referred 
to as the apparent viscosity. There are several non-Newtonian behaviors, but lubri- 
cants generally fall into only two classes: Bingham fluids and pseudoplastic or shear- 
thinning fluids. 

5.1 Bingham Fluids 

Bingham fluids do not flow at low values of shear stress (force). They require the 
application of sufficient shear stress before flow is initiated; however, once flow 
begins, the liquid generally conforms to Newton’s viscosity law if Eq. (5.1) is mod- 
ified to include the yield stress (shear stress necessary to initiate flow): 

(Shear stress - Yield stress) = q(Shear rate) (5.23) 

This behavior is represented in Fig. 5.12 when an adequate shearing force initiates 
fluid flow [ 181. Bingham fluids contain a structure extending throughout the material 
that prevents flow at low values of shear stress because there is insufficient force to 
perturb the structure. Application of enough shear stress, relaxes or, in some cases. 
shatters, the structure so as to permit flow. For the case of a shattered structure, 
smaller elements may persist beyond the yield stress value, and increasing the shear 
stress may cause further destruction until only the smallest elements persist. The 
apparent viscosity decreases until stability is achieved at a shear stress, referred to 
as the upper Newtonian, high enough to complete the disintegration of the structure 
(Fig. 5.13). 

5.2 Low-Temperature Rheology of Lubricants 

Some hydraulic fluids act as Bingham fluids at cold temperatures. This behavior is 
most often associated with fluids based on paraffinic mineral oils containing small 
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Figure 5.12 Bingham fluids: yield stress necessary to initiate flow. 
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Figure 5.13 Bingham fluids: apparent viscosity and upper Newtonian region. 

concentrations of naturally occurring waxes. At sufficiently low temperatures, these 
waxes begin to form crystals. The temperature at which an oil becomes visually hazy 
is known as the cloud point and is determined by ASTM D 2500 (Cloud Point of 
Petroleum Products). The crystallization process continues as wax solidifies in rel- 
atively flat plates that can eventually interlock with each other to form a three- 
dimensional network. The resulting wax matrix traps the remaining liquid and pre- 
vents flow even though the trapped liquid is still a vast preponderance of the total 
mass. This phenomenon is sometimes referred to as gelation of the oil. Two analogies 
come to mind: the entrapment of honey within a honeycomb and the entrapment of 
water in a sponge. In both cases, the liquid portion can be quite voluminous but 
cannot readily flow because of occlusion within the three-dimensional structure of 
the system. 

Sufficient application of force, often simple shaking or stirring, can destroy the 
relatively weak wax structure, and flow is again possible. In hydraulic system res- 
ervoirs (and with other types of lubricants residing in static sumps) at cold ambient 
temperatures, there may not be sufficient force or suction to destroy wax structures 
and, in these cases, pump starvation can occur. Wax-impeded flow can severely 
restrict the low-temperature operating window of paraffinic oils and is of obvious 
concern for hydraulic fluids used during cold conditions. 

Paraffinic oils are desirable lubricants because of good VI and oxidative sta- 
bility properties, but they are susceptible to wax gelation. Gel problems can be 
alleviated by a small concentration of an additive type, known as “pour point de- 
pressant,’ * which can dramatically delay the onset of gelation. These additives, usu- 
ally low-molecular-weight polymers, contain linear hydrocarbon segments that are 
waxlike and function by cocrystallizing with waxy paraffins in oil. The additive’s 
attachment to the wax crystal edge and large size hinder further growth in the plane. 
Additional growth is redirected, leading to crystal sizes and shapes other than the 
usual plates. Wax matrix formation is delayed and fluidity can be maintained. Ge- 
lation, or pour point, temperature can be improved substantially with proper treat- 
ment; a change from - 12°C for untreated oil to -40°C for a well-treated oil is not 
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uncommon. However, the degree of improvement is highly dependent on the specific 
oil and its interaction with additive chemistry and additive concentration. 

As previously discussed, wax crystallization phenomena restrict the usefulness 
of kinematic viscosity measurements and viscosity index applications below the 
cloud point. A more meaningful test to describe wax-impeded flow is ASTM D 97 
(Pour Point of Petroleum Products). The measurement is made by placing a sample 
in a glass cylinder and cooling rapidly at a rate of approximately O.ci”C/min. Visual 
observations of flow are made at 3°C intervals after rotating the cylinder 90”. When 
perceptible flow can no longer be observed, this temperature plus 3°C gives the “pour 
point,’ ’ the lowest observed temperature at which flow still occurred. The procedure, 
by virtue of a relatively large-diameter container and manual rotation, is accom- 
plished at low shear rate (-lop’ sec-’), which is important so as to not destroy wax 
structures which are the focus of the test. The ASTM Pour Point is a quick, con- 
venient test well suited for screening wax gelation properties, but it has limited utility. 

The ASTM Pour Point alone is inadequate to understand the cold-temperature 
rheology of a lubricant. There are two major limitations of the pour point test: its 
rapid cooling rate and its qualitative nature. Cooling rates can have great influence 
on wax crystallization and the resulting structure and strength of a gel matrix. ASTM 
D 97 employs a fairly rapid cooling rate that may not allow sufficient time for 
ultimate crystal growth and strength. For instance, vegetable oils used in environ- 
mentally acceptable hydraulic fluids often have acceptable ASTM pour points but 
can solidify at temperatures warmer than the “pour point temperature” upon ex-
tended storage time. Nor does the qualitative nature of ASTM D 97 provide a knowl- 
edge of fluid viscosity; it is only a determination of the temperature at which flow 
ceases. Even if wax is absent or under complete control, viscosity is still increasing 
significantly with decreasing temperature. Any liquid will eventually become so vis-
cous that it can cause sluggish equipment operation or fail to be pumped because 
viscosity exceeds the pump’s upper viscosity limit. 

Because the pour point does not provide a high level of information, an ad- 
ditional rheological evaluation is often obtained to better predict a fluid’s low-tem- 
perature operating window. The usual test for a hydraulic fluid is ASTM D 2983 
(Low-Temperature Viscosity of Automotive Fluid Lubricants Measured by Brookfield 
Viscometer) usually referred to simply as “Brookfield viscosity.’ ’ The procedure 
requires that a sample be placed in a glass tube and then shock-cooled by immersion 
in a cold air bath where it remains for 16-18 h at the desired test temperature. Still 
held at test temperature, a measurement is made with a Brookfield viscometer, which 
rotates a spindle at a low shear rate in the test fluid. The torque required to turn the 
spindle at constant angular velocity is measured and used to calculate viscosity. Low- 
shear-rate operation is important in order to measure any wax-gel-contributed vis- 
cosity. In fact, the procedure can be adapted to measure the yield stress in Eq. (5.18). 

Because different cooling rates can exert a profound influence on low-temper- 
ature rheology, numerous other tests have been devised in order to predict lubricant 
viscosity and, ultimately, pumpability properties. These include Federal Standard 
791b, Method 203 (Cycle C Stable Pour Point), ASTM D 2532 (Viscosity and Vis- 
cosity Change After Standing at Low Temperature of Aircraft Turbine Lubricants), 
ASTM D 3829 (Predicting the Borderline Pumping Temperature of Engine Oil), 
ASTM D 4684 (Determination of Yield Stress and Apparent Viscosity of Engine 
Oils at Low Temperature), ASTM D 5133 (Low Temperature, Low Shear Rate, 
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Viscosity/Temperature Dependence of Lubricating Oils Using a Temperature-Scan- 
ning Technique); Federal Standard 791, Method 3456 (Channel Point), JDQ73 Cold 
Soak, and JDQ74 Slow Cool. These low-temperature tests differ by cooling rate and/ 
or techniques of measurement, but all are conducted at low shear rates to evaluate 
the potential influence of wax structure as it relates to viscosity. Individual tests are 
often cited in pertinent lubricant specifications. 

Cold-temperature operation is of great importance for hydraulic fluids used out- 
of-doors. Knowledge of fluid low-temperature viscosity and equipment manufac- 
turer's recommendation of maximum viscosity are important criteria for proper se- 
lection of a hydraulic fluid. 

5.3 Pseudoplastic (Shear-Thinning) Fluids 

Shear thinning is a non-Newtonian behavior usually associated with polymer-thick- 
ened liquids. At high shear rates, these fluids have lower viscosity than would be 
predicted from measurements conducted at low shear rate. When the shear rate rises 
above a critical level (Fig. 5.14), the apparent viscosity decreases and continues to 
do so with further increases of shear rate until a stable viscosity is again achieved 
[181. The shear rate at which shear thinning of polymers begins varies with temper- 
ature, but this discussion will be limited to high temperature effects at >40°C. De- 
pending on equipment severity and polymer molecular weight, multigrade lubricants 
containing VI improvers can undergo shear thinning and experience both a temporary 
and a permanent loss of viscosity. 

5.4 Polymer Viscosity-Loss Phenomena 

5.4.1 Temporary Viscosity Loss 

Individual polymer molecules of a VI improver are quite large but are not rigid. At 
a sufficiently high shear rates, typically 10' s-I, a randomly coiled polymer molecule 
can distort and orient along the axis of flow. The polymer shape changes from a 
spherical coil to an elongated configuration which occupies a smaller hydrodynamic 
volume and, thus, contributes less viscosity. With further increases of shear rate, 
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Figure 5.14 Shear-thinning behavior of a non-Newtonian fluid. 
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Figure 5.15 Schematic of polymer distortion under high shear stress. 

molecules increasingly deform, leading to a corresponding greater loss of viscosity 
contribution. Eventually, maximum polymer distortion and loss of viscosity are 
reached at the second Newtonian region, and the viscosity becomes stable (Fig. 5.15). 
Shear thinning of lubricants is often referred to as “temporary loss of viscosity,” as 
the process is reversible upon removal of the high shear rate, unless, as discussed 
below, the shear stress is great enough to rupture polymer molecules. When the high 
shear stress is removed, distorted polymer molecules resume spherical, random coil 
shapes, reoccupy original hydrodynamic volumes, and, again, provide the original 
viscosity contribution as sketched in Fig. 5.16. The low-shear-rate, stable-viscosity 
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Figure 5.16 Shear thinning of apparent viscosity. 
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region of this graph is often referred to as the “First Newtonian,” whereas the higher- 
shear-rate, stable-viscosity region is known as the “Second Newtonian,” because 
viscosity in both regions obey Newton’s law. 

Shear thinning can occur in hydraulic system pumps and across pressure relief 
valves where shear rates can be on the order of 10‘ s - I [ 191 and produce viscosities 
for multigrade fluids that are lower than predicted by low-shear-rate kinematic vis- 
cosity. Similarly, in engines, shear rates are on the order of 10s-lO‘ s ’ in main 
bearings and at the piston ring cylinder interface and at 10“- 10’ s-’  in cams and 
followers. Because the effective, or “in-service,” viscosity of multigrade fluids is 
lowered in these high-shear-rate regions, film thickness is also reduced. Thus, it is 
necessary to consider high-shear-rate viscosity as an important factor in lubrication 
or hydraulic systems. 

The degree of temporary viscosity loss depends on both the level of shear stress 
and the molecular weight of the polymer. Higher-pressure hydraulic systems generate 
higher shear stresses so as to cause greater temporary viscosity losses in a given 
polymer-thickened fluid. Low-molecular-weight polymers, because of their small coil 
sizes, are less susceptible to elongation and, thus, to temporary viscosity losses. 
Depending on system severity, a polymer of a low enough molecular weight may 
experience relatively little shear thinning. Overall, severe operating conditions can 
be counterbalanced by multigraded fluids formulated with low-molecular-weight VI 
improvers. 

Equipment shear stress must be sufficiently high to cause shear thinning of 
polymer-thickened oils. So too must laboratory techniques intended to measure shear 
thinning be energetic enough to cause the phenomenon. A variety of high-shear-rate 
rotational and high-pressure capillary techniques, usually operated at 10” s I ,  are 
available: ASTM D 4624 (Measuring Apparent Viscosity by Capillary Viscometer at 
High Temperature and High-Shear Rates), ASTM D 4683 (Measuring Viscosity at 
High Shear Rate and High Temperature by Tapered Bearing Simulator), and ASTM 
D 5481 (Measuring Apparent Viscosity at High Temperature and High Shear Rate 
by Multicell Capillary Viscometer). Some care must be taken when comparing results 
from different procedures because capillary viscometers give a marginally higher 
result compared to those from rotational devices [20]. The above methods are fre- 
quently used to evaluate and specify engine oils such as those described in Table 
5.3, in which low-shear-rate kinematic and high-shear-rate viscosities are compared 
for VI improvers of different chemistries and molecular weights (or different shear 
stabilities). Although hydraulic fluid pumping efficiency has been related to high- 
shear-rate viscosity [ 17,2 11, other evaluation techniques are normally used. A more 
typical practice is to induce a permanent loss of viscosity by mechanical degradation 
and then measure kinematic viscosity. 

5.4.2 Permanent Viscosity Loss 

Very high-shear stresses, perhaps coupled with turbulent flow, can lead to extreme 
polymer coil distortion and concentrate enough vibrational energy to cause polymer 
rupture. Cavitation may also play a role by producing intense velocity gradients [22]. 
Polymer rupture occurs through cleavage of a carbon-carbon bond statistically near 
the middle of the polymer chain leading to two molecules each having approximately 
half of the molecular weight of the original molecule. Figure 5.17 represents molec- 
ular elongation and rupture concepts. The total hydrodynamic volume of the two 
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Table 5.3 High-Shear-Rate Viscosities 

Fresh fluid 

Kinematic viscosity (cst) 

100°C 150°C 

High-shear-rate 
viscosity (cP) 

150°C 

A (base oil plus additive package) 
A plus VII 1” 10.5 4.81 2.99 

A plus VII 3” 
A plus VII 2” 

10.5 
10.5 

3.72 
4.43 2.99 

2.58 
A plus VII 4” 
A plus VII 5” 
A plus VII 6” 

10.5 
10.5 
10.5 

4.78 
4.47 
4.08 

3.19 
3.06 
2.96 

“Different VI improver chemistries but of equivalent permanent shear stability (i.e., ASTM D 3945A 
SSI = 45). 
hDifferent VI improver chemistries but of equivalent permanent shear stability (i.e., ASTM D 3945A 
SSI = 25). 

smaller molecules is less than that of the single starting molecule, resulting in a 
lower-viscosity contribution. Because bond scission is not reversible, the viscosity 
loss is permanent. The process is usually referred to as mechanical degradation of 
polymers. 

Higher-molecular-weight polymers are more susceptible to distortion and me- 
chanical degradation. Conversely, polymers of sufficiently low molecular weight may 
not undergo permanent shearing at all, depending on the severity of the application. 
Sheared polymer molecules are, of course, lower molecular weight than before shear- 
ing and, depending on the shear stress of the application, may not be susceptible to 
further degradation. Thus, the shearing process is self-limiting and viscosity becomes 
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Figure 5.17 Schematic representation of polymer temporary and permanent shear thinning. 
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stable, as displayed in Fig. 5.18. It is also important to note that a VI improver 
characteristically contains a wide array of different molecular-weight species which 
have a Gaussian distribution around an average value. Therefore, not all of the mol- 
ecules are as susceptible to shearing, and if the average molecular weight is appro- 
priate for the application severity, only a minor portion are sheared. The degree of 
permanent viscosity loss, just as with temporary loss, is a function of equipment 
severity and polymer molecular weight. 

Viscosity loss after mechanical degradation can be expressed mathematically 
as 

% Overall viscosity loss = ( " t-x".) ;; 100 (5.24) 

where q,is the viscosity before shear and q, is the viscosity after shear. If the base- 
stock viscosity is known, a more meaningful calculation can provide a means to rank 
the shear stability of various VI improvers: 

(5.25) 

where SSZ is the shear stability index and q,is the viscosity of the base stock and 
other additives; the remaining terms are the same as in Eq. (5.19). The SSI is useful 
for VI improver ranking because it is an expression of viscosity lost due to polymer 
shearing relative to initial viscosity contributed by polymer. Caution must be used 
when comparing SSIs, as different test procedures can produce widely divergent 
shearing severity and results. 

Various devices with sufficient energy to shear polymers-pumps, engines, ball 
mills, ultrasonic oscillators, high-speed stirring, gear sets, fuel injectors, and roller 
bearings- have been used to study mechanical degradation of polymer-thickened 
fluids in the laboratory. Although there is no standard, most hydraulic fluid shear 
stability work focuses on three procedures. ASTM D 2882 (Indicating the Wear 
Characteristics of Petroleum and Non-Petroleum Hydraulic Fluids in a Constant Vol- 

S 
I 
T 
Y 

BASE STOCK 

-I 1 I 1 t 

0 
HOURS @ 2000 PSI 100 

Figure 5.18 Permanent viscosity loss with time. 
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ume Vane Pump) was primarily used to measure wear performance but has often 
been used to evaluate shear stability. Equipment problems have forced recent workers 
to modify the test by substituting a more durable pump for the 100-h 13,800-kPa 
(2000-psi) operation. ASTM D 5621 (Sonic Shear Stability of Hydraulic Fluid) uti- 
lizes an ultrasonic oscillator that irradiates a small sample for 40 min. A similar test 
has long been used to specify military aircraft hydraulic fluids per MIL-H-5606. 
ASTM D 3945 (Shear Stability of Polymer-Containing Fluids Using a Diesel Injector 
Nozzle) uses a double-plunger European injector. The test was originally designed 
to evaluate engine oils and the procedure requires 30 passes of test fluid through the 
equipment; hydraulic fluids are often exposed to 250 passes because the VI improvers 
used in multigrade hydraulic fluids tend to be more shear stable than those used in 
engine oils. ASTM D 5275 utilizes Fuel Injector Shear Stability Test (FISST) equip- 
ment, where the injector is a single-plunger type and requires 20 passes through the 
injector. Despite the similarities of ASTM D 3945 and ASTM D 5275, results ob-
tained on a given fluid in each procedure may differ. CEC L-45-T-93 Method C, a 
20 hour test, is based on tapered roller bearing equipment and provides very high 
shearing. Severity of these methods can be ranked as TBR > pump > ultrasonic 
oscillator >> fuel injectors, but there is a reasonable degree of correlation among all 
three [21]. Care must be taken in interpreting results from the nonpump tests, as not 
only severity levels can differ but results can be biased relative to the chemistry of 
the polymeric VI improver. For instance, polymethacrylates are more severely 
sheared in the ultrasonic device than other VI improver chemistries. 

5.4.3 Permanent and Temporary Viscosity-Loss Effects 

Returning to the concept of shear thinning or molecular elongation, polymer-thick- 
ened fluids that have undergone permanent loss of viscosity can still undergo shear- 
thinning effects, albeit to a far lesser extent than an unsheared fluid. A schematic of 
this molecular concept is also present in Fig. 5.17. Permanently sheared, smaller 
molecules are less susceptible to elongation so that shear-thinning effects are far less 
pronounced. The high-shear-rate viscosity of a fluid mechanically degraded in a 
severe application is only marginally lower than its low-shear-rate viscosity as rep- 
resented in Fig. 5.19 and is apparent from the data in Table 5.4 [19]. Thus, kinematic 
viscosity of appropriately degraded hydraulic fluids could be considered sufficient to 
evaluate in-service viscosity and has been shown to correlate well with vane pump 
flow rates [21]. 

6 VISCOSITY CONTROL AND IMPACT 

In order to achieve the proper viscosity for a lubricant or hydraulic fluid, it is nec- 
essary to carefully select the base fluids and additives. The formulated oil must meet 
all important viscosity criteria whether at high or low temperature or at high or low 
shear rate. 

6.1 Control 

A hydraulic fluid is formulated to a desired viscosity by choice of base stock(s) and, 
if used, by VI improver and pour point depressant. To a first approximation, other 
additives do not contribute significantly to viscosity. The simplest case to formulate 
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Figure 5.19 Combined permanent and temporary viscosity loss. 

a fluid is to select a base stock meeting the requirements of the lubricant specification. 
However, if a base stock meeting the required viscosity is commercially available, 
one can mix a lower-viscosity base fluid with a higher-viscosity fluid in the proper 
ratio to achieve the target viscosity. 

To prepare polymer-thickened multigrade fluids, a VI improver is added in 
sufficient quantity to thicken a low-viscosity liquid to the desired viscosity target. 
Temporary and/or permanent viscosity losses introduced by VI improvers can be 
accommodated by allowing for shearing effects and by choice of VI improver with 
suitable SSI. One may formulate a multigrade fluid to an initial viscosity such that 
sheared fluid will retain sufficient viscosity for the intended severity of application. 
The initial viscosity target is dictated in large part by the shear stability of the VI 
improver. 

Table 5.4 Viscosities of Fluids at Pump Running Temperature 

Viscosity, 65.6"C (150°F) 

High-shear-rate at 
Kinematic (cSt) 10hs-' (CP) 

Fluid Fresh 100 h" Fresh 100 H 

HSO-01 19.9 17.9 15.9 14.4 
HSO-02 16.9 13.3 12.5 11.3 
HSO-03 13.6 10.1 9.8 9.0 
HSO-04 16.4 9.1 9.0 7.9 
HSO-05 27.3 17.8 15.6 14.6 
HSO-06 27.4 15.9 13.5 13.2 

"After 100 h in a 2000-psi vane pump circuit. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



Fluid Viscosity and Viscosity Classification 331 

If paraffinic base oils are involved in the formulation, particularly lubricants 
intended for use at ambient temperatures, a pour point depressant is usually added 
to protect against wax gelation. 

6.2 Impact 

Hydrodynamic lubrication and power transmission principles have been more thor- 
oughly discussed in previous chapters, but a very brief review may help to summarize 
the relationship to viscosity. 

Hydrodynamic lubrication is defined as maintenance of a fluid film is of suf- 
ficient thickness to prevent contact of two surfaces in relative motion to each other 
(e.g., the mating surfaces in a hydraulic system pump). At constant speed and load, 
film thickness depends on the presence of a fluid having minimum viscosity needed 
to maintain film strength. The shear stress-shear rate relationship of viscosity ex- 
plains fluid resistance to leakage out of the zone between the two surfaces and a 
force to maintain separation. On the other hand, excessive viscosity is undesirable 
because energy must be expended to overcome the internal friction of the lubricant. 
During hydrodynamic lubrication, the coefficient of friction, f, depends on 

(5.26) 

where q is the dynamic viscosity, W is the load, and V is the sliding velocity. At 
constant load and velocity, increased friction results from higher than necessary vis- 
cosity. Selection of lubricant viscosity is a compromise between providing sufficient 
film strength at equipment operating conditions and temperature and minimizing 
friction from the lubricant. 

At cold ambient temperatures, consideration must be given to low-temperature 
viscosity. A fluid should not be so viscous as to cause pump starvation, nor should 
it be prone to wax gelation at temperatures within the normal-operating-temperature 
window. Most pumps have maximum viscosity limits for start-up. 

Hydraulic fluids are also power transmission fluids. Optimum system response 
occurs with low fluid viscosity, but some higher level of viscosity is required to seal 
or minimize internal leakage. A fluid of insufficient viscosity will suffer losses in 
pumping volume and efficiency because of leakage from the high-pressure side to 
the low-pressure side of pumps and valves. 

Selection of hydraulic fluid viscosity is a careful balance of lubrication and 
power transmission requirements related to the specifics of the equipment, particu- 
larly the pump, and to the temperature range of use. OEMs provide viscosity rec- 
ommendations for their equipment, often suggesting a maximum at start-up to avoid 
cavitation in the pump and a minimum at operating conditions to maintain lubrication 
and avoid high internal leakage. 

7 VISCOSITY CLASSIFICATION 

Lubricant applications can differ greatly in viscosity requirements. In order to aid 
end-user selection and to provide consistency, various viscosity classification systems 
have been devised. The classifications range from the simple IS0 system to the more 
informative engine oil classification system. 
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7.1 IS0 Viscosity Grades 

Hydraulic fluid viscosity is classified according to ASTM D 2422 (Industrial Fluid 
Lubricants by Viscosity System) commonly referred to as IS0  viscosity grades. The 
IS0 system (Table 5.5) classifies fluids solely on kinematic viscosity measured at 
40°C. The choice of 40°C as the reference temperature is a compromise between 
maximum operating and ambient temperatures. However, it is also convenient be- 
cause it is a reference temperature used for determination of the viscosity index, a 
commonly reported property of hydraulic fluids. The system is an orderly mathe- 
matical construction of 18 IS0 viscosity grades, usually written as IS0  VG, starting 
at IS0 VG 2 with a minimum viscosity of 1.98 mm2/s up to IS0  VG 1500 with a 
maximum viscosity of 1650 mm'/s. Each grade is named by the whole number which 
is the rounded, midpoint viscosity of its associated range of viscosity. Each range is 
2 10%of the midpoint viscosity 

The IS0  viscosity grades are not continuous. Each I S 0  VG is approximately 
50% more viscous than the next lower grade. These steps between grades coupled 
with individual grade ranges of only 210% create a system with viscosity gaps 
between the grades. As a result, there are clear viscometric differences between 
grades, ensuring that moving from one grade to another brings with it a significant 
difference in viscosity. A disadvantage is that a fluid with a viscosity that does not 
fall into a IS0  VG range cannot be formally classified. 

The IS0  viscosity classification is a simple, readily understood system. It does 
not imply any consideration of quality or performance other than to identify kine- 
matic viscosity at 40°C. There have been recent attempts to provide a more elaborate 

Table 5.5 ASTM D 2422 I S 0  Viscosity Grades 

Kinematic viscosity, 40°C (mm'h) 

IS0 VG Midpoint Minimum Maximum 
~ ~~ 

2 2.20 1.98 2.42 
3 3.20 2.88 3.52 
5 4.60 4.14 5.06 
7 6.80 6.12 7.48 
10 10.0 9.00 11.0 
15 15.0 13.5 16.5 
22 22.0 19.8 24.2 
32 32.0 28.8 35.2 
46 46.0 41.4 50.6 
68 68.0 61.2 74.8 
100 100 90.0 110 
150 150 135 165 
220 220 198 242 
320 320 288 353 
460 460 414 506 
680 680 612 748 
1000 1000 900 1100 
1500 1500 1350 1650 
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and informative classification system still based on I S 0  viscosity grades and no- 
menclature. This will be discussed further after a discussion of some other viscosity 
classification systems. 

7.2 Gear Oil Classification 

Industrial gear oils can be classified according to AGMA (American Gear Manufac- 
turers Association) standards 250.04 for enclosed gears and 251.02 for open gears 
(Table 5.6). The AGMA classifications also rely on kinematic viscosity measured at 
40"C, with two exceptions measured at 100°C because of their extremely viscous 
nature. The AGMA scale is referenced to the I S 0  VG scale for all grades that can 
be accommodated. The lowest is AGMA 1, equivalent to IS0 VG 46, through AGMA 
9, I S 0  VG 1500, and six more grades up to AGMA 15. 

Gear oils used in transportation are classified according to SAE 5306 JUL 98 
[23], shown in Table 5.7. This system differs significantly from the previous two in 
that it incorporates two viscosity determinations, one at 1OO"C,rather than 40°C, and 
one at a cold temperature. Kinematic viscosity is the method of choice for the 100°C 
measurement. This higher reference temperature may be a better approximation of 
the most severe conditions experienced by the lubricant. In addition, the high tem- 
perature limit must be met after shear testing by CEC L-45-T-93 Method C (20 h). 
On the cold end of the scale, Brookfield viscosity is measured at a temperature 
suitable for the intended service of the lubricant. Viscosity determination under cold 
conditions is a major feature of SAE 5306 JUL 98 in that these lubricants are intended 
for outdoor use and may experience service during cold conditions. 

Table 5.6 AGMA Viscosity Classifications 

AGMA Standard 250.04 AGMA Standard 251.02 
enclosed gears open gears 

AGMA AGMA AGMA AGMA Viscosity (cst), 40°C 
number number number number 
R&O oil EP oils IS0  VG R&O oils EP oils I S 0  VG Min. Max. 

1 - 46 4 4 EP 150 135 165 
2 2 EP 68 5 5 EP 220 198 242 
3 3 EP 100 6 6 EP 3 20 288 352 
4 4 EP 150 7 7 EP 460 414 506 
5 5 EP 220 8 8 EP 680 612 748 
6 6 EP 320 9 9 EP 1,500 1,350 1,650 
7 Comp 7 EP 460 10 10 EP 2,880 3,520 
8 Comp 8 EP 680 1 1  1 1  EP 4,140 5,060 
8A Comp 8A EP 1,000 12 12 EP 6,120 7,480 

13 13 EP 25,600 38,400 

Viscosity (cSt), 100°C 
~ ~ ~ 

14R 428.5 857.0 
15R 857.0 1,714 
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Table 5.7 Axle and Manual Transmission Lubricant 
Viscosity Classification SAE 5306 JUL 98 

Viscosity at 
SAE Maximum temperature 100°C (CSt) 
Viscosity for viscosity of 
grade 150,000 CP ("C) Min. Max. 

-70W -55 4.1 
75w -40 4.1 -

80W -26 7.0 -

85W - 12 11.0 -

80 7.0 < I  1.0 
85 11.0 <13.5 
90 13.5 <24.0 
140 24.0 <41.O 
250 41.0 -

The viscosity grade descriptions of SAE 5306 JUL 98 are based on whole 
number designations, with higher numbers indicating higher viscosities. The lower 
numbered grades, those including the letter W (for winter), require a cold temperature 
measurement which varies by grade. The lower the SAE W grade, the lower the 
temperature of measurement and the better the ability to provide adequate lubrication 
under cold conditions. For example, a SAE 75W will be less viscous than a SAE 
85W gear oil in cold-temperature service. An alternative way to look at this low- 
temperature classification is that if 150,000 CPis the maximum viscosity for sufficient 
flow and lubrication, then an SAE 75W oil will continue to provide operability as 
low as -4O"C, whereas a SAE 85W oil will only operate down to -12°C. In practice, 
a user selects a grade suitable for prevailing conditions. 

Other important aspects of SAE 5306 JUL 98 are that it allows for a description 
of multigraded oils and that viscosity grades are continuous. At high temperature, W 
grades have only minimum requirements, so that an oil meeting the low-temperature 
requirements of a "W grade' ' but also meeting the high-temperature requirements 
of a higher SAE grade can be labeled as meeting both classifications. For instance, 
a SAE 75W-90 oil has the low-temperature properties of a SAE 75W and the high- 
temperature properties of a SAE 90. The continuity of viscosity from grade to grade 
allows any fluid to be classified. 

7.3 Engine Oil Classification 

Engine oils are classified according to SAE 5300 APR 97 (Table 5.8). This classifi- 
cation system shares many of the features of the SAE gear oil classification: contin- 
uous viscosity descriptions (no gaps between the grades); W grades; cold-temperature 
requirements that vary by W grade; high-temperature requirements that approximate 
actual service conditions; and multigrading. Yet, the engine oil classification is more 
complex by including viscosity measurements under high shear rates at both cold 
ambient and hot operating temperatures. 

SAE 5300 APR 97 requires kinematic viscosity measurement at 100°C as well 
as a low-temperature measurement by Mini Rotary Viscometer- ASTM D 4684. 
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Table 5.8 Engine Oil Viscosity Classification SAE 5300 APR 97 

SAE 
Viscosity 

Low-temperature 
(“Cj cranking 
viscosity (cPj, 

(“C) pumping 
viscosity (cP), 
max. with no 

Low- temperature Kinematic 
viscosity 

cSt at 100°C 

High-temperature, 
high-shear 
viscosity 

(cP), 150”C, 
grade max. yield stress Min. Max. 106 s - ’ ,  min. 

ow 3,250 at -30 60,000 at -40 3.8 
5 w  3,500 at -25 60,000 at -35 3.8 
1ow 3,500 at -20 60,000 at -30 4.1 
15W 3,500 at -15 60,000 at -25 5.6 
20w 4,500 at - 10 60,000 at -20 5.6 
25 W 6,000 at -5 60,000 at -15 9.3 - -

20 5.6 <9.3 2.6 
30 9.3 ~ 1 2 . 5  2.9 
40 12.5 <16.3 2.9 

(OW-40, 5W-40 & 
1OW-40) 

40 12.5 ~ 1 6 . 3  3.7 
( 15W-40, 20W-40, 

25W-40, 40) 
50 16.3 <2 1.9 3.7 
60 21.9 ~ 2 6 . 1  3.7 

The purpose of the low-temperature, low-shear-rate specification is to describe 
“pumpability,” an oil’s ability to be pumped from the sump under cold ambient 
conditions. Just as in SAE 5306 for gear oils, the lower the numeric value of a “W 
grade,’’ the lower the temperature of measurement implying a lower operating win- 
dow under cold conditions. 

In addition to the above, high-shear-rate viscometric limits at both high and 
low temperatures are specified. These are cranking (ASTM D 5293 Cold Cranking 
Simulator) and high-shear-rate viscosity at 150°C and 10‘ s-’  (ASTM D 4863 or 
ASTM D 4741 or ASTM D 5481). These measurements are included to describe 
rheological performance under conditions present during low-temperature starting 
(cranking) and at the high-temperature, high-shear-rate operating conditions that oc- 
cur in critical lubrication areas of engines such as bearings and piston rings. High- 
shear-rate measurements are of particular importance for multigraded oils containing 
VI improvers because under conditions of use, shear thinning can occur. 

7.4 Hydraulic Fluid Classification 

Returning to hydraulic fluid viscosity classification, ASTM D 6080 (Standard Prac- 
tice for Defining the Viscosity Characteristics of Hydraulic Fluids) builds upon the 
current IS0 VG classification in order to better describe rheological properties. An 
enhanced classification standard is needed because many workers view the current 
system (IS0 3448 and ASTM D 2422) as incomplete because it does not address 
the following: 

Cold-temperature requirements 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



336 Kinker 

Multigraded (HV) oils 
Description 
Viscosity After Shearing 

Viscosity at operating temperature (viscosity index) 
Classification of fluids outside of IS0 ranges 

ASTM D 6080, a more comprehensive classification, builds on the IS0 VG system 
because of its wide recognition. Retaining the current IS0 VG definitions and no- 
menclature, hydraulic fluids can be labeled with the usual I S 0  VG information fol- 
lowed by a second tier of information indicating the following: cold-temperature 
grade; 40°C viscosity after shearing; and viscosity index after shearing. The second 
classification tier does not require viscosity to fall within the usual I S 0  ranges. This 
system is limited to I S 0  VG 5 through IS0 VG 150, as these grades represent the 
great majority of hydraulic fluids. The classification system is voluntary, so a pro- 
ducer might label an IS0 VG 32 fluid as 

I S 0  32 
L22-32 (150) 

where L22 is the low-temperature grade, 32 is the 40°C viscosity after shear, 150 is 
the viscosity index after shear. 

The cold-temperature grade is an appropriate IS0 number preceded by "L" 
(for low temperature) with measurement by a Brookfield viscometer (ASTM D 2983) 
and a limit of 750 CP maximum. This limit was chosen because it represents a 
relatively severe case for allowable viscosity at pump startup. Each I S 0  VG has an 
associated cold-temperature range based on extrapolation of current 40°C viscosity 
ranges, using 100 VI, down to the 750-CP limit. For instance, an I S 0  L22 has a 
temperature range of -15°C to -22.9"C; additional grade descriptions can be found 
in Table 5.9. 

Any fluid could be labeled with both low- and high-temperature grades, but 
the practice presents the possibility of clearly identifying multigraded oils. Oils con- 
taining VI improvers would be classified by 40°C kinematic viscosity after sonic 
shear (ASTM D 5621) for 40 min. Previous work has indicated good correlation of 

Table 5.9 Hydraulic Fluid 
Low-Temperature Grades 

"C for Brookfield 
viscosity of 

I S 0  VG 750 cP, max. 

L10 -33 to -41.9 
L15 -23 to -32.9 
L22 - 15 to -22.9 
L32 -8  to -14.9 
L46 -2  to -7 .9  
L68 4 to -1.9 
LlOO 10 to 3.9 
L150 16 to 9.9 
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this sonic shear procedure with mechanical shearing of multigraded oils in pump 
service [191. 

A third classification element, viscosity index, is added in order to provide a 
basis for better understanding the viscosity of a fluid at operating temperatures en- 
countered in equipment. A knowledge of viscosity index coupled with a 40°C vis-
cosity can be used to calculate viscosity at any temperature from 40°C to 100°C. For 
oils containing VI improvers, the viscosity index would be reported after exposure 
to the sonic shear procedure described above. 

The most controversial part of the proposal is that the 40°C viscosity reported 
in the second tier need not match a current I S 0  VG range. The main objection to 
this is the possibility that a multigrade oil could shear down to a viscosity outside 
of the original IS0 VG. In response to this criticism, it has been argued that the 
sheared viscosity is actually reported, which would allow end users to discriminate 
among multigrade oils with the same nominal I S 0  VG. A positive aspect of reporting 
actual viscosity is that fluids that do not now fit into the current IS0 ranges would 
have a basis for classification. For example, some vegetable oils cannot be classified 
in the current system; rapeseed (canola) oil has a typical viscosity of 38 mmz/s, 
which falls in the gap between I S 0  VG 32 and 46 and, thus, cannot be formally 
classified. 

A similar classification system is being studied by the CEC for Europe. How- 
ever, shear stability and low temperature test methodology may be different than 
ASTM D 6080. 
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1 INTRODUCTION 

Hydraulics is associated with the transmission and control of forces and movement 
by means of a functional fluid. Hydraulic power is derived from a pump and trans- 
mitted to terminal elements such as rotary motors or linear cylinders. Although the 
primary demands on hydraulic fluid are associated with the power transmission, there 
are many secondary demands, which include corrosion protection, heat dissipation, 
environmental compatibility, and lubrication. 

Advanced hydraulic systems place severe demands on hydraulic fluid. For the 
most part, lubricating attributes of a hydraulic fluid are not the primary considerations 
during selection of a hydraulic fluid. Yet, the performance and life of hydraulic 
components, especially the pump, are critically dependent on the lubricating quality 
of the fluid. Compared with other mechanical hardware that must be lubricated, 
hydraulic equipment is unique in that hydraulic fluids cover an enormous range of 
fluid types. The various fluid types include mineral oils, oil-in-water emulsions, var- 
ious synthetic fluids, as well as nontypical fluids, which are highly environmentally 
acceptable. Additives, which have contributed significantly to wear protection, further 
expand the performance range of hydraulic fluids. Added to the broad scope of fluids 
is the complex nature of lubrication and wear mechanisms and their interactions with 
an enormous range of contacting materials in hydraulic equipment. Lubricants, and 
especially hydraulic fluids, have multidimensional lubricating characteristics. These 
characteristics are derived from both physical properties and chemical attributes of 
the fluid. Although physical properties and chemical attributes of fluids can be de- 

339 


    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



340 Wedeven and Ludema 

scribed, their connection to lubrication performance and hydraulic equipment life is 
elusive. 

Understanding and prediction of lubricating performance are the subjects of a 
field called tribology. Tribology is the science and technology of contacting surfaces 
in relative motion. Because of the complex nature of tribology within hydraulic 
systems, component design and fluid selection are accomplished with some degree 
of risk. Consequently, research and development rely heavily on testing. The use of 
pump tests for selection and development of hydraulic fluids provides limited reli- 
ability. Although bench tests may be more efficient to operate, and perhaps easier to 
understand, their results can sometimes be even more remote from predicting per- 
formance in service than pump tests. 

Because of the complex state of affairs with respect to the lubricating charac- 
teristics of hydraulic fluids and how they play themselves out in hardware, this 
chapter presents a new approach by which lubricated contacts can be viewed. The 
new approach identifies key structural elements that control performance. It focuses 
on lubrication and failure mechanisms and their connection to various types of lu- 
bricated contacts within the hydraulic systems. What is important and, unfortunately, 
what is generally lacking is an understanding of how these mechanisms play them- 
selves out in service. The approach taken in this chapter supports the concept of 
systematic tribology. Systematic tribology is the process of understanding and de- 
veloping the structural elements of a lubricated contact system and its mechanisms 
of interaction in a systematic way. 

Armed with an understanding of the mechanistic processes for lubrication and 
wear, a rationale can be developed for selection of fluids and their expected perfor- 
mance behavior. In addition, a fundamental understanding of lubrication and failure 
mechanisms is essential for failure diagnostics and the development of new tech- 
nologies to enhance performance. 

2 LUBRICATED CONTACTS IN HYDRAULIC SYSTEMS 

Hydraulic fluids supply the lubricant to an enormous variety of load-bearing contacts 
constructed from a wide range of materials. Some of the most highly stressed and 
difficult-to-lubricate surfaces are found in hydraulic pumps, as shown in Figure 6.1. 
Under the rather harsh conditions of high pump pressure, high temperature, and 
contamination, the lubricating attributes of the hydraulic fluid must maintain the 
integrity of the contacting surfaces. Surface integrity is essential for pump life with 
respect to loss of clearances caused by wear, leakage, component alignment or po- 
sition, friction, and torque. Because it is desirable to have hydraulic equipment small 
in size and light in weight, there is generally little margin for lubrication in many 
of the critical load-bearing contacts. 

Some of the critical contacts in a piston pump shown in Figure 6.1 are the 
sliding contacts between the valve plate and cylinder block, piston and cylinder wall, 
piston and slipper socket, and slipper and swash plate. The critical areas in the gear 
pump shown in Figure 6.1 are near the tip and root of the gear teeth where high 
contact stresses accompany high sliding velocities. Other critical areas are associated 
with the highly stressed bearings supporting the rotating components. Pump life and 
durability is intimately associated with each lubricated contact system which consists 
of hydraulic fluid, materials or surface treatments, and design. The modes of dete- 
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Figure 6.1 Types of hydraulic pumps and critical areas for lubrication. 

rioration and failure analysis of these contacts are discussed in Chapter 8. The general 
mechanical features of the various contact systems are discussed in the next section. 

3 BASIC MECHANICAL FEATURES OF LUBRICATED CONTACTS 

To understand the tribology of hydraulic fluid-wetted parts, it is helpful to identify 
the types of contacts, their associated stress fields, and kinematics. 

3.1 Types of Contacts 

The geometry of contacting bodies creates the character of the contact with respect 
to stress and the mechanisms of lubrication. Conformal contacts, where contacting 
bodies conform to one another, distribute the load over relatively large areas. Con- 
formal contacts, like piston or cylinder contacts, have clearance spaces that must be 
preserved. Concentrated contacts are nonconformal. They concentrate the load over 
small areas. The gear mesh in the gear pump of Figure 6.1 and the rolling element/ 
raceway contacts in bearings are examples of concentrated contacts. 

It is helpful to grasp the perspective of tribological contacts for their scale. The 
lubricated length of a conformal contact is generally less than a centimeter (IO-’ m). 
The lubricated length of a concentrated contact is generally less than a millimeter 
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(10 m). These load-bearing areas are on a “macroscale” where they can be viewed 
with the unaided eye. 

Within the world of macroscale contacts are “microscale” features which con- 
trol tribology behavior. Surface roughness features (asperities) and the grain size of 
metals are on the order of microns (1OP6 m). These microscopic features are critically 
linked to yet a lower scale of things that control lubrication and failure phenomena. 
Adsorbed films of molecular size that prevent adhesion between surfaces are on the 
order of nanometers (lO-’ m). Here lies a fundamental difficulty within the tribology 
of hydraulic system hardware. Lubrication and failure mechanisms are controlled by 
microscale phenomena, but the parameters that control loads and motions of hy- 
draulic system contacts are on the macroscale engineering level. To connect lubri- 
cation and failure mechanisms, which take place on a microscale, surface stresses 
and kinematics on the engineering level should be considered as input to a tribolog- 
ical contact system. 

3.2 Kinematics and Dynamics of Lubricated Contacts 

The relative motion of surfaces in contact invokes lubrication mechanisms as well 
as failure mechanisms. Kinematics is a description of these motions without reference 
to forces or mass, which cause these motions. The hydraulic pump hardware in 
Figure 6.1 encounters linear sliding, rotational sliding, reciprocating sliding, rolling 
with sliding, and near-pure rolling motions. Some of these motions are mechanically 
controlled and easily calculated, like the gear mesh in the gear pump. Other motions 
are indeterminate, like the rotational motions of the piston or slipper in the piston 
pump. These motions are controlled by friction forces acting on each body. 

Dynamics treats the actions of forces on bodies in motion or at rest. Pressure 
forces and the rotating mass of pump components create dynamic forces that must 
be restrained by the contacting bodies. The durability of these contacts relies 
on other dynamic forces. However, these forces are generated between surfaces in 
contact. These forces are created by hydrodynamic or elastohydrodynamic (EHD) 
pressures generated by the kinematics of the contacts themselves. Since the kine- 
matics of contacts is controlled by hardware operation, duty cycle in terms of motions 
and loads becomes an important consideration in tribological design and operating 
life. 

3.3 Stress Fields 

The dynamics of a tribological contact are composed of two major stress fields, 
illustrated in Figure 6.2. The load applied is distributed across the contact area as a 
normal stress. The strain within the contact gives rise to a tangential stress. The 
concepts of normal stress and tangential stress are valid for the entire macroscale 
contact as well as the microscale contacts within, which are created by interacting 
asperities between surfaces. 

The normal stress of conformal contacts is typically in the range of mega- 
Pascals (MPa), 1,000,000N/m’. The normal stress of concentrated contacts is typi- 
cally in the range of gigaPascals (GPa), 1,000,000,000 N/m2. Concentrated contacts 
encounter significant elastic deformation. The elastic contact area and stress distri- 
bution can be calculated by using Hertzian theory [ 11. 
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Normal Stress 

/ 

Shear Stress 
Figure 6.2 Two stress fields control the dynamics of a tribological contact. 

Tangential stress is directly linked to the coefficient of friction, which is defined 
as the ratio of the tangential force to the normal force on the contact. Tangential 
stress may vary between 0.01 and 0.5 of the normal stress, depending on the degree 
of lubrication. The tangential stress, or coefficient of friction, of a contact can be the 
result of shearing an interposed material throughout the extent of the contact or it 
can be the summation of individual frictional events associated with interacting as- 
perities between the surfaces. The friction of many of the contacts within hydraulic 
systems is mostly a combination of the two. 

Because lubrication and failure mechanisms are frequently controlled by as- 
perity-scale phenomena, it is important to remember that normal and tangential 
stresses at asperities may not be that different for conformal contacts as they are for 
highly stressed concentrated contacts. Asperity stresses depend on how the load is 
momentarily distributed among the surface features. Conformal contacts, with rough 
surfaces and a few contacting asperities, can have stresses similar to asperities found 
in concentrated contacts with smoother surfaces. Because concentrated contacts tend 
to have finer surface finishes than conformal contacts, this situation may be quite 
common. This means that asperity stresses for both conformal and concentrated 
contacts may be on the same order of magnitude, even if their “global” or overall 
pressure across the contact area is substantially different. The major difference be- 
tween conformal and concentrated contacts is that the stress field of the latter pen- 
etrates deeper into the material. In addition, high global pressure for concentrated 
contacts can dramatically change hydraulic fluid viscosity, even before it is consumed 
by the contact. 

Whether normal and tangential stresses are on a global scale or asperity scale, 
the objective of lubrication is to create or preserve interposing material that bears the 
normal stress and accommodates the tangential shear. This appears to be somewhat 
of a paradox since the interfacial film must then possess high compressive strength 
but low shear strength. The lubrication mechanisms described in Sections 6 and 8 
reveal the dynamic power by which this can occur. Because it is difficult to link 
engineering parameters with microscale lubrication and failure mechanisms, it would 
seem that problem solving and technical developments of hydraulic systems should 
focus on capturing lubricating mechanisms and suppressing failure mechanisms. 
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4 APPROACH 

Because engineering parameters are difficult to link to lubrication phenomena, this 
chapter deals with the mechanisms of lubrication and failure. The use of mechanisms 
allows the development of theory or models by which tribology performance of 
hydraulic fluids and hardware can be explained by the laws of mechanics, physics, 
and chemistry. 

Lubrication and failure mechanisms are described within the context of a tri- 
bological system. A tribological system can be composed of four major structural 
elements: (1) hydrodynamic film, (2) surface film, (3) near-surface material, and (4) 
subsurface material. These structural elements create the operating environment for 
lubrication and failure mechanisms. They also establish the interconnections between 
the commercial suppliers of materials, fluids, and designs for hydraulic systems. 
Because one or two of the structural elements are dynamically generated, the mech- 
anisms of hydrodynamic lubrication, EHD lubrication, and boundary lubrication are 
described along with typical material and hydraulic fluid properties. The interactions 
of lubrication mechanisms with failure mechanisms are described within the frame- 
work of a dynamic tribological system. The mechanism leading to failure processes 
of wear, scuffing, and surface fatigue are described and illustrated with performance 
maps based on engineering parameters. The material in this chapter introduces the 
concept of systematic tribology. Systematic tribology is the process of understanding 
and developing the structural elements of practical tribological contacts and their 
mechanisms of interaction in a systematic way. 

5 STRUCTURAL ELEMENTS AND THE TRIBOSYSTEM 

The performance of lubricated contacts is derived from the integrity of four general 
elements or regions, as shown in Figure 6.3. Each region performs certain functions 
with respect to lubrication and failure mechanisms. The success of lubrication de- 
pends on how well lubrication mechanisms handle the normal stress and the accom- 
modation of tangential shear within these regions. 

5.1 Hydrodynamic Film Region 

The formation of an oil film between bodies in contact is a structural element that 
is dynamically generated. Its creation is a function of motion, which generates a 
pressure within a viscous fluid. Hydrodynamic films generated within conformal 
contacts may be tens of micrometers (pm) thick. Hydrodynamic or elastohydrody- 
namic (EHD) films generated in nonconforming contacts may be on the order of 1 
Fm thick. On a global scale, the EHD film is derived from the hydrodynamic pres- 
sure generated in the inlet region of the contact. On a local or asperity scale, hydro- 
dynamic pressure is derived from the micro-EHD lubrication action associated with 
the local topographic features of the surfaces. These micro-EHD films are typically 
much less than 1 e m  thick. 

5.2 Surface Film Region 

The surface film region contains the thin outer layers of the surface. They may consist 
of surface oxides, adsorbed films, and chemical reaction films derived from the lu- 
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Pressure 

Hydrodynamic Film 

Figure 6.3 Structural elements of a tribosystem controlling lubrication and failure mech- 
anisms. 

bricant and its additives. These surface films are almost always less than 1 pm thick. 
Although the surface film region is extremely thin, its formation by mechanisms of 
surface forces and chemical reactions has a profound effect on surface lubrication. 

5.3 Near-Surface Region 

The near-surface region contains the inner layers of the surface. This region may 
include a finely structured and highly worked or mechanically mixed layer. It may 
also include compacted wear debris or transferred material from a mating surface. 
The deformed layers, which are of a different microstructure than the material below 
them, may arise from surface preparation techniques such as grinding and honing. 
They may also be induced during operation, e.g., during run-in. Hardness and resid- 
ual stress may vary significantly in this region. They may also be substantially dif- 
ferent from the bulk material below. The near-surface region may be on the order of 
50 pm below the surface. 

5.4 Subsurface Region 

The subsurface region is particularly important for highly stressed concentrated con- 
tacts. The subsurface region can be on the order of 50 to loo0 microns below the 
surface. This region is not significantly affected by the mechanical processes that 
produce the surface or the asperity-induced changes that occur during operation. Its 
microstructure and hardness may still be different from the bulk material below it, 
and significant residual stresses may still be present. These stresses and microstruc- 
tures, however, are the result of macroprocesses such as heat treatment, surface 
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hardening, and forging. For typical Hertzian contact pressures, and neglecting as-
perity pressures, the maximum shear stress is located within the subsurface region 
(see Figure 6.3). In other words, the detrimental global contact stresses are com- 
municated to the subsurface region where subsurface-initiated fatigue commences. 

These structural elements define the operating environment for lubrication and 
failure mechanisms. They also form the ingredients by which surface life and du- 
rability are determined. Because some of the structural elements are self generated 
within the contact, it is clear that the structural elements constitute a dynamic system. 
When we consider the practical construction of this dynamic system, we find the 
wide-ranging businesses of hydraulic technology intimately linked. The lubricated 
contact is a tribosystem where everything is joined together and operated in a dy- 
namic fashion. This tribosystem is a melting pot of many commercial contributions 
that involve materials, surface treatments, hydraulic fluids, additives, equipment de- 
signs, and manufacturing. 

The dynamics of this interdisciplinary tribosystem are described in Section 10. 
However, it can be said at the outset that the dynamics of practical systems are not 
adequately known. This state of affairs makes it difficult to solve problems and has 
resulted in disjointed efforts in developing hydraulic system technology. This is a 
common problem among nonintegrated businesses and disciplines that supply ma- 
terials to the interdisciplinary field of tribology. Clearly the assembly of new tribol- 
ogy technology has not taken advantage of the potential synergism that can be ob- 
tained by constructing load-carrying materials, fluids, and designs as a system that 
operates on mechanisms. 

6 HYDRODYNAMIC AND ELASTOHYDRODYNAMIC MECHANISMS 

This section describes the fundamental mechanisms associated with self-generation 
of a fluid film between contacting surfaces in motion. Elastohydrodynamic (EHD) 
lubrication is a “miracle” mechanism that is able to separate surfaces under enor- 
mous stress on both a macroscale and microscale. The mechanism of EHD lubri- 
cation is essentially an extension of ordinary hydrodynamic lubrication, which was 
described by Osborne Reynolds in 1886 [I]. The concepts involved in hydrodynamic 
lubrication are fundamental to the understanding of EHD lubrication. These funda- 
mental concepts are basic to hydraulic fluid properties and how they lubricate many 
of the load-bearing contacts in hydraulic systems. 

6.1 Viscous Flow-Parallel Surfaces 

First, consider the flow of fluid between two parallel surfaces as shown in Figure 
6.4. The fluid molecules adjacent to the solid surfaces adsorb or stick to it. The 
adsorption of liquids onto solid surfaces is caused by fundamental atomic attraction. 
The formation of adsorbed material on solid surfaces is fundamental to the mecha- 
nism of boundary lubrication. The mechanism of adsorption is described in Section 
8.2. 

Because fluid molecules are attached to the bottom surface, they are forced to 
move with that surface at a velocity U. The molecules on the top surface remain 
stationary. The molecules of fluid in between are dragged along by the bottom sur- 
face. The velocity of the fluid at various positions within the film is shown by the 
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Figure 6.4 The flow of fluid between parallel surfaces in motion. Flow in cannot be larger 
than flow out. 

arrows in Figure 6.4. Note that the velocity of the fluid increases linearly from the 
top surface to the bottom. 

The engagement of molecules in a fluid and their relaxation under strain create 
an inherent resistance to flow, which is expressed in terms of its viscosity. Therefore, 
it requires a force to move the bottom surface relative to the top surface. The amount 
of shear force required is a function of the viscosity of the fluid. The force also 
depends on the rate at which the fluid molecules are being sheared. The rate of shear 
for the linear velocity distribution shown in Figure 6.4 is proportional to the surface 
velocity U and inversely proportional to the thickness of the film h.  Therefore, an 
increase in U or a decrease in h will require a greater force to move the bottom 
surfaces. The shear force is parallel to the surfaces, and the relationship between 
shear force and shear rate is the definition of viscosity. 

The situation of flow between parallel surfaces provides no lifting force, which 
is required for lubrication. On the other hand, if the surfaces were allowed to col- 
lapse, it would take a finite time for the fluid to squeeze out. This momentary lifting 
force of the fluid while the surfaces are normally approaching is called a hydrody- 
namic squeeze film. The hydrodynamic squeeze film is a useful concept to remember 
in connection with the mechanism of elastohydrodynamic lubrication. 

6.2 Closing the Gap 

Consider now the flow of fluid between two converging surfaces shown in Figure 
6.5. The top surface, which is of finite length, is at an angle to the bottom one. The 
gap between the surfaces is thicker at the inlet than it is at the outlet. The fluid 
adjacent to the lower surface moves with a velocity U, and the fluid adjacent to the 
upper surface is stationary. The inlet region would like to uniformly drag in fluid 
with a velocity distribution that is linear. At the same time, the outlet region would 
like to drag out fluid with a linear velocity distribution. The amount of fluid coming 
in is represented by the area of the triangle at the inlet. The amount of fluid going 
out is represented by the area of the triangle at the outlet. Because the triangle in 
the inlet is bigger, we find that the inlet would like to take more fluid in than the 
outlet will allow out. This pumping of the fluid into a converging region creates a 
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Figure 6.5 The flow of fluid between two converging surfaces in motion (hypothetical). 

pressure between the surfaces as shown in Figure 6.6. The high pressure in the center 
forces the fluid to slow down in the inlet and makes the fluid go faster at the outlet 
so that the flow coming in will equal the flow going out. 

The pressure generated by this pumping action creates a lifting force that sep- 
arates the surfaces with a fluid film. The dynamically generated pressure is a hydro- 
dynamic pressure. The mechanism by which this pressure separates surfaces under 
load is called hydrodynamic lubrication. The load that a bearing of the configuration 
represented in Figure 6.6 is able to carry is a function of the hydrodynamic pressure 
generated. If the viscosity of the fluid is increased, more work is required to slow 
the fluid down in the converging inlet space, and as a consequence a greater pressure 
is generated. Increasing the velocity U will also increase the hydrodynamic pressure. 

r Hydrodynamic 
pressure 
generation 

Figure 6.6 Hydrodynamic pressure generated between converging surfaces in motion. 
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If the surfaces pump fluid into the convergent space at a greater rate, a greater 
pressure is needed to slow the fluid down so that continuity of flow between the 
inlet and outlet is maintained. 

There are three basic requirements for the generation of hydrodynamic pressure 
of the type shown in Figure 6.6: (1) the surfaces must be moving, (2) the surfaces 
must be converging, and (3) a viscous fluid must be between them. 

The bearing shown in Figure 6.6 is a simple bearing. It is called a slider bearing 
or pad bearing. Several of these pads arranged in a circle make a thrust bearing of 
the type found in many machines. 

Another common bearing that uses hydrodynamic film generation is the journal 
bearing shown in Figure 6.7. Here, the converging surfaces are formed by virtue of 
the fact that the journal is not concentric with the bearing housing. When the journal 
rotates, it drags fluid into the converging region, thus generating a pressure that 
separates the surfaces. 

6.3 Properties in Hydrodynamic Lubrication 

When the motion of the surfaces draws the fluid into a converging space, the viscous 
nature of the fluid resists this motion and generates an internal pressure that is able 
to resist the normal stress applied to the contact. The pressure generated is governed 
by the Reynolds equation: 

The pressure gradient, dp/dx, is proportional to the viscosity p, the surface speed U, 
and a geometry term (h - hO)/h3. 

The pressure generated within a convergent space creates a hydrodynamic lu-
bricant film. The thickness of lubricating films can be calculated by using equations 
derived from simplifying assumptions for certain types of contact geometry. All film 

' I  

Hydrodynamic 
pressure 

Figure 6.7 Hydrodynamic film generation in a journal bearing. 
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thickness equations show the important role of viscosity. The role of viscosity is 
easily seen in an equation for film thickness, assuming a contact of rigid cylinders 
and a viscosity independent of temperature or pressure [2]. 

h,, UFo -= 4.896 -
R W 

where 

h,, = film thickness on the line of centers 
R = equivalent radius of curvature 
U = one-half the sum of the surface speeds 
ko= viscosity 
W = load 

Because film thickness is directly related to viscosity, the level of viscosity can 
be selected for a given application to provide sufficient film thickness for complete 
surface separation. Because hydraulic system contacts seldom operate at constant 
speed, constant load, or constant temperature, fluid viscosity decisions must be made 
to select an appropriate level of viscosity for the entire range of conditions. In many 
cases, design decisions associated with geometry, surface finish, material, and normal 
stress are made to accommodate the use of typical hydraulic fluid properties. 

The process of generating a hydrodynamic film between contacting surfaces 
consumes power and results in a temperature rise in the oil film. Both internal and 
external thermal effects can decrease the viscosity substantially. The rate of change 
of viscosity with temperature can be significant. The thermal effect on viscosity also 
varies with lubricant type (see fluid property data in other chapters). 

6.4 The Nonconformists 

Hydrodynamic lubrication is characterized by conformal contacting surfaces where 
the normal stress is distributed over a relatively large area. The hydrodynamic mech- 
anism is actively involved in the lubrication of pistodcylinder, slipperhwash plate, 
and many other sliding contacts. There are many hydraulic system contacts that are 
nonconforming where the load is concentrated on a small area. With concentrated 
contacts, the full burden of the load on a small area can cause considerable elastic 
deformation in and around the contact. Some examples of these nonconforming sur- 
faces in hydraulic systems are rolling element bearings and gear teeth in gear pumps. 

Figure 6.8 illustrates the nonconforming surfaces found in a ball bearing and 
gear mesh. The ball and race conform to some degree in one direction, but the side 
view of the bearing shows that curvatures of the ball and race have little degree of 
conformity. There was little belief up until the early 1950s that these nonconforming 
surfaces, with their extremely small area of contact, could be separated by an oil 
film. The lubrication of these nonconforming surfaces leads us to a remarkable and 
powerful film-generating mechanism called elastohydrodynamic lubrication. 

6.5 Hertz-The Opposition 

Let us first consider the contact condition between two nonconforming surfaces to 
see what the mechanism of elastohydrodynamic lubrication is up against. The con- 
tacting surfaces of bearings and gears may be represented by a sphere or cylinder 
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- Inner race 

(a> 

(b) 
Figure 6.8 Nonconforming surfaces found in a (a) ball bearing and (b) gear mesh. 
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loaded against a flat surface as shown in Figure 6.9. The load, which presses the 
two bodies together, causes the surfaces to elastically deform and contact each other 
over a small but finite region of contact. This condition of elastic contact is named 
after Heinrich Hertz [ l ]  who, in 1881, analyzed the contact between elastic bodies 
under conditions where the region of contact is much smaller than the radius of 
curvature. A close-up view of the intimate region of contact is shown in Figure 6.9. 
The load gives rise to a pressure, called the Hertzian pressure, which is distributed 
over a small region of contact, called the Hertzian region. The pressure has a para- 
bolic distribution that is high in the middle and diminishes to zero at the edges of 
contact. vp ica l  maximum Hertzian pressures found in bearing and gear contacts are 
very high, on the order of 1.5 X 109 N/m2. Note that this Hertzian pressure is an 
elastic pressure caused by the elastic deformation of the surfaces. 

The Hertzian condition of contact is a dominating feature of EHD lubrication. 
It establishes the overall shape of the contacting surfaces. Thus, if we were to follow 
the journey of a fluid particle passing between the surfaces, it would first encounter 
a converging region, followed by a flat or parallel region, and finally it would be 
exposed to a diverging region. As stated above, one of the requirements for the 
generation of hydrodynamic pressure is that the surfaces must be converging. There- 
fore, we should expect all dynamic pressure-generating action to be in the converg- 
ing region. The hydrodynamic pressure generated in this region has the task of 
separating the surfaces, which are forced together by the enormous pressure in the 
Hertzian region. When we consider that typical maximum Hertzian pressure may be 
on the order of 1.5 GPa, and that the usual hydrodynamic pressures generated in 
journal bearings are only on the order of 7 MPa, there doesn’t seem to be much 
hope for the establishment of an oil film under these conditions. 

Load 

F Hertzian pressure 

Figure 6.9 Hertzian pressure and deformation for nonconforming bodies in elastic contact. 
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6.6 Ankle Deep in Cheese 

The power of elastohydrodynamics is derived from two important considerations, 
which together provide the teamwork necessary to separate the surfaces. The first is 
that typical EHD films are a great deal thinner (about 1,000times thinner) than they 
are long. If, for example, the Hertzian region were the length of a football field and 
you were standing on the field, a typical EHD oil film would only be about ankle 
deep. 

The second important consideration is the effect of pressure on the viscosity 
of the fluid. Figure 6.10 shows how the application of pressure influences the vis- 
cosity of a synthetic fluid at 38°C. The viscosity, which is given in centipoise (cp), 
is plotted on a logarithmic scale because it increases very rapidly with pressure. At 
atmospheric pressure, the viscosity is about 350 cp (approximately the same consis- 
tency as a typical motor oil). At 0.14 X 10" N/mZ the viscosity has increased by one 
order of magnitude to 3,500 cp. The fluid at this pressure has a consistency ap- 
proaching that of molasses. At typical Hertzian pressures of 1.5 X 109N/m', the 
fluid viscosity can increase by several orders of magnitude so that its consistency 
may be more like butter or cheese. 

The influence of pressure on viscosity is usually represented by a straight line, 
as shown in Figure 6.10, which has the equation 

p = FoeUP (6.3) 
where p is the viscosity at pressure p and pOis the viscosity at atmospheric pressure. 
The exponent 01 is a property of the fluid called the pressure-viscosity coefficient. 
When 01 is large, the viscosity rises rapidly with pressure. When 01 is small, the 
viscosity rises more slowly with pressure. 

6.7 Hydrodynamics versus Hertz 

Figure 6.11 shows the flow of fluid in the convergent inlet region where hydrody- 
namic pressure is generated. It should be noted that this figure was drawn by using 
two conventions frequently used to graphically illustrate an EHD-lubricated concen- 
trated contact. First, because typical EHD oil films are much thinner than they are 
long, the vertical dimensions are usually expanded about 1,000 times more than the 
horizontal dimensions. If this were not done, the thickness of a typical EHD oil film 
drawn to scale would be less than the thickness of the horizontal line shown in the 
Hertzian region of Figure 6.9. The second convention illustrates the contacting sur- 
faces of machine elements with an equivalent sphere or cylinder on a flat surface 
with all the elastic deformation represented in the curved body. 

The shape of the convergent region as shown in Figure 6.1 1 must be viewed 
with this in mind. The real shape of the convergent inlet region, where hydrodynamic 
pressure is generated, is actually long and narrow. 

The surfaces shown in Figure 6.1 1 are in pure rolling, where each surface is 
moving with the same velocity, U. Each surface carries with it a certain quantity of 
fluid, which joins together at some location to fill the gap between the surfaces. Fluid 
adjacent to each surface is attached to it and travels with it. Because the surfaces 
are converging, the fluid in the interior of the film is forced to slow down and may 
even flow backward. Just as was previously explained, this slowing down of the 
fluid or pumping action of the surfaces to draw fluid into a converging region gen- 
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Figure 6.10 The effect of pressure on viscosity for a synthetic fluid at 38°C. 

erates a hydrodynamic pressure. As the pressure rises in the inlet region, the viscosity 
rises with it. The higher viscosity produces even higher pressure. When the fluid 
reaches the leading edge of the Hertzian region, the viscosity of the fluid may have 
increased by an order of magnitude and the hydrodynamic pressure may have reached 
typical values of 0.I5 X 10' N/m'. This hydrodynamic pressure must compete with 
the Hertzian pressure. While the hydrodynamic pressure is trying to separate the 
surfaces, the Hertzian pressure is trying to force them together. 

The hydrodynamic pressure generated in the convergent inlet region is much 
lower than the maximum Hertzian pressure. Nevertheless, the hydrodynamic pressure 
is capable of separating the surfaces, and it does so in a very subtle way. It cannot 
compete with the Hertzian pressure in the center of the contact where the pressure 
is very high, but it can overcome the Hertzian pressure at the leading edge of the 
Hertzian region where the pressure is much lower. If it does this, and if it separates 
the surfaces at the leading edge of the Hertzian region, the hydrodynamic pressure 
will have achieved total surface separation. Total surface separation is achieved be- 
cause of time (i.e., the dynamics of the moment). Once the fluid gets into the leading 
edge of the Hertzian region, it cannot escape because the viscosity becomes too high 
and the film is too thin. There will not be enough time for the Hertzian pressure to 
squeeze the fluid out because the motion of the surfaces passes the fluid through the 
Hertzian region very quickly (typically on the order of milliseconds). 

The final pressure achieved along with the overall shape are shown in Figure 
6.12. The final pressure and shape are very similar to the Hertzian pressure and shape 
except at the leading and trailing edges of the Hertzian region. The EHD pressure 
generated in the inlet region elastically deforms the surfaces to a greater extent than 
the original Hertzian shape. The EHD pressure near the exit region goes into a sudden 
perturbation with enormous pressure gradients. The sudden drop in pressure at the 
exit is associated with a drop in film thickness, which creates a fluid flow constric- 
tion. The local constriction at the trailing edge of the contact is a result of a require-
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Figure 6.11 (a) Pressure and velocity distribution and (b) flow distribution in convergent 
inlet region. 

ment to maintain continuity of flow. If there were no constriction, the sudden drop 
in pressure would force more fluid out than is coming in. Therefore, the surfaces 
deform in such a manner that they restrict the flow going out. 

6.8 The Trinity 

The conjunction zone of a typical EHD contact can be conveniently divided into 
three separate regions, as shown in Figure 6.12. Each region performs a unique 
function. The inlet region pumps the film up. The Hertzian region rides the film and 
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(pumps film up) (rides it) (discharges it) 

Figure 6.12 vpical  pressure distribution and elastic deformation during EHD lubrication. 

the outlet region discharges the film. The viscous character of the fluid changes 
drastically while passing through these regions, going from an easy flowing liquid 
to a pseudosolid and back to an easy flowing liquid within a matter of milliseconds. 

The viscous properties of the fluid in each region are determined by the tem- 
perature, pressure, and shear conditions the fluid encounters or creates in each region. 
Because viscosity plays an important role in how these regions function, it is im- 
portant to understand how the viscous character of the fluid is influenced by the 
environmental condition in these regions as it passes through. 

For example, the film-forming capability of the hydrodynamic pressure gen- 
erated in the inlet region is governed by the local viscosity throughout this region. 
Because the inlet region is extremely narrow, the viscosity of the fluid is controlled 
by the temperature of the solid surfaces. The variation of viscosity with pressure is 
usually accounted for by the a-parameter in Eq. (6.3). While the pressure-viscosity 
coefficient, a ,  as defined in Figure 6.10 departs from experiment at high pressures, 
its characterization of fluid behavior is sufficiently accurate over the pressure range 
generally encountered in the inlet region. The viscous properties of the fluid as 
governed by the pressure and temperature conditions in the inlet region influence the 
thickness of the fluid film, which is observed in the Hertzian region. 

6.9 Stressed to the Limit 

By the time the fluid has entered the Hertzian region, it has completed its task of 
pumping the film up. The viscous (or shear strength) character of the fluid in the 
Hertzian region now becomes important with respect to sliding friction (or traction). 
Because the fluid film in the Hertzian region has high viscosity, relative motion 
between the surfaces is resisted by tangential stress built up within the fluid in the 
Hertzian region. Because enormous pressures in the Hertzian region transform the 
fluid into a pseudosolid, the internal friction or traction of the fluid becomes governed 
by the shear strength of the solidified fluid instead of its viscosity. The tremendous 
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enhancement of viscosity with pressure is offset to some degree by frictional heating 
of the fluid in the Hertzian region as well as possible shear and time-dependent 
effects on fluid behavior. If the fluid in the Hertzian region is liquid like, frictional 
heating reduces its viscosity. If the fluid in the Hertzian region is solid like, frictional 
heating reduces the limiting shear stress of the fluid. In either case, sliding friction 
is reduced with temperature. Friction or traction coefficients of hydraulic fluids may 
range from 0.1 to 0.001. The level of traction is a function of the pressure and 
temperature in the Hertzian region. Because traction under high-pressure EHD con- 
ditions reflects the limiting shear strength of the fluid, traction coefficient is a function 
of the molecular structure of the fluid. Figure 6.13 shows EHD traction coefficients 
of four fluid types. The EHD traction measurements were conducted at a maximum 
Hertzian stress of 2.07 GPa and ambient temperature [3]. The traction data were 
taken over a range of rolling velocities, but with a constant sliding velocity (0.36 ml 
sec). With a constant sliding velocity and Hertzian stress, the frictional heating in 
the contact is the same for all rolling velocities. It is interesting that traction coef- 
ficient is almost independent of rolling velocity. From the discussion above, EHD 
film thickness should increase with surface entraining velocity. This means that trac- 
tion coefficient under high-pressure EHD conditions is essentially independent of 
film thickness (or shear rate). The independence of traction with shear rate confirms 
that the fluid is shearing like a solid rather than a viscous liquid. 

The fact that fluids under Hertzian pressure shear like solids has profound 
technological implications. If fluids remained viscous liquids (i.e., took on Newtonian 
behavior), the high shear rates typically found in EHD contacts would result in 
enormous friction coefficients. EHD lubricated contacts would then have to be op- 
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Figure 6.13 Traction coefficients of four fluids measured under high-pressure EHD con-
ditions. Fluids 1 and 2 are model hydraulic fluids. Fluid 3 is a polyolester and Fluid 4 is a 
perfluoropolyalkyl ether. 
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erated at low shear rates or they would suffer meltdown by frictional heating. The 
transformation of the fluid to a pseudosolid limits frictional resistance caused by the 
limiting shear strength of the interposed material. Furthermore, as the shear rate and 
frictional heating in the contact increases, traction decreases. This is because the 
limiting shear strength of fluids, like ordinary solids, decreases with temperature. 

6.10 Predicting Film Thickness 

The practical importance of the mechanism of EHD lubrication lies in the thickness 
of the oil film between the surfaces. Its thickness is controlled by the operating 
conditions expressed in terms of various operating parameters such as surface ve- 
locity, load, and fluid viscosity. 

The influence of these parameters on film thickness should be obvious if the 
basic concepts of EHD have been understood. For example, a change in any param- 
eter, which causes a greater hydrodynamic pressure to be generated in the inlet 
region, will result in a larger film thickness. Thus, an increase in surface velocity or 
fluid viscosity will result in a larger film thickness. 

An important feature of EHD lubrication is that the influence of load on film 
thickness is very small. This is not surprising if one considers that an increase in 
load merely increases the maximum Hertzian pressure and makes the Hertzian region 
larger. It does very little to the inlet region where the hydrodynamic pressure is 
generated. 

The influence of various operating parameters on film thickness can be shown 
with an equation. Equation (6.4) has been derived from theory [4] for a line contact 
geometry presented by a cylinder on a plane as shown in Figure 6.9. 

(6.4) 

where 

h,,,= film thickness at the rear constriction 
p,,= viscosity at atmospheric pressure 
a = pressure-viscosity coefficient as defined in Eq. (6.3) 
II = velocity, defined as U = %(uI + U , )  where U ,  and U? are the individual 

velocities of the moving surfaces 
R = radius of equivalent cylinder 
kt’ = load per unit width 
E = elastic modulus of equivalent cylinder (flat surface assumed completely 

rigid) 

This equation shows that film thickness is most sensitive to the velocity ( U ) ,  the 
lubricant properties (p(jand a)and the radius of curvature (R).An increase in any 
one of these parameters, which are in the numerator of Eq. (6.4), will result in a 
larger film thickness. The relationship between viscosity, po,and temperature is well 
known for hydraulic fluids and is covered in other chapters. 

While the pressure-viscosity coefficient, a,is an essential fluid parameter for 
EHD film generation, its value is not frequently given for hydraulic fluids. Pressure- 
viscosity coefficients can be measured with high-pressure capillary viscometers. 
They can also be obtained from actual EHD film thickness measurements [ 3 ] .Pres-
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sure-viscosity coefficient is a function of molecular structure. Because hydraulic 
fluids cover a wide variety of fluid types, their pressure-viscosity coefficients cover 
a wide range. The pressure-viscosity coefficients of four fluid types are plotted as 
a function of temperature in Figure 6.14. Fluids 1 and 2 are model hydraulic fluids. 
Fluid 3 is a polyolester and Fluid 4 is a perfluoropolyalkyl ether. Most mineral oils 
and some synthetic fluids have pressure-viscosity coefficients similar to Fluids 1 
and 3. The data in Figure 6.14 show that pressure-viscosity coefficient decreases 
with temperature. This is particularly true for high-viscosity fluids. As a general rule, 
pressure-viscosity coefficient tends to increase with viscosity for a given fluid type. 

The denominator in Eq. (6.4) has two parameters ( E  and M') which tend to 
decrease film thickness. However, neither the load M' nor the elastic modulus E 
influence film thickness much because their exponents are very small (0.13 and 0.03). 
It is somewhat ironic that the lubrication mechanism that bears the name elastohy- 
drodynamic shows film thickness to have little dependence on the elasticity of the 
materials. As long as the applied load causes elastic deformation similar to the Her- 
tzian deformation, it does not matter if the elastic modulus is high like that of 
tungsten carbide or low like that of aluminum or brass. As previously discussed, the 
region of EHD pressure generation is the inlet region, the shape of which is only 
slightly affected by elastic modulus. However, if the elastic modulus is extremely 
low, like that of elastomeric seal materials, the pressure will not be sufficient to 
enhance the viscosity of the fluid. The mechanism of lubrication, while still elasto- 
hydrodynamic, cannot be described by Eq. (6.4) since it includes the pressure-vis- 
cosity coefficient a.Other equations that account for low elastic modulus materials 
can be used to calculate film thickness. 

6.11 Experimental Verification of EHD Theory 

For moderately hard materials, the theoretical prediction of film thickness as repre- 
sented by Eq. (6.2)has been verified by experimental measurements. Because typical 
EHD films are extremely thin (generally less than 1 pm), film thickness measure- 
ments require special techniques. 

One measurement technique that has been used is optical interferometry, which 
uses the wavelength of light as a unit of measure. Figure 6.15 shows a photomicro- 
graph of light interference fringes that have formed between a steel ball rolling 
against a glass surface. The circular area is the Hertzian region. The fluid passes 
through the Hertzian region from left to right. A fluid cavitation pattern is clearly 
visible in the outlet region. The interference colors in the Hertzian region provide a 
contour map of the thickness of the oil film. The uniformity of color in the center 
of the contact indicates that the film is extremely parallel in the high-pressure region, 
i.e., the elastic shape is Hertzian. Some exceptions to the Hertzian shape are seen 
near the rear and sides of the contact region where the thinner films are observed. 
The thinner films at the sides of the EHD contact are the result of side leakage of 
the fluid immediately upstream in the inlet region. This side leakage inhibits the 
generation of hydrodynamic pressure and causes a thinner film to form in the portion 
of the Hertzian region immediately downstream. The thinner film at the rear of the 
EHD contact causes a restriction in flow immediately downstream of the high pres- 
sure in the center of the Hertzian region. This restriction is a necessary requirement 
to maintain continuity of flow, as previously discussed. 
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Figure 6.14 Prcssurc-viscosity coefficients of four fluid types. Fluids 1 and 2 are model 
hydraulic fluids. Fluid 3 is a polyolester and Fluid 4 is a perfluoropolyalkyl ether. 

Figure 6.15 Photomicrograph of light interference fringes showing EHD film formed be- 
tween a steel ball rolling against a transparcnt surface. Fluid passes through the Hertzian 
region from lcft to right. 
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6.12 Exit Region 

After the fluid leaves the Hertzian region, it enters a diverging region. As the surfaces 
drag the fluid into the diverging space of the outlet region, the situation of fluid 
dynamics is opposite to that found in the inlet region. The outlet region attempts to 
generate a negative pressure. When subambient pressure is reached, dissolved gases 
in the fluid come out of solution and fill the space between the surfaces. This action 
ruptures the fluid film and terminates the hydrodynamic pressure. It is fortunate that 
fluids out-gas rather than respond by way of true cavitation. Although fluid cavitation 
can result in considerable damage to hydraulic system valves, the gentle cavitation 
that occurs at the termination of hydrodynamic pressure causes no trauma to the 
surfaces. The fluid merely “passes gas.” 

6.13 Starvation 

The oil film rupture in the exit region leaves thin residual ribs of lubricant down- 
stream of the contact. Because most lubricated contacts repeatedly travel over the 
same track, there is a concern that the surfaces drawing fluid into the inlet region 
might not provide an adequate supply. Without some degree of external replenish- 
ment into the track, the inlet region can become starved. Experimental work on 
starvation [5] shows that a less than fully flooded inlet region decreases the EHD 
film thickness according to the degree of inlet starvation. Many lubricated contacts, 
like grease-lubricated bearings, run starved. So long as the EHD film thickness pro- 
vides sufficient surface separation (or entrainment of chemistry), some degree of 
starvation can be tolerated. Fortunately, most highly stressed contacts in hydraulic 
equipment tend to be adequately supplied with fluid. 

With regard to starvation, one should appreciate a little known fact that allows 
high-speed contacts to survive without starvation. The inlet flow field illustrated in 
Figure 6.11 shows that fluid entering the inlet region is recirculated. It “hangs 
around” awhile before it is consumed by the Hertzian region. The inlet region ac- 
cumulates fluid and actually moves with the contact as it travels along the surface. 
This “inflight refueling” is one of several phenomena that make EHD lubrication a 
“miracle mechanism.’ ’ 

6.14 Just a Tickle? 

The thickness of EHD lubricating films found in lubricated contacts is frequently 
not much greater than the height of individual asperity features on the surfaces. If 
total surface separation can be achieved, the life of hydraulic pump contacts can be 
long, limited ultimately by fatigue of the metal surfaces. However, when total sep- 
aration of the surface is not achieved, the load is partially supported by the EHD 
film and partially by local areas of asperity contact. These local areas are vulnerable 
sites for the initiation of surface wear and failure. The calculated thickness of the 
EHD film relative to the individual asperity height is an important criterion used in 
design. This is a first-order estimate of whether the intermittent contact between 
asperities is just a “tickle” or something more traumatic. 

6.15 Micro-EHD 

The power of the EHD mechanism, which has been described above with smooth 
surfaces, also carries its influence to the microworld of surface roughness features. 
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The realities of typical lubricated contacts are that EHD-generated films are on the 
same order of magnitude as the roughness heights of machine-finished surfaces. It 
is also interesting that typical “slopes” of surface roughness features are frequently 
on the same order of magnitude as the angle of convergence in the inlet region. As 
discussed above, the generation of a hydrodynamic pressure requires relative motion 
where a fluid is drawn into a convergent space. Therefore, undulations on the surface, 
which are of a scale less than the length of the inlet region or contact region, are 
subject to the same principles of EHD film generation as the global or bulk shape 
of contacting bodies. When these EHD principles become active on topographical 
features, it is called micro-EHD lubrication. Micro-EHD action can be superimposed 
on a high-pressure EHD lubricated contact as well as a low-pressure hydrodynamic 
contact. In the latter case, elastic deformation is confined to roughness features only 
and the effect of pressure on viscosity is confined to the neighborhood of the rough- 
ness features. 

An example of micro-EHD lubrication at work is shown in Figure 6.16. Arti-
ficially produced undulations are seen traveling through an EHD contact region with 
a nominal EHD film thickness of 0.16 km. The data points, which were obtained 
with light interference [6], give the actual shape of the undulations as these features 
go through the contact region under sliding motion. The dashed line shows the 
original geometry of the undulations, as measured with a stylus instrument. As these 
undulations move through the high-pressure and highly viscous Hertzian region, they 
create significant local EHD pressures at the converging sides of the undulations. 
The micro-EHD pressures are sufficient to cause a noticeable compression or flat- 
tening of the “peaks” to avoid local contact. At the same time, the micro-EHD 
action on the downstream or diverging side of the undulations tends to create a 
negative pressure. If cavitation does not occur, the “valleys” are relieved of pressure 
and they deform in a direction toward the mean plane of the surface. So, if topo-
graphical features are of an appropriate scale, micro-EHD action can momentarily 
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Figure 6.16 Micro-EHD pressures at roughness features with sliding motion “flatten” 
surface topography in Hertzian contact region. 
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flatten the roughness features. A severe encounter between surface roughness features 
may turn out to be only a tickle rather than a scratch. 

6.16 Summary of EHD 

Elastohydrodynamic lubrication deals with highly stressed surfaces that are elasti- 
cally deformed by loads carried over small areas. The overall pressures and defor- 
mations are similar to the Hertzian conditions for dry contact. The dynamics of fluid 
entrained into the converging space upstream of the Hertzian contact generates pres- 
sure between the surfaces. The “macho” Hertzian pressure opposes this hydrody- 
namic pressure and, while the pressure of the battle builds up, the viscosity of the 
fluid increases. The enhancement of viscosity with pressure gives a tremendous boost 
to the generation of hydrodynamic pressure. Although the hydrodynamic pressure 
may still be much smaller than the maximum Hertzian pressure, it is sufficient to 
elastically deform and separate the surfaces at the leading edge of the Hertzian 
region. Once this is achieved, the fluid becomes captured by the contact. It cannot 
escape because its viscosity is too high, the gap between the surfaces in the Hertzian 
region is too thin, and the time is too short for it to “leak” out. Because Hertzian 
pressures are high, the momentarily captured fluid is transformed into a solidlike 
material. Friction is almost never more than 10%of the normal load. Because EHD 
films are generated upstream of the Hertzian contact, their thickness is almost in- 
dependent of load. Their load capacity can easily exceed the plastic flow of metals. 

The formation of hydrodynamic and EHD films has a profound effect on the 
life and durability of highly stressed hydraulic system components. Although the 
power of hydrodynamic and EHD mechanisms is somewhat amazing, it alone is not 
sufficient to preserve integrity of surfaces under all conditions of operation. These 
dynamic mechanisms create a structural element of the lubricated contact, which 
comes and goes with surface motion. The attachment of films, which do not require 
surface motion for their creation, is an equally important mechanism in the whole 
scheme of lubrication. The orchestration of surface films and dynamically generated 
films is the heart of lubrication practice. 

Before we describe the mechanisms that create the structural element of suflace 
jfilms,the general features of surfaces and near-surface material should be understood. 
Surface films are part of the surface. In many cases, they are also part of the fluid. 
At the interface between surfaces, fluids can become “solid” and the solid surface 
can “flow” to accommodate stress or strain. Without some sort of modeling or 
understanding of the processes that go on between surface films and the surface, it 
is difficult to manage fluid chemistry, engineer surfaces, design contacting hardware, 
or solve problems. 

7 THE SURFACE AND NEAR-SURFACE REGION 

The near-surface region is a structural element that lubrication mechanisms attempt 
to preserve. The near-surface region, which includes surface topography, becomes 
the crime scene of almost all failure processes. These failure processes fall under 
general categories with descriptive terms, such as wear, scuffing, and surface fatigue. 
The near-surface region is a “constructed” element, as opposed to a dynamically 
generated element like hydrodynamic film. However, the near-surface region has 
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many dynamic features. The manufacture of a surface is not a benign process. Sur- 
faces can acquire residual stresses, and they can possess “energy.” The material 
composition and microstructural features, which define the near-surface region of 
practical materials, cover an enormous scope and provide great opportunity. These 
opportunities will continue to grow with advancements in surface treatments and 
with developments in engineered surfaces. Whether the initial creation of contacting 
surfaces is high or low tech, an understanding of the characteristic features of the 
near-surface region is important for understanding its neighboring structural ele- 
ments: the surface films and subsurface region. 

7.1 Roughness, Asperities, and Substrates 

All technological surfaces are rough or non-smooth on several arbitrarily defined 
dimensional scales. A nominally flat surface has “undulations” on the surface itself. 
This scale of roughness is often referred to as waviness. The next scale of roughness 
is the microscale, and this scale is referred to as sur$uce roughness. Surface roughness 
with distinctive three-dimensional features may have texture. A third scale of rough- 
ness is the nanoscule, a scale not necessarily confirmed to be as important as the 
others in the lubrication of most technological surfaces. The microscale entities on 
surfaces that make up roughness are called asperities. The microscale is important 
because differences in surface roughness in this range strongly influence the func- 
tioning of heavily loaded, lubricated surfaces in relative motion. 

Electronic surface tracer instruments yield a variety of surface parameters that 
describe height and spatial distribution of surface topography. Their numerical values 
in the microscale range, such as Ra (arithmetic average), are most commonly used. 
Computer and optical technology have fostered the development of optical topo- 
graphic sensors, which enhance surface characterization in three dimensions. 

Graphical traces from the old electronic instruments popularized the notion that 
asperities are jagged mountain peaks that are readily “broken off’’ when lateral 
forces are applied to them. This came about because the vertical scale on the trace 
was usually amplified at least 100 times more than the horizontal scale so that less 
paper was used to portray the important features of surfaces. Actually, asperities 
resemble rolling hills more than jagged mountain peaks, having slopes that average 
in the range of 1” to 5” or so. Asperity contact is better represented as occurring on 
very low slopes rather than the commonly drawn slopes of 30” or 45”. 

7.2 Modeling Surfaces 

The modeling of surfaces in contact requires some sort of numerical characterization 
of surface topography. The simplest notion of surface roughness is the sinusoidal 
ridge pattern, or perhaps the close-packed array of spheres. Actual roughness is much 
more complicated and quite difficult to express satisfactorily in numerical form. 
Roughness is thought of mostly in terms of asperity height, but distribution and 
shape of asperities are also important, and all of these attributes appear to be more 
random than regular across a surface. From a tribological perspective, peak height 
and slope of roughness features are important. Surfaces with a pluteuu texture are 
almost always desired over equally distributed peaks and valleys. Available instru- 
ments yield a host of ways to express surface roughness, most often statistical in 
nature. But few people, if any, can surely connect any single value or group of values 
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with surface performance. As with so many other topics in lubrication, the better 
course of action in using surface roughness-measuring instruments is to gain ex- 
perience with only one or two surface roughness expressions (parameters) and to 
connect these with the functioning of the machine component of concern. 

7.3 The Creation of Asperities 

Asperities are usually taken as entities that simply “exist” on surfaces, but it is 
useful to consider how they are formed. Surfaces in mechanics are taken simply to 
be the boundary of a semi-infinite solid of no particular internal structure. Actually, 
metallic and ceramic solids are made up of atoms, and polymeric solids are made 
of identifiable arrays of atoms (i.e., molecules). Solids that are solidified (cast) from 
the molten state take on a surface topography (e.g., roughness, waviness) that is 
some combination of the surface features of the container (mold) plus the shape of 
surface grains as they attempt to grow in their natural crystallographic directions. 
Surfaces cut by tools or abrasive substances take shapes that result from the material 
being torn or fractured by the passing cutting edges. This leaves torn edges and 
“ironed” folds on the surfaces of ductile materials, which are severely cold-worked 
in the substrate. It leaves grooves and cracks on and in the surfaces of brittle ma- 
terials. Surfaces influenced by corrosion assume shapes that result from having dif- 
ferent grains corroding at different rates along different crystallographic directions. 

7.4 Correcting Surface Deficiencies 

Manufactured surfaces are certainly not perfect for their future encounters with mat- 
ing partners in lubricated contacts. Because many processing steps are required to 
improve surface topography and near-surface integrity for their ultimate use, eco- 
nomic considerations play a large part in the final condition of the surface. As a 
practical matter, the contact just has to live with whatever surface quality it is given. 
To survive initial operation with less-than-perfect surfaces, chemical treatments such 
as phosphating are used. 

Economic considerations also bring into play many low-cost materials that are 
surface hardened for improved durability. The diffusion of carbon (carburizing) or 
nitrogen (nitriding) into steel improves hardness and wear resistance. But hard iron 
nitrides, which appear as thin white layers at the surface when etched, can occur in 
nitrided steels. These white layers have low ductility and are easily fractured under 
stress. 

If economic considerations permit, surfaces may be coated with hard or soft 
coatings. Silver coatings are used to provide “compliance” to the surface and im- 
prove heat transfer. Hard coatings, like titanium nitride (TIN) or thin dense chrome 
(TDC), are used for wear resistance and corrosion resistance. Diamond-like coatings 
(DLC) have the potential of making their way into use for wear resistance and low 
friction. 

The near-surface region of lubricated contacts is enormously complex in terms 
of its topography, composition, and mechanical properties. To make matters worse, 
this structural element does not stand alone. Its neighboring structural element. the 
surface film region, is intimately connected to the near-surface region. The intimate 
connection is described in the following section. 
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8 SURFACE FILM REGION AND BOUNDARY 
LUBRICATION MECHANISMS 

The structural element that we identify as the surface film region is a whisper in 
thickness, but mighty in influence. It is well known that surface films are important 
to the mechanism of boundary lubrication. These elusive films are the last defense 
mechanism to prevent adhesion and accommodate shear. These films may be in the 
form of oxides, adsorbed films from surfactants, and chemical reaction films from 
other additives. They can also be derived from bulk fluid or the surrounding atmo- 
sphere. The thin region of a surface film is illustrated in Figure 6.17. 

8.1 Incompatible Assumptions about Surfaces: Mechanics 
versus Chemistry 

In the mechanics of lubrication, a solid body ends at a plane and the next substance 
is a lubricant; the solid has its (bulk) properties, the lubricant has its (bulk) properties, 
and there is no interaction between them. Peculiarly, although successive layers of 
fluid between moving surfaces are sheared past one another, a common assumption 
in hydrodynamics is that the layer of fluid touching the solid surface does not “slip.” 
This is a most remarkable phenomenon. It is an essential feature of the mechanism 
of hydrodynamic lubrication, and it is the “engine” of boundary lubrication. 

Figure 6.17 The surface film region. 
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There is, in fact, an interaction between a lubricant in contact with a solid. 
Solid surfaces are atoms with their outer “neighbors” removed from them. These 
outer atoms exist in a higher state of energy than when they were submerged in the 
solid. The increased energy is what was required to fracture the bonds that formed 
this new surface. In a tensile test, for example, this is most readily seen in the case 
of a perfectly brittle solid because no energy is expended in plastic deformation in 
the fracture region. 

Simply stated, a surface atom in an elevated state of energy can be restored to its 
original energy state by returning neighbors of its own kind to its vicinity. However, 
if a neighbor of its own kind is not available, an atom of another kind will restore 
a fraction of the energy rise that occurred during fracture. The new neighbor becomes 
attached or adsorbed to the solid surface, with a strength of attachment roughly 
relative to the amount of energy released on adsorption. On introduction of shear, 
the strength of attachment may be sufficient to resist or impede large-scale slip 
between a fluid and solid surface. 

8.2 Two Levels of Surface Energies in Adsorption 

Surface interactions are actually surface regions of interactions. The outer layer of 
atoms in a surface is displaced from its equilibrium crystallographic lattice location. 
This displacement distorts the lattice array in the next layer, and so on, decreasingly 
into the next layers. Sur$uce energy of a solid is the sum of the energy changes that 
occur in all affected layers of atoms into the solid substrate. In exactly the same 
way, all fluid molecules near the solid are altered in form and properties by the 
bonding energies in the region of interaction. The following paragraphs discuss the 
lubricating qualities of adsorbed substances. The discussion applies to all liquid and 
gaseous substances that approach a solid surface. 

Some molecules adsorb to a solid surface with low energy, on the order of 0.2 
kJ/mol of the adsorbate. There is no change in the chemical state of the attached 
molecules. Liquid molecules at the solid surface adjust their natural structure to the 
atomic structure of the solid. The range of adjustment extends with diminishing effect 
into the volume of attached molecules. The result is a significant increase in flow 
resistance or viscosity of the adsorbate. A large adjustment of physical properties 
occurs when gases adsorb to a solid. These gases build in several layers and pack 
so tightly on a solid surface that the adsorbed layer has properties similar to those 
of a liquid. These layers exist on all surfaces that are exposed to atmospheric gases, 
including water vapor. Their presence significantly affects sliding friction. 

Some substances are chemically altered on adsorption to a solid. These chem- 
ical alterations are found to lower the surface energy by an amount in the range of 
2.5 to 25 kJ/mol of the free adsorbate. This type of reaction is referred to as clzeiizical 
adsorption. The adsorption of oxygen to all solids (except gold) results in the for- 
mation of oxides. Other reactive gases also form new compounds. 

8.3 Adhesion 

When two solid surfaces are brought close to one another within their normal atomic 
spacing of about 0.5 nm, they will adhere or bond together. No other action, rubbing, 
or heating is required. The strength of the bond varies widely. The ultimate bond 
strength is that in the substrate itself, but the relative lattice orientation of the two 
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surfaces can influence the strength of the bond to a great degree. In the case of metal, 
the atomic array or lattice pattern in the two surfaces need not align perfectly. They 
will create strong bonds, that is, the adhesion strength is high. In the case of ionic 
and covalent structures, as in most ceramic materials, adhesion strength is reduced 
to 2% or 3% of the substrate strength-provided the lattice patterns in the surfaces 
are out of alignment by only a degree or two. 

However, if the solids cannot be brought to within 0.5 or even 2 nm of each 
other, they will not bond. Adsorbed films are usually thicker than these dimensions, 
and they prevent high adhesion. Physically adsorbed films can be displaced over 
time, but chemically adsorbed films are not likely to be displaced unless there is 
some sliding. Adhesion between solids is thus influenced by two factors: lattice 
alignment and screening by adsorbed substances. Two metals in close proximity can 
potentially produce the highest adhesion. But, compared with ceramic materials, they 
are more likely to have chemically adsorbed films which prevent adhesion. The 
bonding between polymeric surfaces is attributable to the weak van der Waals forces, 
which assure that only very weak adsorption occurs on these surfaces. Adhesion is 
important because the factors that influence adhesion also influence friction to a great 
extent. 

8.4 The Lubricating (or Separating) Qualities of 
Adsorbed Substances 

The scale of physical adsorption extends a distance into the adsorbed layer on the 
order of 5 to 10 nm in the case of simple fluid molecules. For long molecular chain 
fluids, the scale of influence extends to a micrometer. These long-chain molecules 
are often depicted as being attached to the solid surface by active end groups with 
long tails extending away from the solid. Whereas it is easy to refer to these scales 
of influence, it is much more difficult to develop sound models for the behavior of 
the altered fluid layers in practical systems. The properties of these fluid layers have 
not yet been measured. Quite simply, however, these films can be modeled as liquids 
with spatially increasing viscosity, to a high value approaching 1000 times the bulk 
viscosity in the first liquid “layer.” In this sense, these surface films cannot be 
defined in terms of thickness. 

The effective scale of chemical adsorption is measured by the thickness of the 
new substance formed on the surface. This can range from nanometers (nm) to tens 
of micrometers (pm). The mechanical properties of the new film depend on what 
forms on the solid. In some instances, a long-chain molecular substance is formed 
(sometimes referred to as a polymer), and in other cases an ordered structure or solid 
is formed. Often a molecular substance forms on top of an ordered structure. The 
long-chain molecular substance could probably be characterized as a viscous sub- 
stance, with the usual but not confirmed property of firm attachment to the solid 
surface. The solid would behave as a solid, but the strength of its attachment to the 
substrate also influences its lubricating function with imposed sliding. Many of the 
common solid substances that are formed, such as oxides and others materials, are 
brittle in bulk form. However, when they are present in the form of thin films, and 
particularly when they are under high three-dimensional compressive stresses, they 
become more likely to flow plastically. 
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8.5 Secret Compositions and Mysterious Properties 

Despite the tremendous importance of surface films to boundary lubrication, the exact 
properties of adsorbed films are not well known. There is some value in speculating 
on these properties and incorporating reasonable properties into models and hypoth- 
eses for their lubricating qualities. There is far more work devoted to chemical com- 
position of surface films than to their physical properties. The act of formulating 
fluids for the creation of surface films is an art more than a science. The process 
involves selecting chemistry, not physical properties or mechanisms. Therefore, com- 
position and concentration reign in the storehouse of secret formulations. 

Because surface film properties are mostly a mystery, technical progress is 
derived from an experience base gathered from the notions of field results or labo-
ratory tests. Screening tests in the laboratory, as well as major qualification tests for 
the introduction of new fluid formulations into service, are more historical than 
rational. The difficulties of testing for performance attributes of new surface film 
formulations are partially attributable to the mysteries of surface films themselves. 
There is also a surprising lack of understanding of how the lubrication mechanisms 
actually play themselves out in service. A systematic approach to this is summarized 
in later sections. In the meantime, the fourth structural element of a lubricated con- 
tact, the subsu~$aceregion, is highlighted in Section 9. 

9 SUBSURFACEREGION 

The subsurface region, which may be on the order of 50 to 1000 p m  below the 
surface, does not appear at first to be connected to lubrication mechanisms associated 
with hydrodynamic film generation or surface film formation. Although the subsur- 
face region is remote from the tribological actions taking place at the surfaces, it 
still “feels” these actions by way of transmitted stress. The subsurface region is 
important with respect to failure mechanisms that result from plastic flow and fatigue. 
These failure mechanisms can have their initiating sites “subsurface.” The subsur- 
face region is the foundation or “roadbed” of the tribosystem. Material properties 
in the subsurface region must be able to tolerate the transmitted stresses at the stress 
levels and stress cycles demanded by the duty cycle of the equipment. 

9.1 Demands on Subsurface Region 

The demands on the subsurface region are derived from the normal load, which 
gives rise to a pressure distributed over an area of “contact.” The subsurface region 
becomes an important element of the tribosystem when the applied pressure is high 
relative to the strength of the subsurface material. When the applied pressure is low 
compared with the strength of the subsurface region, the demands on the subsurface 
region are diminished. The stress field may then be confined to the near-surface 
region only. 

Friction, which creates a tangential stress “at the surface,” can be thought of 
as a modifier to the stress field created by the normal load. The degree of modification 
on the normal stress field is directly related to the coefficient of friction. 

If the load on a lubricated contact is being shared by asperities, or if surface 
motions generate micro-EHD pressures, the normal stress field is modified to yet 
another degree. The degree of asperity modification is influenced by asperity shape, 
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height distribution, the number of asperities sharing the load, and the elusive asperity 
friction. Asperity pressure and friction put a “ripple” on the pressure distribution 
across the area of contact. If the contact is finely divided among asperities, the 
subsurface region may not feel this ripple. If a few isolated asperities are at work, 
the subsurface region will be annoyed by the hammering upstairs, 

This discussion shows that the depth of tribology technology in the surface to 
be concerned with is a function of the depth of the stress field below the surface. 
Although friction coefficient and asperity phenomena may complicate the picture, at 
least the size of the subsurface playing field can be identified so that the approach 
to problem solving and technical developments can be better focused. 

9.2 Dimensionsof Pressureand Stress Fields 

Because the purpose of lubrication is to bear the stress and accommodate the strain 
in the contact, it is important to quantify the dimensions of the pressure and stress 
fields. The engineering dimension of the pressure of a conformal contact is simply 
the load divided by the area of contact. Design calculations for conformal contact 
are frequently based on  the projected area of contact, although the actual area of 
contact may be significantly smaller. In addition, the real area of contact may be 
even smaller. Care must always be given to edge effects where the termination of 
one body does not coincide with its mating surface. 

The pressure and stress fields of nonconforming bodies with elastic deforma- 
tions are calculated from Hertzian theory [I]. The theory of Heinrich Hertz was 
motivated by his study of Newton’s optical interference fringes (such as those shown 
in Figure 6.15) and the problem of elastic deformation between two glass lenses in 
contact. His theory was worked out in 1880 during Christmas vacation when he was 
23-years-old. From his theory, a combined elastic modulus E’ can be defined as 

1 (1 - 05)+ ( 1  - 0;) (6.5)- = [  
ElE‘ E2 1 

where uIand E, are Poison’s ratio and elastic modulus of body 1, and CT? and E, are 
Poison’s ratio and elastic modulus of body 2. 

9.3 Point Contact Dimensions 

For a point contact where two spherical bodies are in elastic contact, a combined 
radius of curvature, R, is defined as 

1 
-- - -1 + -1 

(6.6)
R RI R2 

where R ,  and R2 are the radii of curvatures of bodies 1 and 2 respectively. 
In engineering practice, the normal load W is usually available, and it is used 

in Eq. (6.7) to calculate the radius, a, of contact and in Eq. (6.8) to calculate the 
maximum pressure, P,,,,. 
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A characteristic of point contact elastic behavior is that the maximum pressure and 
Hertzian radius of contact are proportional to the cube root of the load. 

Sometimes the maximum pressure is replaced with a mean pressure, which is 
2/3 P,,,. The pressure distribution over a point contact area is given by 

- I12 

P=P,,,, [ l  - (6.9)($1 
where P is the pressure at any radial point r within the contact. From Eq. (6.9), the 
pressure is maximum (P,,,axjat the center of the contact, where r = 0. The pressure 
is zero at the edge of the contact, where r = a. The distribution of pressure produces 
a uniform normal displacement within the circular contact, that is, the contact is flat 
(the surfaces are parallel). 

It is also of interest to calculate the total elastic deformation 6 in the normal 
direction as a result of a normal load W. 

I /3 
a' (6.10) 

When the elastic deformation 6 is calculated for typical EHD contacts, we find that 
the amount of elastic deformation is much greater than the thickness of the EHD 
film itself. This result is compatible with the notion that typical EHD lubricated 
contacts are Hertzian with respect to pressure and elastic shape. 

9.4 Line Contact Dimensions 

Line contacts are generated when one or more of the contacting bodies are cylindrical 
and the radii of curvature are generated around parallel axes. A line contact has a 
length L, a half-width of contact b, and a combined radius of curvature R.  The 
characteristic line contacts can be calculated by using Eqs. (6.11) and (6.12). 

(6.11) 

(6.12) 

A characteristic of line contact elastic behavior is that the maximum pressure and 
Hertzian half-width of contact are proportional to square root of the load. The pres- 
sure distribution for a line contact is given by 

(6.13) 

where x is a distance from the centerline of the contact. 

9.5 Stresses Below the Surfaces 

From the Hertzian pressures described above, it is possible to calculate the stresses 
in the contacting bodies. At the surface, the stress components are all compressive, 
except for the very edge of the contact where the stress is tensile for a point contact. 
This is the greatest tensile stress anywhere, This localized tensile stress is responsible 
for what are called Hertzian stress cracks in brittle materials. 
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A stress component of importance to fatigue is the principal shear stress, which 
has a value of approximately O.3Pm,,. For point contact, the maximum shear stress 
is at a depth below the surface of about 0 . 4 8 ~ .For line contact, the maximum shear 
stress is located at about 0.78b. The maximum shear stress of about O.3Pn,,, is the 
greatest in the entire stress field, exceeding the shear stress at the edge of the contact. 
Therefore, plastic yielding is expected to initiate below the surface, rather than at 
the surface. 

Surface friction modifies the stress field. As the coefficient of friction increases, 
the stress field becomes skewed, and the maximum shear stress moves closer to the 
surface. Asperities with overpressure (i.e., above Hertzian) create additional near- 
surface stresses. If surface friction is high enough, local asperity stress fields may 
join the subsurface stresses created by the Hertzian pressure. This condition may be 
critical. Surface-initiated cracks caused by asperity and other defects can then be 
driven deeper into the surface by the subsurface Hertzian stresses. 

For Hertzian contacts, it is convenient to think of two major stress fields. The 
global stress field is created by the Hertzian pressure distribution, and the near- 
surface stress field is created by surface asperities, local depressions, debris, and 
other “defects” at the surfaces. Between these two stress fields one can also define 
a quiescent zone, which is located between the near-surface region and the subsurface 
region. The quiescent zone resides at a depth below the surface in which the local 
asperity and surface defect stresses are not significant and in which the stress field 
from the macroscopic Hertzian contact stress is not yet appreciable. This zone is 
quiescent from the point of view of stress and the accumulation of plastic flow and 
fatigue damage. The existence of the quiescent zone is important with regard to 
rolling contact fatigue. It inhibits the propagation of cracks between the stress field 
in the near-surface region and the stress field in the subsurface region. 

9.6 The Core Region 

Below the subsurface region is sometimes a core material, which is not really a 
structural element of the tribosystem. The core region is highlighted because mate- 
rials, which must be selected for purposes other than tribological, are frequently 
surface modified to achieve desired qualities. There are many examples where it is 
desired to have properties of the core material different form the case rztaterial. To 
impart structural toughness, hydraulic pump gear teeth are usually case hardened to 
achieve wear and scuff resistance. The case may be hardened to a depth of approx-
imately 1 mm, which is usually well below the subsurface region. The hardness of 
the core is controlled to achieve ductility for tooth strength. Although case-hardened 
materials generally provide good wear protection, they can lead to a catastrophic 
wear mode when the softer core material is exposed. 

10 DYNAMICS OF A TRIBOSYSTEM 

The preceding sections have described the structural elements of a tribosystem. The 
construction of the near-surface and subsurface regions must bear the applied stress. 
The generation of hydrodynamic films and the formation of surface films function 
to accommodate shear and control tangential friction forces. When the tribosystem 
is set into operation, the mechanistic processes within the structural elements begin. 
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There are many lubrication and failure pathways that can be taken. From the very 
start, some of the structural elements will never be the same again. If the structural 
elements are viewed as a dynamic system, it is possible to anticipate or explain some 
of these mechanistic pathways. The following sections describe some of the dynamic 
interactions likely to take place and their consequences in terms of failure processes. 

10.1 Dynamics of Asperity Stresses During Initial Sliding 

The most important interactions for the initiation of failure are those between the 
structural elements of the near-surface region and surface films. The controlling in- 
teractions are on a microscale and are associated with the dynamic interaction of 
asperities. 

At the very start, many asperities on one surface encounter asperities on the 
opposite surface and transfer load from one to the other. New surfaces, which require 
some sort of “run-in,” transmit high pressure to the asperities approaching three 
times the yield strength of the softest of the two bodies. The surfaces are likely to 
have 90% of the normal load transferred through plastically deforming asperities. 
This makes it reasonably certain that most asperities are straining progressively dur- 
ing initial sliding. 

In addition to the normal load, sliding introduces shear forces to the contacting 
asperities. This produces a result that cannot be predicted from the principles of 
elasticity. Shear forces, in addition to the normal load, influence the amount of plastic 
flow. When a shear force is applied, the contacting asperities tend to “collapse” 
inward, and the micro-area of contact increases. This behavior is associated with a 
yield criterion that is expressed in several equations, one of which is that of 
vonMises: 

(a,- ay)’+ (a,- a,)? + (a,- a,)’ + 6(7;7, + ~ f ,+ 75,) = 2Y2 (6.14) 

where a is a normal stress, 7 is a shear stress, and Y is the yield strength of a material 
in uniaxial tension. Taking only a single normal stress and a single shear stress, the 
equation could be simplified to a: + 37& = U’.This result shows that when a shear 
stress is introduced, the normal stress on asperities is diminished, not by reducing 
the applied normal load but by increasing the area over which the load is carried. 

10.2 Dynamicsof Asperities During Continued Sliding 

During initial sliding, the highest asperities experience severe deformation. After a 
few cycles these asperities will fail and produce loose particles in the interface. These 
entrapped particles can, in turn, inflict plastic deformation in other regions. If the 
“new” and exposed material created by plastic flow at the surface is not protected 
against adhesion, the surfaces will soon become unacceptable for further service 
unless the load is extremely light. 

The protection of existing and newly created asperities is important with respect 
to adhesion and friction. This point is dramatically illustrated by experiments con- 
ducted in a vacuum. If the interaction of asperities is operating in the empty space 
of a vacuum, many asperities and loose particles may weld or bond together, effecting 
a pure state of adhesion. In air, which often contains water vapor in addition to 
oxygen, adhesion is inhibited considerably. Many soft metals slide together with no 
lubricant deliberately applied, but nonetheless are lubricated by oxides and physically 
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adsorbed gases on the surface. Some ceramic materials also acquire a surface layer 
by reaction with ambient gases, which act to inhibit adhesion. 

The formation of these surface films is an essential event in the control of 
friction or shear force at the asperity site. The discussion in the previous section 
explains the role of shear force on the yielding of asperities to accommodate the 
normal load over a larger asperity area. There is a further and even more important 
effect of the shear force. 

Values of the ratio of shear force to normal force that are below about 0.3 tend 
to “flatten” or reduce colliding asperities in height, whereas values of the ratio above 
0.3 tend to “push” metal along and increase asperity height. This ratio of shear force 
to normal force is parallel to the notion of coefficient of friction, but in this case it 
is applied to asperity encounters. When the ratio of shear force to normal force is 
below 0.3, the sliding surface becomes smoother and, over time, fewer and fewer 
asperities will continue to plastically deform. However, although most asperities 
continue to deform elastically under load, some are likely to have high loads and 
high friction, and thus will plastically deform. 

It is important to understand that the coefficient of friction at an asperity site 
may be quite different from the global friction coefficient measured across the entire 
contact. When the coefficient of friction on many asperities exceeds 0.3 by a good 
margin, the asperities will build up. The heights of asperities are built up by “push- 
ing” metal in the sliding direction. The highest asperities will begin to carry a larger 
fraction of load, building up still more and remaining in this state over some distance 
of sliding, Temperatures in these asperities will increase, the metal softens, the ad- 
sorbed films become thinner or softer, and the coefficient of friction on such asper- 
ities will rise still more. This is a progression leading to gross loss of surface integrity 
as a growing number of asperities build up material in the same direction and at the 
same time. 

Most manufactured surfaces for lubricated contacts are designed, perhaps un- 
intentionally, to narrowly skirt disaster. They will be loaded to the point just short 
of failure. A small fraction of asperities on such surfaces is always progressing toward 
failure, but the loads upon them and the surface friction are momentarily relieved. 
If a sufficient supply of the proper chemical species is available to the surface during 
that short interval, a low-friction chemically adsorbed film will form to keep friction 
below 0.3 or so. The asperities in this sequence may be said to have “healed,” and 
there is evidence that this takes place continuously on surfaces of many long-life 
lubricated contacts in service. 

The availability of the proper chemical species is, incidentally, an uncommon 
occurrence across the wide range of industrial materials and lubricants. Low-cost 
iron-based materials with low total alloys operating in slightly acidic lubricants seem 
to form films of the right durability and at the right rate. Whereas low-alloy steels 
may be good candidate combinations for surface film formation, they are generally 
not the materials of choice for reasons associated with the requirement to accom- 
modate high normal stresses in the near-surface and subsurface regions. In the whole 
scheme of things, hardness and strength are important trade-off attributes with surface 
film formation. Some of the worst candidates for surface film formation are stainless 
steels, where chrome oxides limit the access of surface film-forming chemical 
species. 
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10.3 Run-in and the Bifurcation 

If the initial running of a lubricated contact is moderately well lubricated, the inter- 
acting asperities undergo plastic flow. As previously discussed, a friction coefficient 
at asperity encounters below about 0.3 is likely to “iron down” the most protruding 
asperities. Over time, the number of asperities that are subjected to plastic flow 
diminishes, and asperity friction is reduced. It is likely that most of these asperities 
will now be cycling in the elastic range of stress, although some will continue toward 
plastic failure. 

Run-in is the conditioning of surface features, which initially stand proud above 
the average terrain of the original surface topography. Run-in of the type that seems 
to produce remarkably durable surfaces involves two interactive processes. Topo-
graphical run-in reduces asperity height and tends to create a “plateau” surface 
texture. Chernical run-in creates durable and perhaps low-friction surface films. Sur- 
faces that are properly run-in are less vulnerable to overload, start/stop events, and 
momentary liquid lubricant interruption. 

If the initial running of a contact is not properly lubricated, high asperity pres- 
sures and shear forces can lead the contact down a pathway of surface roughening. 
In many cases, only minor changes in operating conditions will determine whether 
the asperity events lead to run-in or complete loss of surface integrity. This elusive 
bifurcation is associated with many puzzling early component failures. 

10.4 The Thermal Effect 

Thermal conditions on a micro- and global scale drive the fires of interactions among 
the lubricant films, surface films, and the near-surface region. Surface temperature 
is an important ingredient in these interactions and a key link between lubrication 
and failure. Temperature significantly influences the viscous properties of the fluid 
that control the thickness of a hydrodynamic or EHD-generated lubricant film. It is 
also a major driving force in the formation of chemical reaction films. Temperature 
influences the rate of fluid degradation. It influences the strength of surface films as 
well as the flow properties of the material in the near-surface region. Consequently, 
it is not surprising that the “total” temperature in a contact is frequently used as a 
failure criterion for catastrophic failure event, such as scuffing. 

From a simplistic point of view, the total temperature (0 is the sum of the 
bulk temperature (TJ of the component and the “flash’ ’ temperature (T , )associated 
with the instantaneous temperature rise derived from the friction in the lubricated 
contact. Flash temperature may arise from the traction of the lubricant film as well 
as from the energy dissipated at asperity encounters. The temperature rise at an 
asperity encounter may be derived from micro-EHD film generation, shear of surface 
films, adhesion between asperities, and deformation of the material in the near-sur- 
face region. The magnitude of Tf can be predicted if simplifying assumptions about 
the coefficient of friction and convection heat transfer are made. 

10.5 Feeding the Frenzy 

The survival of sliding surfaces in severe service is clearly dependent on the avail- 
ability of a protective Jilm in the vicinity of the asperities of sliding surfaces. This 
protective substance can be inserted into the tribosystem in its final form by at least 
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two methods. One method is to coat a surface before use with a substance; if it 
“lubricates,” it will be called a solid lubricant. The solid lubricant is bonded to the 
surface and accommodates interfacial shear generally as a sacrificial film, which 
eventually wears away. Another method is to insert useful substances into a stream 
of liquid carrier and hope that enough of it gets to the right place to “lubricate.” 

A more common method of providing a protective film is to add a physically 
or chemically active substance into a liquid carrier. The active substance, or additive, 
adsorbs to the surface or reacts with the solid surface to create a new substance. The 
liquid carrier or fluid is itself a lubricant and serves to generate hydrodynamic or 
EHD films. The formulated fluid has inherent physical properties as represented by 
its temperature-viscosity, pressure-viscosity, and traction behavior. The formulated 
fluid also has chemical attributes that are derived from small concentrations of active 
ingredients as well as from the base fluid itself. It is important to understand that 
physical adsorption and chemical attributes for lubrication are realized in the lubri- 
cated contact. The chemically derived lubricating properties are not inherent in the 
fluid itself. They are developed as part of the tribosystem. 

Additives or constituents of the base fluid having physical adsorption to the 
surface no doubt provide some effectiveness over limited range of pressure. Fun- 
damental studies have been conducted by surface scientists in which a very thin film 
of some simple molecule, a solvent for example, is placed between flat mica sheets. 
Sliding resistance and film thickness are usually measured. There is clear evidence 
that the molecules of the first layer near the solid assume an ordered lattice arrange- 
ment of the solid, with decreasing order in succeeding layers of the liquid. This order 
enhances the near-surface viscosity for a limited range into the fluid. On sliding, the 
order becomes momentarily disrupted. It is likely the same order could be seen in 
commercial fluids in practical systems, but the practical effectiveness of adsorbed 
layers is not clear. 

It seems quite clear that if the proper chemical reaction occurs between some 
constituent in the lubricant and a metal (or metal oxide) surface, the surface will 
endure much greater severity than without that constituent in the lubricant. Some of 
the products of the chemical reaction have been identified, but the physical properties 
of these products in commercial systems are not understood. 

The actions of chemical attributes of fluids in the lubricated contact are some- 
times referred to as chemical boundary lubrication. The chemical pathway by which 
the effective boundary lubricating films are formed is mostly a mystery. It appears 
that effective surface films require high “confinement” pressures andor  high shear 
rates. Although surface films are observed in areas where high pressures or temper- 
atures do not exist, they are much less effective. A common notion is that high flash 
temperatures generated in the contact are the driving force behind the formation of 
effective surface films. The action of confinement pressures, which are generated at 
local sites by entrapped fluid under high shear, may play a more significant role than 
conventionally thought. This tribochemical action is no doubt accelerated by tem- 
perature rise at the surface. Along with the assistance of temperature, the catalytic 
actions of the near-surface or contaminant materials help to control chemical film 
formation. 

Asperity encounters under severe operation are producers of chemical products 
which react and “combine” with the surface. Some chemical products may be lost 
to the system by dissolving into the fluid and being transported away. Some of the 
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chemical products generated during operation can have ample time to dissolve into 
the fluid after the equipment is shut down. 

10.6 Always Vulnerable 

A major point to understand is that the formation of an adequate chemical boundary 
film requires some sliding, during which time the surfaces are unprotected and vul- 
nerable to failure by scuffing of galling. The rate of chemical reaction is thus im- 
portant. Hydraulic fluid chemistry is carefully formulated to simultaneously avoid 
severe corrosive reactions at the surfaces and achieve chemical reactivity responsive 
enough for protection. If original surfaces put into service are adequately prepared, 
the formulated reactivity of the fluid should be sufficient during initial run-in as well 
as in repairing damage during operation. Operational damage may be caused by 
overload, by the entrapment and abrasive action of debris, and by moments of in- 
adequate supply of reactive chemical species to the sites that need to be repaired. 
Although there is incomplete understanding of the formation of protective films, there 
is evidence that some plastic flow of asperities and flaking off of native metal oxide 
are necessary events in the formation of protective substances. 

The dynamic interactions and “competition” between chemically active ma- 
terials in the fluid and the surrounding environment of lubricated contacts present a 
significant difficulty for fluid formulation, testing, and performance prediction. The 
formation of surface films and their composition and “properties” are part of the 
tribosystem itself. There is little understanding of how these films play out in lubri- 
cating the near-surface region. There are also no engineering parameters that connect 
to the dynamic actions in the tribosystem. The adequacy of film regeneration depends 
on an adequate supply of the necessary chemical species in the liquid carrier, ade- 
quate flow of the carrier through the contact region, and adequate time in microscopic 
contact regions to allow completion of chemical reaction. The adequacy of lubrica- 
tion depends on the thickness and mechanical properties of these films. 

10.7 Functional Role of Lubrication: Stress Relief 

Having taken an inside view of asperity encounters, the functional role of lubrication 
becomes clear. Lubrication action must relieve normal stress and tangential stress 
(friction) at asperity sites. 

The easiest lubrication means for normal stress relief of asperities is the gen- 
eration of hydrodynamic or EHD films. Although adequate hydrodynamic or EHD 
films can reduce asperity stresses to minimal values, the pressure of commerce usu- 
ally results in a final manufactured design that is barely adequate. There will always 
be asperity encounters in essentially all practical contacts. The dynamic generation 
of films diminishes to nothing during starts and stops. It is hoped that at least partial 
surface separation is achieved during operation to ease the pain. This action mod- 
erates the pressure in the contact from high local pressures at asperity sites to minor 
pressure ripples along the expanse of the contact. The dynamic imposition of a fluid 
also creates an alternative means to accommodate shear. The degree of normal stress 
relief is, to a first approximation, a function of the hydrodynamic film thickness 
relative to the roughness heights of asperities. Remember also that when surfaces 
are in relative motion, micro-EHD-generated pressure at asperity sites can offset 
what is anticipated from the average film thickness generated. Hydrodynamic and 
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EHD films transform load support from the microscale to the global scale and, in 
the process, reduce the maximum pressure everywhere. The lubricated contact be- 
comes relieved of its “headache” and is less vulnerable to failure. 

It is important to understand the scale of dynamic pressure generation and 
surface stress fields. Pressure generation in conformal contacts is low (MPa range) 
and distributed over a relatively large area. Concentrated contacts form high-pressure 
(GPa range) EHD films that are concentrated in small Hertzian deformation regions. 
The stressed region for concentrated contacts is transmitted much deeper into the 
supporting materials than are conformal contacts. Even with fully separated surfaces, 
high subsurface stress for concentrated contacts is not relieved. But in both cases, 
the dynamic generation of a film relieves asperity stress. 

The functional role of lubrication to relieve tangential stress (friction) at as- 
perity sites is a more complex situation than normal stress relief. One can rationalize 
the notion that the dynamic imposition of a fluid creates an alternative substance to 
help accommodate shear in a field of asperity sites. Without a “full film,” the shear 
is now distributed in the contact between a fluid and surface film. This situation is 
commonly known as mixed-Jifmlubrication, i.e., the lubrication is mixed between 
hydrodynamic, or EHD, mechanisms and the so-called boundary lubrication mech- 
anisms. 

We must now address the most common dynamic interaction between the two 
major structural elements of a lubricated contact found in practice: hydrodynamic, 
or EHD, films and surface films. The dynamics of this interaction have enormous 
implications for the success of lubrication and the prevention of failure. Hydrody- 
namic films provide the chemistry to enter the workplace. The chemistry that is 
carried by the fluid “conditions” the surfaces to allow the hydrodynamic, or EHD, 
mechanisms to flourish. If the dynamic condition for hydrodynamic film generation 
is limited, the transported chemistry steps in to help carry the load and bear the 
shear. The dynamics of this interaction is reflected in friction. Although the sources 
of this friction in the contact are important for survival, they can only be inferred 
from gross friction measurements and asperity damage that appear on the surfaces. 

10.8 Mechanismsof Global Friction 

Although friction is rarely measured in lubricated contacts of operating equipment, 
it is an important internal parameter that governs the generation of heat and the onset 
of failure. Friction can be measured on a global scale, encompassing everything in 
the contact. Friction reflects the state of the material being sheared in the contact. 
From experiments, we know that characteristic friction behavior also reflects Mlhat 
is being sheared. Monitoring friction coefficient is like monitoring the heartbeat of 
the contact. 

Starting from the simplest form of friction, the shear force of a full hydrody- 
namic film is directly connected to its viscosity and shear rate. Shear rate varies with 
film thickness and the relative velocity between the surfaces. The friction coefficient 
of hydrodynamic films may be on the order of 0.01. One must be cognizant of the 
fact that the total viscous friction of high-speed or high-viscosity hydrodynamic films 
is greatly influenced by the viscous churning of the fluid upstream of the point of 
closest approach. The churning component hides the component of viscous friction 
in the area where additional friction forces may be coming from asperity encounters. 
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With high-viscous churning friction, asperity friction may be lost in the noise until 
catastrophic asperity friction is on its way. 

As contact pressure increases, the viscosity of the fluid may increase as a result 
of the generated pressure. Viscous friction, then, is a function of pressure as well as 
temperature. As discussed above, fluids under Hertzian-like pressures in the range 
of GPa shear like pseudosolids with a shear limit. For most hydraulic fluids, the 
shear limit gives a maximum friction or traction coefficient of about 0.08 for mineral 
oils and most synthetic fluids. The shear limit of some types of hydraulic fluids gives 
a friction coefficient as low as 0.02. The shear limit decreases linearly with temper- 
ature so that EHD friction coefficient for high-temperature contacts may be on the 
order of 0.01. Note that high-pressure EHD friction coefficients on the low end (0.01) 
may actually be about the same as hydrodynamic friction coefficients. In addition, 
EHD friction coefficient on the high end (0.1) is approximately equal to the friction 
coefficient of surface films. Although friction coefficient is the heartbeat of the con- 
tact, it may only reflect the general health of the contact without saying much about 
exactly what is wrong or right. This is unfortunate, because surface failure is pri- 
marily attributable to events on the asperity scale, and the asperity scale friction can 
sometimes be hiding from detection. Nevertheless, friction measurements can be 
made which separate EHD friction, micro-EHD-generated tangential forces, and 
some sort of surface film or plastic flow friction. Notions of friction should be 
centered around the thickness of hydrodynamic films relative to asperity height and 
the pressure in these films. With respect to friction coefficients over the entire contact 
that can be tolerated without gross failure, the sliding velocity plays an important 
role. Low-speed sliding can generally tolerate high friction coefficients better than 
high-speed sliding. 

10.9 Mechanismsof Asperity Friction 

The friction or resistance to sliding of contacts is primarily attributable to events on 
a global scale, whereas surface failure is primarily attributable to events on the 
asperity scale. Asperity friction refers to resistance to sliding of one asperity “over” 
another. The summation of friction on all asperities in a contact system that survive 
for even a short time is not likely to exceed 2% or 3% of the overall friction of that 
contact. This is because the sum of asperity contact areas is usually only a small 
fraction of the total contact area between two mating surfaces. However, asperity 
friction profoundly affects the progression of surface failure by its combined influ- 
ence on the formation of chemically adsorbed films and on the rate of progression 
toward failure of material in and around asperities. 

The relatively small contribution of asperity friction to overall friction seems 
counterintuitive because the friction in failing systems usually increases considerably 
just before catastrophic failure. But surface failure has usually progressed toward 
system failure irreversibly by the time a friction increase is observed. Small failing 
events occur continuously, but in systems that survive, these failing sites do not 
expand or generate new failures downstream. Rather, they recover in time to continue 
to function during subsequent contact events. 

Surface failure occurs when both normal and shear (frictional) stresses are 
applied that are of sufficient magnitude and number of cycles to cause movement of 
substrate material of solid films, either along or from the surface. The action begins 
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on and in asperities. Removal of material (wear) may occur, along with displacement 
of material. Both may alter surface roughness and, depending on the direction rough- 
ness takes, the surfaces may run-in or lose surface integrity. 

When fluid films in lubricated contact become progressively thin, asperity en- 
counters may start off as benign events, resulting in only small perturbations in 
pressure. With thinner overall films, one asperity would be expected to sweep out 
an area occupied by a passing asperity and, as they approach one another, the fluid 
between them becomes highly compressed and shears at a high rate. Asperity en- 
counters with severe interference can progress in a variety of ways depending on 
the “energy” of encounter. At this point, it is convenient to consider the outcome 
of events depending on whether the encounter is a low frictional energy event or a 
high frictional energy event. Recall that frictional energy is the product of frictional 
force and shear rate. 

10.9.1 Low Frictional Energy Events 

Asperity encounters with low frictional energy include low plastic deformation rates 
at asperity sites. As hydrodynamic or micro-EHD films become thinner, their thick- 
ness approaches that of adsorbed films. Because of the influence of the surface forces 
from the substrate, any physically adsorbed films that are present may have effective 
viscosity greater than the bulk fluid. Chemically adsorbed films are likely to have 
an oxide attached to the solid and other products of chemical conversion adsorbed 
to the oxide. One can envision a process involving the behavior of a squeezed-down 
fluid film merging with adsorbed films. At some point, it may be possible that the 
adsorbed film is controlling asperity friction, and thus an interposed fluid film may 
not be necessary. The lack of interposed fluids is usually referred to as “dry sliding,” 
but so-called dry surfaces in air are always covered with oxides (except gold) plus 
adsorbed liquids and gases. This explains why solids in long-term static contact do 
not weld or bond together. 

Low asperity pressure and shear stress characterize low frictional energy events. 
They survive on weak physically adsorbed films or chemically adsorbed films from 
mild reactions. 

10.9.2 High Frictional Energy Events 

Asperity encounters with high frictional energy include high rates of plastic flow in 
asperities. The events described in the previous section are altered by high-energy 
input caused by high sliding velocities or high asperity pressure. The high shear rate 
in both the fluid and asperities heats the surrounding fluid, thereby reducing its 
viscosity, which results in thinner fluid films. It should be noted that for EHD con- 
tacts, heating of the fluid in a load-carrying region does not affect the EHD film 
thickness, which is determined in the inlet region. The local heating of the fluid 
affects the micro-EHD film thickness at the inlet of the asperity encounter. At the 
same time, adsorption strength of physically adsorbed substances diminishes when 
temperature rises, thereby reducing the effective viscosity in the adsorbed film. 

Chemical adsorption is also influenced by temperature, depending on the avail- 
ability of proper chemical species in the vicinity of the asperities. Higher temperature 
increases the rate of oxidation and the reaction rates leading to the formation of the 
polymeric substances on top of oxides. Although the latter reaction rates increase 
with temperature rise, the physical properties are diminished with temperature rise. 
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Thus, there is an optimum combination of the thickness of surface films and physical 
properties of these films for achieving minimum asperity friction. 

High asperity pressure and shear stress characterize high frictional energy 
events. They survive only by chemical adsorption and reaction films, which are quick 
to respond to the severe demands of the moment. Although the temperature rise and 
plastic flow of high-energy encounters increase the rate of chemical reaction. the 
shear strength of the reaction films may decrease and chemical composition may be 
altered. 

10.10 Failure Without Touching 

Material failure in surfaces that are in sliding or even rolling can, and likely often 
do, take place without actual contact. Contact is in the sense of the atoms in opposing 
surfaces being subject to one another’s force fields. This seems like a trivial distinc- 
tion, but it is important when it comes to describing the sequence of events that 
leads to either successful lubrication or failure of systems on the scale of asperities. 
A common notion in engineering is that surfaces are either adequately lubricated or 
fail by adhesion. If this were completely true, debris would never fall from a sliding 
pair! Failed surfaces often show evidence of some severe sliding, which may look 
like adhesion has taken place, but these events usually occur in the last seconds of 
failure. These are not the initiating events. 

Surface failure without contact may be seen to occur in cavitation erosion, 
which is common in hydraulic systems. Surface initiated rolling contact fatigue with 
micro-EHD films can easily be initiated without contact. This is a common occur- 
rence on rolling contact surfaces damaged by debris dents. Cracks initiate near the 
shoulders of the dents, where high micro-EHD pressures are generated. Sufficient 
stress can be imposed on a solid by a liquid to easily plastically deform ductile 
materials and fracture brittle materials. 

10.11 Failure Processes and Descriptive Terms 

There are numerous failure processes emanating directly from asperity encounters 
and many other failure processes not directly related to asperity events. In essentially 
all cases, the source of failure initiation is confined to localized and microscale 
events. Failure processes are controlled by four basic mechanisms involving adhe- 
sion, plastic flow, fatigue, and chemical reaction. The user ultimately defines the 
success of lubrication and the failure of surfaces. Failed surfaces are characterized 
with descriptive terms, not always reflecting the failure process. Most wear and 
fatigue failure terms reflect only one of several failure processes along the pathway 
to the final surface condition, not to mention the initiating failure event. Although a 
host of surface deterioration and failure terms are in common use, they all seem to 
fall into three major categories: wear, scuffing, and fatigue. 

10.11.1 Wear 

Continued plastic flow of asperities can lead to loss of surface material by wear. 
Actually, the removal of material may occur by low cycle fatigue. It may not be 
necessary to completely eliminate all low cycle fatigue of asperity material to main- 
tain satisfactory performance. However, it is necessary to keep the size and flow rate 
of loosened particles down. Low-rate wear particle generation. which may also be 
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called mild weur, tends to polish the surfaces and is therefore also called polishing 
wear. Polishing wear can be associated with a continual process of removal and 
reformation of chemically adsorbed species, like oxides. If chemical reactions occur, 
the reaction products may be removed by a sacrificial wear process to prevent ad- 
hesion. If the sacrificial wear process occurs at a high rate. the result may be called 
corrosive wear. At the other extreme. local adhesion, or adhesive wear, can occur if 
chemical reaction products are not present to accommodate shear at the interface. 

Failure by wear is generally attributable to loss of engineering tolerance. The 
consequence for hydraulic systems is excessive leakage. The rate of wear on a surface 
can easily be accelerated by its own wear particles. Once bits of material loosen? 
they can migrate in the contact regions. Some may re-adhere, although not very 
firmly in most instances because the “active” surfaces on newly formed particles 
can become protected from adhesion by adsorbed films. Wear particles are usually 
hard and will form grooves when entrapped between softer surfaces. The hard par- 
ticles will also remove chemically adsorbed films or chemical-reaction films (see 
Fig. 6.18). The availability of fluid to flush out wear debris particles and the access 
of channels through which loosened particles may escape from the system are es- 
sential to prevent accelerated wear. 

10.11.2 Scuffing 

Scuffing is a catastrophic form of wear derived from a high frictional energy event. 
Scuffing is driven by high sliding velocities. Scuffing initiated from high asperity 
pressures can result in a sudden and total loss of surface integrity and gross failure 

Figure 6.18 Entrapped micro-pitting debris removes surface films, causes wear grooves, 
and makes the surface vulnerable to scuffing. 
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Figure 6.19 Scuffing is a high-encrgy event associated with a qudden and catastrophic loss 
of surface integrity. 

of the near-surface region (see Fig. 6.19).When scuffing is initiated from low asperity 
pressures, the damage may be confined to the surface roughness features only. This 
is sometimes called nzicroscufing. Scuffing is also sometimes called gulling, but 
galling seems to be used more frequently with unlubricated sliding. 

10.11.3 Fatigue 

Concentrated contacts with high Hertzian pressures or weak subsurface material can 
lead to crack initiation in the region of maximum subsurface shear stress. If cracks 
propagate under cyclic stresses to  the surface, sections of subsurface and near-surface 
material are removed, which causes spalling. Spalling is a subsurface initiated failure 
caused by the Hertzian stress field, which can be influenced by frictional stress at 
the surface. 

When the fatigue process initiates at or near the surface, the loss of small 
fatigue particles is called pitting. Pitting may initiate at asperity sites where local 
pressures are high. When pitting occurs on roughness features during or shortly after 
run-in, it is called initial pitting. After run-in and with marginal hydrodynamic or 
EHD film thickness, microcracks can form on the surface because of high surface 
friction. Microcracks are frequently formed in the presence of one-way sliding fric- 
tion, where the near-surface material is strained or “ratcheted” in one direction (see 
Fig. 6.20). This progression to failure is equivalent to adding loads to a tensile 
specimen progressively until it fails. The details may not be important, but the result 
is that cracks grow and join others. The rate of progression in crack propagation 
increases logarithmically with applied stress, which is to say asperity cracking rates 
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Figure 6.20 Microcracks on gcar surface following many cycles of tangential and normal 
stress. 

will increase logarithmically with applied load. Furthermore, acidic environments 
have been found to increase the rate of crack propagation in fatigue cycling. 

Surface-initiated fatigue is complex and almost always influenced by wear. It 
can be both an interactive and competitive process. The wearing away of surface- 
roughness features during initial running reduces the propensity for pitting. Pitting 
can be initiated by at least three factors: (1) high asperity stress without high friction, 
(2) poor surface film and high friction at asperity sites, and (3) microcorrosion pits 
caused by reactive additives in the fluid. 

11 SYSTEMATIC TRIBOLOGY 

The previous sections show that most of the fundamental mechanisms of lubrication 
and surface failure deal with events on a microscale. The mechanisms involve four 
major structural elements that are dynamically linked in a tribosystem. The devel- 
opment of hydraulic systems requires the management of these mechanisms on en-
gineering terms. Because hydraulic systems encompass a multitude of conformal and 
concentrated contacts composed of structural elements with numerous materials, the 
engineering task is unwieldy. When one considers the complexity of each lubricated 
contact in hydraulic systems, it is not surprising that fluid formulation, material 
development, and design sometimes turn out to be incompatible. The lack of cor- 
relation among fluid bench tests and their disconnect with field service is a testimony 
of the tribology nightmare. 
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The complexities of the situation can be overcome to a large degree by intro-
ducing the concept of systematic tribology. Systematic tribology is the process of 
understanding and developing the structural elements of practical tribological con-
tacts and mechanisms of interaction in a systematic way. The challenge of fluid 
formulation, material development, and design is to “capture’ ’ mechanisms that con-
trol performance. The focus is on the creation of structural elements whose attributes 
are able to carry high normal stress and bear the severe tangential shear in the setting 
of a tribosystem. With this approach, external engineering parameters take on a new 
meaning, which gives a more rational connection to what is happening on a micro-
scale. 

11.1 Tribosystem Input and Output 

The framework of thinking for systematic tribology is illustrated in Figure 6.21 .  The 
tribosystem is identified with its major structural elements: 

HF hydrodynamic film 
SF surface film 
NS near-surface region 
SS subsurface region 

The tribosystem is driven by “input” parameters, which can be appropriately char-
acterized as stress, kinematics, and environment. Stress is the normal stress applied 
to the contacting bodies. If available, it can also be the normal asperity stress. Kin-
ematics defines the motions within the tribosystem, in particular, the sliding velocity 
and entraining velocity. The environment is defined by thermal and chemical con-
ditions in and around the tribosystem. The chemical environment includes the sur-
rounding gases and fluid-supplied chemistry that are introduced into the system. 

~~ ~~ 
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Figure 6.21 Dynamic interactions among the structural elements of a tribosystem in oper-
ation. 
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Once the tribosystem is put into operation, mechanistic processes like hydro- 
dynamic film generation, adsorption, plastic flow, and fatigue are set into action. 
These mechanistic processes induce changes in the structural elements which in turn 
influence the mechanistic processes. This cycle of activity defines the dynamic in- 
teractions among the structural elements. 

From an engineering perspective, the dynamic interactions among the structural 
elements can be considered a so-called black box. The black box is driven by input 
parameters defined in engineering parameters. The output parameters to the black 
box can also be defined in engineering terms. The output parameters are user defined. 
Depending on the functional demands of the lubricated contact required for service, 
they may vary considerably. Examples of output parameters are scuffing resistance 
for high load, wear resistance for low-speed reciprocating motion, abrasive wear 
resistance for debris-contaminated hydraulic fluids, or long-life pitting resistance. 

The purpose of the tribosystem, as illustrated in Figure 6.21, is to connect 
engineering parameters with mechanistic processes. The internal working of the black 
box need to be exposed in understandable mechanistic processes, which relate di- 
rectly to the construction of structural elements and how they perform in service. 
Without this understanding, fluid formulation and material development will continue 
to be conducted on a trial-and-error basis with bench tests having little correlation 
with service. 

11.2 Connecting Engineering Parameters with 
Mechanistic Processes 

Engineering parameters can be connected to both mechanistic processes and their 
interactions among the structural elements by considering the basic functions of 
lubrication. The structural elements must carry the load and bear the shear without 
losing surface integrity and ability to function. The task is to select engineering 
parameters that can be most appropriately linked to normal stress and tangential 
strain at asperity sites. 

11.2.1 Entraining Velocity 
Among all the tribological mechanisms, the generation of a hydrodynamic, or EHD, 
film is by far the most mature with respect to theory and predictability. Film thickness 
controls the degree of asperity encounter. The separation of surfaces, particularly 
with EHD-generated films, is highly precise and predictable. The film is remarkably 
“stiff” with respect to the elasticity of the surfaces and the applied load. 

Film thickness is directly related to the fluid entraining motion of the surfaces. 
Because the kinematic motions of load-carrying components are generally known, 
the entraining velocity provides a useful engineering connection to fluid film-forming 
mechanisms. The entraining velocity, U, is defined as 

U,  = ; ( U ,  + U,) (6.15) 

where U ,  and U ,  are the surface velocities of the contacting bodies at the point of 
contact. The entraining velocity is directly linked to the flow of fluid through the 
contact. For a “pure” sliding contact, the entraining velocity is equal to half the 
velocity of the moving surface. A contact with a combination of rolling and sliding 
has an entraining velocity that is half the sum of the surface velocities. Surface 
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velocities are vector quantities, which means that an entraining velocity for surfaces 
moving at an angle relative to one another can be calculated as a vector sum. 

The engineering value of the entraining velocity results from how it controls 
the dynamic generation of a structural element (HF) of the tribosystem and how its 
thickness varies with the duty cycle of the equipment. Because the thickness of a 
hydrodynamic film determines the degree of engagement between asperities, the 
entraining velocity is directly linked to asperity-controlled mechanisms. Another en- 
gineering value of the entraining velocity and its connection to hydrodynamic, or 
EHD, film generation is that it is directly linked to the suppliers of base fluids. Fluid 
properties representing temperature-viscosity and pressure-viscosity characteristics 
are key ingredients for the construction of the dynamically generated HF element. 

11.2.2 Sliding Velocity 

The sliding velocity across the contact controls the shear between the contacting 
surfaces. The sliding velocity U, is defined as 

U, = ( U ,  - U?) (6.16) 

Sliding velocity is also a vector quantity. The magnitude of sliding is a frequently 
known engineering parameter that can be connected to the duty cycle of the equip- 
ment. The sliding velocity, in conjunction with the entraining velocity, provides an 
engineering link to the degree of strain at asperity encounters. Another engineering 
value of sliding velocity is that for EHD contacts, the sliding velocity invokes trac- 
tion behavior, which is a fundamental property of base fluids. 

11.2.3 Normal Load and Pressure Distribution 

The engineering parameters of entraining velocity and sliding velocity control the 
level of penetration during asperity encounters and their rate of shear. The all-im- 
portant pressure at asperity sites is controlled by the distribution of pressure among 
asperities and the fluid film. The contribution of pressure distributed directly to as- 
perities is an engineering unknown. The best that can be done is simply to address 
the normal load or pressure applied on a global scale. 

The applied load is a frequently known or estimated engineering quantity. For 
concentrated contacts, the applied pressure is calculated from the load through Hert- 
zian theory. For conformal contacts, the pressure may simply be calculated by as- 
suming the load is distributed over a “projected” area. The pressure calculated is 
sometimes used to judge the lubrication severity of a contact through the use of a 
“PV” factor. The PV factor is the product of the pressure ( P )  and sliding velocity 
(V). Unfortunately, PV is not directly linked to mechanisms that control performance. 

11.3 Mapping Dynamic Interactions with Entraining and 
Sliding Velocity 

To demonstrate the engineering control afforded by entraining velocity and sliding 
velocity, hydraulic fluids have been mapped over a range of U,  and U, [3). Mapping 
is conducted with a single contact where the entraining velocity and sliding velocity 
are independently controlled. The mapping results for two hydraulic fluids are shown 
in Figures 6.22 and 6.23. The contacting surfaces are a steel ball running against a 
steel disc with surface roughness of 0.25 Fm, Ra and 0.075 pm, Ra, respectively. 
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Figure 6.22 Performance mapping of a fluid using entraining velocity and sliding velocity 
to determine failure tolerance to degree of asperity encounter. 
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Figure 6.23 Performance mapping of a fluid using entraining velocity and sliding velocity 
to determine failure tolerance to degree of asperity encounter. 
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The applied load gives a Hertzian contact stress of 2.07 GPa. A series of tests is 
conducted for ten minutes, each over a range of entraining velocities and sliding 
velocities. New specimens are introduced for each test. Friction coefficient and sur- 
face temperatures are monitored to detect failure transitions. 

High entraining velocities and low sliding velocities define a region of opera- 
tion where shear is accommodated entirely by an EHD film (no asperity encounters). 
Lower entraining velocities and thinner EHD films relative to surface roughness 
reduce asperity height and create surface films (run-in). As sliding velocity increases, 
the surfaces eventually fail by scuffing. These experiments illustrate the dynamic 
generation of the structural elements for lubrication (HF and SF). The tests also 
evaluate the durability of the entire tribosystem. Failure is initiated at asperity sites, 
and the scuffing failure limit is clearly approached as the degree of asperity encounter 
increases. 

The results in Figures 6.22 and 6.23 show that hydraulic fluids can have widely 
different lubrication performance because of the quality of the structural elements. 
Lubrication performance is derived from EHD films and surface films (elements of 
HF and SF). Fluid 2 shows much less EHD film-forming capability than fluid 3. 
However, fluid 2 is able to tolerate a much greater degree of asperity encounter than 
fluid 3. 

These tests use engineering parameters to probe the individual structural ele- 
ments of a tribosystem. The results have linkage to hydraulic gear pump lubrication 
and failure mechanisms. This linkage is made through the entraining velocities and 
sliding velocities that vary across a tooth face from its root to tip. The wide range 
of asperity shear above and below the pitch line gives rise to scuffing failure at the 
root or tip of the tooth along with pitting damage near the pitch line. Simulation of 
entraining and sliding velocities, along with other environmental conditions, allows 
replication of the same failure mechanisms found in service. If the appropriate failure 
mechanisms are simulated, fluid formulation and material developments can be or- 
chestrated and efficiently tested to achieve predictable performance enhancement. 

11.4 Mapping Failure Mechanisms in Engineering Terms 

By considering dimensionless parameters with good engineering connection to real 
systems, the mapping of dynamic interactions of the structural elements, as described 
in the previous section, can be carried a little further. Because we need to have 
engineering connection to the asperity encounters, we can substitute the entraining 
velocity for the ratio of hydrodynamic of EHD film thickness ( h )to surface roughness 
(a).This is a more direct way to make an engineering link to asperity encounters. 
The roughness parameter, a,reflects the combined roughness of the contacting pair. 
It is defined as 

(T = (a: + a y 2  (6.17) 

where aIand a2are the centerline average heights of body 1 and body 2. The ratio 
hlo is known as the lambda (A) ratio. The lambda ratio is commonly used to judge 
the quality of lubrication. Because surface roughness (a)is characterized by average 
height departure from a mean plane and does not include three-dimensional texture, 
the lambda ratio has many difficulties. In addition, the truncation of asperities caused 
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by run-in is frequently ignored. Nevertheless, the ratio hla is a first-order parameter 
that serves a good purpose for now. 

The sliding velocity used above reflects the shear between the surfaces. Another 
way to handle sliding, which is particularly appropriate when there is combined 
rolling and sliding, is to use the ratio of sliding velocity to entraining velocity (U,/ 
U,).  The ratio (U,IU,) is called the slide-to-roll ratio. With the definitions of U, and 
U, given above, pure sliding, which has one surface stationary, gives a slide-to-roll 
ratio of 2. Pure rolling, where both surfaces are moving with equal (and collinear) 
velocities, the slide-to-roll ratio is 0. 

From testing experience gathered over time, a number of life-limiting surface 
failure mechanisms can be mapped with the parameters for hlo and slide-to-roll ratio 
(U,/Uc) .Such a map is illustrated in Figure 6.24. When a large portion of the duty 
cycle allows operation at high hla, asperity pressures are low and surface life is 
long. With high Hertzian stress or low fatigue-resistant materials, fatigue initiation 
is subsurface, and the surface ultimately fails by spalling or pitting. Relatively low 
hla, along with high sliding, can initiate asperity scuffing, which can transition into 
catastrophic scuffing. This phenomena is only observed at high surface speeds. 

Low values of hla create high asperity pressure. When V,lV, is low, tangential 
stress on asperities is low, and asperity failure may teeter between asperity wear and 
fatigue (micropitting). Near-surface damage under low hla and low sliding, which 
is common to rolling element bearings, is frequently called surface distress or frost- 
ing. If higher sliding is present, asperities will tend to wear rather than fail by fatigue. 
Still higher sliding velocities can cause asperities to transition into scuffing or severe 
wear. Sometimes an intermediate region of microscuffing is present, when failure is 
confined to asperities only and the surface still has a change to recover. 

Operation at the extreme low end on hla only seems possible at low surface 
speeds without severe wear or scuffing. Surface durability is limited by wear, but 
wear may also be influenced by low cycle fatigue. The wear process tends to increase 
surface roughness. 

11.5 The Consequence of Systematic Tribology 

If asperity scale mechanisms can be linked to engineering parameters as illustrated 
above, the dynamic processes among the structural elements can be put on a more 
rational basis. The tribosystem becomes more understandable and is less of a black 
box. With better understanding, surface inspection of service hardware and failure 
analysis can now be much more revealing. 

By using a systematic approach, actions taken to improve viscosity or pressure- 
viscosity properties of base fluids can be immediately evaluated with respect to 
failure modes mapped out. Additive enhancements can be evaluated for their impact 
on wear, scuffing, or fatigue processes. The performance gains with new materials 
or surface-engineering technologies can also be put into perspective. With a better 
correlation between testing failure modes and service failure modes, there is greater 
assurance that corrective actions taken will actually be realized in service. 

If the structural elements of hydraulic system contacts are addressed as a tri- 
bological system, the introduction of new materials and fluid formulations can be 
accomplished with greater effectiveness. Systematic tribology helps to integrate the 
diverse technologies that are introduced into a tribosystem. Consideration of struc- 
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Figure 6.24 Postulated life-limiting failure modes controlled by engineering parameters. 

tural elements identifies the connection between technical businesses that are nor- 
mally disconnected. The hydrodynamic film element is associated with base stock 
suppliers. The surface-film element is associated with additive suppliers. The near- 
surface element is associated with heat treatment, coating, surface treatment, and 
surface finishing businesses. The subsurface element is associated with material sup- 
pliers. If design is focused more on capturing lubrication mechanisms and avoiding 
failure mechanisms, the potential outcome will be a synergistic construction of the 
technologies available. The consequence of systematic tribology is superior output 
from the tribosystem, even with greater input requirements. To do this requires prac- 
tical engineering parameters, which reach down into asperity-scale events. This is 
clearly a work in progress. 
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Fire- Resistance Test ing Proced u res 
of Hydraulic Fluids 

GLENN M. WEBSTER AND GEORGE E. TOTTEN 
Union Carbide Corporation, Tarrytown, New York 

1 INTRODUCTION 

Many test methods have been developed to reproducibly simulate industrial hydraulic 
fluid ignition hazards. In addition, fire hazards such as hydraulic system failure may 
also cause personal injury due to high-pressure, high-velocity fluid jets entering the 
body as the result of ruptured hoses, or parts of the system striking the body with 
great force [ I ] .  Numerous factors must be modeled to adequately predict hydraulic 
fluid fire risk, including type of flame or source of ignition, amount of available 
energy relative to the amount of fluid, and physical state of the fluid [2]. The selection 
of appropriate tests to model fire resistance is usually mandated by either the gov- 
ernment, insurance companies, or labor unions. 

Hydraulic fluid fires have been disastrous with respect to loss of buildings, 
equipment, and, most importantly, human lives. Many of these fire losses have been 
detailed in the literature [3-71. One article describes an incident in which workers 
were severely burned while working on a hydraulic line [8]. When the line burst, 
the fluid contacted an ignition source and caught fire, resulting in a death. 

Fire is just one hazard that may be encountered while working with or near 
pressurized hydraulic equipment [ l ] .  There have been reports of occurrences in which 
high-pressure, high-velocity fluid jets have entered the bodies of persons performing 
routine maintenance such as repairing a pinhole leak in a high-pressure hose. Several 
of these incidents have led to amputations and even deaths. This process of using 
high-pressure and high-velocity fluid has been utilized for administering inoculations 
and also as a precision cutting tool. Another hazard may be encountered when a 
section of a pressurized hydraulic system fails and strikes an individual with great 
force, causing injury or death. These examples illustrate the forces involved when 
employing high-pressure hydraulic systems. 
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In another 1956 example, a serious fire incident attributed to a hydraulic fluid 
occurred at the Marcinelle Mine in Belgium, at which time 261 men died [9]. It was 
later determined that 10 deaths were directly attributed to serious burns, but the other 
251 died as a result of asphyxiation from the by-products evolved during the incin- 
eration of the hydraulic fluid. As a result of this disaster, ECSO countries, the Na- 
tional Coal Board, and the Ministry of Power in the United Kingdom initiated pro- 
cedures to investigate the use of mineral oil hydraulic fluids underground. This study 
showed the following: 

Improperly designed or imperfections in hydraulic systems may substan- 
tially increase the temperature of the equipment and, subsequently, the tem- 
perature of the hydraulic fluid. 
Ignition of high-pressure fluid emissions due to equipment failure or line 
rupture has resulted in hydraulic fluid fires. 
Hydraulic fluid mists spraying from a high-pressure hose fracture could 
produce an electrostatic charge, causing fluid ignition. 
Underground fluid storage poses an increased fire risk and may serve as a 
fuel source during a fire. 

A committee was subsequently formed by the National Coal Board and the 
Ministry of Power to produce a draft of testing requirements for fire-resistant fluids. 
The following criteria for defining a fire-resistant hydraulic fluid was proposed: 

The fluid shall demonstrate fire-resistance characteristics in compliance with 
adopted standards. 
The performance and longevity of hydraulic equipment will not be reduced 
below acceptable limits. 
Fire-resistant fluids shall not exhibit health hazards and will be environ- 
mentally acceptable. 

The ASTM D.02 N.06 subcommittee was formed in 1966 to develop “im- 
proved” testing methods for hydraulic fluid applications. A 1966 ASTM symposium 
on hydraulic fluid flammability was held to examine fire-safety testing procedures in 
existence at that time for potential incorporation into national standards [ 101. A sec-
ond international symposium was recently held to update current international activ- 
ities in this area [ 1I]. 

In this chapter, an overview of the test procedures which have been reported 
to evaluate and quantify flammability properties of hydraulic fluids with respect to 
different types of ignition sources will be provided. 

2 DISCUSSION 

2.1 Fire Mechanisms 

Fluid flammability is dependent on flammability mechanisms. Fire or combustion is 
an oxidation reaction consisting of three stages: 

I .  Initiation 
2. Development 
3. Termination 
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Numerous factors influence the duration and severity of these three stages [ 121. 
Fire occurs in the vapor phase at the liquid surface and is dependent on the fuel 
availability, energy required to sustain the flame, and the presence of oxygen. The 
absence or removal of any one of these components will cause extinction of the fire. 

Ease of ignition is a function of fluid vapor which is dictated by fluid viscosity 
and molecular weight and reactivity of the vapor with oxygen, which is dependent 
on chemical structure and thermal stability. 

Reaction among the three components-fuel, energy, and oxygen-are re-
quired for fire generation and heat release. Heat may be accompanied by a cool 
(barely visible) flame or a hot (visible) flame. 

The combustion reaction will continue after the initiation stage if the heat 
released is sufficient to provide the energy required to sustain the reaction of the 
fuel with oxygen. Therefore, heat release is an important variable in predicting fire 
potential. Continued fluid combustion is dependent on the rate of heat loss due to 
convection and radiation of heat through the air, and conduction through the liquid 
must be less than the sum of the rate of heat emitted by the ignition source and that 
available from the combustion process [121. 

2.2 Ignition Sources 

Hydraulic fluid ignition often occurs when a leak or break in the hydraulic system, 
usually operating at high pressures, results in a spray, stream, or mist of hydraulic 
fluid. The fluid may then ignite if it encounters an ignition source such as an electrical 
spark, flame, or hot surface [131. 

The potential for a combustion of these various ignition sources must also be 
considered. For example, hot exhaust gases, hot metal surfaces, preexisting fire, or 
a spark may all potentially cause hydraulic fluid ignition [ 141, 

A hydraulic leak or spill may wet a hot surface or form a pool, which may 
then be ignited by a nearby heat source. During ignition, a distillation process occurs 
which separates the hydraulic fluid into several components. One or more of these 
volatile components may be easily ignited by a spark or flame. 

Porous or wicklike material such as pipe insulation, cardboard boxes, textiles, 
or even coal from mining operations may absorb hydraulic fluid. This fluid may 
slowly oxidize and form peroxide by-products which have the potential to undergo 
subsequent spontaneous combustion [131. 

Table 7.1 summarizes several fire hazards to consider when selecting appro- 
priate flammability test procedures [2]. Factors to consider when selecting a hydraulic 
fluid include the following [2]: 

Table 7.1 Hydraulic Fluid Flammability Conditions 
~ ~ ~ ~ ~ 

Source of ignition Fluid condition 
~~~~~~~ 

Environment 

Flame Pool or puddle Air temperature 
Spark Spray-Stream or atomized Air current 
Hot metal surface Vaporized Equipment location 
Electrical contact Wicking -
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Proximity of the fire hazard to the hydraulic equipment 
Availability of fire-resistant fluids 
Fluid properties 
Required equipment design changes 

Various causes have been reported for naval fires and explosions of hydraulic 
fluid on shipboard systems. Potential causes of ignition include the following [ 151: 

I .  Rapid compression or shock-wave ignition 
2. Formation of carbon-oxygen complexes 
3. Porous, oil-soaked medium present 
4. Peroxide formation 
5. Spontaneous ignition 
6. Spray ignition 
7. Electrostatic discharge 

Because various sources of ignition may be present in a hydraulic application, 
it is important that the test method selected reasonably model the fire risk where the 
fluid will be used. 

2.3 Fluid Classification 

All fire-resistant fluids fall into two basic categories: those that derive their fire 
resistance from the presence of water and those that demonstrate fire-resistant qual- 
ities by their chemical composition or molecular structure [16]. 

The general designation for hydraulic fluids is HF [171. Fire-resistant hydraulic 
fluids are further classified by composition according to IS0 673414 (Lubricants, 
industrial oils, and related products [Class L]-Classification-Part 4: Family H- 
Hydraulic systems) are shown in Table 7.2 

Table 7.2 I S 0  Classification of Fire-Resistant Hydraulic Fluids 

Fluid 
classification Fluid description 

HFAE Oil-in-water emulsions, typically more than 80% 
water content 

HFAS Chemical solutions in water, typically more than 
80% water content 

HFB Water-in-oil emulsions 
HFC Water-polymer solutions, typically less than 

80% water 
HFDR Water-free synthetic fluids consisting of 

phosphate esters 
HFDS Water-free synthetic fluids consisting of 

chlorinated hydrocarbon 
HFDT Water-free synthetic fluids consisting of 

mixtures of HFDR and HFDS 
HFDN Water-free synthetic fluids of other compositions 

than HFD-R or HRD-S or HFD-T 
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Table 7.3 Factory Mutual Corporation Classification of 
Hydraulic Fluids 

Group I Water-glycol fluids with additives 
Group I1 Synthetic fluids including phosphate ester, 

polyol ester, and halogenated hydrocarbon 
fluids 

Group 111 Water-in-oil and oil-in-water emulsions 

With respect to the FMRC HF classification scheme in Table 7.3, Group I fluids 
correspond to HFC, Group I1 fluids correspond to HFD(R,S,T,N), and Group I11 
fluids correspond to HFAE, HFAS, and HFB, as summarized in Table 7.2. 

Factory Mutual Research Corporation (FMRC) specifies three classifications 
for fire-resistant hydraulic fluids, which are shown in Table 7.3. Also shown are the 
general fluid properties, according to FMRC, that impart fire resistance 1181. 

2.4 Fire-Resistance Testing Strategies 

One of the greatest concerns in fire-resistance testing is the selection of a procedure 
that adequately models the application of interest. Traditionally, most of tests con- 
ducted for modeling fluid flammability characteristics are the following [ 191: 

Flash point 
Fire point 
Spontaneous ignition temperature 

Two fundamental parameters should be considered when selecting a test to 
model an application [20]: ignition resistance and flame propagation. These two 
parameters model fluid ignition and the propensity of the fluid to continue to bum 
once ignited. The experimental strategy is twofold. First, the test should provide 
information regarding resistance to ignition. Second, if ignited, flame propagation 
must be considered. 

Because each application has its own unique exposure, such as pool, spray, or 
mist, and ignition conditions, such as a hot metal surface or open flame, multiple 
tests are typically conducted [3]. 

The complexity of the thermal ignition process has led to the development of 
a variety of tests designed to model particular combustion mechanisms. These tests 
attempt to simulate flammability hazards encountered in industry with respect to 
exposed hot pipes, ventilated surfaces, surface material variations, and scale. Al- 
though there are many test procedures available, the testing, quantification, and in- 
terpretation of thermal ignition data are some of the most difficult problems in fire 
hazard evaluation [2 I]. 

2.5 Fluid FlammabilityTests 

2.5.1 Fluid Volatility Characterization 

This section will summarize testing procedures normally required to model flam- 
mability potential due to fluid volatility. 
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Open-Cup Flash Point and Fire Point 
The relative fire resistance of nonaqueous hydraulic fluids may be characterized by 
their flash and fire points. These procedures are described in ASTM D 92-90 (Stan- 
dard Test Method for Flash and Fire Points by Cleveland Open Cup) [20-221. Flash 
and fire points are determined by passing a flame over the surface of the fluid at 
constant time intervals during constant temperature rise. The flash point is the tem- 
perature at which the volatile vapors above the fluid surface ignite. The fire point is 
the temperature where the fluid itself ignites and burns for at least 5 s. These results 
are dependent on fluid chemistry and volatility primarily. 

Increasing flash points and fire points are indicative of increasing fire resistance, 
particularly in applications where high-temperature fluid volatility is important, such 
as required in many aircraft applications. These tests are inappropriate for aqueous 
fire-resistant fluids because it is difficult to assess proper heat-up times. This leads 
to nonreproducible data because of variable evaporation rates. It is also difficult to 
directly relate the flash and fire point data to specific end-use fire-risk potential. 
Oxvgen Index 
The oxygen index, as defined in IS0  4589, “is the minimum concentration of ox- 
ygen, by percentage volume in a mixture of oxygen and nitrogen, introduced at 23°C 
2 2”C, that will just support combustion of a material under specified test condi- 
tions” [23]. The procedure for determining the oxygen index of a fluid is performed 
by placing a small quantity of test fluid into a glass cup positioned in a glass chimney, 
as shown in Fig. 7.1 [24]. An upwardly flowing mixture of oxygen and nitrogen is 
introduced and then ignited. The oxygen index is determined by the minimum 
amount of oxygen concentration required to sustain combustion for 60 s or more 

1 

-Pilot 
Flame 

Burning 
Specimen 

Y O *  Supply 

Figure 7.1 Apparatus for determining oxygen index. 
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Oxygen index determination is a simple and relatively inexpensive test to per- 
form and appears promising as a quality control procedure, but it is not evident that 
this procedure offers any significant advantage over flash and fire points at this time 
[ 121. Some illustrative examples of oxygen indices of various model compounds are 
provided in Table 7.4 [24]. 

It has been suggested that the measurement of the oxygen index is actually a 
measure of the “ease of flame extinction” and does not produce meaningful data 
with respect to fluid ignitability or flame propagation tendencies. This test also lacks 
sensitivity. 

Autoignition Temperature 

The autoignition temperature (AIT) is one of the most widely known thermal ignition 
test [21]. AIT is determined according to ASTM D 2155-66 (Standard Test Method 
for Autoignition Temperature of Liquid Petroleum Products), where a test fluid is 

Table 7.4 Oxygen Indices for Selected Compounds 

Trioctylphosphate 18.6 
Ethylene glycol 14.8 
Diethylene glycol 13.6 
Trimethyl phosphate 23.7 
Aroclor 1016 31.3 
Aroclor 1221 20.5 
Aroclor 5460 61.O 
Castor oil 22.9 
Dibutylsebacate 15.6 
Ethylene glycol 14.8 
Fyrquel 150 (Stauffer Chemical) 25.5 
Fyrquel 20 (Stauffer Chemical) 25.9 
Houghto Safe 1120 (EF Houghton Co.) 22.1 
Houghto Safe P C F G 15 24.0 
Hydraulic fluid MIL-H-83282 17.7 
Hydraulic fluid MIL H 5606B 16.0 
MIL-H-5606B hydraulic fluid 16.0 
MIL-H-83282 hydraulic fluid fluorocarbon 17.7 
Mineral oil USP 16.1 
Mineral oil 5314A (Socony Molil Co.) 15.2 
Olive oil 16.6 
Paraffin oil, mineral oil (white, heavy) 16.4 
SF96 (50)-GE Silicone fluid 21.4 
SF96 (350) -GE Silicone fluid 27.3 
SFl029-GE Silicone fluid 23.O 
XF1050-GE Silicone fluid 13.3 
Therminol 66 16.1 
Trioctyl phosphate 18.6 
Triphenyl phosphate 22.5 
Tripropylene glycol 17.7 
Vegetable oil 19.0 

Source: Ref. 24. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



400 Webster and Totten 
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Figure 7.2 Apparatus for autoignition temperature (AIT) determination. 

injected via a syringe onto the surface of an Erlenmeyer flask heated in an oven as 
shown in Figure 7.2 [20-301. AIT measures the geometry-dependent spontaneous 
ignition temperature of a fluid in air at 1 atm of pressure. These measurements are 
difficult to relate to end-use applications [20]. MacDonald found that AIT varies with 
the size of the Erlenmeyer flask [31]. Table 7.5 shows AIT values for several common 
hydraulic fluids with corresponding fire and flash point data [ 121. 

Table 7.5 Relative Autoignition Temperature and Open-Cup FlasWire Point Data of 
Common Hydraulic Fluids 

Autoignition Open-cup Open-cup 
temperature flash point fire point 

Fluid ("C) ("C) ("C) 

IS0  VG 10 mineral oil 320 166 180 
IS0 VG 46 triaryl phosphate 580 246 365 
I S 0  VG 32 polyol ester 415 280 3 10 
IS0 VG 46 silicone fluid 470 300 340 
IS0 VG 7 Askarel >650 190 None 

(polychlorinated biphenyl) 
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Rapid Compression 

Ignition or explosion may occur when air in contact with a hydraulic fluid is rapidly 
heated by compression. Hydraulic fluid fires have occurred due to fluid ignition by 
rapid compression [32]. Because of this particular type of ignition hazard, tests have 
been developed to model the susceptibility of a hydraulic fluid to undergo compres- 
sion ignition. A variety of compression-ignition tests are conducted by introducing 
air, at pressures comparable to those found in hydraulic systems, through a valve 
into a small-diameter pipe whose inner surface has been wetted with the test fluid 
[=I. 

A rapid-compression-ignition test has been developed by Faeth and White; it 
simulates a pipe containing high- and low-pressure air separated by a rapidly opening 
valve as illustrated in Fig. 7.3 [33]. When the valve is opened, pressure equalization 
occurs by pressure waves generated by opening the valve, as illustrated in Fig. 7.4 
[33]. During this pressure equalization, a contact zone of rapidly changing temper- 
ature and density is formed which separates the expanded and cooled “upstream” 
gas from the compressed and heated “downstream” gas. This contact zone travels 
the length of the pipe, eventually compressing the “downstream” gas against the 
closed end of the pipe. It is in this region where pressure increases could potentially 
lower the spontaneous-ignition temperature (S.1.T) of a fluid, as illustrated in Fig. 
7.5 1331. Lowering the S.1.T in conjunction with the air-temperature increase ahead 
of the contact zone contributes to the fluid’s potential for ignition. 

This test has been performed using both 10- and 30-ft sections of pipe. The 
conclusions of these tests show that combustion is more difficult to obtain in the 
longer (30 ft) dead-ended sections where the rate of pressure increase is decreased 
due to the larger volume of the test section and the energy loss by convection and 

or 

Kistler Pressur 

Figure 7.3 Illustration of the Faeth and White rapid-compression apparatus. 
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Figure 7.4 Illustration of the valve used for the rapid-compression test shown in Fig. 7.3. 
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Figure 7.5 The effect of pressure on spontaneous-ignition temperature. 
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conduction through the pipe walls. This lowering of combustion potential can be 
attributed to the relatively low heat capacity of air, where a small amount of energy 
loss represents a relatively large decrease in temperature. 

Another combustion test is "the combustion indicator test." This combustion 
test, which will not be reviewed in detail here, involves the determination of the 
compression ratio of the fluid in an engine where combustion occurs [34]. 

Shock-Tube Ignition Test 
Although shock-tube tests have been used extensively in the study of gas-phase 
reactions, a limited amount of testing has been performed with gas-liquid reactions. 
A shock-tube apparatus [35]was used by Skinner to determine the ignition charac- 
teristics of different aerospace hydraulic fluids. Skinner's test results did not correlate 
well with conventional ignition-time data, indicating that the relative importance of 
drop breakup, evaporation, and convective and diffusive mixing with respect to 
chemical reactivity is poorly understood [36]. 

Gunfire Resistance 
The gunfire resistance test (MIL-H-83282-Fire Resistant Hydraulic Fluid, Synthetic 
Hydrocarbon Base, Aircraft, Metric, NATO Code Number H-537) is a specialized 
ignition test for which the heat of ignition is provided by incendiary ammunition. 
Testing is performed by firing 50-caliber, armor-piercing incendiary ammunition into 
aluminum cans partially filled with the test fluid. Five shots are fired and the number 
of ignitions and severity of the fires are reported [37]. Results of a gunfire resistance 
test reported by Snyder and Krawetz are summarized in Table 7.6 [22]. 

An alternative procedure to the gunfire resistance test is performed to simulate 
a realistic flammability study of hydraulic fluids selected for use in aircraft weapons 
system. These fluid applications require full survivability studies against hostile gun- 
fire and are simulated utilizing mock-up hydraulic systems functioning at actual 
weapon system operating pressures and fluid flow rates [37]. The ammunition used 

Table 7.6 Flammability Characteristics of Current and Developmental Aerospace 
Hydraulic Fluids 

Gunfire 
Stream resistance 

Spontaneous hot-manifold Horizontal number 
ignition ignition Heat of flame of fires 

temperature temperature combustion propagation per 
Fluid ("C) ("(3 (kcalkg) rate ( c d s )  5 shots 

MIL-H-5606 232 388 10,100 0.733 5 
MIL-H-83282 354 322 9,800 0.212 1 
Phosphate ester 524 760 7,100 0.OOd 0 
Silicate ester 400 37 1 8,162 0.300 3 
Silicone 409 477 5,411 0.218 0 
Chlorofluorocarbon 630 927 1,328 O.OOh 0 
Fluoroalkyl ether 669 927 989 O.OOh 0 

"Sample self-extinguished (would not stay lighted) on asbestos wire. 
hSample could not be lighted on asbestos wire. 
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as the ignition source in these tests is chosen based on the threat that the hydraulic 
system may be subjected to under combat conditions. 

2.5.2 Pool Fires 

A pool fire may be defined as “a buoyant diffusion flame in which the fuel is 
configured horizontally’ ’ [38]. This includes not only flammable liquids but also 
solids and gasses. Although pool fires can form any geometric shape, controlled 
studies are usually performed on circular geometries characterized by the pool di- 
ameter and depth. 

One method of determining the ignitability of a pool fire has been developed 
for the evaluation and comparison of less flammable insulating liquids [39]. This 
procedure is performed by igniting 4 gal of heptane in an open circular trough which 
surrounds 40 gal of the test fluid contained in an inner, concentric pan. Conductive 
and radiative heat-release rates of the pool fire at a “steady-state” condition are 
determined during the testing procedure. 

Other flammability characteristics may be determined during pool fire testing 
and may include flash point, resistance to fire suppression, total heat-release rate, 
flame-spread rate, and heat radiation to surrounding areas. Factors affecting pool 
fires may also be introduced during testing and can include heated surfaces, the 
absence or presence of an enclosure, and variable ambient factors such as room 
temperature, wind, or ventilation. 

As with other common bulk fluid flammability tests, it is difficult to compare 
water-containing fluids to non-water-containing fluids because of variable evapora- 
tion rates which produces nonreproducible data. Fluid ignition may occur after water 
evaporation; however, such data would not be representative of the original fluid 
condition. 

2.5.3 Calorimetric Procedures 

Heat of Combustion 
Heat of combustion is not a measure of fluid flammability but a measure of the heat 
generated during combustion after ignition. This property is considered a significant 
factor in the determination of overall flammability characteristics [40]. Snyder and 
Krawetz [22] and Parts [26] have illustrated the correlation of heat of combustion 
with the fire resistance of a fluid. The heat of combustion may be determined ac- 
cording to ASTM D 240 (Standard Test Method for Heat of Combustion of Liquid 
Hydrocarbon Fuels by Bomb Calorimeter). Some illustrative examples for hydraulic 
fluids used in aerospace applications are shown in Table 7.6. As expected, fire re- 
sistance increases as the heat of combustion decreases. Marzani developed a “static 
bomb’’ -type reactor apparatus for evaluating the spontaneous-ignition temperature 
for fluids at elevated pressures [41]. 

Another method for measuring heat of combustion has been used by Monsanto 
to assess flammability characteristics of aircraft hydraulic fluids [42]. This method 
incorporates the heat of combustion of benzoic acid, which is combined with the 
sample being tested to attain a more complete combustion for those fluids that exhibit 
incomplete combustion tendencies. These test results are corrected for the quantity 
of benzoic acid added to the test fluid. The heat of combustion may be estimated 
from the summation of the bond strengths of the chemical compositions. The esti- 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



405 Fire-Resistant Testing Procedures 

Table 7.7 Heat of Combustion Values for 
Commercial Hydraulic Fluids 

Heat of combustion 
Fluid type (kcaVg) 

Mineral oil 10.7-1 1.0 
Esters 8.5-9.6 
Phosphate esters 7.6-7.7 
Thickened water-glycol 2.6-3.5 

mated heat of combustion values for some commercially available hydraulic fluids 
are shown in Table 7.7 [43]. 

Heating Time 
Fire resistance of a fluid is reflected by the time required to heat a given volume of 
fluid to 90°C from ambient temperature and comparing the heating time to a petro- 
leum oil hydraulic fluid and distilled water [28]. The experiment is conducted by 
heating a given volume of fluid in an insulated, stirred, 2-L stainless-steel beaker 
equipped with a 56-W immersion heater and a 76-mm immersion thermometer. Pol- 
lack et al. reported a heating time of 622 s for a hydrocarbon oil, 923 s for a water-
in-oil emulsion, and 1815 s for distilled water. These differences in heating times 
are related to the heat capacity of the fluid [28]. 

Cone Calorimeter 

Cone calorimeter tests have evolved from procedures developed to investigate the 
heat-release rates resulting from the combustion of solids such as building materials, 
plastics, and textiles. A standard cone calorimeter device has been described in 
ASTM E1354 (Standard Test Method for Heat and Visible Smoke Release Rates for 
Materials and Products Using an Oxygen Consumption Calorimeter) and in I S 0  5660 
and is illustrated in Fig. 7.6 [44]. The cone calorimeter is based on the principle of 
“oxygen consumption calorimetry,’ ’ where the net heat of combustion is directly 
related to the amount of oxygen consumed during combustion. 

2.5.4 Evaporation (Wick) Tests 

Evaporation, or wick, tests have been developed to identify the flammability char- 
acteristics of fluids which have impregnated porous or wicklike materials such as 
steam pipe lagging or foam insulation. The flammability hazard arises once the fluid 
has soaked into these porous materials, slowly oxidizing with increasing time. Fluids 
which, under normal conditions, are less likely to ignite may be easily ignited when 
retained by a wicklike material. The insulating properties of a porous material de- 
crease the potential for heat loss and the fluid can sometimes self-heat and sponta- 
neously ignite [131. 

In industries, such as the mining industry, it is of interest to evaluate the fire- 
risk potential associated with hydraulic fluid leakage on absorbent material (e.g., 
coal) which would subsequently be exposed to an ignition source [20]. Tests used 
to model this risk are called “evaporation” or “wick” tests. 
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Orifice Plate and Thermocouple: - Gas Sampling Ring 
Pressure and Temperature Measurements - Smoke Opacity Meter 

- Temperature Probe 
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=$-Spark Igniter 

Ql- Cold Trap 

Figure 7.6 Illustration of the lowering of the spontaneous-ignition temperature (S.1.T)of 
a fluid. 

There are primarily two evaporation tests. One test specifies an asbestos tape 
used as the wick. In view of the health hazards associated with the handling of 
asbestos, a ceramic fiber “tape” has replaced the asbestos in most current test pro- 
cedures [45-471. Alternatively, a pipe cleaner is used as the “wick” in some tests 
[20,48,49]. 

Ceramic Wick Test 
The ceramic wick test is conducted by immersing one end of a piece of ceramic 
tape in the hydraulic fluid, as illustrated in Fig. 7.7. After equilibration, one end of 
the wick is ignited and the persistence of the flame after the removal of the ignition 
source is recorded. This is primarily a measure of the relative ease of hydraulic fluid 
flammability after saturation of a porous substrate such as pipe insulation, coal, and 
so forth. 
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ON 

Figure 7.7 Illustration of the ceramic wick flammability test, 

“Pipe Cleaner” Wick Test 

The pipe cleaner wick test is conducted by soaking a pipe cleaner in the hydraulic 
fluid and then conditioning at 65°C (150°F) for 2 or 4 h in an oven. The conditioned 
pipe cleaner is then repeatedly passed through the flame of a Bunsen burner until 
ignition occurs, as illustrated in Fig. 7.8. The number of passes without ignition is 
recorded [271. 

The water content of hydraulic fluids will affect the results of both of the wick 
tests described. This is illustrated in Fig. 7.9, which shows the relationship between 

Figure 7.8 Illustration of the pipe cleaner flammability test. 
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Figure 7.9 Illustration of the relationship between flame duration time and water content 
of a water-in-oil emulsion for the ceramic tape test. 

flame duration time and the water content of a water-in-oil emulsion for the ceramic 
tape test [50]. 

Soaked- Cube Flammability Test 

The soaked-cube flammability test models an exothermic reaction that may occur if 
a flammable fluid is absorbed into thermal insulation. The fluid is placed into a well 
that has been drilled into a 1 X 1 X 1-in. (25.4 X 25.4 X 25.4-mm) cube of asbestos- 
free calcium silicate insulation material [Johns-Manville- 12 molded and block 2-in. 
(50.8-mm) pipe insulation] with a thermocouple mounted 'h in. (3.175 mm) below 
the bottom of the well, as illustrated in Fig. 7.10. The cube is placed into a furnace 
and the temperature is increased until an exothermic reaction occurs [51]. 

2.5.5 Flame Propagation 

One of the greatest risks associated with petroleum-based hydraulic fluids upon ig- 
nition is flame propagation back to the ignition source [2]. Fire-resistant fluids are 
more difficult to ignite, and exhibit a reduced tendency for flame propagation. There- 
fore, it is not only important to measure the fire resistance but also flame propagation. 
Both properties are typically determined by the hot surface and the spray flamma- 
bility tests, which will be discussed subsequently. 

Linear Flame Propagation Test 

Linear flame propagation measures the rate of flame travel on a ceramic fiber test 
sample presoaked with the hydraulic fluid (ASTM D 5306-92-Standard Method 
for Linear Flame Propagation Rate of Lubricating Oils and Hydraulic Fluids). Linear 
flame propagation rates are determined by placing a 500-mm ceramic string into the 
fluid to be tested for 60 s. The fluid-saturated ceramic string is then placed on the 
test apparatus, as shown in Fig. 7.11. Two differential thermocouples are attached to 
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118" 

Figure 7.10 Schematic of the test specimen used for the soaked-cube flammability test. 

the string 15.24 cm apart. One end of the string is ignited and the thermocouples 
are used to obtain the time required for the flame to propagate from one thermocouple 
position to the other. The linear flame propagation rate is reported in meters per 
second and is calculated as follows: 

dv
Linear flame propagation rate = - (7.1)

P 

Thermocouple Junctions Are Held 2mm Above Ceramic Fiber Cord 

Figure 7.11 Apparatus to determine linear flame propagation rates. 
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where 

d = distance between thermocouples (in mm) 
Z J  = chart speed (in m d s )  
p = distance measured peak to peak between thermal effects. 

Linear flame propagation rates are dependent on relative flammability or ig- 
nitability of the fluid and do not relate to flammability properties of materials under 
actual fire-risk conditions. The linear flame propagation test is well suited for polyol 
esters and phosphate esters. This test is not utilized for volatile water-containing 
hydraulic fluids such as water-glycols, invert emulsions, and high-water-content hy- 
draulic fluids. 

2.5.6 Hot-Surface Ignition Tests 

The purpose of modeling the ignition of a fluid when contacted with a hot surface 
is to determine if a hydraulic fluid would ignite and burn if it were sprayed on a hot 
surface, such as the manifold of earth-moving equipment or a pool of molten metal. 

“Monsanto’ ’ Molten Metal Test 
Monsanto developed a test to evaluate burning and flame propagation that may occur 
when a hydraulic fluid is sprayed on molten metal, either zinc at 800°F (427°C) or 
aluminum at 1200°F (649°C) [20,52]. Fluids may be poured, sprayed, or added drop- 
wise to the molten metal (the mode and rate of addition are not specified). Burning 
rates and flame propagation to adjacent fluid-wetted areas is determined. This test 
may be performed with or without an external ignition source. An illustration of the 
Monsanto molten metal test is presented in Fig. 7.12a. The European version of the 
molten metal test involves pouring of the hydraulic fluid on to the molten metal, as 
illustrated in Fig. 7.12b [53].In both tests, although visual differences between the 
various fire-resistant hydraulic fluids were observed, reproducibility of these tests is 
poor [53]. 

“Houghton’ ’ Hot-Surface Ignition Test 

Houghton International has developed a hot-surface ignition test. This test is per- 
formed by introducing a sample onto the hot surface and recording the elapsed time, 
in seconds, before ignition and the temperature at which ignition occurs [68]. Illus- 
trations of the differentiation of various classes of hydraulic fluids are shown in Fig. 
7.13. 

Hot-Manifold Test 

In hydraulic systems, one of the primary concerns is the potential fire risk that may 
occur if a line ruptures near a heat source. One of the major tests used to model this 
situation is the hot-manifold test [20,26,54,55]. The hot-manifold test models the 
situation where hydraulic fluid may leak dropwise, or as a stream, directly onto a 
hot surface. In this test, 10 mL of the hydraulic fluid is applied dropwise onto the 
surface of a heated stainless-steel manifold (tube) at 1300°F (704”C), as illustrated 
in Fig. 7.14. The flashing or burning of the fluid upon contact with the hot tube and 
flame propagation to the fluid residues that are collected in the bottom of the enclo- 
sure is observed. This test was originally of particular interest to the aviation industry 
1221. 
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Figure 7.12 (a) Monsanto molten metal fire resistance test; (b) European version of the 
molten metal fire resistance test. 

Factory Mutual Hot-Channel Ignition Test 

When a hydraulic hose ruptures, it is more likely to form a spray, which may then 
contact a hot surface. This condition is modeled by a “hot-channel ignition” test 
[56,57] shown in Fig. 7.15. Factory Mutual Corporation has developed a test for the 
determination of fluid response upon contact with a heated surface [49]. 

In this test, the hydraulic fluid is sprayed onto a steel surface 7 in. (17.78 cm) 
wide and 27 in. (68.58 cm) long inclined at a 30” angle. The hot channel is heated 
by propane burners from below, to a minimum temperature of 1300°F (704°C). The 
burners are turned off prior to spray application of the fluid onto the hot surface. 
The fluid is sprayed from a distance of 6 in. (15.24 cm) from the hot surface for 60 
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Figure 7.13 Illustrations of thc differentiation of various classcs of hydraulic fluids as 
determined by the Houghton Hot-Surface Ignition Test. 

I 

J 

Figure 7.14 Hot-manifold test according to AMS-3 150c. 
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Figure 7.15 Illustration of the FMRC Hot-Channel Ignition Test apparatus. 

s. To “pass” this test, the flame must not propagate and must not follow the spray 
source. Although this is an excellent end-use test, it is very difficult to quantify and 
is reported on a padfa i l  basis. 

Recently, it was shown that although polyol esters, phosphate esters, and water- 
glycols all pass the Factory Mutual Hot-Channel Ignition test, they all exhibit sub- 
stantially different flammability properties, which are not indicated by the “pass’ ’ 
notation [ 5 8 ] .This is illustrated in Fig. 7.16. Interestingly, the fire-resistant properties 
of these fluids were similar to those obtained by the molten metal test [53]. 

One variant of these tests is to conduct them in a wind tunnel as described by 
Goodall and Ingle [55].This work was conducted to model aerospace applications. 
The result showed that the risk of fire was dependent on the temperature of the 
critical volume of the fluid, the volume at which spontaneous ignition of the fluid 
will occur, and was not dependent on the hot-surface temperature. 

2.5.7 Spray Ignition Flammability Tests 

Low-Pressure Spray Flammability Tests 

Perhaps the most common test to model potential fire risk of a hydraulic line break 
is the spray flammability test. A variation of this test is incorporated in national 
standards in the United Kingdom, France, and Canada, and is also being incorporated 
into I S 0  Specifications [17,45,46,59]. Although this test has been accepted as a 
standard, there are some deficiencies, such as the pass/fail ranking and the lack of 
repeatability when performed at different laboratories using similar test rigs. Al-
though there is no national spray flammability test in the United States, a commonly 
encountered insurance industry standard is the Factory Mutual Research Corporation 
spray flammability test [56,57]. 

The ALCOA Low-Pressure Spray Flammability Test 

ALCOA developed a relatively low-pressure spray flammability test which is de- 
scribed in Ref. 60. The low-pressure spray source is a Binks Thor No. 7 paint spray 
gun (1.8 cm orifice and pressurized to 0.28 MPa with air) [20,60]. The hydraulic 
fluid is sprayed over an ignition source such as oil-soaked rags, as illustrated in Fig. 
7.17 [58], and the flame characteristics of the flame is visually recorded [20]. 
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Figure 7.16 Hot-Channel Ignition Test fire-resistance properties for (a) mineral oil, (b) 
phosphate ester, (cj polyol ester, and (dj water-glycol hydraulic fluids. 

Figure 7.17 Low-pressure Binks No. 7 spray gun flammability test. 
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A number of high-pressure spray flammability tests are used throughout the 
world today. The most common tests are summarized in Table 7.8, which includes 
the source of ignition, fluid test temperature, spray pressure, nozzle description, pass/ 
fail criteria, and references for the tests. 

High-pressure Spray Flamrnability Tests 

THE FACTORY MUTUAL SPRAY IGNITION FLAMMABILITY TEST. The most com- 
monly encountered test in the United States is the Factory Mutual Spray Ignition 
Flammability Test [56].The test is performed by rotating a propane torch at 8 rpm 
in a mist of the hydraulic fluid preheated to 40°C, which is sprayed through a nozzle 
at 6.9 MPa. If the fluid ignites, the time is recorded, and if the fluid continues to 
burn 5 s after the removal- of the flame, the fluid is considered to "fail" this test. 
An illustration of the FMRC spray flammability test apparatus is shown in Fig. 7.18. 

Except for mineral-oil hydraulic fluids, all of the fire-resistant hydraulic fluids 
shown in Fig. 7.19 exhibit very different flammability properties, although all are 
rated as a "pass" in the current Factory Mutual Research Corporation spray flam- 
mability test [56]. Therefore, there has been an ongoing effort to identify a spray 
test to better differentiate hydraulic fluid flammability. 

One of the most commonly used fluid flammability testing procedures utilizes 
a combination of hot-channel and spray flammability tests as specified by the Factory 
Mutual Research Corporation [56]. To pass the Factory Mutual spray flammability 
test, the resulting flaming fluid need only be self-extinguished within 5 s [56]. 

2.5.8 New Spray Flammability Test Developments 

Two groups have recently reported test procedures that provide this quantification. 
Factory Mutual Research Corporation has developed the "spray flammability param- 
eter" test. Another group located at the University of Manchester in England de- 
veloped the "stabilized flame release test," also known as the "Buxton test." Both 
tests will be reviewed briefly here. 

The Fac toq  Mutual Spray Flammability Parameter Test 

This test is conducted by spraying the fluid vertically upward from an 80" hollow 
cone nozzle having an exit as shown in Fig. 7.20. A "spray flammability parameter" 
(SFP) is calculated and is related to the critical heat flux required for fluid ignition 
and the chemical heat-release rate of the burning process. This is shown by Eq. (7.2) 
[57,61,62]: 

4Q&SFP = - (7.2)
nd,xq,'," 

where Qf,,is the chemical heat-release rate expressed in kilowatts &!' is the critical 
heat flux for ignition below which ignition is not possible, expressed in kilowatts 
per square meter, and d, is the equivalent diameter of the nozzle, expressed in meters 
[nozzle exit diameter multiplied by the square root of the ratio of the fluid density 
at the least temperature to the ambient air densities (kg/m7)]. 
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Table 7.8 Summary of Existing Spray Flammability Test Methods 

Distance 
Pressure and from Failure criterion 

Test 
authority 

Ignition 
source 

Fluid temp. 
("C) 

source 
[MPa (psig)] 

Fluid spray 
nozzle 

Orifice 
diameter Rated flow 

ignition 
[m (in.)] 

or results reported 
as 

MSHA 1. Electric 65 IT 5 1.034 ( 150) 90-m spray 0.635 3.28 gph 0.45 Flame not to 
spark 

2. Propane (N2 cylinder) (0.025) (17.7) at 18 in. 
exceed 6 sec. 

torch 
3. Flaming 

trough 

Naval 
Research 

Electric spark Ambient 
15.5-26.6 

0.17 (25) Poasche Model 
ML-8 

- 158 gph - spray
Flammability 

(Nli2 and 02) Limit 
(Minimum 
%OZ) 

AFNOR A type REX 
No. 1 

Charledave 

65 2 5 7 ? 0.3 
(1015) 

(N2 cylinder) 

1.6-0.4 with 
screen 

(0.063-0.0 16) 

- 1.20 m 

(47.2) does not reach 

I = no ignition 
2 = ignites but 

torch size screen 
750 tip 3 = ignites and 

reached screen 

Factory Rotating 40 6.9 (IOOO) 80-m hollow - 1.50 gph 0.152 and Flame not to 
Mutual propane 

torch (N2cylinder) 
cone 

(6 and 
0.457 

18) 

exceed 5 s in 
10 trials at 6 
and 18 in. 
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NBS/CFR Kerosene 65 I ,034 (150) 90-m spray 0.64 mm 3.28 gph 0.68 Rated by 
soaked 
cotton (NZcylinder) Binks Model F-

(0.02.5) (26.7) temperature 
rise 204-296 

cheesecloth 12- 15 mC considered 
high heat 
potential 

British Coal Ocyacetylene Water- 6.89 (IOOO) 80-m hollow 2.5 gph rVaries Length of spray 
Board torch with 

No. 10 
containing 
-65 (N,cylinder) 

cone and duration of 
flame 

nozzle All others Monarch 
85 Manufacturing 

type F80 

“New” 
Factory 

15kW,0.14-
m-diameter 

60 6.9, 5.2. 3.5, 
1.7 

80-m hollow 
cone 

0.38 (0.015) 1.5 gph Sprayed 
through 

Spray 
flammability 

Mutual propane-air ring parameter 
ring burner ( 1o00, 754, burner 

507, 246) 

Buxton East Vertical 13-20 90 W m i n  Spraying 0.0425 Ignitability, flame 
of propane Systems Co. ( I .673) length, smoke 
Stabilization flame twin fluid cmisions 

atomizer 
nozzle type 
JBC- 12A 
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Figure 7.18 Illustration of the FMRC spray flammability test 

Figure 7.19 Spray flammability properties of (aj mineral oil, (b) phosphate ester, (c)polyol 
ester, and (d) water-glycol hydraulic fluids. 
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Figure 7.20 FMRC experimental apparatus for determination of the spray flammability 
parameter. 

&,“ may be related to the fire point temperature, T,,,, ( O K ) ,  of the fluid as follows: 
I l l  -

q c r  - au?.,‘,re (7.3) 

where (x is the fluid surface absorptivity, assumed to be unity, and U is the Stefan- 
Boltzmann constant (5.67 X 10-” kW/m2 K‘). 

The successful use of the SFP to characterize and differentiate the potential 
fire risk of various hydraulic fluids is shown in Fig. 7.2 1. This test is currently being 
developed into an ASTM test procedure. 

Recent work by Yule and Moodie has been performed using the twin-fluid spray 
apparatus shown in Fig. 7.22 [63]. A horizontal combustion chamber is utilized. 
Fluids were ranked by exhaust temperature, flame length, and particulate emissions. 
The fundamental ranking parameters were the exhaust temperature and “ignitabil- 
ity,” which were used to account for both ease of ignition and flame stabilization. 
Figure 7.23 illustrates Yule and Moodie’s correlation between heat of combustion 
and ignitability [63]. 

The “Buxton Test’ ’ or Stabilized Heat-Release Spray Test 
This test will be required by EEC countries as the preferred fire-resistance testing 
method to determine the relative fire resistance of a fluid [64]. The test apparatus is 
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Figure 7.21 SFP characterization of various types of hydraulic fluids. 
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Figure 7.22 Yule and Moodie twin-fluid spray flammability apparatus ("Buxton test"). 
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Figure 7.23 Correlation between heat of combustion and ignitability. 

the same used for Yule and Moodie’s work and is shown schematically in Fig. 7.22. 
In the Buxton test, the relative fire resistance of a fluid is reflected by the RI index 
(Relative Ignitability index) which is determined from the exhaust temperatures of 
the hydraulic fluid during combustion. Figure 7.24 illustrates the RI index obtained 
for various hydraulic fluids and also illustrates interlaboratory reproducibility. The 
two laboratories shown are DMT (Gesellschaft fur Forschung and Priifung mbH) 
and HSE (Health Safety Executive in Buxton, UK). A third laboratory has recently 
obtained this test equipment which is constructed at the HSE in Buxton, UK [65]. 

In general, the RI index reflects the expected fire resistance indicated by Figure 
7.24. It also illustrates excellent interlaboratory reproducibility. However, it is im-
portant to note that interlaboratory reproducibility can only be shown after appro- 
priate calibration procedures have been applied [65].This is done by developing a 
linear regression calibration equation, as illustrated in Fig. 7.25. The data obtained 
by the HSE laboratory are taken as the reference. 

Holmstedt and Persson reported a procedure which multiparametrically ranked 
the relative fire risk of a hydraulic fluid using heat-release rates, heat of combustion, 
combustion efficiency, generation of carbon monoxide (CO), and smoke [66]. 

3 CONCLUSIONS 

The fire-resistance properties of a hydraulic fluid cannot be adequately defined by a 
single test because there are often multiple potential sources for fluid flammability 
in a single industrial application. For example, spray ignition may occur from a spark 
or flame source or it may be ignited by spraying on a hot surface. Unfortunately, 
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Figure 7.24 Comparison of the RI indicies of various hydraulic fluids produced by two 
laboratories. 
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Figure 7.25 Correlation of RI index values obtained by DMT and HSE. 
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spontaneous ignition of a fluid-soaked lagging may occur in air, or ignition may 
occur from prolonged heating of a fluid resulting in a decrease of the autoignition 
temperature or flash point. 

Because it is difficult to model the fire potential of an industrial process by 
one or even two tests, it is prudent to conduct a number of relevant fire-resistance 
tests to select the hydraulic fluid with the lowest overall risk. One approach is to 
require that the spray flammability and the stabilized heat-release method, or an 
equivalent test such as the Factory Mutual spray flammability parameter test, be 
conducted on every fluid. In addition to these tests, a number of optional standard- 
ized, application-specific tests should be performed taking into account the potential 
flammability hazards associated with the particular application of interest. Some of 
these tests include the following [67]: 

Autogeneous ignition temperature 
High-pressure spray 
Manifold ignition test 
Evaporative flammability 
Molten metal or salt 
Ignition on CFR motor 
Flame propagation 
Soaked lagging 
High-pressure spray with screen 
Wick test 

Guidance for test selection is available from various insurance underwriters, 
government agencies, and also independent laboratories. 

The information provided in this chapter will assist the user in making informed 
decisions regarding the selection of hydraulic fluids which exhibit adequate fire- 
resistance properties for the application of interest. 
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1 INTRODUCTION 

Although mineral oils have traditionally been the most commonly used hydraulic 
fluids in the fluid power industry, they are being subjected to ever-increasing controls, 
particularly because of the increasingly stringent governmental regulations regarding 
the impact of hydraulic fluid spill and fluid leakage on the environment [ 11. Improper 
disposal, even if it is incidental, may be the source of large penalties or even litigation 
P I .  

European studies have identified hydraulic fluid leakage as one of the primary 
sources of groundwater contamination [3]. This has been followed by a worldwide 
effort to identify hydraulic fluids that will exhibit reduced environmental and toxi- 
cological impact upon incidental contact with the environment [4,5]. (Note: The term 
“environmental impact” includes biodegradation and persistence, as well as toxic- 
ity.) Additional impetus for the use of biodegradable lubricants has been provided 
by the use of national environmental labeling criteria. Figure 8.1 illustrates various 
examples of ecolabels [6]. 

There are a number of national environmental standards and labeling proce- 
dures being developed. The most well known are summarized in Table 8.1 [7]. One 
of the first and most stringent environmental labeling procedures is the German 
“Blue Angel” label [8]. The philosophy of this labeling procedure is to avoid con- 
sumer products, including hydraulic fluids, that are hazardous to the environment. 
Although the Blue Angel labeling requirements have not been finalized, an approved 
hydraulic fluid will require greater than 80% biodegradability in 21 days by the CEC-
L-33-A-93 test or greater than 70% biodegradation by the Modified Sturm Test. 

427 
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2 3 

* * *  

* * *  
4 5 6 

1 .  The United States privately-license Green Seal 
2. Canada’s bilingual Maple Leaf 
3. The “Clean Poland” logo 
4. The German government’s Blue Angel symbol 
5 . Austria’s logo, over-designed by the noted artist Hundertwasser 
6. The European Union’s Gear-and-Bloom symbol. 

Figure 8.1 Illustration of different classes of molecular structures present in mineral oil. 
(From Ref. 6.) 

Details of these testing procedures will be provided later in this chapter. All com- 
ponents must be nonpolluting and conform to Water Hazard Class 0 or 1 [9]. The 
components of this coding procedure are as follows [3]: 

CEC Coordinating European Council. 
L Lubricants testing. 
33 These two digits refer to the order of the procedure 
T or A T indicates “tentative” procedures. Correlation programs have been 

completed. “ A ’  indicates “accepted.” 

Table 8.1 Environmental Criteria for Various Ecolabeling Schemes 

Country Scheme Environmental criteria 

Germany Blue Angel Biod-Ecotox 
Canada Environmental Choice Recycling 
Japan Eco-MXk B iod- Ecotox 
France N-F Environment Biod-Ecotox 
Scandinavia White Swan B iod-Ecotox 
United States Green Seal and Green Cross Recycling 

(privately run schemes) 
India Ecomark Biod-Ecotox 

Source: Ref. 7 
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Indicates the year in which the procedure was agreed upon and 
accorded status by the Council. 

Figure 8.2 shows the structure of the CEC European Industry Organization. 
which is composed of the following: 

ATIEL Concerned with technical matter related to the lubricating oil in-
dustry in Europe 

ATC Concerned with lubricant testing 
CCMC Operates on a wide front of matters and is particularly interested 

in the uniformity in technical regulations 

Another program currently in development is the Environmental Choice Pro- 
gram of Canada [9]. This program was initially developed to provide guidance for 
the disposal or reclamation of used industrial oil, as indicated in Table 8.1 [10]. 
Interestingly, the term “EcoLogo” is used and not the term “environmentally 
friendly” because it was not intended to suggest that products with the EcoLogo 
were perfectly harmless to the environment. Very few products have no impact on 
the environment [101. However, the Canadian Environmental Choice program is 
being used to provide a criteria for the “environmental friendliness” of industrial 
oils such as chain saw lubricants, hydraulic fluids, and others. Note: The term “en- 
vironmentally friendly” is used to denote those materials which exhibit little “en- 
vironmental impact.” 

In the United States, work is underway by the ASTM D.02 N.03 Subcommittee 
to establish a standard for the classification of environmentally friendly hydraulic 
fluids. However, instead of “environmentally friendly,” these fluids will be classified 
as “eco-evaluated” (EE) [9,11]. Also, the ASTM D.02 N.03 Subcommittee is work- 
ing to establish standards for the classification and testing of eco-evaluated fluids. 

In addition to base stock, a hydraulic fluid typically contains additives. The 
additives are used to enhance the fluid properties, which include antioxidant, anti- 
wear, reduced foaming, and improved air-release properties. The presence of these 

p F - 7  
Additive manutacfurers 

Lubricanlproducers Europeanvehide 
manufacturers 

Figure 8.2 Structure of CEC European Industry Organization. 
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additives affect hydraulic fluid biodegradation and toxicological properties [ 12-151. 
Therefore, additive selection is of paramount importance [ 161. 

Thus far, the most commonly cited base stocks used for the formulation of 
“environmentally friendly” hydraulic fluids are either vegetable oils or synthetic 
esters [7,9,17]. The most common vegetable oils that have been identified for hy- 
draulic fluid formulations are based on soybean oil [1S-20], rapeseed oil [21], and 
high oleic sunflower oil [22]. Canola oil is also used. The amount of unsaturation 
in a vegetable oil is climate dependent [22]. For example, rapeseed grown in colder 
northern climates contains less unsaturation (canola oil) than when grown in warmer 
southern climates. This is important because the level of unsaturation affects physical 
properties and especially oxidative stability. For this reason, canola oil is one of the 
preferred vegetable oils for hydraulic fluid formulation [22]. 

Work by Rhee et al. have shown that synthetic esters exhibit a number of 
advantages over vegetable oils, such as a broader pour point temperature range, 
typically -40°C to 150°C versus vegetable-oil-derived fluids, which typically exhibit 
a temperature range of - 10°C to 90°C [23]. This limited range of operational tem- 
peratures for vegetable oils may render them unsuitable for some cold-weather ap- 
plications. Other workers have reported that in addition to a broader operational 
temperature range, synthetic esters provide substantial improvement in thermal/oxi-
dative stability relative to vegetable-oil-based fluids [24,25]. 

The use of various vegetable-oil-derived hydraulic fluids has been published 
[2 1,26-291. Typically, either vane or piston pumps were used for performance test- 
ing. Although the antiwear results were generally good, these tests showed that veg- 
etable oils exhibit poorer oxidative stability than mineral-oil-based hydraulic fluids. 
In view of the significant market pressures for the availability of “environmentally 
friendly’’ hydraulic fluids, most hydraulic pump manufacturers and many equipment 
suppliers have developed guidelines for the selection and use of these fluids [30-
341. Because of the variability of the performance of vegetable-oil-based hydraulic 
fluids that are currently available, some manufacturers appear to have developed 
their own privately labeled fluids to provide greater quality assurance [33]. 

Because of their favorable low-temperature properties (pour point of -63”C), 
water solubility, and fire resistance, water-glycol hydraulic fluid compositions pro- 
vide a potential alternative to vegetable oils and synthetic esters as biodegradable 
hydraulic fluids [35,36 1. Unfortunately, although there are numerous references de- 
scribing various biodegradability properties of vegetable oils and synthetic esters, there 
are considerably fewer references for the biodegradability properties of water-glycols 
using OECD GLP Principles (OECD, 1992a) 1371. In some cases, it is not clear how 
the reported data was obtained or if it was previously published in other sources. 

This chapter will provide a selected overview of biodegradation and toxicity 
data published to date for different classes of hydraulic fluids. The general subject 
of biodegradation and testing procedure will be discussed. Selected examples of 
published comparative test data will be provided. 

2 DISCUSSION 

2.1 BiodegradableFluids 

A tabulation of various vegetable-based and synthetic ester-based hydraulic fluids 
available in the United States is provided in Table 8.2 [23]. An international listing 
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is provided in Table 8.3 1381. In the biodegradable hydraulic fluid marketplace, rape- 
seed-oil-based hydraulic fluid compositions may be referred to as “European fluids,” 
and canola-oil-based hydraulic fluids may be referred to as “Canadian fluids” 
[19,20,26,39,40].There is a movement undenvay to make soybean-oil-based fluids 
the preferred American biodegradable vegetable-oil-based fluid composition [40]. 

Another class of hydraulic fluids to be discussed here is water-glycol fluids, 
also known as hydrolubes [41-431. Water-glycol hydraulic fluids are part of a larger 
class of fire-resistant fluids. Additional fluids classified as “fire-resistant” include 
invert emulsions, polyol esters, and phosphate esters. Whereas polyol esters and 
phosphate esters derive their fire-resistance properties by either, chemical structure 
or additives, or both, water-glycols and other water-containing fluids derive their fire- 
resistance properties from the presence of water, also known as a “snuffer,” in the 
fluid formulation. 

A summary of the functions of the various components of a “typical” water-
glycol hydraulic fluid is provided in Table 8.4. In addition to the components shown, 
other additives may be used as needed, such as dyes for leak detection. antifoam, 
air release agents, and so forth. 

2.2 Biodegradation 

In this section, the meaning of biodegradability will be discussed. An overview of 
test methods used to determine biodegradability will be provided. This discussion 
will be followed by an overview of published data on biodegradable hydraulic fluids. 

2.2.1 Biological Degradation 

There are various national standards currently being developed to define “biode- 
gradability” and how it should be experimentally determined [44-471. There are 
two general classifications that are often used to define biodegradability. One clas- 
sification is based on the ultimate fate of the material after biodegradation. The other 
classification is based on the biodegradation rate. Recently, Wilkinson offered the 
following definitions and excerpts will be directly quoted from Ref. 47. 

Rate Definitions 

PRIMARY BIODEGRADATION. This is a measure of the conversion by biological 
systems of the original organic material into different products from the starting 
materials. This is not a measure of the biological impact of the substance but merely 
of the efficacy of the first step in what may be a long series of steps. In some cases, 
nontoxic substances which exhibit facile primary biodegradability can biodegrade 
into environmentally toxic materials. 

ULTIMATE BIODEGRADATION. This is often referred to as “mineralization’ ’ 
and is the complete conversion by biological systems of the original organic material 
into carbon dioxide, water, and microbial biomass (and any inorganic ions, if pres- 
ent). (Note:Unfortunately, OECD methods and classifications do not recognize bio- 
mass incorporation. 

Rate Definitions 

READY BIODEGRADATION. Substances which are classified as “readily bio- 
degradable” exhibit greater than a certain fixed percentage conversion in a standard 
test (see Table 8.5) [48]. This is usually measuring a parameter related to the degree 
of “ultimate biodegradation.” 
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Table 8.2 Ihmcstic "Environmcntally Acccptahle" Hydraulic Fluids 

Product name Base stock Description Company name Address 

EL 146 Seed o i l  t mineral oil Readily biodegradable and nontoxic EarthRight Technologies 33307 Curtis Blvd. 
IS0 46 hydraulic oil for use in Eastlake. OH 44095 
heavy-duty hydraulic systems 

Plantohyd 40 Rapeseed t sulfurized fatty Universal, multigrade hydraulic oil Fuchs Metal Lubricants Metal Lubricants Co. 
vegctablr o i l  for agricultural, forestry. and Company 17050 Lathtop Ave. 

construction machinery Harvey, IL 60426 
Functional 940307 1 Rapesced Biodegradable. corrosion-inhibited, Grcenoco Functional Functional Products. Inc. 

antiwear hydraulic oils for Products, Inc. 24000 Mercantile Rd. Unit 5 
mobile, industrial, and marine Cleveland. OH 44 I22 
hydraulic systems 

Greenwood Hydraulic Vegetable; rapeseed Biodegradable, corrosion-inhibited. Greenoco Inc. The Green Oil Company 
Fluids antiwear hydraulic oils for P.O. Box 577 

mobile. industrial. and marine Blue Bell, PA I9422 
hydraulic systems 

HYD271, 272 Vegctablc; canola Riodegradablc, antiwear, corrosion- international Lubricants. 7930 Occidental South 
inhibited, and oxidation-inhibited Inc Scattle. WA 98108 
hydraulic oils for industrial 

Mobil EAL 244H Vegetable; rapeseed 
hydraulic systems 

Biodegradable, antiwear, corrosion- Mobil Oil 3225 Gallows Rd.. RM SWXM 
protective hydraulic oil for Fairfax. VA 22037-0001 
moderate or severe operating 
conditions 

Mobil Xrl I7 I 1-78 Synthetic ester Antiwear, corrosion-protective Mobil Oil 3225 Gallows Rd.. RM SW806 
hydraulic oil Fairfax, VA 22037-NK)l 

Quintolubric 822-220. Polyol estcr Fire-resistant hydraulic fluid 10 Quaker Chemical Corp. Conshohockcn. PA 19428-O8O9 
330.450 replace phosphate esters 
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HVO-46 Hydraulic Vegetable For hydraulic systems that require Renewable Lubricants, 476 Griggy Rd.. P.O. Box 474 
Vegetable Oil both antiwear and rust and Inc. H;lrtville, OH 44632 

oxidation properties 
Royco 3100, 3046, Polyol ester Biodegradable, antiwear hydraulic Royal Lubricants P.O. Box 518, Merry Lane 

RTJ27. RTJ41 fluids East Hanover, NJ 07936 
OS 107086 Sunflower oil Based on Sunyl PF 3 1 1; sunflower SVO Specialty Products, 35585-8 Curtis Blvd. 

oil with alkylated phenol Inc Eastlake, OH 44095 
OS 106575 Sunflower oil Based on Sunyl PF 3I 1; sunflower SVO Specialty Products, 35585-8 Curtis Blvd. 

Biostar Hydraulic 46, Rapeseed; ethyl hexyl 
oil with alkylated phenol 

Environmentally friendly, zinc-free, 
Inc 

Texaco 
Eastlake, OH 44095 
Texaco Lubricants Co. N.A. 

Code 1616 oleate, C18 fatty acids antiwear oil for high-pressure P.O. Box 4427 
hydraulic equipment Houston. TX 772 10-4427 

Synstar Hydraulic 46, Trimethyl-propane (TMP) Environmentally friendly, zinc-free, Texaco Texaco Lubricants Co. N.A. 
Code 2073 and Penta-erythritol ester antiwear oil for high-pressure P.O. Box 4427 

blend, BHT hydraulic equipment Houston. TX 772 10-4427 
Te~~a-LubeECO Natural esters, triglycerides Biodegradable and nontoxic natural- CoChem Inc 7555 Besserner Ave. 

2000 ester-based universal hydraulic Cleveland. OH 44127 
fluid designed for use in all 
equipment 

Calgene Q1093. Rapeseed, canola oil Vegetable-oil-based VI Index. wear Calgene Chemical, Inc 7247 N. Central Park Ave. 
1094, 1095 and oxidation additives Skokie, IL 60076-4093 

Clark Cone oil Cone oil Environmentally friendly product CoChem. Inc 7555 Rcssemer Ave. 
Cleveland. OH 44127 

Now:Thc term ”environmentally acceptable” (or “environmentally friendly”) is not a well-defined temi. There is no universally acccpted cnteriun for ”envirunmental 
acceptability” at the present time. although v;lrious national standards arc in the process o f  being written. Therefore, the term “cnvironmcntally acceptable” is essentially a 
marketing term with little or no technical support. In fact. often “environmentally acceptable” is used synonymtmsly with “vegetable o i l . ”  
Souwr: Ref. 23. 
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Table 8.3 Environmentally Acceptable Hydraulic Fluid HETG. HEPG, and HEE for Axial Piston Units 

'Type ( I f  nuid Vqetahlc-oil-habed hydraulic fluids. t i E l G  Synthetic hydraulic Iluids kiscd on pdyplycul. HkK; Synthetic hydraulic tluid, hased on e w r s .  1lF.E 

IS0 vlscoblty class 
Maker vti 27 v<i 12 VG 46 vti 6X v(; 22 vc; 12 vti 46 VG 22 v(; 32 VG 46 VG 68 

ARAI. BAP-46 Vitani F.HF-46 Vitani 
ASEOI. Aqua VG 32 Aqua V G  46 'Terra 15 lerra 46 Terra 68 
AGlP Agip Arnica Agip Arnica 

s 46 s 68 
AUTOL Auto1 Bio HVI 46 
AVIA Aviluh Hydraulic A\ilub' Hydraulic Avia Hydrobynth A\ia' Ndyrosynth Avia Nydrosynth Avia Syntofluid Avia Syntofluid 

R i o  32 Rio 46 22 32 46 Ih' hR 
BECHEM Rio-Hydraulik-bl Hydrostar UWI: Hydrostar UWF Hydrostar UWF Hydrostar Hydrostar T M P  Hydrostar T M P  

32 22 32 46 T h l P  Ih 68 
32 

BINOI. H y d n p  46 
Biosttar Kcl ler \krg Hiostar 
RI.ASER Blasol I.PXW5 
BP Bartran Biohyd Hiohyd PEG 46 Biohyd 46 S E  Biohyd 68 SE 

4h 
BRENNTAC Hydraulic V 32 Hydraulic TR 22 Hydraulic TR 32' Hydraulic 'TR 46 
BUCHER & Cic Oekohydro 32hX (kkosynt 

MOTOREX 2246 
CASTROL Biotec. Alpin Riotec HVX 

22 
DEA Fixinn R 32 FAona E 46 
DELTIN Drltinol Bit)-

Hydr3ulik-ol. 
HVI 46 

E1.P Hydrwlf Bin 
46 

ESSO Hydraulik-ol PFI. Hydraulik-iil Hydraulik-nl F.c;l. 4.5947 

PGK 32' PGK 46 
FINA Hiohydrdn Hydraulihol Hiiihydran Hiiihydran Hiohydran 

KS 38 DMl3 I 46 T M P  ' I M P 4 6  ' IMP 6X 
12 
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FlNKE Aviaticon 
HV-BD 36 

FUCHS Plantuhyd 
N 32 

Plmlohyd 
N4fJ  

Plantohyd 
N 68 

Renodiol 
PGE 4h  

Plantohyd 
s 32 

Plantuhyd 
s 46 

Plantuhyd 
S 68 

GLOBOIL B H F 3 2  B H F 4 h  BHF hX 

H O U G H M N  Trigolubric Syntolubric Syntolubric 
32 32 46 

KBNDAI. Synth. 

(Dcmmler & Co. 
Schweiz) 

KOMPRESSOL uw swm uw soo/4h Biovia 

Natura 
46HV 

Kuwait Petroleum Holbein Holbein 

MOBII. 
QX 

EAL 224H Biofluid Biofluid 
32 46 

HLP 32’ HLP 4f1 

MOLYIXJVAL Chemlube 
SI26 

OMV Biuhyd 
M 15 

Biohyd 
M 32 

Biohyd 
M 4 6  

Biohyd 
M 68 MS IS 

Biuhyd 
MT 32, 

Biohyd 
MT4h 

Biohyd Biohyd 
MS 6n 

MS32 MS46 

OEST Bio- Bio Synth. 
Hydmulik-iil HYD 46 

HVI 34 
PANOLIN HLP HLP HLP HLP 

Schweitz Synth. 15 Synth. Synth 4h Synth. 6R 
32 

QUAKER 
CHEMICAL 

Quintolubric 
Greensave 

Quintnluhric 
Creenssvc 

N 30 4h 

RAISON 
TEHTAAT. 

Florahyd 
RT-HVI 

Esterhyd 
HE 46 

Finland TEBIOI.. 32 
HRD New 
Process Schweiz 

SHE1.I. Narurrlle 
HF-R-32’ 

Fluid BD 
22 

Fluid BD 
3 T  

Fluid BD 
46 

Naturalle 
HF-E 46 

Naturalle 
HP-E 6R 
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Table 8.3 Continued 

Qpe of fluid Vegetable-oil-bad hydraulic fluids. H E W  Synthetic hydraulic fluids based on pilyglycol. HEKi Synthetic hydraulic fluids haud  on esters, HEE 

IS0 viscosity class 
Maker VG 22 VG 32 VG 46 VG 6x VG 22 VG 32 VG 46 VG 22 VG 32 VG 46 VG 68 

SOLLNER Connexol 
HD 32-hX 

STRUB & CO Hydrosint Hydrosint Hydrosint 
Schmienechnik HLP HLP IS0 46 HLP IS0 6X 
CH-Reiden I S 0  

32 
TOTAL. Fyuivis F4uivis 

Bio 46 Bio 68 

VALVOLINE UlUaplant 
40 

WENZEL & Ukahiol Ukahiol Ukadol Ukadol Ukahiol 
WEIDMANN HY 32 HY 46 32 NG 46 NG' HE 46 

Wt;STFAI.LEN Bio Bio Bio-Forbex 
AG Forbrx R Forben E 4 6  

32 R 4 6  
WINTERSHALL Wiolgan 

HR 32 
WISUKA Hydroma 

UWF 46 
YORK 1.T 777 

Ginouves Bio 
ZELLER & Rioviniil 

GMELIN HTG 46 

Note: The term "environmentally acceptable'' (or "environmentally friendly" ) is not a well-detincd term. There is no universally accepted criterion for "environmental 
acceptability" at the present time although various national standards arc in the process o f  k i n g  written. Therefore. the term "environmentally acceptable" is essentially a 
marketing term with little or no technical support. In fact, often "environmentally acceptable" is used synonymously with "vcpetahle oil." 
'Tested by Hydroniatik (this dots not i m p l y  that such tests were exhaustive or that a recommendation of such f luds i s  implied). All rights reserved. subject t o  revision. 
Source: Ref. 38. 
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437 Ecological Compatibility 

Table 8.4 Components of a “Typical” Water-Glycol Hydraulic Fluid 

Component Purpose 

Water Fire protection 
Glycol Freeze-point reduction and some thickening 
Thickener Thicken the formulation and to provide adequate film viscosity at 

the wear contact 
Antiwear additives Provide mixed film and some boundary lubrication 
Corrosion inhibitors Vapor and liquid corrosion protection 

INHERENT BIODEGRADATION.This is the potential to eventually biodegrade, 
although at a rate lower than required for classification as “readily biodegradable. ’’ 

The OECD procedure also incorporates a “10-day window,” which requires 
“that the percent theoretical CO, must reach 60%within 10 days after reaching the 
10% level” [ l l ]  if the fluid is to be classified as biodegradable. This requirement 
applies for all of the OECD 301 methods (A-E) shown in Table 8.5. 

The OECD is currently reevaluating this “10-day window” criterion for the 
following reasons: 

Table 8.5 Standard Biodegradability Tests 

Method Time (days) Factor measured Criterion 

Ready biodegradability 
Modified AFNOR 28 Loss of dissolved 

(OECD 301 A) organic carbon 
Modified Sturm 28 Production of 

(OECD 301 B) carbon dioxide 
Modified MITI( 1) 28 Oxygen demand 

(OECD 301 C) 
Closed bottle 28 Oxygen demand 

(OECD 301 D) 
Modified OECD screening test 28 Loss of dissolved 

(OECD 301 E) organic carbon 
Inherent biodegradability 

Modified Semicontinuous >28 Loss of dissolved >20%h 
Activated Sludge (SCAS) organic carbon 

(OECD 302 A) 
Zahn- Wellens 28 Loss of dissolved >20%” 

(OECD 302 B) organic carbon 
Primary biodegradability 

CEC-L-3 3 -T- 82 21 Loss of hydrocarbon >67%‘ 
infrared bands >80%“ 

“For classification as readily biodegradable. 
hForclassification as inherently biodegradable. 
‘ICOMIA standard. 
dGerman Blue Angel requirement for biodegradable hydraulic fluids. 
Source: Ref. 48. 
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438 Kling et al. 

1. This requirement is of questionable applicability to substances that are 
poorly water soluble [ 111. 

2. Inherently biodegradable substrates may produce a time lag in the degra- 
dation process but still undergo ultimate biodegradation [49]. Therefore, 
this requirement appears to be unduly restrictive. 

The experimental strategies for the various tests listed in Table 8.5 involve the 
measurement of (1) the amount of the original carbon consumed, (b) the consumption 
of oxygen used in the degradation test, or (c) the evolution of carbon dioxide at the 
end of the biological degradation process. This is illustrated in Fig. 8.3 [50]. 

Of the tests for “ready biodegradability’’ shown in Table 8.5, those most fre- 
quently used include OECD 301A, 301B, and 301E [49]. The use criteria test for 
these tests are as follows [49]: 

1. OECD 301A-AFNOR Test. This test is used for water-soluble com- 
pounds that are relatively nonvolatile and noninhibiting to bacteria at 40 
mg/L dissolved organic carbon (DOC). The DOC of the test material is 
the sole source of COC for the aerobic microorganisms. The test criteria 
is based on loss of DOC after 28 days. 

2. OECD 301B-Modified Sturm Test. This test is applicable for both water- 
soluble and water-insoluble compounds. Biodegradation is based on the 
yield of carbon dioxide produced over the 28-day duration of the test. 

3. OECD 301E-OECD Screening Test. This test is designed for water-sol- 
uble, nonvolatile, and noninhibitory compounds (5-40 mg/L DOC). This 
test also monitors the change in DOC with respect to time and is similar 
to OECD 301A. 

OECD 301B is often used to determine the biodegradability of hydraulic fluids 
for the following reasons [49]: 

The method allows for determination of biodegradability at the lowest con- 
centration possible. 
The method is useful for both water-soluble and water-insoluble com-
pounds. 

4- lnoculum CO,+ H,O + Biomass 
CP, 

\I (Micro-organism)> 
/ \ 

Hydr&arbon &pound 0x);gen Carbon’dioxide 

4 L + J 1 
OECD C€Ctest Closed bottle test Sturm test Nephelometrie 

screening test L-33-T-82 MlTl test Quantitative (Triibungs-
Decfease ot Decrease of oil BODiCOD determination of messung) 
DOG (dis- content Biological oxygen CO, formation Only roughly 

solved organic (ex?raction+ )A demand quantitative 
carbon) spectroscopy) compared with 

chemical, oxygen 
demand for total 

oxidation 

Figure 8.3 Test strategies for determining and quantifying biodegradation. (From Ref. 50.) 
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439 Ecological Compatibility 

Because titrations are used, the method is relatively simple and inexpensive 
to perform. 

One of the difficulties in conducting these aqueous tests is the insolubility of 
hydraulic fluids, with the exception of the water-containing fluids such as a water- 
glycol hydraulic fluid. Girling reviewed the following procedures used to enhance 
oil solubility: vigorous shaking, blending (Waring blender), homogenizing, ultra- 
sonification, and chemical dispersion [51]. The factors which are known to influence 
the composition of the aqueous test media include the following [51]: 

The bulk properties: viscosity, interfacial tension, and so on of the OBP 
(oil-based products) 
The mixing environment 
Properties of the aqueous phase such as pH, water temperature, hardness, 
and salinity 
Physical and chemical properties of the OBP constituents 
The OBP/water ratio 

These difficulties skew BOD data in favor of water-insoluble fluids because 
the percentage of biodegraded substrate will increase as the solubility of the substrate 
decreases, assuming the degradation rate remains unchanged. One way that this can 
be envisioned is by examining the effect of oil-film thickness on biodegradability 
rate, which would presumably increase with increasing concentration and which 
should then result in lower degradation half-times. This was observed by Voltz et 
al. as illustrated in Fig. 8.4 [50]. Voltz et al. also showed that the type and concen- 
tration of microorganisms that may be present in the aquatic environment will also 
significantly affect biodegradation rates, as illustrated in Fig. 8.5 [50]. 

Biodegradation rates are often conducted by a number of possible tests as 
indicated in Table 8.5. Two of the most commonly encountered tests are the CEC-
L-33-A-94 test and the modified Sturm shake flask test [ l  I]. Table 8.6 provides a 
correlation of the two tests with respect to the vegetable oil and synthetic ester shown 

2 10,000 
Y 1 / 

1000 -

100 -

10 -
- - f--?I--

~ 

1 I I I I1 J  I 1 I 1 b
1 nm 10 nm 100 nm 1000 nm 

1 pm 10pm 100pm l o O O p n  
Oil film thickness 

Figure 8.4 Dependence of oil-film thickness on biodegradation rate. (From Ref. S O . )  
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100 -7 

0 5 10 20 25 
Days 

Figure 8.5 The effect of microflora on biodegradation rates. (From Ref. 50.) 

[29]. These data are interesting because they illustrate the similarity and differences 
between the two commonly encountered testing methods. The following comments 
are offered with respect to these results: 

The CEC-L-33-A-94 method is used to determine primary biodegradation. 
(See Table 8.5.) Primary biodegradation refers to the first stage of degra-
dation and corresponds to the initial changes in the molecular composition 
of the lubricant upon degradation. This is a useful screening test to assess 
the potential for degradation. 
The Modified Sturm Test is used to assess ultimate biodegradability. It is 
assumed that the lubricant components have completely “mineralized.’ ’ 
The data in Table 8.6 are interesting in that they show that primary deg- 
radation is always greater than the values for ultimate degradation [29]. 
Thus, it is possible for a substrate that only partially degrades to exhibit a 
high percentage of degradation in the primary biodegradability test. This 
helps to explain the relatively poor correlation between the two tests shown 
in Fig. 8.6 [47]. 

Table 8.6 Biodegradability of Selected Hydraulic Fluids 

Biodegradability 

Product base stock Shake flask” CEC testh 

Mineral oil 42-48 N.T.‘ 
Vegetable oil 72-80 >90 
PO1 yglycol 6-38 N.T.‘ 
Synthetic ester 55-84 >90 

“CO, evolution-EPA Method 560/6-82-003. 
hCEC Method CEC-L-T-82. 
‘Not tested. 
Source: Ref. 29. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



441 Ecological Compatibility 

4Sturm Fail - CEC Fail 
4 

4 

4 6 
4 

20 
Stum Fail - CEC Pass 

V I  1 I 

0 10 20 30 40 50 60 70 80 so 106 

CEC SCORE (%) 

Figure 8.6 Comparison of CEC and Sturm test results. (From Ref. 47.) 

These data explain the occasional confusion that occurs in the marketplace 
if data from dissimilar test procedures are compared. 

2.2.2 Published Biodegradation and Toxicity Data 

Aquatic Biodegradability 

Biodegradability, using the CEC-L-33-A-94 test procedure, of various mineral-oil 
base stocks was reported by Singh and selected examples are shown in Table 8.7. 
These data show that mineral-oil biodegradability is composition dependent. These 
data indicate that if aromatic, aliphatic, and heterocyclic derivatives are minimized 
and the saturation level is increased, mineral-oil-derived compositions may be pro- 
duced with biodegradability properties that rival vegetable oil and polyol esters, the 

Table 8.7 Biodegradability of Selected Fluids Using the CEC-L-33-A-94 
Test Procedure 

Fluid 96 Biodegradability 

LVI VG 100 35 
Parafinic VG 100 60 
Hydrotreated HVI VG 100 30 
Naphthenic VG 100 47 
Formulated predominantly mineral oil (R&O) 77 
Hydrocracked very high VI 80 
Formulated vegetable oil 95 
Synthetic polyol ester 95 

Source: Ref. 52. 
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XHVl HC-4 XHVl HC-5 HC-6 PAO PAO 15ON 500N 
4 5 4 6 

Hydraulic Fluid Code 

Figure 8.7 Effect of mineral-oil composition on biodegradability. Numbers following the 
designations are viscosities (cSt at 100°C) and those of solvent neutrals are SUS at 100°F. 
VHVI = high-VI oils; XHVI = shell wax isomerized base oils; HC = hydrocracked synthetics; 
PAO = polyalphaolefin; N = solvent-refined neutral oils. (From Ref. 53.) 

closest functional competitors. As expected, vegetable oil and polyol ester based 
fluids exhibited considerably higher biodegradation rates [52]. 

In a different study, Kiovsky using the updated procedure CEC-L-33-A-94 also 
examined the effect of mineral-oil base stock on biodegradability [ 5 3 ] .The results 
in Fig. 8.7 show that hydrocracking produced relatively good biodegradation rates, 
approximately 80%. 

Naegely has provided a comparison of the biodegradability of white oils with 
typical ranges for vegetable oils, polyol esters, and diesters, which is summarized in 
Fig. 8.8a [22]. The values for polyethers (which are anhydrous) are significantly less 
than those published by Voltz, as shown in Fig. 8.8b [50],which are less than those 
reported by Henke (shown in Fig. 8 . 8 ~ )  [54]. (The mineral-oil hydrotreating proce- 
dure (see Section I.e.) refers to catalytic hydrogenation.) All of the data were ob- 
tained by the CEC-L-33-A-94 biodegradability test. Figure 8.9 illustrates the varia- 
tion in the limits required by different European specifications using the same CEC 
biodegradability test procedure to define “rapidly’ ’ biodegradable fluids [7]. 

The rate of biodegradation of a mineral oil and a rapeseed oil, with respect to 
time, using the CEC test procedure is compared in Fig. 8.10 [3]. Clearly, the vege- 
table oil undergoes most of its bio-oxidation within 10 days. These are interesting 
data and indicate the potential impact of the so-called “10-day window” that was 
discussed earlier on the classification of hydraulic fluid biodegradability. Vegetable 
oils, as a class, undergo a relatively rapid initial biodegradation. 

Aquatic Toxicity 
Toxicity (ecotoxicity) is defined as the “propensity” of the substance to produce 
adverse biochemical and physiological effects in a living organism. “It incorporates 
both acute and chronic effect but does not include physical effects.. . . An acute 
effect is one which occurs after a short exposure to the test substance, short being 
some time period which does not constitute a large function of the life span of the 
organism. A chronic effect is one which occurs after a long contact with the test 
substance” [46]. An example of a “physical effect” is the deprivation of a living 
organism of oxygen. 
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Figure 8.8 (a) Naegely biodegradation test data. (From Ref. 22.) (b) Voltz test data. (From 
Ref. 50.) ( c ) Henke test data. (From Ref. 54.) 
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Figure 8.9 Illustration of differing biodegradation European regulations. OVO = Austrian 
law, 1.5. 1992; RAL = German authority for labeling; ICOMIA = International Council of 
Marine Industry Associates. (From Ref. 7.) 
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Figure 8.10 Comparison of the biodegradation rates of a mineral-oil and rapeseed-oil 
hydraulic fluid. (From Ref. 3.)  
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Toxicity is a complex subject to address adequately because different organisms 
react differently to the same substance. Toxicity is usually expressed in the following 
terms [46]: 

LCXX: The “lethal concentration” to cause the death of X X %  of the test 
organisms. 

ICXX: The “inhibition concentration” for some inhibitory effect to occur in 
XX% of the test organisms. 

ECXX: The “effect concentration” for some environmental effect such as 
growth or deformity to occur in X X %  of the test organisms. 

Comparative toxicity data on various biodegradable hydraulic fluids have been 
reported by Cheng et al. [29]. (Only base stocks were evaluated.) These data are 
summarized in Table 8.8 [29]. Rainbow trout were used for the study under me- 
chanical dispersion conditions to facilitate an oil-water dispersion (as the oils eval- 
uated were water insoluble). In general, none of the base stocks were determined to 
be toxic in this test. 

Soil Biodegradability and Toxicity 
Another area in which there is relatively little biodegradation data for all classes of 
hydraulic fluids is the fate and effects of biological degradation processes in soil 
[%I. Recently determined results of biodegradation of the hydrolube in soil will be 
reported here. 

Currently, there are no international standards describing in-soil biodegradation 
testing procedures for hydraulic fluids. Also, there are relatively few soil biodegra- 
dation test results compared to aquatic biodegradation for the same series of hy- 
draulic fluids. The objective here is to provide an overview of different soil biodeg- 
radation results published to date. 

Voltz et al. described the Hamburg University Test, which measures CO, pro- 
duction (mmole CO,/lOO g soil) after 7 days with 4% oil. The data in Fig. 8.13 
compares the biological rate of a conventional 15W-40 mineral oil and an “Eco-
technology” 5W-40 fresh oil, which is based on a mixture of an ester and hydro- 
cracked base stock [50]. As expected, the Eco-technology base-stock-derived oil 
degraded fastest. 

Figure 8.11 illustrates the biodegradation rate of a series of mineral oils, syn- 
thetic esters, and a vegetable oil (sunflower cooking oil). Biodegradation rates were 
determined by determining the loss of the original fluids in soil [56]. The vegetable 

Table 8.8 Comparative Toxicity of 
Selected Hydraulic Fluids 

Product base stock Trout LC,,, 

Mineral oil 389 ->5 000 
Vegetable oil 633 4 0 0 0  
PO1 ygl ycol 80->5000 
Synthetic ester >5000 

Source: Ref. 29. 
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Figure 8.11 Biodegradation rates of various oils in soil. See Fig. 8.12 for explanation of 
oils. (From Ref. 50.) 

oil was the most rapidly degraded fluid in the series. In general, natural fats and oils 
were not persistent in the environment. 

To enhance the soil degradation rates, a nutrient (KNO,) was added to the soil 
in one set of experiments (see Fig. 8.12). These data show the following: 

The vegetable oil exhibited the fastest degradation rate. 
The TTE mix, a formulated synthetic ester containing mineral spirits (see 
Fig. 8.12 caption) exhibited the second fastest biodegradation rate. The com- 
mercial mineral oil (Com A) was the most persistent. 

In summary, these results showed that although synthetic esters biodegrade faster in 
soil studies than mineral oil, they are still more persistent than a vegetable oil. 

Haigh described the use of a 1-m' section of an agricultural field [ 5 5 ] .Oil was 
added at concentrations varying from 0.25 to 5.0 L/m' of soil through an inverted 
test tube to a depth of 6 cm. Spring wheat, Broom variety, was planted. Seed ger- 
mination (%) and growth rate ( m d d a y )  was determined. 

In another Haigh study [56],which was conducted on the lubricants shown in 
Table 8.9, the following observations were confirmed: 

The synthetic ester did not biodegrade as extensively as the vegetable oil. 
However, although the vegetable oil biodegraded rapidly, it took more than 
1 year for the extractable residues to decrease to levels comparable to the 
naturally occurring lipids present in the soil. 
The mineral-oil-based fluids biodegraded less rapidly than synthetic esters. 
As with the other fluids, the biodegradation rate increased with soil 
temperature. 
Crop damage was not necessarily related to the level of the oil residues. 
For example, the dibasic esters, although biodegrading rapidly, caused com- 
plete inhibition of seed germination. 
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Figure 8.12 Illustration of biodegradation rate of 1% of the following: TTE-a commer-
cial mixture by weight, isostearic acid ester of trimethylolpropane; TTE mix-a mixture of 
60% TTE, 20% white spirit, and 20% of a substituted imidazoline additive; Mot A-dibasic 
acid esters of dodecanoic acid; Mot B-analogous to Mot A except using a longer-chain 
acid; Com A-a highly refined formulated motorcycle mineral-oil lubricant; Veg- “pure” 
sunflower cooking oil. To the soil samples were added: (a) 2 mL of distilled water and (b) 2 
mL of KNO, (14 mg NO,-N). The samples were incubated at 25°C and moisture levels 
maintained by distilled water addition. 
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Figure 8.13 Comparative biodegradation test results. 
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Table 8.9 Plant Yields of Spring Wheat Treated with Different Lubricating Oils 

Ave. Ave. Ave. 
germination yield growth rate 

Fluid rated (dplant) (m d d a y  1 

Trirnethylolpropane triisostearate (TTE) 
TTE + substituted imidazoline (TTE + additive) 
I T E  + white spirit (20%) + 20% substituted imidazoline (TTEmix) 

83.5 
74.0 
63.0 

95.0 99.9 
95.0 99.9 
NSh 99.9 

"Pure" sunflower cooking lubricant (Veg) 81.5 99.9 99.9 
Highly refined mineral-oil motorcycle lubricant (Com A) 80.0 90.0 NS" 
Highly refined mineral-oil automotive lubricant (Corn B )  70.0 95.0 
White spirits 63.5 99.9 99.9 
Dibasic acid C- 12 ester (Mot A) 0.0 Complete inhibition of germination 
Dibasic acid C-12 with a longer-chain ester (Mot B) 0.0 Complete inhibition of germination 

T h e  control for untreated soil was XX.S% germination. 
"NS = not significant. 
Source: Ref. 56. 
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The white spirit and vegetable oil permitted seed germination but signifi- 
cantly inhibited both growth rate and yield. 

There are a number of mechanisms by which an oil can retard plant growth. 
These include the following [57]: 

1. Oils may coat the seeds, thus creating a physical barrier inhibiting 
germination. 

2. Growth inhibition may occur by root suffocation or by oxygen depletion 
of the soil by the oil biodegradation process. 

3. Poor growth may also be due to reduced water uptake by the plants and/ 
or immobilization of nitrogen and phosphorus in the soil. 

4. In general, the smaller the molecule, the more toxic the behavior due to 
increased ease of penetration onto the plant tissue. 

The results of Haigh’s work [55,56] showed that, as expected, synthetic esters 
are degraded more rapidly than mineral oil but not as rapidly as vegetable-oil-derived 
lubricant. In general, even vegetable oil requires 2 1  year for extractable residues to 
decrease to levels comparable to the natural lipids present in the soil. The effects of 
these oils on growth rates varied from small reductions to complete inhibition. The 
degree of inhibition was not related to the persistence of the oil residues. This means 
that it is important to monitor both biodegradation and toxicity. 

2.2.3 Biodegradability and Toxicity Data for a Water-Glycol 
Hydraulic Fluid 

Extensive biodegradability and toxicity data for one water-glycol hydraulic fluid for- 
mulation has been reported [36]. This fluid exhibited 80% biodegradation after 28 days, 
according to the OECD Modified Sturm test protocol 301B shown in Table 8.10 [36]. 

Mammalian acute toxicity and irritancy of this fluid was also determined. The 
acute oral LD,,, for rats was determined to be >20.0 gkg.  Dermal irritation deter- 
mined on rabbits exhibited a Draize score of 0, which means it is not a skin irritant 
according to this test. 

Toxicity toward aquatic and terrestrial organisms was determined. The aquatic 
organisms that were tested included fish, invertebrates, and algae. The terrestrial 
organisms included plants (radish) and invertebrates (earthworms). As the results in 
Tables 8.11 and 8.12 indicate, this water-glycol fluid was practically nontoxic to 
the aquatic organisms evaluated. For reference, the aquatic toxicity reference scale 
is shown in Table 8.13. 

Table 8.10 Biodegradability and Mammalian Toxicity and Irritancy Data 
for a High-Performance Water-Glycol Hydraulic Fluid 

Test Result 

OECD 301B -Modified Sturm test 80% in 28 days 
Acute oral LD,,,-rats >20.0 g k g  
Dermal irritation-rabbits Draize score of 0 

“UCON Hydrolube HP-5046 (Union Carbide Corporation, Danbury, CT.). 
Source: Ref. 36. 
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Table 8.11 Ecotoxicity Toward Aquatic Organisms for a High-Performance Water-Glycol 
Hydraulic Fluid" 

Endpoints 
Test Test type LC50/1C50 

Rainbow trout 
Daphnia magna 
SeIeriastrum caprico rn U turn 

Survival acute/96 h 
Survival acute/96 h 
Growth chronic/96 h 

LC50- 10,607 kL/L 
LC50- 10,607 kL/L 
IC50-467 pL/L 

"UCON Hydrolube HP-5046 (Union Carbide Corporation, Danbury, CT.). 
Source: Ref. 36. 

A hazard evaluation model was developed to determine the toxicity and ex- 
posure levels if an accidental spill were to occur. The assumptions used for this 
model are summarized in Table 8.14. The results of this evaluation showed the 
following [58]: 

Terrestrial Environment -small boreal mammals. The model provided an 
estimated dose for red squirrels of 2690- 11,920 mgkg/day and the acute 
oral LD,,, for rats was determined to be >20 g k g .  These data indicate that 
there is no significant hazard for a single event under the conditions mod- 
eled (see Table 8.5). 
Terrestrial Environment -invertebrates. The model estimated the concen- 
tration of the high-performance hydrolube in the soil to be 3400 mgkg soil. 
The LC,,, for earthworm survival is 26,574 mgkg soil, the LC,,, for seedling 
emergence is 6388 mgkg soil, and the LC,,, for seedling growth is 493 mg/ 
kg soil. These results indicate that there is no significant hazard for inver- 
tebrates and plants. 
Aquatic Environment. The estimated concentration of the high-performance 
hydrolube in water is 0.16 pL/L. The LC,,, for rainbow trout survival is 
10,607 pL/L, the LC,,, for Daphnia rnagna survival is 10,607 pLL ,  and 
the IC,,, for Selanastrum capriconutum growth is 467 pL/L. On the basis 
of this model, there is no significant hazard for fish, invertebrates, or algae. 

2.3 Current Specification Status 

Cheng et al. first proposed the following biodegradability criteria to determine if a 
lubricant would be acceptable for use in environmentally sensitive areas at the 1991 
SAE Earth Moving Conference [29]: 

Table 8.12 Ecotoxicity Toward Terrestrial Organisms for a 
High-Performance Water-Glycol Hydraulic Fluid" 
~ _ _ _ _ _ _ _ _ ~ _ _ _ _ ~ _ _ _ _ _ _ _ _ ~~ ~ ~ 

Test Test type Endpoints LC50 

Radish seedling Emergence chronic/2 1 days 6,388 mgkg soil 
Growth chronic/2 1 days 493 mgkg soil 

Earthworm Survival chronic/l4 days 26,574 mgkg soil 

"UCON Hydrolube HP-5046 (Union Carbide Corporation. Danbury, CT.). 
Source: Ref. 36. 
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Table 8.13 Aquatic Toxicity Classification Scale 

Classification LC50 (mgL or ppm) 

Super toxic >0.01 
Extremely toxic 0.01-0.1 
Highly toxic >O.l -1.o 
Moderately toxic >1.0-10.0 
Slightly toxic >10- 100 
Practically nontoxic >loo- 1000 
Relatively harmless >1000 

Source: U.S. Fish and Wildlife Service Research Informa-
tion Bulletin 84-78, 1984. 

> 60% Conversion to CO, in 28 days 
Aquatic toxicity for rainbow trout of >loo0 ppm 

There are a number of national standards under development that currently 
have various levels of international acceptance. These will be reviewed briefly in the 
next subsection. 

2.3.1 Ecolabel Testing Requirements 

The testing requirements for three ecolabels will be discussed here. They include 
German Blue Angel, Canadian EcoLogo, and the method currently being developed 
by ASTM in the United States to define Eco-evaluated (EE) fluids. In addition, the 
Caterpillar BF-1 specification [34] will be discussed. These procedures will be dis- 
cussed here in order. 

German Blue Angel 
The current German Blue Angel testing requirements are summarized in Table 8.15. 
The objective is that the claim for reduced environmental impact should be supported 
by test data. The Blue Angel procedure developed in Germany incorporates a water 
hazard classification system which requires measurement of mammalian, fish, and 

Table 8.14 Hazard Evaluation Assumptions 

Total area of forest impacted by spill 200 m' 
Depth of soil impacted 0.1 m 
Total volume of HP-5046 released during spill 100 L 
Loss of HP-5046 in environment due 0% 

to biodegradation 
Weathering rate of HP-5046 on vegetation (s-') 5.73 x lop7 
Vegetation yield (kg plantlm') 2.8 (value for grass, wet weight) 
Density of HP-5046 1.09 mg/pL 
Solid loads in water of Canadian forested regions 50 mg/L 
Soil ingestion (small animals) 13% of food ingestion 

food ingestion = 0.0124 kg/day 
Red squirrel body weight 145-260 g 
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Table 8.15 Summary of German Blue Angel Criteria 

0 The product shall meet all relevant technical specifications. 
0 Every component, including additives, must be Water Hazard Class 0 or 1. (See Table 

8.21.) 
0 The product must be free of organic chlorine, nitrite-containing compounds and metals 

(with the exception of calcium up to 100 ppm). No definition of “free” (in terms of an 
upper concentration limit) is given. 

0 Readily biodegradable components can be incorporated in the product in any 
concentration but must collectively account for at least 93% of the product composition. 
Such components are defined in terms of one of the following tests and pass levels: 

Test Pass level 

Modified AFNOR 7070 
Modified OECD Screening Test 70% 
Modified Sturm 70% 
Modified MITI (1)  70% 
Closed Bottle 7070 
CEC-L-33-A-93 (poorly soluble components only) 807~ 

0 Total concentration of “inherently” biodegradable components cannot exceed 5%. Such 
components are defined in terms of any one of the following tests and pass levels: 

Test Pass level 

Modified SCAS 20% 
Modified MITI (2) 20% 
Zahn -Wellens 20% 

0 Total concentration of nonbiodegradable components (i.e., components that fail to achieve 
the pass levels in the tests for “inherent” biodegradability) cannot exceed 2%. 

0 All “inherently” biodegradable and nonbiodegradable components must satisfy the 
following ecotoxicological criteria: 

0 They must be nontoxic to aquatic organisms: 

Potential for Bioaccumulation No Yes 
~- ~~ 

OECD 202 Part 1 (Daphnia) EC,,SLC,,) 
OECD 203 (fish) EC,(JLC,o 2 1 mg/L 

2 1 mg/L L 100 mg/L 
1 1 0 0 m g / L  

OECD 203 (fish) NEC 2 0.01 mg/L 2 1 mg/L 

0 They must be nontoxic to higher plants: 
OECD 208 (growing test) WEL 2 1 mg/L 2 1 mg/L 

0 In addition to the above, all nonbiodegradable components must be nontoxic to bacteria: 
OECD 209 or OECD 301D ECso z 100 mg/L 

0 All nonbiodegradable polymer components must be insoluble in water: 
(solubility 2 1 mg/L) 
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Table 8.16 German Water Hazard Classification System 

Acute Oral Mammalian Toxicity (AOMT) 
Measured as an LD,,, for laboratory animals. The LD,,, is used to determine a “Water 

Endangering Number” (WEN) using the following scale: 

LD50 (mgkg) WEN (AOMT) 

<25 
25 -200 

>2000 

Acute Bacterial Toxicity (ABT) 
Measure as a “no-effect” concentration (NEC). The WEN (ABT) is determined from 

WEN(ABT) = -log(NEC in ppm/106ppm) 

Acute Fish Toxicity (AFT) 
Measured as a WEC. The WEN (AFT) is determined from 

WEN(AFT) = -log(NEC in ppm/lOh ppm) 

Water Endangering Number (WEN) 
The overall WEN is calculated from 

Overall WEN = ‘/,[WEN(AOMT)+ WEN(ABT) + WEN(AFT)] 

WGK Number 
The Water Hazard Classification is then determined from 

WEN WGK number Classification 

0-1.9 Not hazardous to water 
2-3.9 Slightly hazardous to water 
4-5.9 Moderately hazardous to water 

>6 Highly hazardous to water 

“Readily” biodegradable substances are assigned to the next lower Water Hazard Class. 
(Rapeseed oils and polyethylene glycols are WGK 0.) 

Source: Ref. 48. 

bacterial toxicity [48]. The Blue Angel requirement is dependent on the water hazard 
classification (WGK) number which is summarized in Table 8.16 [48]. 

Canadian EcoLogo Testing Requirements 
The Canadian EcoLogo is the most commonly encountered national environmental 
standard for hydraulic fluid use in North America [59].The acceptance criteria to 
receive this label is summarized in Table 8.17. 

ASTM “Eco-evaluated ’’ Testing Criteria 
The ASTM D.02N.03 Subcommittee is developing a testing criterion to evaluate the 
potential impact of the use of unused hydraulic fluids on the environment. Table 
8.18 summarizes the current major classification designations [59]. Because the stan- 
dard is under development, the complete selection of required test methods is not 
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Table 8.17 Environmental Choice Ecologo-Product-Specific Requirements 

1 .  Demonstrate (a) or (b) below: 
(a) Have a C,,, or an EC,,, not lower than 1000 mg/L when the OWD (fish) and the 

WAFs (Dupnhiu and algae) prepared from the whole formulation are tested 
according to 

Biological Test Method: Acute Lethality Test Using Rainbow Trout, Report 
EPS lmM/9, July 1990, Environment Canada, and, Biological Test Method: Acute 
Lethality Test Using Duphia Spp., Report EPS l/RM/l 1 July 1990, Environment 
Canada and Biological Test Method: Growth Inhibition Test Using the Freshwater 
Algae Selvnustrum Cupricornitrnturn, Report EPS l/RM/25 November 1992, 
Environment Canada; or 
Test acceptable to the ECP (Environmental Choice Program). 

(b) Have a EC,,, of LC,,, not lower than 2500 ppm when the whole formulation is 
testsed according to Microtoxm test. 

2. Be biodegradable according to CEC-L-33-T82. 
3. Not contain more than 5% (w/w) additives. 
4. Not contain more than 3% (w/w) of an additive that is not proven to be biodegradable. 
5. Not contain more than 0.1% petroleum oil or additives containing petroleum oil. 
6. Not contain: 

(a)  organic chlorine or nitrite compounds 
(b) lead, zinc, chromium, magnesium, or vanadium. 

7. Not have to be labeled according to Class D, “Poisonous and Infectious Material,” or 
set out in the “Controlled Products Regulation of the Hazardous Products Set.” 

8. Be packaged in a container which bears a label indicating both the pour point as 
determined by ASTM D97 “Standard Test for Pour Point of Petroleum Oils” and the 
low-temperature fluidity performance. 

9. Yield negative results when tested against ASTM D665 “Standard Test Method for 
Rust Preventing Characteristics of Inhibited Mineral Oil in the Presence of Water.” 

10. Not have a flash point lower than 200”Cm if IS0 grade VG 32 and higher, and not 
lower than 190”Cm if IS0 grade VG 15-22 when measured according to ASTM Test 
Method D92 “Standard Test Method for Flash and Fire Points by Cleveland Open 
Cup,” D 93 Standard Test Method for Flash Point by Pensky-Martens Closed Tester,” 
or D 56 “Standard Test Method for Flash Points by TAG Closed Tester.” 

1 1 .  Be proven to have good oxidation stability when tested according to ASTM D 525 
“Standard Test Method for Oxidation Stability of Gasoline (Induction Period Method), 
or modified according to U.S. Patent 4,783,274 (1983) Hydraulic Fluids, K.V. Jokinon 
et al., the pressure drag is not greater than 35 psi. 

12. Demonstrate a low tendency for foaming according to ASTM Test D-892. 

yet firmly established. Nevertheless, the most current test methods under consider- 
ation are reported here. Fluids are designated as Pw,, Pw2, and so forth according 
to their performance in specified tests. 

The current test method under development will only focus on environmental 
persistence (Category P) and acute ecotoxicity (Category T) of hydraulic fluids. As 
only test methods for determination of aerobic freshwater have been developed to 
date [60], this new standard will be limited to the evaluation of unused hydraulic 
fluids in aerobic fresh water (Pw). The proposed classification system is provided in 
Table 8.19. The test methods are summarized in Table 8.20. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



455 Ecological Compatibility 

Table 8.18 Classification Designations of ASTM “Eco-evaluated” Fluids 

Categories of environmental impact 

Environmental Environmental 
component persistence 

~~ 

Exotoxicity Bioaccumulation 

Fresh water Pw nv Bw 
Marine Pm Tm Bm 
Soil Ps Tx Bs 
Anaerobic Pa Ta Ba 

Source: Ref. 59. 

The proposed classification of “ecotoxicity ’ ’ properties of hydraulic fluids is 
summarized in Table 8.21 and the proposed uses for ecotoxicity are provided in 
Table 8.22. 

Caterpillar BF-I Specijication 

NEED FOR COMPREHENSIVE PERFORMANCE REQUIREMENTS. In the third quar- 
ter of 1991, Caterpillar released its first recommendations for the use of biodegrad- 
able hydraulic oils specifically for Caterpillar hydraulic systems. At that time, veg- 

Table 8.19 Environmental Persistence Classification- 
Aerobic Freshwater 

A. For Hydraulic Fluids Containing Less than 10 wt% O2 
Ultimate biodegradation test results 

Persistence 
designation % Theoretical CO, % Theoretical 0, 

~ ~~ 

Pw I 260% in 28 days 267% in 28 days 
Pw 2 260% in 84 days 267% in 84 days 
Pw 3 240% in 84 days 245% in 84 days 
Pw 4 <40% in 84 days <45% in 84 days 

B. For Hydraulic Fluids Containing 10 wt% or More O2 
Persistence Ultimate biodegradation test results 
designation % theoretical CO, or theoretical 0, 

Pw 1 260% in 28 days 
Pw 2 260% in 84 days 
Pw 3 240% in 84 days 
Pw 4 <40% in 84 days 

C. For All Hydraulic Fluids 
Persistence Primary biodegradation test results 
designation % loss of starting material 

Pw-c 280% in 21 days 
Pw 4 <80% in 21 days 
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Table 8.20 Tests of Biodegradability in Aerobic Aquatic Environments 

Sponsoring 
Test title Measurement organization 

D 5864, Test Method for Determining the 5% Theoretical CO, ASTM 
Aerobic Aquatic Biodegradation of 
Lubricants 

9429: 1990, Technical Corrigendem I ,  5% Theoretical CO, I S 0  
Water Quality 

-Evaluation in an aqueous medium of 
the "ultimate biodegradability of 
organic compounds' ' 

-Method by analysis of released 
carbon dioxide 

301 B, CO2 Evolution Test (Modified % Theoretical COz OECD 
Sturm Test) 

301 C, Modified MITI Test ( I )  % Theoretical 0, OECD 
301 F, The Monometric Respirometry Test 96 Theoretical Oz OECD 
Aerobic Aquatic Biodegradation Test % Theoretical CO, US EPA 
C:4-C: Carbon dioxide(C0,) evolution 7c Theoretical CO, EU 
C:4-D: Monometric Respirometry" % Theoretical 0, EU 
Primary Biodegradation Tests 5% Loss of CEC 

L-33-A-93, Biodegradability of Two extractable 
Stroke Cycle Outboard Engine Oils CH, groups 
in Water (Formerly L-33-T-82) 

"Indicated OECD equivalent. 

etable oils, particularly those extracted from rapeseed, were widely used and 
generally available. Over time, customers required a fluid that exceeded the capa- 
bilities of conventional rapeseed-based oils. Increased demands on the hydraulic 
system and on the fluid require biodegradable hydraulic fluids demonstrating better 
oxidation resistance. In applications where better oxidation stability of the oil was 
required, it  became necessary to use synthetic ester-based hydraulic fluids. 

A survey of the available industry standards revealed no existing industry per- 
formance category for high-performance biodegradable hydraulic fluids meeting Cat- 
erpillar system needs. With the advent of higher-performing components in hydraulic 
systems, hydraulic fluids capable of better lubricity, higher-temperature stability, and 

Table 8.21 Acute Ecotoxicity Classification 

Ecotoxicity in Ecotoxicity in Loading rate (wppm), 
soil designation water designation LLso, ILso, or E L )  

Ts 1 Tw 1 > 1000 
Ts 2 Tw 2 1000- 100 
Ts 3 Tw 3 loo- 10 
Ts 4 Tw 4 <I0 
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Table 8.22 Test for Ecotoxicity 
~~~ 

Sponsoring 
Test title organization 

Soil Invertebrates 
A.8.5 Earthworm Survival (Eisenea foetida) US EPA 
207 Earthworm Acute Toxicity Test OECD 

Soil Plants 
A.8.7 Lettuce Root Elongation (Lactuca sativa) US EPA 
A.8.6 Lettuce seed germination (Lacruca sativa) US EPA 
208, Terrestrial Plants Growth Test OECD 
797.2750 of TSCA, Seed germinationhoot elongation toxicity test US EPA 
797.2800 of TSCA, Early seedling growth toxicity test US EPA 

Water Plants 
Section 797.1050 of TSCA, Algae acute toxicity US EPA 
Section 797.1060 of TSCA, Freshwater algae acute toxicity US EPA 
Section 797.1075 of TSCA, Freshwater & marine acute toxicity test US EPA 
C.3 Algae inhibition test EU 
Biological Test Method: Growth inhibition test using freshwater algae 

(Selenastiium capricornutum) 
201, Algae Growth Inhibition Test OECD 
A.8.4 Algae growth (Selenastiium Cupricornutum) US EPA 

Water: Invertebrates 
20.2 Daphnia sp. Acute Immobilization Test and Reproduction Test DECD 
Biological test method: Acute lethality test using Daphnia spp. Canada 
C.2 Acute toxicity for Daphnia EU 
A.8.2 Daphnia pubex and Daphnia magna Survival US EPA 
797.1300 of TSCA, Duphitia acute toxicity test ASTM 
E 1440, Acute Toxicity Test Rotifer Brachions ASTM 
MENVIQ.92.03/800-D.Mag. 1.1 Determination de la toxicite lethal CL Quebec 

500-48h (Daphniu ntagnaj 
Water: Vertebrates 

203, Fish, Acute Toxicity Test 
797.1400 of TSCA, Fish, Acute Toxicity Test 
797.1400 of TSCA, Fish, Acute Toxicity Test" 
C. 1. Acute Toxicity for fish" 

OECD 
US EPA 
US EPA 
EU 

Biological Test Method: Acute Lethality Test Rainbow Trout Canada 
Biological Test Method: Referenced method for determining acute Canada 

lethality of effluents to rainbow trout 
A.8.3 Fathead Minnow Survival US EPA 

"Denotes an OECD equivalent test. 

better oxidation stability became necessary. Although such products are now com- 
mercially available, there is a wide range of performance characteristics even among 
these new products. For this reason, Caterpillar published a comprehensive set of 
hydraulic fluid requirements for a high-performance biodegradable hydraulic fluid, 
known as BF- 1 ,  Biodegradable Hydraulic Fluid Requirements, which are shown in 
Table 8.23. 
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Table 8.23 BF-! , High-Performance Biodegradable Oil Requirements for New Fluid Chemical and Physical Properties 

Measured property Standard test procedure Required value 
~ 

Fluid cleanliness 
Homogeneity 
Fluid compatibility 
Foaming characteristics 

Foaming characteristics 
(with O.!% water added) 

Humidity corrosion 
Copper strip corrosion 
Low-temperature storage 
Demulsibility 
Iodine number 
Hash point 
Pour point 
Water content 
Oxidation stability 
Viscosity 

Viscosity index 
Vane pump 

F7.G Rating 
Four-ball wear 
Biodegradability 

Toxicity. water hazard 
Toxicity, fish 
Friction properties 

IS0 4406 15/13 maximum 
Caterpillar Procedure Max. 0.01 V018 sedimentation 
Caterpillar Procedure No sedimentation 
ASTM D892 Sequence 1-2510 

Sequence 11-5010 
Sequence 111-2510 

ASTM D892 (modified) Sequence I-25/0 
Sequence 11-5010 
Sequence III-25/0 

Caterpillar Procedure Minimum of 200 h to failure 
ASTM D1401 1: a minimum rating 
Caterpillar Procedure No precipitation after 168 h at -25°C 
ASTM D!401 Minimum of 37 mL of water separated in 20 min 
AOCS Da 15-48 (WIJS Method) Report values 
ASTM D92 Minimum 200°C 
ASTM D97 Maximum -35°C 
ASTM D1744 Maximum of 0.1 vol% 
ASTM D943 (modified-no water added) Report values 
ASTM D445 Temperature ("C) Kinematic viscosity (cSt) 

0 780 max. 
40 41.4 min. 
40 50.6 max. 

1 0 0  6.1 min. 
ASTM D2270 150 min 
Vickers 35VQ25 Vane weight loss: 15 mg. maximum 

Ring weight loss: 75 mg. maximum 
ASTM D5182 Minimum 1 I stages 
ASTM D4172 0.40 mm. maximum scar 
EPA 56016-82-003 Minimum 60% (weight) biodegraded to carbon 

dioxide in 28 days 
German Classification WGK 0 
OECD 203 I C , ,  >loo0 ppm 
Caterpillar Procedure See BF-I requirements 
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BF-I REQUIREMENTS. The performance properties of VDMA 24,568 were used 
as a starting point for developing the high-performance biodegradable hydraulic fluid 
requirement [61]. Because the scope of the VDMA 24,568 document covered the 
minimum requirements for all hydraulic fluids and not specifically for a high-per- 
formance product, Caterpillar selected test procedures and performance levels that 
differed from the VDMA requirement. Reaction from the survey participants indi- 
cated that several test procedures in the VMDA requirement proved to be adequate 
for evaluating vegetable-based biodegradable hydraulic oils but did not provide a 
good yardstick for comparing the properties of all available biodegradable hydraulic 
fluids. Better test methods were required. For example, a new test procedure covering 
fluid performance at low temperature was needed because the existing procedures 
were not adequate. 

The performance parameters listed in VDMA 24,568 are viscosity, pour point, 
flash point, insolubles, water content, a steel corrosion test, a copper corrosion test, 
oxidation stability, elastomer compatibility, air release, foaming, demulsification, 
FZG load test, vane pump test, density, ash content, and neutralization value (TAN). 
Although these tests gave a good first look at the performance of a hydraulic fluid, 
additional requirements, including some Caterpillar procedures, were added for a 
more complete representation of fluid performance. These included test procedures 
for homogeneity, fluid compatibility, foaming characteristics, humidity corrosion, 
elastomer compatibility, and frictional properties. These test methods will be de- 
scribed below. 

In addition, this document also contains requirements for the cleanliness of 
new fluid, compatibility between fluids, the foaming characteristics of the oil when 
a small quantity of water is present, low-temperature storage requirements, the iodine 
number, demulsibility of water, viscosity index, four-ball wear, static and dynamic 
friction properties, and, most importantly, requirements for biodegradability and tox- 
icity. With the exception of the iodine number, biodegradability, and toxicity, knowl- 
edge of these additional requirements is important in mobile hydraulic systems. To-
gether, these tests are intended to ensure that a fluid described by BF- I would provide 
high system performance and be truly biodegradable with low toxicity. 

The measured chemical and physical properties, test method, and requirements 
as published in the first edition of BF-1 are listed in Table 8.23. The elastomer 
compatibility properties and limits are listed in Table 8.24.The specific values chosen 
for each of the requirements were obtained either through the recommendations of 
the reviewers of BF-1 or through testing high-performance fluids at the Caterpillar 
laboratories. As with all work, lessons were learned through the evaluation process. 
Further explanation of the values chosen, some of the problems encountered when 
developing the requirements, and lessons learned on the tests will be discussed below. 

Fluid Cleanliness. Caterpillar chose I S 0  15/13 cleanliness as the minimum 
cleanliness requirement for oil that is to be used for factory filling of Caterpillar 
machines. This requirement is intended to be applied only to new oil, not to oil that 
has been or is currently being used in a Caterpillar hydraulic system. 

Homogeneio. A test method was developed to evaluate the compatibility of 
additives with the high-performance biodegradable fluid. This method is specified to 
measure the homogeneity of the formulated oil and to determine how well the ad- 
ditives will remain in solution under variable-temperature conditions. The test 
method requires that the fluid must be cooled to -32°C for 24 h, warmed to room 
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temperature, and then centrifuged at 100,000 d s ’ .  The presence of any sedimentation 
must be reported and the volume of the sedimentation must not exceed 0.01 vol% 
of the total fluid volume. 

Fluid Compatibility. Customers owning and using Caterpillar machines may 
choose to convert their current equipment to use environmentally friendly oils. To 
do this, they must drain the system of its hydraulic fluid and replace it with new 
biodegradable oils. Unfortunately, the draining process does not completely eliminate 
all of the old oil from the system. No matter how carefully the oil is changed, residual 
oil will remain in the system. Because of this, mixing of chemically different types 
of oil will occur. For this reason, it is important that the oils that become mixed are 
compatible. 

To avoid problems with additive dropout and immiscibility between fluids, 
Caterpillar has required that any fluid evaluated against the BF- 1 requirements should 
be tested for compatibility with a mineral oil, a vegetable oil, and a synthetic ester. 
This is done by mixing 50 mL of the test fluid with 50 mL of each of the above- 
mentioned fluids. The mixture should be heated to 204°C and cooled to room tem- 
perature. The cooled fluid should be centrifuged at 100,000 m/s’ for 30 min. A fluid 
that successfully passes this requirement will not show any sedimentation or precip- 
itation following centrifuging. 

Foaming Characteristics. During thermal cycling, hydraulic systems are de- 
signed to draw in air to replace the lost volume previously occupied by the fluid. If 
the air being drawn into the system is humid, the hydraulic oil may become contam- 
inated with water, which may act to help stabilize the formation of foam. Obviously, 
the presence of foam will make the system respond slowly or not at all, causing 
system malfunction and poor performance of the equipment. For this reason, Cat- 
erpillar requires that the fluid be evaluated for its foaming tendency by ASTM D892 
dry and with 0.1% water added. 

Humidity Corrosion. Because water may be introduced into a hydraulic sys- 
tem over time, it is important to evaluate how well the fluid protects the hydraulic 
components from water corrosion. The test method used to evaluate this ability is a 
Caterpillar “in-house” procedure. Carbon-steel rods are prepared by cleaning any 
residual oils and dirt from their surface. Removing the thick oxide layers exposes a 
clean surface by abrasion. The clean rod is then immersed in the test fluid and 
subsequently suspended above a water bath that is being held at 32 2 1°C. Fluids 
that prevent pitting to a level of six or more spots per 2.54 cm (linear inch) for more 
than 200 h have passed the test. 

Louv-Temperature Storage. Prior experience with rapeseed-based (HETG) hy- 
draulic fluids indicated that the low-temperature properties of the fluids were time 
dependent. A fluid in the machine exposed to low temperatures for short periods of 
time (up to 12 h) would likely flow at machine start-up. However, extended cold- 
temperature exposure times would result in fluid gelling, causing resistance to flow 
and ultimately pump damage due to lack of lubrication at start-up. 

The test method for low-temperature storage requires that before testing, the 
fluid should be heated to remove any trapped air. The fluid is then cooled to -25°C 
and held at that temperature for a full week. The fluid should be examined every 24 
h to determine its fluidity and to ensure that no precipitation has occurred. The fluid 
has passed this test if it has remained fluid for 168 h and has not had any solid 
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precipitation over the same period. This procedure was developed by an ASTM 
committee and has been adapted to meet Caterpillar’s requirements. 

Iodine Number. The degree of unsaturation present within a molecule will 
indicate how well a base fluid is capable of resisting oxidation and how well the 
fluid will flow at low temperatures. A measure of the iodine number for the fluid 
will provide information on the degree of unsaturation within the molecules. This 
requirement was added in order to help evaluate the fluid’s ability to resist oxidation 
and estimate its low-temperature properties. 

Water Content. It is a well-known fact that the presence of water in ester- 
based fluids may be detrimental to the chemical stability of the fluid. At high tem- 
perature and in the presence of water, esters can revert back to an alcohol and an 
acid. However, field evaluations on different ester-based fluids have indicated that 
the critical concentration of water is higher than the water level measured in the 
machines. Because of this, Caterpillar does not believe i t  is necessary to include a 
test for hydrolytic stability in their BF- 1 requirements. 

Although hydrolysis of the fluid does not appear to be a problem in hydraulic 
systems, it is important to keep the amount of water to a minimum. The presence 
of water in a hydraulic system may cause corrosion on the mechanical components 
as well as foaming. Several hydraulic component manufacturers have determined 
that fluids having water content around 0.1% may cause damage to mechanical hy- 
draulic components. Because of this, Caterpillar requires that new fluids meeting BF- 
1 have less than 0.1% water content. 

Elastomer Compatibility. To avoid sealing problems, elastomers commonly 
used in hydraulic systems should be compatible with the fluid. BF-I requires that 
the compatibility between hydrogenated nitrile (HNBR), nitrile (NBR), fluorocarbon 
rubber (FKM), urethane (AU), and chloroprene, and the hydraulic fluid be evaluated 
by measuring the hardness, volume change, loss in tensile strength, loss in elonga- 
tion, and residual elongation in the elastomers. The BF-1 requirements are shown in 
Table 8.24. 

Oxidation Stability. DIN 51554-3,better known as the Baader Oxidation Test, 
was chosen as the standard test by the VDMA in its requirement. At the time its 
requirement was being developed, this test was considered to be one of the best 
oxidation tests available for biodegradable fluids. Although the Baader test had been 
applied to vegetable-oil-based hydraulic fluids, it could not distinguish performance 
levels among synthetic esters. 

Oxidation tests similar to the ASTM D943 (TOST) test were considered “state- 
of-the-art’ ’ for mineral oils, but they were not capable of discriminating between 
biodegradable oils. The primary reason was that the TOST test required the addition 
of water to accelerate the degradation process. Biodegradable hydraulic fluids will 
oxidize by a reaction similar to mineral oils, but the presence of water at elevated 
temperatures will cause the ester-based oils to hydrolyze. The TOST test measures 
the acid content of the fluid. Because both oxidation and hydrolysis contribute to 
the acid content, this test does not provide a valid measure for oxidation alone. 

One solution to the problem was to perform the TOST oxidation test without 
any added water (“dry” TOST). This would eliminate the hydrolysis problem ex- 
perienced with ester-based oils. To determine if this approach was sound, a well- 
known oil company formulated three different synthetic ester-based hydraulic fluids 
having known differences in their oxidation stability. Their laboratory performed the 
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Table 8.24 BF- 1 ,  High-Performance Biodegradable Oil Requirements for New Fluid Elastomer Compatibility 

Relative volume Loss in 

Compound 
Test temp 

(“Cl 
Shore hardness change 

(PTS) 
change 

(%) 
tensile strength 

(5% max.) 
Loss in elongation 

(% max.) 
Residual elongation 

(% min.) 
~ ~ _ _ _ _ _~ ~ _ _ _ _ _  ~ ~~~~ 

HNBR 
NBR 
FKM 

100 
I00 
100 

+ 101- 15 
+10/- 15 
+ 101- 15 

-3/+20 
-3/+20 
-31+20 

50 
50 
50 

50 
50 
50 

80 
80 
80 

AU 80 + 101- I5 - 3 l i 2 0  50 50 80 

Nore: Values are valid its of 1 January 1998. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



463 Ecological Compatibility 

Baader test and the TOST test with water on a rapeseed fluid and the two least stable 
synthetic ester fluids and the “dry” TOST test on all four fluids. The data obtained 
by that laboratory are listed in Table 8.25. 

The fluids were designed to demonstrate a wider performance gap than mea- 
sured by the Baader test. Note that the viscosity and acid value increases obtained 
by the Baader test on the rapeseed fluid was expected. The data obtained for the 
synthetic esters indicated that little oxidation occurred. The only conclusion was that 
the Baader test was not capable of adequately distinguishing between ester fluids 
that demonstrate differences in their oxidation stability. The data obtained on the 
fluids using the regular D943 TOST test are also given. Note that the TOST test 
does not clearly indicate whether the two synthetic esters exhibit different oxidation 
stabilities. 

Further testing with a modified TOST test provided the results represented in 
Fig. 8.14. The data show the change in the acid value over time. These results 
indicate that the “dry” TOST test produces data that discriminate and are consistent 
with the known oxidation stability of the four oils. Caterpillar has chosen to require 
that the “dry” TOST test be performed in the BF-1 requirement. 

The information obtained from the above-described oxidation test evaluation 
has been shared with many groups that have been working on biodegradable hy- 
draulic fluid specifications. The VDMA and IS0 both responded by further evaluation 
of the “dry” TOST procedure. Also, the ASTM is investigating other candidate test 
procedures. 

Viscosity. The initial release of BF-1 required only IS0 viscosity grade 46 
because it covers the best set of viscometric properties over a wide temperature range. 
The addition of requirements for fluids with IS0 viscosity grade 32 is being consid- 
ered, but further testing for its low-temperature storage, oxidation, and elastomer 
compatibility properties are required. 

Table 8.25 Comparison of Oxidative Performance of Biodegradable Oils in Baader, 
TOST, and Dry TOST Tests 

Fluid A Fluid B Fluid C 
rapeseed synthetic ester synthetic ester 

Baader Test 
Based on DIN 51554, Part 3 

Acid value change +1.8” -0.3h 0.1‘ 
Viscosity increase at 40°C 24% -0.20% 0.40% 

ASTM D942, TOST test 
Hours to acid value of 2 mg 

KOWg 
72 79 95 

ASTM D942, TOST Test 
Modified, no water 
Hours to acid value of 2 mg 4 0  168 1260 

KOWg 

“72 h at 95°C. 
h72 h at 110°C. 
‘100 h at 120°C. 
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Figure 8.14 Oxidative stability of biodegradable hydraulic fluid: ASTM D943 -“Dry” 
TOST (no water added). 

Friction and Wear Testing. An understanding of the friction and wear char- 
acteristics of a fluid is necessary to ensure that the lifetime of the hydraulic com- 
ponents is maximized. Caterpillar has extensive experience in evaluating these prop- 
erties. Some hydraulic systems have been designed to use the fluids in multiple roles. 
It is not uncommon to find a machine that uses its hydraulic fluid in power-trans-
mission compartments or in braking applications. To avoid performance problems, 
it is necessary to know the function properties of the fluid and to design machines 
to compensate for differences in friction coefficients demonstrated by environmen- 
tally friendly fluids. Caterpillar has developed a standard test method and its asso- 
ciated machinery to evaluate the frictional properties of all hydraulic fluids. Further 
information may be found in BF- 1 .  

The specific wear tests (vane pump, FZG, and four-ball wear) have been spec- 
ified on the basis of earlier work performed on antiwear hydraulic fluids at Cater- 
pillar. It was important to understand the extreme pressure characteristics of the fluid 
by performing a FZG gear test, the lower-pressure wear-prevention properties of 
fluids by the four-ball wear test, and, finally, how the fluid will perform when it has 
been evaluated in a laboratory-scale component test. Each test provides a piece of 
the information necessary to adequately describe the wear-prevention characteristics 
of the fluids. 

Environmental Testing. BF- 1 includes standard requirements for determining 
the environmental impact that a high-performance biodegradable fluid will have on 
the environment. The biodegradability and the toxicity of the fluid must be known 
to determine its affect on the environment. The levels of the biodegradability and 
toxicity requirements were selected to best represent the current attitude of the 
community. 
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The test methods required by BF-1 were selected on the basis of their appli- 
cability. It was believed that the CEC methods for biodegradability did not define 
biodegradability well enough and, therefore, the US EPA methods had better appli- 
cation. The German Water Hazard Classification (WGK rating) provides an excellent 
method for determining the overall toxicity of a substance to water-dwelling crea- 
tures. Including this parameter is very important. Additionally, it was determined that 
setting a limit for fish toxicity was necessary. 

The BF-1 requirement is intended to give guidelines for the physical and chem- 
ical performance of a high-performance biodegradable fluid for use in mobile hy- 
draulic systems. This set of requirements is believed to be comprehensive and in- 
cludes pertinent information about the system requirements for a biodegradable fluid. 
This does not mean that the BF-1 document is final. A substantial amount of addi- 
tional refinement must be done to ensure that the requirements outlined in BF-1 
adequately represent the needs of mobile-product hydraulic systems. 

3 CONCLUSIONS 

Although mineral-oil-based hydraulic fluids exhibit some of the best overall prop- 
erties, they have two significant deficiencies; fire resistance and biodegradability 
which may preclude their continued use in many applications. While there is little 
that can be done about the poor fire resistance of mineral oils, except engineering 
or hardware modifications, biodegradability may be improved. In general, hydrogen 
reduction or removal of aromatic compounds and increasing the overall paraffinic 
composition will improve aquatic biodegradability, but not to vegetable oil or syn- 
thetic ester levels. However, even highly refined mineral oil compositions are among 
the most persistent in soil biodegradability tests. 

Two biodegradable alternatives to mineral-oil-based hydraulic fluids are vege- 
table oils and synthetic esters. They are more biodegradable than mineral oil. Of the 
two base stocks, vegetable oils are somewhat more biodegradable, although that 
depends somewhat on molecular structure. In soil tests, vegetable oils are clearly 
more biodegradable. One vegetable oil, sunflower oil, although biodegradable, ex- 
hibited significant toxicity to seedling growth and yield. 

Polyol esters, usually those based on trioleate esters of trimethylolpropane, 
exhibit excellent thermal stability relative to vegetable oils. Formulated fluids, al- 
though exhibiting excellent biodegradability, exhibit relatively poor soil biodegrad- 
ability, a notable disadvantage in addition to their relatively higher cost. 

Another class of synthetic fluids is the diesters. Like the polyol esters, all 
diester-based hydraulic fluids demonstrate excellent thermal stabilities when com- 
pared with vegetable oils and exhibit a range of oxidative stabilities. In diester fluids, 
the degree of oxidation stability is related to the amount of unsaturation on the fatty 
acid chain. The more saturated the fluid, the greater the oxidative stability. Therefore, 
a diester hydraulic fluid with good thermal and oxidative stabilities would be one 
that has very few or no double bonds in its fatty acid side chains. Although diesters 
are not as biodegradable as vegetable oils, they demonstrate good to excellent bio- 
degradability. The rate at which diester-based fluids degrade varies widely depending 
on the length and number of branches of the fatty acid side chain. 

It was shown that water-glycol hydraulic fluids offer an excellent alternative 
to vegetable oils, as they provide both excellent fire resistance and biodegradability. 
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In addition to potentially exhibiting excellent biodegradability properties, water- 
glycol hydraulic fluids are also relatively nontoxic. 
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Seals and Seal Compatibility 

RONALD E. ZlELlNSKl 
PolyMod Technologies Inc., Fort Wayne, Indiana 

1 INTRODUCTION 

The majority of seals used in industrial applications are either “elastomer contact” 
or “elastomer energized.” Elastomer contact seals are those that rely solely on elas- 
tomer contact for sealing. Elastomer energized seals are those that use the elastomer 
to force a plastic seal element against one of the faces that must be sealed. Because 
both types of seals utilize an elastomer as an essential part of the seal, the choice of 
a proper elastomeric material and verification of its compatibility with the system’s 
fluids is essential for sealing performance. Therefore, the first topic to be discussed 
is elastomer materials and fluid compatibility. 

The discussion on elastomer contact seals will focus on the 0-ring as the 
principal elastomer seal. The 0-ring was chosen because it is still the most widely 
used elastomer seal configuration. Specialty seal configurations are derived from the 
0-ring. These configurations were driven by attempts to improve the seal geometry 
by addressing 0-ring geometry deficiencies. Elastomer energized seals will be dis- 
cussed because the 0-ring is the principal energizer. 

Additional subjects to be discussed in this chapter include lip or pressure- 
energized seals, oil seals, and mechanical seals. Basic principles of seal technology 
will be provided to facilitate optimum selection seal. 

2 SEAL CHEMISTRY 

In this section, a brief primer on seal chemistry and terminology will be provided 
to facilitate understanding of the following discussion by the nonchemist. 

Elastomeric seal materials are derived from either natural or synthetic polymers. 
Apolymer (or macromolecule) is a large molecule that is built up by the repetition 
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of smaller molecules or repeat units. For example, natural rubber, cis-polyisoprene, 
is synthesized in nature from the monomer isoprene (1,3-butadiene). 

CH3
I -nH2C=C-CH=CH2 

Isoprene (monomer) 

Repeat Unit Structure 

cis-Polyisoprene- Natural Rubber 

Most, but not all, polymers used for seal manufacture have >10,000 repeat units. 
One method of characterizing polymers is by the sequence that the monomer 

units are connected together. If the polymer is composed by only one monomer (A), 
it is classified as a homopolymer. 

Homopol ymer 

If the polymer is composed of two or more monomers, it is called a copolymer. 
Copolymers can be further classified according to the sequence of the constituent 
monomers. For a copolymer composed of monomers A and B, these classifications 
include the following: 

Random: The placement of monomers A and B occur randomly within the 
polymer chain; for example, 

Random Copolymer 

Block: The monomer units A and B occur together in the polymer; for example, 

Block Copolymer 
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Polymer properties are dependent on polymer structure. Polymers may exist in a 
number of conjigurations. The most common are linear, brunched, and cross-linked. 
Cross-linked polymers are synthesized by introducing chemical linkages between 
linear or branched polymers to form a three-dimensional network structure. 

I 
Branched 

Cross-Iinked 
Rubbers or elastomers are high-molecular-weight linear polymers (M,, 

>1,000,000)that have been minimally cross-linked to eliminate flow. Elastomers 
typically exhibit long-range reversible extensibility, often 2600% extension, under 
relatively small applied stress. 

Polymers used for seal materials include natural polymers such as cis-poly- 
isoprene (natural rubber) or synthetic polymers, those produced industrially. With the 
exception of natural rubber, most seal materials are derived from synthetic polymers. 

Some of the monomers used to synthesize polymers used for seals include the 
following: 

CH2 =CH2 

Ethylene 

Propylene 

Acrylonitrile 

Viny lidene Fluoride 

Chloroprene 
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3 ELASTOMER COMPOUNDS 

Elastomer materials used for hydraulic applications include natural rubber, poly(cis- 
1,4-isoprene), or synthetic polymers compounded (mixed) with several different in- 
gredients to facilitate ease of molding and to impart desirable properties in the 
molded seal [11. 

An elastomer compound typically consists of the following types of ingredients: 

Elastomer Activator 
Processing aid Antidegradant 
Vulcanizing agent Filler 
Accelerator Plasticizer 

Elastomer polymers possess some common characteristics. They are elastic, flexible, 
impermeable to air and water, and tough. However, each elastomer exhibits properties 
unique to its polymer structure and it is these properties that influence the selection 
of an elastomer for a specific application. 

Processing aids are added to the elastomer compound to aid in mixing and 
molding the compound. Low-molecular-weight polyethylene can be added to serve 
as a release agent to facilitate removal of molded parts from the mold. It can also 
serve as a lubricant to reduce the inherently high friction of the elastomer part. In 
the molded part, the polyethylene would migrate to the surface and form a lubricating 
layer between the elastomer and the surface against which it is sealing. Paraffin wax 
and petroleum hydrocarbons serve the same purpose. Aliphatic -naphthenic -aro-
matic resins can be added to aid in homogenizing the elastomer compound during 
mixing. 

Vulcanizing agents are necessary additives to thermoset elastomers. They cause 
the chemical reactions which result in cross-linking of the elastomer. The chemical 
cross-linking changes the elastomer compound from a soft, tacky material to one 
that is thermally stable and has a defined set of physical properties: tensile strength, 
resilience, and elongation. 

Accelerators are added to reduce the curing cycle. Most accelerators are organic 
substances that contain nitrogen and sulfur. The most widely used ones are thiazoles 
such as benzothiazyldisulfides. 

Activators are used to activate the accelerator and improve its efficiency. Zinc 
oxide and stearic acid are added with sulfur and organic accelerators to ensure good 
cross-linking efficiency. 

Antidegradants are added to slow down the aging process in molded parts. The 
antidegradants act as sacrificial ingredients to slow down the attack on the molded 
elastomer which can result from exposure to oxygen, ozone, heat, light, and metal 
catalysts. One of the best antidegradants is paru-phenylene-diamines.Waxes are 
often used in conjunction with antidegradants. The waxes migrate to the surface of 
the molded part and form a coating, which protects the part from ozone attack. 

Fillers are normally used to reinforce or modify the physical properties of the 
molded elastomer. A reinforcing filler, usually carbon black or a fine-particle mineral 
pigment such as fumed silica, is used to enhance hardness, tensile strength, and 
abrasion resistance. Carbon blacks are the best reinforcing fillers. Non-carbon-black 
fillers are typically used to impart heat resistance. Many oil seals are mineral filled 
to resist heat buildup at the sealing lip. Fillers may also be used as extenders. Calcium 
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carbonate and talc may be added to the compound to reduce cost and improve 
processing. 

Plasticizers are added to aid in mixing the compound or to provide flexibility 
in the molded part at low temperature. Ester plasticizers, such as dioctyl phthalate, 
provide for good low-temperature flexibility. The wrong choice of plasticizer may 
adversely affect performance. The plasticizer may leach out of the part when it is 
exposed to the hydraulic fluid which substitutes for the plasticizer, causing high 
elastomeric volume swell. When plasticizers are removed from the elastomer, a sig- 
nificant change in the elastomer’s physical properties may occur and the elastomer 
may become tacky. This can adversely affect the elastomer’s performance. 

4 MOLDING 

Once the ingredients are mixed into the elastomer compound, the fully formulated 
elastomer is molded into a finished part. There are three primary types of molding 
processes [11: compression molding, transfer molding, and injection molding. 

Compression molding consists of placing a precut blank, a “preform,” into a 
two-piece mold that is then closed. Pressure is applied to allow the preform to fill 
the mold cavity. The excess material flows out of the mold cavity into flash grooves. 
The mold remains under pressure at an elevated temperature for a specified time to 
allow vulcanization to occur. The pressure is then released and the mold is opened 
to remove the finished elastomer part. A typical compression mold is shown in Fig. 
9.1. 

Transfer molding, illustrated in Fig. 9.2, forces the uncured elastomer from the 
pot into the mold cavity as pressure is applied to the mold. Although transfer molds 
are more costly than compression molds, the transfer process exhibits shorter cure 
times because higher molding pressures result in better heat transfer. 

In injection molding (Fig. 9.3), the elastomer stock is temperature controlled 
as it is forced into the mold. This results in lower vulcanization times. Injection 
molds are expensive, but for high-volume parts, reduction in cycle time is an eco- 
nomic advantage. 

In molding operations, curing or vulcanization is the most important process. 
The curing process converts the elastomer material from a shapeless plastic material 
into a strong elastic product with a definite geometric shape with desired engineering 
properties. In the curing process, randomly oriented polymer chains are cross-linked 
to produce the desired physical properties. Characteristically, a cross-linked elastomer 
will recover quickly and forcibly [2]. During the vulcanization process. the elasto- 

LID 
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Figure 9.1 Illustration of a compression mold. 
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Figure 9.2 Illustration of a transfer mold. 

meric polymer develops improved resistance to degradation by heat, light, and chem- 
ical aging. 

The most common curing system is sulfur [3]. When sulfur is used as a cu- 
rative, sulfur atoms form a bond between carbon atoms on adjacent polymer chains. 
This bond effectively cross-links the molecules: 

C C-
I
H


S 
I H 

Sulfur Cross-Linked Natural Rubber 

It is possible to have multiple bonds, such as -C-S-S-S-C-, when sulfur 
is used as the vulcanization agent. Sulfur donors, such as thiuram disulfide and 
dithiodimorphaline, are also used. These materials make sulfur atoms available for 
the curing process but limit the amount of sulfur atoms available, thus bonds are 
shorter. Sulfur bonds achieved with sulfur donor cures have only one or two sulfur 
atoms and are more stable than longer-chain sulfur bonds (Table 9.1). 

A nonsulfur cure is required for saturated rubber because it contains no carbon 
double bonds to accommodate sulfur-bonding [3]. Peroxide curatives promote the 
formation of radicals to form the carbon-to-carbon bonds on adjacent polymer chains. 
The peroxide undergoes thermal decomposition to produce oxyradicals: 

ROOR A - 2RO. 

Peroxide oxy radicals 
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Figure 9.3 Illustration of rubber injection molding. 

The radical interaction abstracts peroxide “oxy radicals’ ’ hydrogen atoms from the 
polymer chain. This results in a free-radical site on the polymer chain: 

H H H H 

H H H 

Free Radical Formation 

Two free-radical sites then couple to form a C-C cross-link: 

H H
I I-C- -C-

O -A-
-C- II HH 

Other cure systems also work in this manner. Carbon-to-carbon vulcanization is 
relatively stable as shown in Table 9.1 

Table 9.1 Vulcanization Bond Strength 

Disassociation energy 
Bond (kcal/mol) 

-c-c- 80 
-c-s-c- 74 
-c-s-s-c- 74 
-c-s-s-s-c- 54 
-c-s-s-s-s-c- 34 
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The thermal stability of the peroxide -C-C bond is equivalent to any of the 
carbon-carbon bonds in the polymer backbone. Peroxide cross-links are stable to 
oxidation, whereas sulfur cross-links may oxidize and result in cross-link rupture. 
Peroxide-cured elastomers generally have better compression set resistance and better 
low-temperature flexibility. On the other hand, sulfur-cured elastomers generally have 
the better abrasion resistance and tear strength. 

Some curatives may remain unreacted in the elastomer after processing [4]. 
This can cause further curing when the elastomer is in service, which results in 
significant property changes. 

The choice of vulcanization or curing agent is influenced by elastomer selec- 
tion. Sulfur or sulfur-donor cure systems are used with natural rubber, isoprene, butyl, 
ethylene propylene, and nitrile elastomers. Peroxide cure systems are used with ure- 
thane, silicone, nitrile, ethylene propylene, and fluorocarbon elastomers. Organic 
amines are used with fluorocarbon, epichlorohydrin, and ethylene -acrylic elasto-
mers. Metallic oxides are used with chloroprene and chlorosulfonated polyethylene 
elastomers. 

5 ELASTOMER SEAL MATERIALS 

There are numerous elastomer seal materials [5] .However, nitrile (NBR),fluorocar-
bon (FKM),ethylene propylene (EPR, EPDM), chloroprene (CR), and urethane (AU, 
EU) are the most commonly used materials for industrial applications. The desig- 
nations for the various elastomers, such as NBR, EPDM, and so forth, were devel- 
oped in 1955 and are detailed in Ref. 5 .  

5.1 Nitrile 

Nitrile seals are the most widely used industrial elastomeric seals because of their 
use temperature of -65°F (-54°C) to 250°F ( 121°C) and their oil and fuel resistance 
[6]. The actual temperature range and degree of chemical resistance for particular 
seals are dependent on the seal’s polymer composition. 

Nitrile elastomers are emulsion copolymers of butadiene and acrylonitrile: 

CN 
I 

mCH2=CH--CH-CH2 + nCH2=CH 

Butadiene Monomer Acrylonitrile Monomer 

CN 
Random Copolymer 

The ratio of these two monomers defines seal performance. NBR is polar because 
of the presence of the “polar” monomer acrylonitrile (ACN). Acrylonitrile func- 
tionality imparts fuel and oil resistance. Acrylonitrile content may vary from 20% to 
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50%. High levels of ACN content provide increased strength, decreased gas per- 
meability, and lower volume swell when exposed to fluids. These benefits are ob- 
tained at the expense of low-temperature resilience. Low ACN content results in 
better low-temperature characteristics and higher volume swell [6], as shown in Table 
9.2. As there is unsaturation in the butadiene, NBR is also susceptible to oxygen and 
ozone attack and consequent degradation. 

In addition to conventional nitrile elastomers, carboxylated nitrile (XNBR) and 
highly saturated nitrile (HNBR) may also be used. Carboxylated nitrile contains 
carboxyl groups (COOH) distributed in the rubber molecule. This structure change 
results in an elastomer with much better abrasion resistance than conventional nitrile 
elastomers [6] at the expense of compression set resistance. Compatibility problems 
with gasoline and high-swell, petroleum-based hydraulic fluids are observed. How- 
ever, reducing abrasive wear and prolonging seal life is sometimes a very important 
consideration in reducing costly downtime between seal replacements. 

Nitrile rubber contains unsaturated double bonds, as shown previously. Highly 
saturated nitrile has pendant ethyl groups. Highly saturated nitrile offers improved 
aging resistance and high-temperature resistance (300°F). HNBR is prepared by 
grinding the base NBR polymer, dissolving it in a suitable solvent, and selectively 
hydrogenating the NBR polymer under pressure with a suitable catalyst. The solvent 
and catalyst are then recovered after the formation of HNBR [7]. HNBR may be 
partially or fully saturated: 

fCH,CH,CH,CH# f C H 2 C q  fCH2CH= CHCH2+m-o) 
0 I n 

CN 

Partially Hydrogenated 

fCH2CH2CH2CH& fCH2CHf m 
 I "  
CN 

Fully Hydrogenated 

Table 9.2 Effect of ACN Content on Nitrile Elastomers 

ACN Content 

20% 28% 33% 40% 50% 

Tensile strength (psi) 2500 2800 2800 3 100 2200 
Compression set (%), 70 h at 

2 12°F ( 100°C) 
Low-temp. brittleness, ASTM 

D 746 

25 

-71°F 
-57°C 

27 

-57°F 
-49°C 

27 

-43°F 
-42°C 

32 

-15°F 
-26°C 

40 

+5°F 
-15°C 

Volume change-Fuel B, 4 85% 52% 41% 27% 23% 
weeks at room temp. 

oil, 70 h at 212°F (100°C) 
Volume change-ASTM No. 3 61% 32% 21% 10% 7% 
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Hydrogenation of medium- and low-ACN NBR reduces low-temperature re- 
silience. HNBR exhibits equivalent oil, fuel, and solvent resistance and better water, 
ozone, and oil-additive resistance than conventional NBR. HNBR may be used as 
an alternative to fluorocarbon elastomers because of its high-temperature capability; 
however, fluid compatibility must be verified throughout the operating temperature 
range. Lower-temperature and short-term test results are poor models for comparison 
of elastomer compatibility because they do not adequately reflect the operational 
environment. Consequently, lower-priced alternatives may not be the most cost-ef- 
fective solution for long-term use. 

5.2 Ethylene Propylene 

Two types of ethylene propylene (EP) polymers are used: ethylene propylene rubber 
(EPR), a random copolymer of ethylene and propylene monomers, 

and ethylene propylene diene (EPDM), 

The diene is the principal variant in this polymer. The ethylene propylene diene 
usually combines ethylene and propylene monomers with a comonomer such as 1,2 
butadiene or ethyldiene norbornene (ENB). 

CH3I 
mCH,=CH, + nCH=CH2 + p CH- CH3 

Ethylene Propylene Ethyldiene Norbornene (ENB) 

A postcure converts the diene into a phenol complex, which is a stabilizer. Other 
dienes that are used include 1,4 hexadiene and dicyclopentadiene. EP and EPDM 
elastomers have a useful temperature range of -67°F to 302°F. They possess poor 
solvent and petroleum oil resistance. 
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5.3 Urethane 

Polyurethanes are either ether-based (EU) or ester-based (AU) [8]: 

OCN- R-NCO + HO+ Polyester f OH 
Catalyst 

O H  H O 

11 I I I1+ C- N- R- N- C- 0 +Polyester jo 

n 


A common polyester is polyethylene adipate: 

0 0 

A common polyether is polytetramethylene glycol: 

The most common diisocyanates are 2,4- and 2,6-toluene diisocyanate (TDI) and 
4,4'-diphenylmethane diisocyanate (MDI). 

These elastomers are becoming more popular due to their excellent abrasion 
resistance in dynamic seal applications. Their principal limitation has been their high- 
temperature capability. Conventional urethanes exhibit fluid compatibility character- 
istics equivalent to that of nitrile up to temperatures of 158"F, although they are 
sometimes rated for service up to 212°F. As operating temperatures increase, fric- 
tional heating of the seal causes softening, a loss of physical properties, and accel- 
erated compatibility problems because the higher temperatures accelerate chemical 
reactions. Water and high humidity may damage urethane elastomers by hydrolyzing 
the ester, such as -COOC, in the polymer. Polyether-based materials are, by nature, 
more hydrolytically stable than polyester-based materials [8]. New grades of poly- 
urethanes are being introduced that provide dry heat resistance capability up to 250°F. 
However, it is essential that fluid compatibility and physical property retention also 
be confirmed by testing at the higher temperatures before these materials be consid- 
ered for use as seals above 158°F. 

5.4 Fluorocarbon 

Fluorocarbon elastomer (FKM) is a class of polymers that are principally copolymers 
of vinylidene and hexafluoropropylene: 

+cF~-C H + ~CF- C F , ~
I 
CF3 
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or terpolymers of vinylidene, hexafluoropropylene and tetrafluoroethylene: 

CF, 

An exception to this is tetrafluoroethylenehexafluoropropylene: 

CF, 

These materials can be effective seals over the temperature range of -40°F to 437°F. 
The actual temperature range for a specific compound, however, is dependent on 
polymer type and fluorine content of the polymer. By varying the ratio of the three 
monomers, fluorocarbon elastomers with 65-70% fluorine content can be produced. 
The fluorine content of the polymer backbone affects chemical resistance and low- 
temperature capability, as is illustrated in Table 9.3. In this table [9], T,Kis the glass 
transition temperature. This is the temperature at which an elastomer loses its elas- 
ticity and becomes glassy and brittle [IO]. 

Fluorocarbon elastomers can be used with petroleum fluids, diester lubricants, 
silicone fluids, halogenated hydrocarbons, and some acids. They cannot be used with 
phosphate esters, amines, ketones, hot water, steam, and brake fluids. However, te- 
trafluoroethylenehexafluoropropylene elastomers are being used successfully with 
newer brake fluids. Fluorocarbon elastomers are relatively high cost and are normally 
used where high temperature and longer term compatibility requirements are es- 
sential. 

6 SEAL COMPATIBILITY 

6.1 Empirical Prediction of Elastomer Compatibility 

The compatibility of an elastomer with hydraulic fluid is a critical factor in system 
performance. Although considerable effort has been expended in the attempt to em- 
pirically predict seal compatibility, these efforts have not been successful to date. 
One reason is the inability to accurately model the broad range of environmental 
conditions and chemical interactions encountered in an actual hydraulic system. An- 
other reason is the inability to adequately define the term “compatibility.” 

A compatible elastomer is one that will function as an effective seal in an 
actual hydraulic system for an effective period of time. The property changes ex- 

Table 9.3 Effect of Fluorine Concentration in the Polymer on Its Low-Temperature and 
Chemical-Resistance Characteristics 
~~~~ 

Property 65% Fluorine 67% Fluorine 69% Fluorine 

T,  [OF (“CN
Volume swell in Methanol (%) 

( -22) 
120 

(- 19) 
25 

( - 9 )  
2 

(room temp., 7 days) 
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perienced by the elastomer exposed to the system’s fluid and environment should 
not prematurely affect its ability to function as a seal. 

The empirical approach principally addresses the chemical interaction between 
the elastomer and the fluid base stock only. This will identify elastomers which are 
obviously incompatible with the fluid base stock, but it does not address subtle 
chemical reactions due to the presence of additives nor does it address the thermal 
effects that occur in actual systems. Several of the empirical approaches to identi- 
fying large variation in seal incompatibility will be provided here. 

Fluid interaction with elastomeric polymers has been addressed by Hertz [ 111. 
Most elastomers approximate supercondensed gases because they are long-chain 
polymers: C2 (alkene and vinyl) and C, (diene) structures. Hertz stated, “The C, 
monomers range from ethene (CH,=CH,) to ethenyl (CH,=CH-) or vinyl eth- 
ylene (-CH=CH--) or vinylene, or ethenylidiene (CH,=C) or vinylidene. C, 
examples are conjugated dienes, specifically butadiene, 2-methyl- 1,3-butadiene 
(chloroprene).’ ’ Because elastomer densities approach those of comparable liquids, 
the solubility concept of “like dissolves like” is the initial basis for discussing 
elastomer-liquid compatibility. 

Although this simplistic approach initially seems to have merit, Hildebrand and 
Scott [ 121 explained that the problem is more complex. They concluded that the heat 
of vaporization (U,,)minus the volume work (RT)is the estimate of energy nec- 
essary to maintain the liquid state. Dividing this value by molar volume (V) corrects 
for density and the square root of this result is the solubility parameter (8): 

This approach is inadequate except for vapors that obey the ideal-gas law or nonpolar 
fluids (nonelectrolytes). 

Barton [ 131 attempted to address polar (aqueous and nonaqueous electrolytes) 
fluids by assuming that they have three intermolecular forces: dispersion, hydrogen- 
bonding, and dipole moment. Hansen and Beerbower [14] tried to clarify Barton’s 
concept but were unable to adequately address solubility problems with solvent 
mixtures. The modification that was proposed, 

8 = 8; + 8; + 8; 
would result in only positive or endothermic values for the solubility parameter. A 
mixture that is exothermic upon mixing is not addressed by this approach because 
the solubility parameter would be negative. Therefore, this approach was incapable 
of accurately predicting nonideal fluid-elastomer interactions. 

Jensen [15] noted that most solubility parameter concepts use the historic “sim- 
ilarity matching’ ’ of properties rather than the more appropriate “complementary 
matching’ ’ of properties and, consequently, do not address real situations in which 
elastomers and fluids have complementary properties. 

Although considerable effort has been expended in the attempt to adequately 
predict seal compatibility, these have ignored the broad range of conditions encoun- 
tered in a hydraulic system. The empirical approach falls short of adequately pre- 
dicting seal -fluid compatibility in a hydraulic system. The solubility parameter con- 
cept is not valid for solvent-solute conditions which are not in thermodynamic 
equilibrium. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



482 Zielinski 

Beerbower and Dickey [161 developed the “swell criterion,” which states that 
if an elastomer swells 25% or less in a fluid, it is compatible based on these solubility 
premises. However, this does not address true chemical compatibility, which involves 
chemical reactions, such as oxidation, not just the physical absorption of fluid. For 
example, if an elastomer swelled 25% and had no significant physical property deg- 
radation, it would be considered noncompatible, even though it would perform well 
as a seal. Thus, the fundamental difficulty with solubility theories is the assumption 
that no chemical reactions occur between the elastomer and fluid [17]. This is a 
greater deficiency when considering their failure to account for the potential effects 
that can occur because of the high pressures and temperatures encountered in a 
hydraulic system. Many compatibility listings [181 use room-temperature, volume- 
swell data to define compatibility. The user of these charts must determine how 
the data were generated and carefully assess the relevancy of that data to his situ- 
ation. 

Unfortunately, there is no universally accepted empirical method for assessing 
compatibility because elastomers and fluids are not simple two-component systems. 
Elastomeric polymers are normally multicomponent polymers containing other or- 
ganic materials. Fluids are also complex, containing not only base stocks but also 
performance additives. Additives may interact with the polymers to affect compati- 
bility. This is why compatibility tests should be run with elastomers and actual fluids 
used in the system. 

6.2 Elastomer Compatibility Tests 

Standard elastomer compatibility tests normally involve measuring the physical prop- 
erties of an elastomer sample prior to testing to obtain tensile strength, elongation, 
and hardness. Another sample is then soaked for a short period of time in a standard 
test fluid and then removed and tested for volume swell and physical properties. If 
the volume swell and physical properties fall within a specified range, then the 
elastomer is considered compatible. Although the test procedure is straightforward, 
the problem is to properly select test fluids, test times, and property change limits 
to adequately define compatibility for the system being modeled. Standard test fluids 
do not contain performance additives of a fully formulated fluid and these additives 
may exhibit a deleterious effect on the elastomer. 

There is normally no rigorously determined technical basis for the property 
change limits that have been established. For example, some specifications permit 
the volume swell to range from a negative number (-8%) to a positive number 
(20%), whereas others allow a range of 0-40% and still others a range of 0.5- 15% 
[ 19-22]. Unfortunately, there is no adequate guidance in the literature defining mean- 
ingful volume-swell ranges. These specifications were typically created using test 
results from the first elastomer to work in an application. They ignore the questions: 
Was this the best elastomer for the application? What properties really affected per- 
formance? If some of the limits were changed, would the result be a better seal? Are 
the correct properties to accurately assess compatibility being monitored? 

Elastomer compatibility tests are normally short term, 24-, 48-, and 72-h tests. 
Fluid tests such as ASTM D 943 [23] are normally 700+-h tests. If the elastomer 
degrades in the short-term test, then it is obviously incompatible. If it does not, then 
compatibility cannot be assumed unless the service life is 72 h or less. Elastomers 
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are principally organic materials and, therefore, undergo aging. An example of mis- 
leading information from short-term tests is shown in Fig. 9.4. At 24 h, the change 
in Young’s modulus for both elastomer specimens was approximately the same. As 
the tests continued, the difference in chemical aging of the elastomers is dramatic. 
It took much longer for one elastomer to become saturated before chemical aging 
began. In both of these cases, a short-term test would have been very misleading. 

Many companies rely on ASTM D 2000 line callouts [24] to specify their 
elastomers. This standard was developed to classify elastomers into general classes 
using standard tests and a documented range of values for the properties that are 
being monitored. Each of the line callouts represents the fact that this elastomer was 
tested to a particular set of test conditions and the test results were within the limits 
established for that test. An example of a line callout would be M2BG614B14E016. 
Referencing ASTM D 2000, this call out can be translated as follows: 

Figure 9.4 A comparison of the change in Young’s modulus for two different elastomer 
compounds as a function of time. 
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M Metric units; 2 = grade (medium- to low-ACN content) 
BG NBR heat-aged for 70 h at 100°C (212°F): in air, to result in a 

maximum change in elongation of -50%, a change in tensile 
strength of no more than +30%, a change in hardness of no more 
than 2 15 points; in ASTM oil No. 3, to result in a 40%maximum 
volume swell 

Hardness (60 -+ 5 Shore A); 14 = 14 MPa (2031 psi) tensile strength, 
minimum value 

B14 Compression set test required on sheet sample for 22 h at 100°C 
(212°F) 

E014 Fluid resistance test required in ASTM Reference Fuel A for 70 h 
at 100°C (212°F). 

The above information categorizes a nitrile elastomer based on a series of standard 
tests performed in standard test fluids. The property values listed are for sheet ma- 
terial, not seals. The standard test fluids are reference fluids, such as ASTM Reference 
Fuel A, not fully formulated hydraulic fluids. The tests are short term, no longer than 
70 h. The specified limits are based on the maximum limits at which an elastomer 
could be considered nonfunctional. ASTM stresses that these line callouts are not to 
be used to establish compatibility or performance acceptability. 

Line callouts are general classification methods and not specification require- 
ments. Another example would be the line callout for the ASTM No. 3 Oil Test 
Requirement. This test is a 70-h test at 212°F. The acceptable limits are as follows: 
hardness change of -10 to +5; tensile strength change of -45%, maximum; elon- 
gation change of -45%, maximum; volume change of 0% to 25%. One elastomer 
has a hardness change of - 1 ,  a tensile strength change of -6%, an elongation change 
of -3%, and a volume change of 4%.Another elastomer has a hardness change of 
-9, a tensile strength change of -42%, an elongation change of -37%, and a 
volume change of 24%. Both of these elastomers qualify for the same ASTM line 
callout even though they are significantly different and, almost certainly, would not 
perform the same in service. Table 9.4 presents an ASTM line callout and test data 
for two elastomers that meet the callouts. Elastomer A performed well in actual 
dynamic service in a Naphthenic Mid VI fluid, whereas Elastomer B failed shortly 
after being installed. When the failed elastomer was removed the the seal gland, the 
0-ring was swollen into a rectangular shape which fully occupied the gland volume. 
The 0-ring was very soft and abraded. This example illustrates that ASTM line 
callouts do not accurately assess seal compatibility. 

6.3 Guidelines 

Basic guidelines that may be used to facilitate the search for suitable elastomers 
involve short-term testing of the actual elastomer in standard test fluids. From these 
test results, it is possible to categorize a general compatibility table. Table 9.5 [25,26] 
presents general compatibility guidelines for initial selection of the elastomer poly- 
mer for the sealing application. 

After the elastomer polymer has been selected, specific application problems 
are then addressed. This is done by reviewing system requirements and properties 
of elastomers that affect sealability. Elastomers are both engineered materials and 
organic polymers; therefore, their engineering and age-resistance properties are im- 
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Table 9.4 Evaluation of Compounds A and B to ASTM D 2000 
M2BG7 14B 14EA 14EF11 EF2 1E 0  14E034 

Properties 

Original 
Hardness (A) 
Tensile (psi) 
Elongation (%) 

Air Aging, 70 h at 100°C 
Hardness change 
Tensile change (%) 
Elongation change (%) 

Comp. set, 22 h at lOO"C, 
% of original 

Water Immersion, 70 h 
Hardness change 
Volume change (%) 

Fuel A, 70 h at 23°C 
Hardness change 
Tensile change (%) 
Elongation change (%) 
Volume change (%) 

Fuel B, 70 h at 23°C 
Hardness change 
Tensile change (%) 
Elongation change (%) 
Volume change (%) 

ASTM No. 1, 70 h at 100°C 
Hardness change 
Tensile change (%) 
Elongation change (%) 
Volume change (%) 

ASTM No. 3, 70 h at 23°C 
Hardness change 
Tensile change (%) 
Elongation change (%) 
Volume change (%) 

Specification Compound A Compound B 

65-75 70 69 
2031 (min.) 2220 2050 
250 (min.) 300 375 

+15 to -15 +5 + 1 1  
+30 to -30 + 8  +21 
-50 (max.) -10 -24 
25 (max.) 12 19 

+10 to -10 -2 -5 
+15 to -15 + 3  +6 

-10 to +10 0 +5 
-25 (rnax.) -16 -22 
-25 (max.) -10 -17 
-5 to +10 0 -4 

0 to -30 -6 -12 
-60 (max.) -23 -40 
-60 (max.) 
0 to +40 

- 18 
+ 17 

-32 
+27 

-5 to +10 +2  -3 
-25 (max.) - 10 - 19 
-45 (max.) -8 +5 
-10 to + 5  -4 +4  

-10 to +5 -6 -9 
-45 (max.) -10 -23 
-45 (max.) 
0 to +25 

-5 
+ 15 

- 18 
+22 

portant. The engineering moduli-shear and Young's-elastic recovery, and the 
chemical degradation of the elastomer are important in assessing compatibility. En- 
gineering moduli address seal stiffness and effectiveness in shearing the fluid film 
and keeping the fluid in the system. 

Peacock [27] presents a good explanation of the value of shear modulus in 
elastomer assessment. Unless there is immediate deterioration of the elastomer, these 
properties must be evaluated in long-term static soak tests followed by functional 
tests. They should also be performed in the actual hydraulic fluid at the operating 
temperature of interest. Testing time should be sufficient for fluid saturation of the 
elastomer and chemical reactions to occur; this can be as long as 500-1000 h. 
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Table 9.5 General Elastomer Compatibility 
~~~~~ 

Continuous 
Polymer service temp. (OF) Service temp. limits (OF) Compatible fluids 

~~ 

NBR- I '  -20 to +210 -20 to +240 Aliphatic hydrocarbons, mineral oils 
and greases, oil-in-water and 
water-in-oil emulsions. water- 
glycol, ethylene glycol, soybean 
oil. sunflower oil. corn oil 

NBR-2 -40 to +I95 -40 to +230 Aliphatic hydrocarbons, mineral oils 
and greases. oil-in-water and 
water-in-oil emulsions. water- 
glycol, ethylene glycol, soybean 
oil. sunflower oil, corn oil 

NBR-3 -60 to +I95 -40 to +230 Aliphatic hydrocarbons, mineral oils 
and greases, oil-in-water and 
water-in-oil emulsions, water- 
glycol. ethylene glycol, soybean 
oil, sunflower oil. corn oil 

EPDM -60 to +240 -60 to + 3 0 0  Phosphate esters, air. acids, bases, 
water-glycol, steam, water, 
rapeseed oil, silicon fluids and 
greases 

FKM -40h to +390 -40" to 480 Aliphatic and aromatic 
hydrocarbons. mineral oils and 
greases, halogenated 
hydrocarbons, polyglycol, 
diesters, silicone fluids 

HNBR -20 to +265 -29 to +300 Mineral oils and greases, aliphatic 
hydrocarbons. air. steam, water- 
in-oil and oil-in-water emulsions, 
glycol 

'NBR compounds are listed in order of  aliphatic hydrocarbon compatibility with NBR-I  being the best. 
%is is the low-temperature l imit  for the low-temperature grade. - 20°F: is the acceptable limit for the other grades. 

tielinski 

Noncompatible fluids 

Phosphate esters. aromatic 
hydrocarbons. halogenated 
solvents, esters 

Phosphate esters, aromatic 
hydrocarbons, halogenated 
solvents, esters 

Phosphate esters, aromatic 
hydrocarbons. halogenated 
solvents. esters 

Hydrocarbons. halogenated 
hydrocarbons 

Phosphate esters, hot water, 
steam 

Aromatic hydrocarbons, acids, 
halogenated solvents 
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Elastomer seals of the actual size that will be used in the hydraulic system should 
be the test specimens. 

To illustrate this point, soak tests were performed on two different size EPDM 
0-rings. The first 0-ring (2-214) had a cross section of 0.139 in. and an inside 
diameter of 0.984 in. The second 0-ring (2-316) had a cross section of 0.210 in. 
and an inside diameter of 0.850 in. The first test involved soaking the 0-rings at 
225°F in phosphate ester fluid and measuring the time to saturation. The 2-214 
0-ring reached 99% saturation in 19 h, whereas it took 42 h for the 2-316 0-ring 
to reach 99% saturation. The second test was performed in the same fluid at 185°F 
and it took 36 h for the 2-214 0-ring to reach 99% saturation. Testing times of 
79 h for the 2-316 0-ring to reach 99% saturation were required. If a compatibility 
test was performed at 185°F for 70 h, the 2-316 0-ring would not be saturated and 
chemical interaction would not be accurately evaluated. 

Elastomers are organic materials. Compatibility involving chemical processes 
cannot be fully evaluated until the specific elastomer being evaluated is saturated 
with the actual fluid of use in an equilibrium condition. This can take several days 
or longer depending on the polymer, the specific compound formulation, the test 
temperature, and the service fluid. The test temperature needs to be the service tem- 
perature in order to accurately fix the chemical system. The test time needs to be a 
certain period of time beyond saturation to allow chemical reactions to occur in the 
elastomer matrix. This should be 1000 h to be sure that saturation has occurred and 
chemical reactions have been allowed to continue for a sufficient period of time to 
represent service time periods. Actual service fluid-elastomer interaction needs to 
be assessed because of subtleties in compositions. 

7 PHYSICAL PROPERTIES 

Elastomer seals must resist chemical degradation and maintain their engineering 
properties over their service lifetime. Typically, a stress-strain curve is obtained each 
time a tensile test is performed. Three parameters [28] are reported from the data: 
tensile strength, which is the stress at the strain point that the elastomer breaks; it is 
recorded as the ultimate elongation-how far it stretched before it broke. Another 
value that is often recorded is the “modulus at XXX% elongation.” This is the stress 
at the particular strain point. Stress is the force acting across a unit area to resist 
separation (tensile), compression (compressive), or shearing (shear). Strain is the 
change in length of a material in the direction of force per unit undistorted length. 
Thus, in tensile, as a load is applied to pull the sample apart, strain results as the 
sample is stretched. A typical stress-strain curve is shown in Fig. 9.5. Young’s 
modulus is the ratio of the stress applied to the elastic strain that results. Because a 
force is moving through a distance, integrating under the stress-strain curve would 
yield the value of work that is being done. In any engineered material, Young’s 
modulus is a key parameter. Young’s modulus ( E )  and shear modulus (G) are engi- 
neering values, and for an isotropic solid such as rubber, 

E = 3 G  

The shear modulus for an unfilled elastomer is defined as [29] 
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Figure 9.5 A typical stress-strain curve for an elastomeric 0-ring. 

where p is the density, R is the universal gas constant, T is the temperature (in K), 
and M, is the molecular weight between cross-links. M ,  is the variable that reflects 
the chemical changes that would occur during the aging process and, to a degree, 
the changes can be monitored in real time by monitoring the value of G before, 
after, and during the aging process. Work is a product of shear modulus times an 
extension ratio 8. The extension ratio is a nonlinear function: 8 = 1 + elongation. 
Work can be determined by integrating the area under a stress-strain curve. A finite 
value of work will give an accurate representation of the changes that are occurring 
during the aging process. This can be called the work function [27] and can be 
determined by integrating the area under the stress-strain curve from 0% to 20% 
elongation. Thus, the work function can be used to assess elastomer aging and the 
loss of engineering performance. 

The elements that should be in a test program include the following: tests 
should be conducted at the expected maximum operating temperature in the actual 
operational fluid for a sufficient amount of time to allow elastomer saturation and 
chemical reactions to occur. Only after saturation can chemical compatibility be 
assessed. The actual operational fluid is required because assumptions based on test 
results using standard test fluids without performance additives present can be mis- 
leading. In the studies conducted to date, it appears that 500 h is a minimal test time 
and tests should be conducted to 1000 h for a full assessment. This will also indicate 
the elastomer’s compatibility over a meaningful service period. It also appears that 
a change of greater than 20% in the starting value of the work function has a del- 
eterious effect on elastomer engineering performance as a seal [30]. The elastomer 
test specimens should be 0-rings of the appropriate cross sections to be used in the 
system in order to adequately assess actual operational situations. 

In addition to the chemical or aging changes of elastomers, volume changes 
must be considered. Elastomers can swell with the uptake of fluid or they can shrink 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



Seals and Seal Compatibility 489 

with the depletion or withdrawal of components in the elastomer compound. Most 
seal glands are designed to accommodate 15% volume swell of the elastomer [3 1,321. 
If elastomer swelling beyond 15% occurs, the seal not only fully occupies the gland 
volume but also flows out of the gland. Excessive swelling leads to softening and 
abrasion, loss of resilience, extrusion and nibbling of the seal as it flows out of the 
gland, and, consequently, seal failure. Elastomer seal shrinkage leads to hardening 
and a reduction in seal force, which results in seal failure. Shrinkage may occur 
when a system is idle and the seal is allowed to “dry out.” If the seal has taken a 
set during operation and then dries out, it may not function when the system is 
restarted. If a seal shrinks away from a mating surface and has taken a set or hardened 
on the surface, when it swells again on exposure to fluid, it might not mate correctly 
against the surface it is supposed to seal. This results in leakage. 

Volume swell and volume shrinkage should also be assessed. Actual volume 
swell in a gland is normally considered to be approximately 50% of the value ob- 
tained in a free-volume-swell test, where the elastomer is soaked in the free state in 
fluid. Thus, values of free volume swell of less than 25% are considered acceptable. 
Allowing for variability and margin of error, a material that exhibits a maximum of 
20% free volume swell would be required. Some volume swell is beneficial because 
it compensates for compression set. Compression set is the tendency of seal materials 
to return only part way to their free state after being compressed; this reduces the 
sealing force. If an elastomer shrinks in service, the sealing force is reduced and 
shrinkage combined with compression set always leads to leakage. Therefore, no 
shrinkage should be allowed. 

Also, as the elastomer reswells, its surface conformance changes, resulting in 
wear and leakage. After a soak test, the seal should be allowed to dry out for a 24-
h period, and if shrinkage is 24% from the swelled value, there is a high potential 
for seal leakage. 

In summary, the factors for elastomer seal compatibility are as follows: 

Fluid dissolves into the sealing surface and then diffuses into the interior. 
An equilibrium fluid concentration occurs. 
Fluid in the elastomer interacts physically and chemically. 
The elastomer ages through local fracturing of bonds, oxidation, and other 
chemical reactions. 

The compatibility program should address seal volume change, chemical reactions 
that occur in the seal after fluid saturation, and changes in Young’s modulus, and 
should be conducted in the actual fluid for a sufficient amount of time to assess 
changes. The test time should be no less than 500 h and the test temperature should 
be the actual maximum temperature the seal will see in service. 

8 SEAL COMPATIBILITY TEST PROCEDURE 

A seal compatibility test procedure that may be easily performed will be provided 
here. Mechanical test equipment and laboratory ovens are required. The results will 
assist in evaluating optimal elastomers for a specific application. 

The test fluid should be the actual system fluid and the test temperature should 
be the maximum seal exposure temperature. Test samples should be analyzed at 24, 
70, 100, 250, 500, and 1000 h to assess the compatibility of the seal over the min- 
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imum service life of the fluid. The test is concluded when the property changes 
exceed the established limits. The test samples should approximate the cross section 
of the actual seal used so that the saturation effect is properly considered. The test 
samples should be either 2-021, -120, -214, or -320 0-rings per AS568 [33], which 
is the specification that identifies the actual sizes of 0-rings. These have an approx- 
imate inside diameter of 1 in. and represent the most popular cross sections of seals 
used in industrial systems. The test specimen need to be molded from the same 
compound as the actual seal. 

The following tests should be performed on the 0-rings: 

1 .  Hardness change 
2. Volume swell 
3. Tensile strength change 
4. Elongation change 
5. Work function change 

8.1 Hardness Change 

Measure the hardness per ASTM D 1414 [34] Section 16 using a micro hardness 
tester and record the mean value. Measurements are to be taken before and after 
exposure to fluid. The hardness change is calculated as 

AH = H ,  - H2 

where AH is the hardness change, H ,  is the hardness before fluid exposure, and H ,  
is the hardness after fluid exposure. 

The units are given as Shore A points. The Shore hardness scale was developed 
for elastomers and has no correlation to other hardness scales, although it does 
overlap a portion of the IRHD scale [35], which is used in IS0  specifications and 
does have a relationship to Young’s modulus. 

8.2 Volume Swell 

Apparatus: A quart glass canning jar with a standard two-piece lid to prevent 
liquid and vapor from escaping. 

Heating Device: A forced-air oven. The temperature shall be maintained within 
t1°C ( 1  3°F). 

Test Specimen: The test specimen shall consist of an entire 0-ring. The same 
specimen may be used for all tests with hardness and volume determinations 
made prior to stress-strain tests. 

Procedure 

1 .  Weigh each test specimen in air, MI,to the nearest 1 mg and then weigh 
each specimen immersed in water, M2,at room temperature. It is important 
that all air bubbles clinging to the test specimen be removed before reading 
the weight in water. Blot the specimen dry on a lint-free paper towel. 

2. Suspend the specimens in the glass jar by the use of corrosion-resistant 
wire. Separate the specimens by the use of glass beads or corrosion-resis- 
tant washers or by bending small loops in the wire. 

3. Suspend the specimen vertically so that 1 in, of test fluid is between the 
lower extremity of the specimen and the bottom of the apparatus. Add 
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enough test fluid to cover the specimen to a depth of 1 in, over the upper 
extremity of the specimen. 

4. Place the test apparatus in the oven at the test temperature for the appro- 
priate test time. At the end of the immersion period, remove the specimen 
from the apparatus. Cool the specimen to room temperature by immersing 
it in a fresh amount of the test fluid for 45 min. 

5 .  At the end of the cooling period, remove the specimen from the fluid and 
blot dry. Weigh each test specimen in air, M 3 ,  and then weigh each spec- 
imen immersed in water, M4.  

6. The change in volume is calculated as 

AV(%) = 
(M3 - M4) - ( M ,  - M2) x 100 

M ,  - Mz 

where 

M ,  = initial mass of specimen in air (8) 
M2 = initial mass of specimen in water (g) 
M3 = mass of specimen in air after immersion (g) 
M4 = mass of specimen in water after immersion (g) 

8.3 Shrinkage 

Apparatus: A screen or oven rack that allows a circulation around the test 
specimen. 

Heating Device: A forced-air oven capable of maintaining the temperature at 
23 2 1°C (73.4 2 1.8"F). 

Test Specimen: The test specimen shall consist on an entire 0-ring. The same 
specimen that was used for the volume-swell test may be used provided that 
this specimen was not used for the stress-strain tests. 

Procedure 

1. Place the test specimen from the volume-swell test on the oven rack and 
maintain the oven at the test temperature for 22 5 0.25 h. At the end of 
the required period, remove the specimen from the oven and allow it to 
air cool. 

2. Weigh each test specimen in air, M,, and then weigh each specimen im- 
mersed in water, M6. 

3. The change in volume or shrinkage is calculated as 

where 

M3 = initial mass of volume-swell specimen in air (g) 
M4 = initial mass of volume-swell specimen in water (g) 
Ms = mass of specimen in air after drying out (g) 
M6 = mass of specimen in water after drying out (g) 
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8.4 Tensile Strength Change 

Testing Machine: The testing machine shall conform to the requirements spec- 
ified in Section 3 of ASTM D 412 [36] with the exception of grips. Grips 
for testing 0-rings shall consist of ball-bearing spools at least 0.35 in. in 
diameter and be capable of being brought within 0.75 in. center-to-center 
distance at closest approach. (These grips should be readily available from 
the manufacturer of the testing machine.) Stresses within the specimen shall 
be minimized by rotating one spool of the grips or by lubricating the contact 
surface of the spools with castor oil. 

Test Specimen: The test specimen shall consist of an entire 0-ring. 
Procedure 

1. Bring the grips close enough together so the specimen can be installed 
without stretching. Separate the grips to remove any slack in the specimen. 
Care should be taken that no load is placed on the specimen. 

2. Pull the specimen at a rate of 20 in./min. Record the breaking force value, 
F, at the time of rupture. 

Calculations 

Tensile strength 

where 

T = tensile strength (psi) 
F = breaking force (Ib.) 
A = twice the cross-sectional area calculated from axial thickness, W 

(in.'), as follows: 

A - - -IT W'- - 1.57W2 
2 

Tensile strength change 

T2 - T,
A T = - x 100 

T ,  

where 

AT = tensile strenght change (%) 
T. = tensile strength after immersion 
T ,  = tensile strength prior to immersion 

8.5 Elongation Change 

Testing Machine: Same as for tensile strength change. 
Test Specimen: Same as for tensile strength change. 
Procedure: Same as for tensile strength change, except record the center-to- 

center distance between the spools at rupture to the nearest 0.1 in. and record 
the value for D. 
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Calculations 

Ultimate elongation 

2 D + G - C
E(%) = x 100 c 

where 

D = distance between centers of the spool grips at the time of rupture 
of the specimen 

G = circumference of one spool (spool diameter X 3.14) 
C = inside circumference of the specimen (inside diameter X 3.14) 

Change in elongation 

AE(%) = 
E, - E, 

x 100~ 

E ,  
where 

E, = elongation after immersion 
E, = elongation prior to immersion 

8.6 Work Function Modulus Change 

Testing Machine: Same as for tensile strength change. 
Procedure: Same as for tensile strength change. 
Calculations: Calculate the work function (WF) as the energy per unit volume 

at 20% elongation. This value is determined as the area under the stress- 
strain curve from 0-20% strain. 

Change in work function 

WF, - WF,
AWF = x 100 

WF, 
where 

AWF = change in work function (%) 
WF, = work function after immersion (psi) 
WF, = work function prior to immersion (psi) 

During the course of the program, the test results should be plotted as a function of 
time to detect any radical property changes or definitive trends. For a critical seal 
application, property changes limits as detailed below should be monitored. These 
limits have been established in the ASTM [30] and NFPA [37] compatibility pro- 
grams and will indicate good chemical compatibility. The Compatibility test limits 
are as follows: 

Hardness change: + 8  pts 
Volume swell: 0 to + 15% 
Shrinkage after swell test: -496, maximum 
Tensile strength change: t20% 
Elongation change: 220% 
Work function change: & 12% 
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If all the changes are within these limits, the elastomer should be considered com- 
patible. 

Once a seal material is found to be compatible, all seals for that system should 
be ordered by specific compound and not by ASTM D 2000 Line Call Out or generic 
polymer designation. Carefully selecting the initial seal avoids problems later. 

To illustrate the property changes that can be experienced in a compatibility 
test, a 2-120 NBR 0-ring set was submitted to the compatibility test program. The 
0-rings were tested in a naphthenic fluid at 100°C. The average test results for the 
samples are shown in Table 9.6. 

An examination of the complete test results shows several interesting points. 
The work function value exceeded 12%after just 24 h, even though saturation did 
not occur until approximately 500 h, as indicated by the volume swell reaching a 
maximum. The lower the test temperature, the longer the time to saturation. This is 
why short-term tests at low temperatures are meaningless. Work function data also 
showed a reaction trend with the value starting off as a significant negative change, 
gradually getting positive until the significant positive change at 1000 h. This indi- 
cated that the chemical reaction, once begun, continued. If the work function was 
not monitored, the tensile and elongation data would have not indicated incompati- 
bility until the 500-h test; thus, any short-term test would have indicated full com- 
patibility. If only hardness change and volume change were monitored, there would 
have been no indication of incompatibility. This test sequence illustrates the problem 
of relying solely on volume-swell and hardness changes as compatibility indicators. 

9 SEALS 

9.1 Introduction 

A seal is used between two surfaces to maintain a pressure drop from a positive fluid 
(liquid or gas) pressure area to a relatively lower fluid pressure area for a specific 
amount of time [38]. A seal’s effectiveness is measured in terms of leakage. Thus, 
a zero leak seal is one that theoretically allows no leakage across its interface or 
sealing contact surface. 

The earliest seals were nothing more than stuffing boxes packed with waxed 
string or cord, leather strips, pieces of rubber, cotton, wool, or even paper (Fig. 9.6). 

Table 9.6 Compatibility Test Results for a 2-120 NBR 0-Ring 

Test Tensile change Elongation Work function Hardness Volume change 
time (h) (“/.I change (96) change (9%) change (pts.) (%I 

0 0 0 0 0 0 
24 +7.5 +2.9 -24.1 - 1  +3.61 

100 +4.3 - 1.3 - 12.4 - 1  +4.16 
250 - 13.3 - 17.0 -7.0 + I  +4.2 1 
500 -63.9 -54.1 + O S  +3 +4.7 

1 000 -73.0 -79.3 + 126.0 + 8  +2.78 
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FOLLOWER 

Figure 9.6 An illustration of a stuffing-box sealing arrangement. 

If leakage was observed, more material was stuffed in until the leakage stopped or 
became acceptable. These sealing methods were acceptable because the inefficiency 
of the seal was a small contributor to the overall inefficiency of the equipment being 
used. 

The first advance in sealing technology was the development of V-Rings (Chev- 
ron Rings) and U-Cups (Figure 9.7). These seals are reasonably effective but require 
hardware modifications, which may be complex. Another disadvantage is that these 
seals are unidirectional because they are pressure-activated. Thus, two seals are 
needed to seal in both directions. As pressure is increased, more V-seals must be 
added. Thus, three or more V-seals can be required to seal system pressures in excess 
of 2000 psi. U-Cups have a pressure limitation of 1500 psi. 

The next advance in sealing technology was the 0-ring (Fig. 9.8). The 0-ring 
was patented in the 19th century. The original application called for use of the 0-
ring in a very long groove. The 0-ring was intended to roll during the motion of 
the parts and thus act like a wiper and seal barrier. Around 1940, an elastomeric 0-
ring was developed. The sizes of the 0-rings were then standardized for universal 
use [19,33,39-421. The simple design allowed the 0-ring to be used both as a static 
and dynamic seal. Because it was a compression seal, it was also a bidirectional seal 
in that it was elastic and distorted with pressure and acted as an effective barrier to 
prevent leakage. 

During the Second World War, the 0-ring became the seal of choice because 
the war effort forced the simplification and standardization of hydraulic components. 
During this time, many new applications were developed for 0-rings because of their 
simplicity and effectiveness in sealing. 
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Figure 9.7 (a) Illustration of chevron V-rings used as a static seal. (b) Illustration of a U-
cup used as static seal. 

9.2 Seal Types 

9.2.1 Static 

A static seal is one that maintains a pressure drop across two stationary surfaces. 
Although the surfaces are considered stationary in theory, in fact none are stationary 

Figure 9.8 An 0-ring profile. 
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due to vibration, seal set, and so forth. Static seals are sometimes referred to as joints 
or gaskets because they are predominantly face seals in that they seal in a plane 
located at right angles to the centerline of the seal (Fig. 9.9). The requirements for 
static seals are considered not as rigorous as for dynamic seals: Groove finish can 
be rougher; higher squeeze is also used, as friction is not a factor. Static seal ge- 
ometries include 0-rings, square rings (lathe cuts), D-rings, X-rings, T-seals, and cap 
seals (Fig. 9.10). Many other geometries are used. For large static seals, there is a 
tendency to use extruded cord stock. This stock is cut to size and bonded together 
to form a ring. The profile can vary. This lowers cost because a static seal is not a 
high-performance seal. This can be done; however, extruded material does not have 
the same physical properties as molded seals. Extruded material has lower physical 
properties than molded material because it is processed differently. The resulting 
lower density, strength, resistance to compression set, and different compatibility 
behavior can adversely affect sealability. If extruded stock is to be used, it should 
be tested in the fluid of use at the temperature of operation to verify that it will 
perform satisfactory service. Compression set and low-temperature elasticity should 
also be verified. 

The most common causes of static seal leakage are installation damage, extru- 
sion, sealing finish, overfill, splice, and use of the wrong seal material [38]. Instal-
lation damage can occur to any seal and care has to be exhibited on installation to 

I 

Figure 9.9 (a) Illustration of the seal gland location for a static face seal application. (b) 
Illustration of the seal gland location for a static rotary seal application. 
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Figure 9.10 Illustration of the various static seal types. 

ensure that the seal is installed correctly and is not cut, twisted, or pinched during 
installation. After the seal is installed, correct installation should be verified before 
the hardware is assembled. This caution saves time and money. 

Extrusion, or the tendency of the seal material to flow out of the seal gland, is 
normally associated with dynamic seals. A static seal is also dynamic because relative 
movement occurs between hardware components, and pressure pulsations can force 
the static elastomeric seal into the clearance between the sealing faces. To avoid this, 
the gap between the sealing faces is minimized. A harder elastomer should be used 
as the static seal; caps and backup rings can also be used. As pressure is increased, 
backup rings should be considered. Again, the initial incremental cost is low when 
measured against downtime costs. 

Sealing finishes should not exceed 64 micro inches RMS (root mean square), 
which is an expression of an effective average depth of the surface irregularities, 
and preferably should be 32 micro inches RMS or better [38]. An elastomer seal 
must conform to the surfaces it is sealing, and if the sealing surface is very rough, 
conformance will not occur and leakage will result. If cap seals are used, harder cap 
material cannot conform to real rough finishes with radical peak-to-valley ratios (the 
ratio of the highest point on a surface to the lowest point). 

Overfill is also a problem. The elastomer fills only a portion of the seal groove. 
As a result of swell upon exposure to fluid, the elastomer expands into the void area 
of the groove. If the groove becomes overoccupied, the elastomer is forced into the 
gap between the sealing surfaces where cutting and nibbling can occur. Fluid ex- 
posure results in elastomer swell and softening and this can accelerate seal failure. 
Initial occupancy of the gland should not exceed 85%. 

For extremely large-sized seals used in static applications, it is economical to 
use extruded rubber stock cut to size and bonded together at the splices to form a 
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seal ring. However, splice failures frequently occur [43]. Often, no attention is paid 
to the splice. There are many different ways to splice elastomeric materials, and the 
splice geometry, bonding technique, and bond strength must be addressed so that the 
seal withstands operational conditions. Leakage and operational safety require that 
care be exercised in choosing spliced seals. The specific application and system 
requirements can be discussed with the seal supplier. 

A compatibility test such as that described above is a wise investment if, in-
deed, optimum performance and zero leak are requirements. By verifying the bond 
strength of the splice on a test sample before and after exposure to the operational 
temperature and fluid, it can be verified that the correct seal has been chosen for the 
application. This test also serves to characterize the compatibility of the elastomer 
material. 

Although the 0-ring has been the most popular shape for static seals, some 
engineers suggest that square rings are more effective static seals because they permit 
a wider seal contact area and more insurance for zero leak [44]. The square ring was 
initially proposed as a dynamic seal to overcome the tendency of an 0-ring to roll 
and twist. Because of its geometry, the square ring creates a wider footprint, and in 
dynamic situations with identical squeeze, higher friction results. This is not the case 
in static sealing conditions where friction is a not an important factor. In static 
systems, the 0-ring is still the most popular seal shape, especially because it is easier 
to extrude and bond a circular shape. The square ring, however, can offer some 
advantages if it is prepared from a good elastomeric material and it is proven to be 
compatible in long-term tests. The square ring also should be more extrusion resistant 
because of its geometry. 

For square rings or 0-rings in face seal applications, the groove should be 
designed to assure seal contact with the low-pressure side of the groove assembly. 
For internal pressure applications, the seal groove and the outside diameter of the 
seal are matched. When pressure is external, the gland should be designed to support 
the seal on the inside diameter. 

Design charts for static 0-rings are presented in Tables 9.7 and 9.8 [38]. In 
these tables, there is a term called “squeeze.” This is the amount of distortion put 
on a seal when it is installed in the system. Squeeze is necessary to allow the seal 
to maintain a positive seal force. The seal is actually distorted that amount when it 
is installed between the sealing members. Other elastomer seals generally use the 
same guidelines. 

9.2.2 Dynamic Seals 

A dynamic seal is one that is used to maintain the pressure drop across two surfaces 
moving relative to one another. Dynamic seals can be further categorized as I.D. or 
rod seals and O.D. or piston seals (Fig. 9.11). These are traditionally reciprocating 
seals. Dynamic seals can also by rotary seals when they prevent leakage between 
one surface which has angular movement relative to the other surface (Fig. 9.12) 
~381. 

Seal effectiveness is measured using several requirements. Good seals should 
have the following characteristics: 

Integrity: Must not leak 
Reliability: Must ensure system integrity for a desired period of time 
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Table 9.7 Static 0-Ring Guidelines; Design Chart for 0-Ring Face Seal Gland 

Cross-section (W) Squeeze Groove width (G) 
Groove 

Gland depth Vacuum radius 
0-ring size Nominal Actual (Id) Actual % Liquids and gases (RI 

004-050 1/16 0.070 ? 0.003 0.050-0.054 0.013-0.023 19-32 0.101-0.107 0.083-0.088 0.005-0.015 
101- 178 3132 0.103 -C 0.003 0.074-0.080 0.020-0.032 20-30 0.136-0.142 0.1 18-0.123 0.005-0.015 
201 -284 118 0.139 5 0.004 0.101-0.107 0.028-0.042 20-30 0.177-0.187 0.157-0.163 0.010-0.025 
309-395 3/16 0.210 ? 0.005 0.152-0.162 0.043-0.063 21 -30 0.270-0.290 0.236-0.241 0.020-0.035 
425 -475 114 0.275 ? 0.006 0.201 -0.21 1 0.058-0.080 21 -29 0.342-0.362 0.305-0.310 0.020-0.035 
Special 
Special 

318 
112 

0.375 C 0.007 
0.500 % 0.008 

0.276-0.286 
0.370-0.380 

0.082-0.108 
0.1 12-0.138 

22-28 
22-27 

0.475-0.485 
0.638-0.645 

0.419-0.424 
0.560-0.565 

0.030-0.045 
0.030-0.045 

Nore: These dimensions arc intended primarily for face-type seals and low-temperature applications. 
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Table 9.8 Static 0-Ring Guidelines; Design Chart for Industrial 0-Ring Static Seal Gland 

Cross section SqueCLeh Groove width 

Diametral No One Two 
0-Ring Gland clearance backup backup backup Grtx)vc Eccentricity 
size Nominal Actual depW Actual % (M rings ring rings radius ( R )  mu.' 

004-050 
102- 178 
201-284 

1/16 
3/32 
118 

0.070 2 0.003 
0.103 2 0.003 
0.139 2 0.004 

0.050-0.052 
0.081-0.083 
0.111-0.113 

0.015-0.223 
0.017-0.025 
0,022-0.032 

22-32 
17-24 
16-23 

0.002-0.005 
0.002-0.005 
0.003-0.006 

0.093-0.008 
0.140-0.145 
0.187-0.192 

0.138-0.143 
0.171-0.176 
0.208-0.213 

0.205-0.210 
0.238-0.243 
0.275-0.280 

0.005-0.015 
0.005-0.015 
0.010-0.02s 

0.002 
0.002 
0.003 

309-395 3/16 0.210 2 0.005 0.170-0.173 0.032-0.045 15-21 0.003-0.006 0.281 -0.286 0.31 1-0.316 0.410-0.415 0.020-0.035 0.004 
425-475 1/4 0.275 2 0,006 0.226-0.229 0.040-0.055 15-20 0.004-0.007 0.375-0.380 0.408-0.413 0.538-0.543 0.020-0.035 0.005 

"For e i~se of assembly whcn backup rings arc used, gland depth may be increased up t o  S%. 
hClearance gap must be held IO a minimum consistent with design requirements for tempcraturc-range variation. 
'Rcducc maximum diametral clearance 50% whcn using silicone or fluorosilicone 0-rings. 
"Total indicator reading hctwccn groove and adjacent hearing surface. 

50 1 
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<--+ 
Figure 9.11 Illustration of the seal gland locations for (a) dynamic piston and (b) rod seal 
applications. 

Long life: Must minimize downtime for change outs 
Ease of Installation: Must be easy to install and replace 
Compatibility-Must be compatible with the fluid it seals throughout the op- 

erational range of pressures and temperatures 

Currently, the majority of seals contain elastomer components. This is true 
because elastomers are still very effective in maintaining system integrity. Whether 
the seal is an elastomer, such as an 0-ring, square ring, U-cup, and so forth, or a 
slipper seal which has a plastic component energized (squeezed against the surface 
to be sealed) by an elastomer, the elastomer is an essential component of the majority 
of seals used in today’s systems. 

Seals can be further categorized as “squeeze-type” or “pressure-activated” 
(lip-type) seals (Fig. 9.13). The squeeze-type seals are principally elastomeric seals 
of various geometries. The most common squeeze-type seal is the 0-ring. This is 
because it is readily available in a wide range of sizes and materials; it is a low-cost 
seal easily installed and, most importantly, it is a very effective seal. In general, 0-
rings can be used to effectively seal up to 1500 psi by imparting 15-3096 squeeze 
on the ring. Sealing above 1500 psi is possible with the use of 80-90 Shore A 
elastomeric materials and reduced clearance gaps or the use of backup rings [38]. 
The clearance gap is the maximum difference between the dimensions of the hard- 
ware components. For a piston application, this would be the maximum difference 
between the piston diameter and the bore diameter. For a rod application, this would 
be the maximum difference between the rod diameter and the bore diameter. Table 

Figure 9.12 Illustration of the seal gland locations for (a) rotary and (b) oscillatory seal 
applications. 
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Figure 9.13 Illustrations of (a) the various squeeze- (compression) type dynamic seals and 
(b) typical lip (pressure-activated) seals. 

9.9 lists the recommended clearance gaps for elastomer seals with different hard- 
nesses. These gaps can be widened when backup rings are used with the elastomer. 
The backup rings function as elastomer protection, blockmg the flow of the elastomer 
into the gap where the elastomer can be torn and nibbled. Backup rings should be 
used when system pressure exceeds 1500 psi. 

An elastomer can act as if it remembers the original shape it was molded into 
and can return to this shape for relatively long periods of time while undergoing 
deformation due to pressure (memory effect). In low-pressure situations, an elastomer 
squeezed into a gland has a tendency to maintain its original shape and this creates 
the seal. In high-pressure situations, the elastomer is deformed against one side of 
the gland, but it maintains a sealing force against the surface it is sealing. This force 
is equal to the force deforming it [38]. 

Table 9.9 Recommended Clearance Gap Between Hardware Components for Different 
Hardness Elastomer Seals at Different Pressures 

Elastomer Shore Hardness 
Pressure 
(psi) 60A 70A 80A 90A 

5000 X X 0.0004 in. 0.002 in. 
3000 X 0.0002 in. 0.002 in. 0.008 in. 
2000 X 0.0015 in. 0.0055 in. 0.010 in. 
1000 0.002 in. 0.007 in. 0.012 in. 0.018 in. 
500 0.010 in. 0.015 in. 0.020 in. 0.025 in. 
100 0.030 in. 0.033 in. 0.035 in. 0.036 in. 
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If an elastomer is treated as an incompressible fluid, its viscosity is directly 
correlatable to its hardness. Thus, an 80 Shore A elastomer would have a higher 
viscosity than a 70 Shore A material and would exhibit a higher compressive force. 
Compressive force relates directly to the sealing force that an elastomer exhibits. 
Compression modulus is the ratio of compressive stress to compressive strain 1451. 
This is simply compressive force versus deflection. 

Squeeze-Type Seals 
The 0-ring is a toroidal shaped ring (Fig. 9.8). Most 0-rings are molded from elas- 
tomeric materials to always be consistent in size and tolerance. The 0-ring is installed 
in a groove designed to accommodate it and to allow firm contact with both the 
inner and outer walls of the groove. Thus, it is squeezed out of round when confined 
in the groove. As pressure is applied, the ring deforms against the surface to be 
sealed. As pressure is increased, the tighter the seal becomes (Fig. 9.14). 

The 0-ring is pressure responsive and seals at high pressures despite minor 
wear or cuts in the seal or somewhat irregular sealing surfaces. The 0-ring is easily 
installed in one piece glands, thus simplifying engineering designs. The 0-ring makes 
an excellent static seal but has some limitations as a dynamic seal. In high-pressure 
applications, 0-rings have a tendency to roll because of their high friction. This can 
limit the life of the 0-ring. This effect can be minimized by lowering the frictional 
characteristics of the elastomer using internal lubes or newly developed polymer 
modification techniques that reduce the friction of the elastomer to the range of 
PTFE. Friction reduction of the 0-ring by minimizing squeeze is not recommended. 
The sealing force is changed and it is a short-term solution that will produce pre- 
mature leakage. 

0-rings at a high pressure exhibit a tendency to flow into the space between 
the hardware elements. This extrusion can lead to nibbling or cutting of the 0-ring, 
resulting in premature failure. To protect the 0-ring from this effect, an antiextrusion 
device usually called a backup ring is used [46-501. The sole purpose of the backup 
ring is to maintain zero diametrical clearance, preventing extrusion of the 0-ring. 

Figure 9.14 Illustration of an 0-ring’s location in the seal gland at (a) zero pressure and 
when (b) high pressure is applied, forcing the 0-ring against the gland wall to seal the gap 
between the hardware components. 
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An 0-ring with a low friction elastomer and backup rings can be a very effective 
dynamic seal (Fig. 9.15). 

Because the 0-ring was developed and became the primary seal in hydraulic 
and pneumatic systems, other compression-type seals have been designed primarily 
to accommodate the perceived shortcomings of the 0-ring. These include T-seals, 
X-rings, D-rings, and many proprietary shapes. However, the 0-ring has been a key 
element in the advancement of highly efficient fluid power systems. 

The “rules of thumb” for dynamic elastomer seals are the same regardless of 
geometric shape. These include the following: 

Choose a seal material that provides reliable, functional service at the sys- 
tem’s maximum system temperature for at least 1000 h. 
Determine the low-temperature seal capability from its Tqand TR,,, values. 
Under normal circumstances, the seal should be effective up to 15°F below 
the TR,,, value. 
Squeeze less than 5% and greater than 25% can result in enhanced com- 
pression set and leakage. 

During installation, the elastomer seal should not be stretched beyond 100%. 
If stretch exceeds 20% during installation, the seal should be allowed to fully recover 
before final assembly of the hardware. Installed stretch of a dynamic seal should not 
exceed 5%. Seals deteriorate under excessive stretch. EPDM, FKM, CR and urethane 
elastomers are the best for high stretch. NBR elastomers are the worst. Excessive 
stretching leads to the Joule effect [28] and may result in seal leakage. The Joule or 
Gow-Joule effect can be demonstrated with a thick rubber band and a match. Stretch 
the rubber band between your fingers and bring the match close to the rubber band. 
The rubber band might be expected to stretch further. However, the opposite occurs. 
When a piston seal is stretched excessively, it heats up due to friction and system 
temperature, pulls away from the bore, and tightens its grip on the piston. The sealing 
force on the bore is reduced and leakage occurs. In a rod situation, the seal would 
tighten on the rod and pull away from the base of the groove. 

If the stretch is greater than 2-3%, the cross section of the seal is reduced. 
This is sometimes ignored because significant stretch is thought to produce a better 

Figure 9.15 Illustration of the use of backup rings with elastomer seals. Two backup rings 
are used when the pressure is reversible and one backup ring is used when the pressure is 
always unidirectional; this backup ring is positioned at the downstream side of the pressure 
direction. 
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seal based on the belief that stretch exhibits more sealing force on the two sealing 
elements. What is ignored is the Gow-Joule effect and the fact that the seal cross 
section is reduced approximately 50% of the diametral stretch. Thus, a seal that is 
stretched 16% suffers an approximate 8% reduction in cross section. 

Differential pressure must be greater than 50 psi to distort a seal beyond in- 
stallation squeeze. 

Dynamic seals are normally designed for a maximum of 85% gland occupancy 
[51-551; thus, seal swell is an important factor. A seal that swells excessively can 
soften and abrade. It can leave the gland, and tearing and extrusion can result. An 
overoccupied gland can change seal force and system frictional characteristics. 

Seals can shrink due to incompatibility and dry out. This can also lead to 
leakage on start-up and during operation. Seal shrinkage of 4% or more can lead to 
leakage. 

Seal friction is not normally considered in system design because in a standard 
operating system, the seal eventually rides on an oil film which lubricates the seal 
and reduces friction. However, short strokes, long extent strokes after long down- 
times, eccentricity, and wear prevent a uniform oil layer to fully develop. In these 
cases, low-friction elastomers offer performance benefits. The additional costs are 
minimal when considered against the downtime costs due to seal leakage. In a zero 
leak system, low friction elastomeric seals and scheduled preventive maintenance 
are necessities. 

The following guidelines should be followed to reduce dynamic friction [38]: 

Surface finish of the bore or rod should be better than 16 RMS 
Increase the speed of moving parts 
Decrease seal cross section and hardness 
Decrease the environmental temperatures for pistons and increase it for rods 
Use reduced friction elastomers 

When considering reduced-friction elastomers, make sure the following are consid- 
ered: Additives that are used to reduce friction affect the seal’s properties and com- 
patibility; make sure the new seal is compatible. These additives can also contaminate 
systems. Surface treatments such as chlorination and ion etching are surface treat- 
ments which quickly wear away and friction returns. Greases used for installation 
are washed away, increasing friction. Greases sometimes harden the elastomer when 
the system heats up. Polymer modified elastomers have a polymer modification in- 
herent in the seal that does not leach out nor is it a surface coating. Good hardware 
design and the proper choice of seal material and design are important to reduce 
system friction. 

Cap seals are also used to reduce friction [56,57]. A cap seal is typically an 
elastomer-energized PTFE shape (Fig. 9.16). Although this seal design reduces break 
away or static friction, it results in higher running friction. It has been felt that the 
cap seal was the only way to reduce seal friction without compromising hardware 
design. The cap seal, however, is not a zero leak seal if it is functioning correctly. 
The cap seal would have limited life in a system if it were not for the oil layer on 
which the cap eventually rides. As the cap wears, leakage can occur and this is why 
a cap seal is sometimes used in tandem with an elastomer contact seal. The cap seal 
is a buffer seal that reduces pressure and the elastomer seal is the primary seal which 
sees pressures below the system pressure. In this way, the elastomer seal becomes 
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Figure 9.16 Illustration of typical cap seal geometries. These are called cap seals because 
the cap, which is a plastic element, usually a PTFE material, is energized (or forced against 
the sealing surface) by an elastomer which, because of its elastomeric nature, can be called 
an energizer because it exerts a sealing force on the cap. 

an effective zero leak seal because it only seals what gets by the buffer seal. Pressure 
buildup between the seals is addressed in the hardware and/or cap design. The pri- 
mary seal in this system must have low friction to minimize wear, heat buildup, and 
hysteresis. A polymer-modified elastomer with its inherent low-friction properties is 
often used in this position for optimum performance. 

Guidelines for designing a sealing system may be summarized into two basic 
categories: industrial and military. The industrial guidelines are subdivided into static 
and dynamic, whereas the military guidelines use one design guide to cover both 
static and dynamic applications. The industrial guidelines result in more stretch and 
squeeze of the seal, whereas the military guidelines utilize less stretch and squeeze. 
For static applications, the industrial guidelines are preferred. For dynamic applica- 
tions, the military guidelines are preferred. Use of military guidelines helps in re- 
ducing dynamic friction. These guidelines are presented in Table 9.10. 
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Table 9.10 Dynamic 0-Rings Guidelines; Military Gland Design and 0-Ring Selection 

Cirtxwe width lG) +0.010/ 

0-ring 
Squeere -O.o()O 

size. 0-Ring Gland Diametrical No One Two Grwve 
56XA cross seciicin depth Clearance backup hackup backup radius Ecceniriciiy 
series ( W )  ( L )  Inches %- Max. ( I ) )  ring ring rings ( R )  max. 

00 I 0.040 2 0.003 0.031 -0.032 0.005 -0.012 13.5 -2x 0.004 0.063 0.005 -0.01 5 0.002 
002 0.050 z 0 . 0 3  0.040-0.04I o.o(.& -0.0I 3 13 -24.5 0.04 0.073 0.005-0.015 0.002 
003 0.0602 0.003 0.048-0.049 0.0()8-0.015 14-74 0.004 0.083 0.05-0.015 0.002 
0w 0.070 2 0.003 0.057 -0.058 0.009-0.0 I 6 13.5-22 0.004 0 . 0 4  0. 149 0.207 0.005-0.01.5 0.002 
005 0.070 ? 0.003 0.565 -0.0575 O.WY.5-0.0165 14-23 0.004 0.094 0.149 0.207 0.00-0.015 0.002 
(N)6 -0 I 2 0.070 ? O.(X)3 0.056 -0.057 0.010-0.0 I7 15-23 OSKM 0.094 0.149 0.207 0.005-0.015 0.002 
0I 3-050 0.070 -t 0.003 0.056 -0.058 o.o(w-0.017 13.5-23 0.005 0 . 0 4  0.149 0.207 0.05-0.015 0.002 
110-129 0.103 ? 0.003 0.089-0.091 0.010-0.017 10-16 0.005 0.141 o. I x3 0.245 0.005-0.015 0.002 
1 3 0 - 17n 0.103 ? 0.003 o.ox9-o.(wi 0.010-0.01 7 10-16 0.006 0.141 0 . 1 ~ 3  0.245 0.005 -0.01 5 0m2 
210-284 0.139 2 0.004 0.1215-0.1235 0.01 15-0.0215 x.5-1s 0.m 0.1 xn 0.225 0.304 0.0 10-0.02s 05m3 
325-395 0.210 ? 0.005 0.186-0.188 0.017-0.029 x.3- 13.5 0.007 0 . 2 ~ 1  0.334 0.424 0.020- 0.030 0.004 
425 -475 0.275 2 0.006 o.23xs -0.2415 0.028-0.425 10.5- 15 0.010 0.375 0.440 0.579 0.020-0.030 0.005 
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When using cap seals, remember that the squeeze on the elastomer is increased 
by the thickness of the cap, so make sure that for the particular application that the 
squeeze does not exceed 25%. 

Although the above information addresses 0-rings specifically, it is also true 
for all elastomer contact seals. Whether an 0-ring or other geometric design is being 
used, these basic guidelines still apply and it is important to review them with the 
seal supplier during the design phase. Quite often during system design, the sealing 
system is considered as an afterthought and this is when problems arise. Seals might 
be the least expensive component in the hardware; however, they are engineered 
components of the system and require design attention. Seal material selection and 
design should be supported by valid technical data. Do not accept seal substitutes 
until it can be verified that their performance is equivalent or better. 

Lip Seals 

Lip seals are also used in hydraulic systems. These seals are appropriate for systems 
that are low speed and operate at low pressure. At higher pressures, they produce 
increasing friction and accelerated wear [38]. They are pressure activated in the sense 
that they have low squeeze to begin with, and when exposed to pressure, their lips 
spread to effect a wider sealing face [38]. Lip seals have to be aligned with their 
lips facing the pressure direction because they are pressure activated. In the case of 
systems that operate with pressure reversal, two seals must be used. Lip seals also 
require special glands [58] . This means that lip seals cannot be retrofitted with a 
standard squeeze-type seal. This is a definite disadvantage when compared to 
squeeze-type seals, as most squeeze-type seals can be interchanged in the same gland. 

Lip seals can be used up to 800 psi without backup rings. Above 800 psi, 
backup rings should be used. Some designers consider 1500 psi as the maximum 
service pressure for lip seals; however, the seals with backup rings have operated at 
2500 psi without problems [38]. Because of their light initial squeeze and the way 
they function, lips seals require a surface finish of 8-16 RMS. 

Lip seals vary in lip design and configuration (Fig. 9.17). Lips can be rounded 
or flat. The seals can be symmetrical or asymmetrical. Depending on the manufac- 

Figure 9.17 Illustration of typical profiles of lip seals. 
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Figure 9.18 Illustration of the principle of operation of a radial lip seal. 

turer, a case can be made for each of the configurations and geometry. Lip seals are 
available in the common polymers as are squeeze-type seals. 

9.2.3 Radial Lip Seals 

Radial lip seals [59,60] are primarily designed for rotary applications [43,61]. Figure 
9.18 illustrates how they operate. Essentially, they act like bearings [62]. An oil film 
is generated between the lip and shaft. If the oil film thickness is minimal, the 
meniscus formed at the air side of the interface will not break and leakage will be 
avoided [43]. 

An important rule regarding radial lip seals is that they are essentially low- 
pressure seals [43,63]. Conventional radial lip seals operate between 5 and 10 psi 
[43,64]. Special seals are available that will operate up to 100 psi. These special 
seals have broader lips and must operate at slower speeds. Figure 9.19 illustrates 
how the lip is deformed as pressure is increased. Figure 9.20 shows the influence of 
pressure on seal life [43,65]. 

Figure 9.19 Illustration of how the radial seal lip deforms as a function of pressure: The 
greater the deformation, the greater the seal wear and, consequently, the shorter the seal life. 
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Figure 9.20 Illustration of how sump pressure affects the mean life of radial lip seals. 

Normally, a manufacturer will provide peripheral speed limits for his seals, and 
any rubbing speed up to these limits is acceptable. This speed is typically on the 
order of 3500 ftlmin. From this limitation, it is obvious that shaft size needs to be 
considered. For shaft sizes under 1.25 in. in diameter, standard seals will work up 
to 7000-8000 revolutions per minute. For shaft sizes between 2.5 and 3 in. in 
diameter, the revolutions per minute are reduced to 3000 to 4000. Figure 9.21 shows 
the effect of shaft speed on seal life [43]. 

Seal life can be affected by other factors: Shaft size (the smaller the shaft, the 
longer the seal life), oil viscosity (as oil ages and viscosity changes, seal life is 
reduced), and fluid additives (seal lips run hot, facilitating fluid additive reaction 
with the elastomer, causing hardening or softening, and, consequently, affecting seal 
balance which results in leakage). Friction and heat can result in compatibility prob- 
lems resulting in hardening and cracking of the seal lip, which leads to seal leakage 
WI. 

Figure 9.21 Illustration of how shaft speed affects the life of nitrile radial lip seals of 
various sizes. Higher speed means shorter life; radial lip seals for larger shafts inherently 
have a shorter life than radial lip seals for smaller shafts. A: 3-in.-diameter shaft; X: 0.5-in.-
diameter shaft; .:1.75-in.-diarneter shaft. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



512 Zielinski 

Corrosion of the shaft affects seal performance. Nicking, cutting, and pitting 
of the shaft can affect the nature of the oil film or cause mechanical leak paths, 
which affect the ability of the seal to work effectively [66]. Case leakage and ex- 
cessive eccentricity can also affect sealability. 

The frictional nature of the elastomer seal lip can radically affect the seal’s 
performance. High friction results in stickslip, frictional heat buildup, excessive lip 
wear, hardening of the lip, and elastomer degradation-all of which adversely affect 
the seal’s performance. 

Wave seals, helix seals, and other design modifications allow more oil at the 
lip- shaft interface and, therefore, effect lower friction. This is true during operation. 
However, the friction and wear problems begin at start-up. It takes time for the oil 
film to develop, and during this time, the seal lip is running on a dry shaft, generating 
frictional heat. Some of the newer seal designs minimize the time for the oil film to 
develop, but they do not eliminate dry start-up. To minimize dry start-up effects, 
low-friction elastomers should be used. This is an area where polymer modified 
materials have an advantage. They do not adversely affect the properties of the 
elastomer lip and provide low friction until the oil film develops. They also serve to 
minimize or eliminate stickslip. 

Some seals also include wiper lips (Fig. 9.22). These lips are designed to keep 
the shaft free from dust and dirt that can work its way under the seal and cause 
leakage. 

When using radial lip seals, the following cautions should be employed 
[43,67,68]: 

1 .  Verify the seal quality prior to installation. 
2. Verify that there is no shaft damage that will result in mechanical leakage 

or change the properties of the oil film. 

Figure 9.22 Illustration of typical seal lip geometries of radial lip seals with a wiper lip 
designed to keep external contamination out of the system. 
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3. Maintain clean oil in the system. 
4. Dirty oil affects the viscosity and adversely changes the properties of the 

oil film. 
5. Abrasive debris may result in seal lip abrasion and cutting. 
6. Choose the correct elastomer for the application. Incompatibility can affect 

the thin seal lip more dramatically in this type of seal. It is extremely 
important to verify the compatibility of the elastomer in the fluid of use at 
the maximum lip temperature. 

7. Remember that the thermal expansion of an elastomer is an order of mag- 
nitude greater than that for most metals, and as the elastomer expands, the 
nature of the lip changes. 

8. Properly handle and install the seal. 

If seal failure occurs, it is important that a detailed failure analysis is performed 
so that there is sufficient information available to address the failure and correct it 
[43]. A failure analysis check list follows. It should be used to accumulate sufficient 
information to review and analyze so that future failures can be avoided. By follow- 
ing the check list, information is accumulated at the time of failure and not trusted 
to memory to be recalled at a later time. Similar check lists can be used for all seal 
failures. This would aid in failure analysis. 

Radial Lip Seal Failure Analysis Checklist 

1. Note the condition of the system prior to removal 

Amount of leakage: Slight0 Heavy0 D a m p 0  
Condition of the area: Di r ty0  Clean0  Dusty0  
Leakage observed at: Area between lip & shaf t0  Between seal elementso 

Between O.D. & b o r e 0  At retainer gasketa 
Between wear sleeve & shaf t0  At retainer bolt ho les0  

2. After wiping the area clean, inspect for the following: 

Nicks on bore chamfer0 Seal installed improperly0 
Shaft to bore misalignment0 Seal cocked in b o r e 0  
Seal loose in b o r e 0  Seal case deformed0 
Paint spray or other deposits on s e a l 0  

3. If shaft can be rotated, observe for 

Excessive end p l ay0  Excessive run o u t 0  

4. If you could not determine the seal leak, dust the area with talcum powder and 
operate the system for approximately 15-20 min and see if the location of the leak 
can be determined. 

Location 

5. Mark the seal so you know how it was positioned and retain an oil sample for 
cleanliness and viscosity determination. 
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6. Inspect the hardware upon seal removal for 

Shaft: Clean0  DiscoloredO Corrodedo Damaged0 
Rough bore surface0 Deposits or coke on shaf t0  
Flaws or pits in b o r e 0  

7. Seal observations: 

Primary lip S o f t 0  Normal0 Hardened0 Damaged0 
Lip wear: Excessive0 Eccentric0 Normal0 N o n e 0  
Seal O.D.: Damaged0 Axial scratches or scores0 Normal0 
Spring: In p lace0  Missing0 Separated0 Corrodedo 

The effects of leakage are accumulative. When a few drops of leakage appear, 
sometimes they are ignored because after all: “It’s just a few drops.” Table 9.1 1 
shows what a few drops really mean. Considering that there are 45 gal per barrel, a 
few drops of leakage affects the overall operating cost. Once a leak starts, it never 
gets smaller. Making sure that operations start with the correct seal and a leak-free 
system is important, as downtime costs to change out the seal can be high. 

Radial lip seals may also be used in reciprocating systems. In this case, selected 
seals must be designed for this use. Normally, these seals have thicker lips and will 
work in systems where the surface speed is limited to 40 ft/min. 

0-rings can also be used as a rotating shaft seals [38]. 0-rings will give sat- 
isfactory performance up to speeds of 1500 ft/min. To use an 0-ring in a rotary 
application, the following guidelines need to be employed: 

The 0-ring should be located in a groove in the mating member. 
The 0-ring should be located as close to the lubricating fluid as possible. 
There should be little to no stretch on the 0-ring. 
The 0-ring should be used only as a seal and not as a load-bearing device. 
The concentricity should be better than 0.005 in. 
The smallest possible cross-section 0-ring should be used. 

Design guidelines for 0-rings in rotary applications are listed in Table 9.12. 

9.2.4 Mechanical Face Seals 

Mechanical face seals are used to prevent leakage in rotating shaft applications that 
exceed the capabilities of radial lip shaft seals and packings [43]. The seals have no 

Table 9.11 Oil Volume Lost by Leakage 

Loss per day Loss per week Loss per month 
Leakage rate (gal) (gal) (gal) 

I drop/lO s 0.09 0.66 2.7 
1 drop/5 s 0.19 1.32 5.6 

drop/s 1.05 7.32 31.5 
3 drop& 3.15 22 94 
5 drops/s 5.25 36.6 157.5 
Drips 20.0 I40 420 

I 
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Table 9.12 0-Ring Design Data for Rotary Applications; Groove Dimensions 

Cross-section Maximum 
rubbing Diametral Groove Bearing 
speed Gland clearance Groove radius Eccentricity length 

Nominal Actual (ftlmin) depth (E)" width ( R )  max.h minimum 

1/16 0.070 2 0.003 1500 0.065 -0.067 0.012-0.01 6 0.075-0.079 0.005-0.015 0.002 0.700 
3/32 0.103 ? 0.003 600 0.097-0.099 0.012-0.016 0.108-0.1 12 0.005-0.015 0.002 1.030 
118 0.139 2 0.004 400 0.133-0.135 0.016-0.020 0.144-0.148 0.010-0.025 0.003 1.390 

"For maximum working pressure of 500-750 psi: for higher pressures. clearances would he reduced 
"Total indicator reading between the groove O.D.. and shaft and adjacent bearing surface. 
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universal standards because designs and applications vary significantly. Four typical 
seal configurations are shown in Fig. 9.23. The seals tend to be customized for the 
specific application and differ widely based on specific application. They have sig- 
nificant advantages over radial shaft seals: They can handle all types of fluids- 
acids, salts, some abrasive media, and so on. They function in slightly misaligned 
and nonconcentric situations. They work with bidirectional shaft rotation, high pres- 
sure, temperature. and speed excursions. The condition of the shaft is not as critical 
for their performance and they normally have long operating lives. 

However, mechanical face seals require more space and unique configurations. 
The seal must be optimized for the specific applications, and because they replace 
an existing seal with a new design, hardware modifications are normally required. 
Mechanical face seals cannot handle axial end play. The sealing faces must be 
finished smooth (0.08-0.4 km) and can easily be damaged [43]. They cost signifi- 
cantly more initially because they are highly specialized and require hardware 
modifications. 

The performance of mechanical face seals is dependent on geometric, hydro- 
dynamic, and thermal effects [38]. All of these factors interact and make mechanical 
face seal designs complex. The geometric factors include face deformation, shaft 

Figure 9.23 Illustrations of typical mechanical seal configurations. (a) Rotating seal head 
pressure on the outside diameter of the faces: (b) rotating externally mounted seal head 
pressure on the inside diameter of the faces; (c) stationary internally mounted seal head 
pressure on the inside diamcter of thc faces; (d) stationary externally mounted seal head 
pressure on the outside diameter of the faces. 
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eccentricity, misalignment, and vibration. Hydrodynamic effects concern the fluid to 
be sealed and include viscosity, lubricity, and surface tension. Thermal effects include 
vapor pressure and the sealing face heat buildup due to friction and thermal 
conductivity. 

Mechanical face seals are not zero leak seals. For a 2-in. seal operating at 3000 
rpm, typical leakage is 0.1-10 cm'h. When volatile fluids are sealed, liquid-phase 
leakage may appear to be zero, but vapor-phase leakage on the order of 0.1-10 g h  
is possible. Vapor-phase leakage may also occur when the seal is stationary. A first 
approximation of leakage can be estimated by 

where 

q = absolute viscosity of the liquid being sealed (N.s/m') 
N = rotational speed (rpm) 
P = closing force per unit area of interface (MPa) 
D,, = outside diameter of seal interface (mm) 
p = sealed pressure differential (MPa) 
b = interface radial width (mm) 

Mechanical face seals are best specified by working with the seal manufacturer 
and it is critical that during the specification process, all system parameters and 
requirements are reviewed. Key requirements that the mechanical face seal should 
meet are specific to the application [38,43]. These are listed below and it is important 
that the seal manufacturer demonstrate how these requirements are to be met for the 
seal being recommended for the application. 

For water and fuel applications, low shaft erosion, high-temperature opera- 
tional capability, and abrasion resistance are key seal requirements. For slurries, the 
seal should be abrasion resistant. For food and medical applications, the seal must 
include all approved materials. The seal needs to be abrasion resistant. It should have 
a profile that eliminates trapping of material and it should be capable of withstanding 
multiple system sterilizations. 

For mildly corrosive fluids and refrigerants, the seal needs to have low shaft 
erosion; it must have corrosion resistant materials and be abrasion resistant. It must 
have demonstrated low leakage. For highly corrosive fluids, it should meet the same 
requirements for seals used with mildly corrosive fluids and, in addition, have pre- 
dictable life so that preventive maintenance can be performed prior to seal failure. 

For hydrocarbons, seal requirements are dictated by the operation temperature 
of the system. For hot systems, the seal should have low shaft erosion, abrasion 
resistance, and low leakage, and be capable of high-temperature operation. For lower- 
temperature systems, the seal must have low leakage and be capable of sealing high 
pressures at low temperature. 

For gas compressors, the seal must be capable of operating at high temperature 
and pressure with low leakage. It must also accommodate high shaft speeds. 

Although most of the discussion on seal requirements, design, and performance 
are specific to the application, there are some basic properties of the seal face: 
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Hardness of seal face materials is expressed in values on the Moh scale [43]. 
Hardness for a seal face material is a measure of the material’s resistance to 
scratching. The Moh scale ranges from 1 for talc to 10 for diamond. For a 
mechanical face seal to function properly, the wear plates should have a 
higher hardness than the mating seal face. The wear plate should also have 
a higher hardness than any particulate matter suspended or found in the fluid. 

Stiffness in the seal face resists distortion caused by pressure gradients, thermal 
gradients, and speed distortion. In some applications, low stiffness is desir- 
able to allow the seal to conform to the mating surface. Stiffness can be a 
function of both material selection and design. Stiffness is reflected by the 
elastic modulus of the material. 

Tensile strength is important in calculating hoop stress, which is the result of 
internal hydraulic pressure. A seal face must have sufficient tensile strength 
to withstand the hoop stresses present in the system. Seal design can accom- 
modate a lower-tensile-strength material, but it is important that this is dem-
onstrated prior to seal selection. 

A low coeficient of thermal expansion is required to resist the risk of failure 
by thermal shock. This is very important when the elastic modulus is high 
and the tensile strength and thermal conductivity are low. 

Thermal conductivity controls the temperature gradient from localized hot 
spots. If the thermal conductivity is low, spalling, heat checking, and seal 
failure can result. 

A high-density sealing face increases the mass of the rotating parts and can 
make it difficult to obtain dynamic balance of the seal assembly. 

Temperature limitation and chemical compatibility are obvious requirements. 
The sealing face material must be capable of operating in the required tem- 
perature range without a drastic change of properties. If there is system 
incompatibility, seal failure is the result. 

Finally, the seal face must exhibit low wear. Unfortunately, seal face wear data 
are not always true indicators of seal wear because of the influence of the 
actual operating conditions and environment. Laboratory-controlled wear 
tests on the seal face materials often underestimate the actual seal face wear 
in an actual service. 

As with all other seals, mechanical face seals do have finite life and it is 
important to analyze the seal failure to make changes or to at least assess predicted 
life to avoid unanticipated system shutdowns. If premature leakage occurs, this could 
be the result of improper seal selection, use, or installation. It could also be the result 
of incorrect material usage. If a seal fails due to leakage, it is important to note the 
conditions prior to failure and the condition of the hardware, fluid, and seal on 
disassembly. This information is important for determining the cause of failure and 
implement corrective action. The items that need to be observed and noted include 
the following: Does the seal leak steadily whether the shaft is rotating or stationary? 
Is there steady leakage at low pressure and no leakage at high pressure? Is there 
steady leakage when the shaft is rotating but little to no leakage when the shaft 
is stationary? Is there visible seal damage? If there are elastomers present, what 
are their condition? Is there hardware damage? Did the seal appear to be installed 
correctly? 
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10 SUMMARY 

The subject of seals is often ignored when a system is being designed. This is true 
more often than not because the seals represent the lowest cost items of the system. 
They are the afterthought: as long as it is black and round, it should work. A recent 
ad showed a picture of a $600,000 0-ring. It had failed prematurely and the resulting 
cost in system damage, downtime, lost revenue, and lost customers totaled this value. 
Although this might have been an exaggeration, the message should be clear. As 
much care and effort should be put into finding the optimum seal for a system as 
goes into the rest of system design. A system is only as good as the seals used to 
make it work. Cost-efSective is a very important term that seems to be ignored in 
today’s hectic environment. Care should be taken in selecting and maintaining the 
best seals for the system to avoid the $600,000 0-ring. 
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1 INTRODUCTION 

One method of evaluating lubrication properties of a hydraulic fluid is to perform a 
test in the hydraulic pump (or motor) of interest. However, this is clearly impractical 
in view of the numerous pump manufacturers and models available. This issue may 
be further complicated because various types of pumps may be configured differently 
or manufactured with different materials, depending on the pump manufacturer. This 
problem could be greatly simplified with the use of one or at least a limited number 
of “standard” hydraulic pump tests. 

One standard test, ASTM D-2882 [ l ] ,  has been developed for this use. This 
test is conducted for 100 h with a Sperry-Vickers V-104 vane pump with a 5-gal 
(19.9-L) reservoir at 65”C, 13.8 MPa (2000psi), and 1200 rpm, using an 8-gaVmin 
(30.3-L/min) cartridge. The German specification, DIN 51389, is the same except 
that the test is conducted for 250 h, 50°C, 10.3 MPa (1500 psi), and 1500 rpm. 
Recently, the American automotive industry has issued a hydraulic fluid testing spec- 
ification also incorporating the Sperry-Vickers V-104 vane pump [Z]. 

Although the Sperry-Vickers V-104 vane pump has wide acceptance and has 
served the industry well, it does possess a number of disadvantages, such as relatively 
high cost per test and a test duration that is sufficiently long to preclude its use for 
such applications as quality control testing and general fluid development, as well 
as used fluid performance troubleshooting. Therefore, it would be desirable to de- 
velop a faster, lower-cost “bench test” as a viable alternative to routine pump testing. 

523 
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In Section 2.1 of this chapter, the “bench-test” performance results using a 
number of ASTM test procedures to comparatively evaluate the lubrication perfor- 
mance of a number of experimental hydraulic fluids relative to the results obtained 
for the same fluids using ASTM D-2882 will be reported. A summary of custom- 
designed bench tests that have been reported to successfully model V- I04 vane-pump 
antiwear results will be discussed. This will be followed by a discussion of the 
evaluation of expected lubrication performance based on fundamental lubrication 
concepts. Finally, general recommendations will be offered for consideration for 
future hydraulic fluid “bench-test” development. 

Silva published a thorough review of the wear mechanisms in hydraulic pump 
operation 131. The role of cavitation, adhesion, corrosion, and abrasion wear was 
described. Also discussed was the role of fluid viscosity and the speed and loading 
at the wear contact as modeled by the classic Stribeck curve illustrated in Fig. 10.1. 
However, discriminating methods of experimental modeling of pump wear were not 
discussed. 

There are numerous references to the use of hydraulic pump tests to evaluate 
component durability [4,5] or to evaluate some aspect of component design features 
on either the efficiency or mechanism of energy transfer. However, there are fewer 
references on the development and use of hydraulic pumps as “tribological tests” 
to evaluate fluid lubrication wear. 

There have been some references describing the impact of fundamental lubri- 
cation properties of hydraulic fluids, such as film thickness, on pump wear using the 
hydraulic pump as a tribological test [6]. However, there are a number of problems 
with such testing procedures which include pump cost, energy, and components, 
relatively long testing times, relatively poor manufacturing precision of some of the 
components for use in reproducible tribological testing, and volumes of fluid required 
and subsequent disposal. Therefore, there has been a long-standing effort to develop 
“bench-test” alternatives to evaluate hydraulic fluid lubricity [7]. 

VlSCQ-CITY 
LOAD 

Figure 10.1 Illustration of the effect of wear contact loading and speed, and fluid viscosity 
on wear (Stribeck curve). 
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Because standardized bench tests have been generally shown to be unreliable 
[8-151, pump lubrication often must be examined using hydraulic pumps with a 
range of test conditions and appropriate material pairs [131. Section 2.2 of this chap- 
ter will provide an overview of various pump testing procedures that have been used 
to study hydraulic fluid lubrication. This discussion will include vane-, piston-, and 
gear-pump testing procedures and also a summary of evaluation criteria will be 
provided. 

2 DISCUSSION 

2.1 Part I: Bench-Test Correlation [16] 

2.1.1 ASTM D-2882 Test Results 

The pump tests were conducted according to ASTM D-2882 [11 with the following 
modifications: 

A 1-gal reservoir was used. (ASTM D-2882 calls for a 5-gal reservoir.) 
Instead of solvent flushing, as required by ASTM D-2882, the pump was 
dismantled; the heat exchanger and recirculation hoses were removed and 
cleaned individually and thoroughly to eliminate any possibility of system 
contamination. 

Five experimental fluids representing a wide range of wear, but not pump 
failure, were evaluated. Where sufficient quantities of fluid were available, the pump 
tests were run in duplicate. The results obtained are shown in Table 10.1. The fluids 
selected show four to five orders of magnitude difference in wear rates and the results 
are reasonably reproducible. 

2.1.2 Shell 4-Ball Test Results 

Various forms of the Shell 4-ball test are frequently encountered in fluid lubrication 
tests. Performance criteria as purchasing specifications for hydraulic fluids and for 
wear characterization of new and used fluids. 

The Shell 4-ball test is conducted by mounting four balls; three balls are fixed 
in the bottom assembly and the top ball is rotated at a constant rpm speed. These 
and the applied load are shown in Fig. 10.2. This test was conducted according to 
ASTM D-4172 [17] with an applied load of 40 kg (88 lbs.) and a rotational speed 

Table 10.1 ASTM D-2882 Pump Test Results 

Wear rate (mgh)" 

Fluid ID Trial 1 Trial 2 Average 

2.2 1.1 1.65 
0.16 0.06 0.11 
0.10 0.50 0.30 

23.0 18.6 20.8 

"The wear rates were calculated by dividing the total wear of the vanes 
and the ring (mg) by 100 (h) to give m g h .  
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ROTATING BALL 

,3 STATIONARY 

RETAINING CUP 

Figure 10.2 Illustration of the four-ball test configuration. 

of 1200 rpm. The test was conducted for 1 h and the wear scar was measured. 
Typically, the temperature range for this test was 23-47OC, as there is no way to 
control the reservoir temperature on this test rig. 

The test results, which are summarized in Table 10.2, showed that although 
the wear scar was generally reproducible, there was essentially no correlation with 
the ASTM D-2882 pump test results. 

The Shell 4-ball test and a test modification where the bottom three balls were 
replaced with rollers has been used to characterize polyol ester, phosphate ester, and 
water-glycol hydraulic fluids [18]. This work showed that these tests gave erratic 
results, especially for water-glycol hydraulic fluids. 

Perez et al. [ 19-21] developed a “sequential” four-ball test which was reported 
to provide an excellent correlation with the Speny-Vickers 35VQ vane pump test 
[22] for mineral oil, phosphate ester, and water-glycol hydraulic fluids. This test 
was also used to compare new and used hydraulic fluids [23]. 

Table 10.2 ASTM D-2882 Correlation with the Shell 4-Ball 
Wear Scar Results (ASTM D-4172) 

Wear scar (mm) D-2882 
Fluid Wear 
ID Trial 1 Trial 2 Average (mgW 

1 0.73 0.79 0.76 1.65 
2 0.58 0.58 0.58 0.11 
3 0.78 0.7 1 0.74 0.30 
4 0.72 - 0.72 20.8 
5 0.51 0.47 0.49 0.01 
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527 Bench and Pump Testing 

Figure 10.3 Illustration of the Falex pin-on-V-block test configuration. 

2.1.3 Falex Pin-on-V-BlockTest 

Another widely used lubrication antiwear evaluation is the Falex pin-on-V-block test. 
The test configuration is illustrated in Fig. 10.3. The work discussed here was con- 
ducted according to ASTM D-2670 [24]. 

Wear may be recorded as the number of teeth on the instrument ratchet mech- 
anism advanced over the duration of the test, weight loss, or wear scar. For this 
work, the number of teeth advanced was evaluated. The results are shown in Table 
10.3. (The weight-loss data will be described subsequently.) 

One of the greatest disadvantages of these bench tests is that it is not possible 
to control the reservoir temperature [25]. To evaluate the effect of temperature, this 
test was conducted with an experimental apparatus equipped with a reservoir tem- 
perature control [16]. The use of fluid reservoir temperature gave essentially the same 
results as described above and did not provide better correlation with the ASTM D-
2882 test results [16]. 

The Falex antiwear test using the pin-on-V-block test configuration was mod- 
ified to provide a conforming journal contact as shown in Fig. 10.4 [26,27]. Along 
with the journal contact with a conforming surface, the test system was modified to 
provide reservoir temperature control and filtration. This system was designated the 
“gamma-Falex” test and has been reported to successfully model the ASTM D-2882 
test when used for water-containing hydraulic fluids (e.g., water-glycol and high- 
water-base fluids) [25,26,28,29]. 

Table 10.3 Falex Wear Pin-on-V-Block Test Correlation With 
ASTM D-2882 

D-2882 
Fluid Unheated No. Weight 10s s Wear rate 
ID of teeth (mg) (mgW 

1 
2 

18, 9 (13.5) 
24, 30 (27) 

0.0251 
0.045 

1.63 
0.1 1 

3 43, 56 (49.5) 0.0601 0.30 
4 122 20.8 
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Figure 10.4 Illustration of the wear contact configuration for the gamma-Falex test. 

2.1.4 Correlation of SRV Test Results with ASTM D-2882 

Another test with a wide variety of possible wear contact configurations is the SRV 
test. This test was conducted with the ball-on-disk test configuration shown in Fig. 
10.5 [30]. The test was conducted at 50°C. The break-in load was 50 N and the test 
load was 200 N at 50 Hz with a 1.00-mm stroke. The data reported for this test were 
wear scar (length and width) and the coefficient of friction (maximum and minimum). 
The results obtained from this study are summarized in Table 10.4. As with the 
previous studies, no correlation with ASTM D-2882 pump wear was observed. 

2.1.5 Timken Test Correlation with ASTM D-2882 

The Timken wear test utilizes a block-on-ring wear contact, as illustrated in Fig. 
10.6. This test was conducted according to ASTM D-2782 [31] using four of the 
hydraulic fluids shown in Table 10.I .  The fluids used for this work were selected to 
represent fluids with similar composition but significantly different ASTM D-2882 
wear rates. The wear test comparison is provided in Table 10.5, which shows essen- 
tially no correlation. 

Figure 10.5 Illustration of the ball-on-disk test configuration used for the SRV test. 
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Table 10.4 SRV Ball-on-Disk Antiwear Test Comparison with ASTM 
D-2882 Results 

Ball wear scar 

Fluid (mm) Coeff. of friction ASTM 
D-2882 

ID Min. Max. Min. Max. (mgW 
~ 

1 0.65 0.60 0.09 0.1 15 1.64 
2 0.50 0.45 0.06 0.475 0.11 
3 0.60 0.55 0.09 0.13 0.30 
4 0.75 0.95 0.095 0.130 0.18 
5 0.70 0.65 0.096 0.175 20.8 
6 0.80 0.80 0.095 0.485 0.008 

2.1.6 Cyclic Contact Stress Test Correlation with ASTM 0-2882 

One common feature of all the bench tests reported thus far is that the geometry of 
the wear contact is different from the vane-on-ring wear that is actually being mea- 
sured. One test that has been introduced recently by Falex Corporation is the “Cyclic 
Contact Stress Test” which actually has a 3-vane-on-disk wear contact, as shown in 
Fig. 10.7. 

The cyclic contact stress test is conducted at a lubricant flow rate of 19 L/min 
( 5  gal/min), 65”C, and 1500 rpm. The load is increased by 45 kg (100 lbs.) every 2 
min until a total test load of 360 kg (800 lbs.) is achieved. If the test fails before 
the maximum load of 360 kg (800 lbs.), the last load to pass the test is recorded. 
The average torque and coefficient of friction is also reported. The data obtained for 
the fluids evaluated by this test are summarized in Table 10.6. No simple correlation 
with ASTM D-2882 wear was observed. 

Of the various tests conducted thus far, this test most closely models the ASTM 
D-2882 wear contact. However, it produced one of the poorest correlations. One 
possible explanation is that the contact pressure and speed of the bench test may be 
significantly different from that actually encountered in the pump. Also, better fluid 
temperature control would be desirable. Therefore, this test is in the process of being 

LOAD 
FRICTIONAL I 

CUP 

Figure 10.6 Illustration of the block-on-ring wear contact of the Timken wear test. 
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Table 10.5 Comparison of Timkin Wear Test Results with 
ASTM D-2882 

D-2882 
Fluid Tiniken wear Test (kg) Wear rate 
ID OK load failure load (mgW 

18 21 1.65 
18 2 1  0.1 1 
15 18 0.30 
15 18 20.8 

/ y & L  RETAINING CUP 
*ROTOR BLADE SPEC. 
HOLDER 

H~+-UPPERVANESPECIMEN 
--‘RETAINING RING 

VANE STRESS RING 

Figure 10.7 Illustration of the 3-vane-on-disk wear contact used for the “cyclic contact 
stress test.” 

Table 10.6 Cyclic Contact Stress Test Correlation with 
ASTM D-2882 Results 

Fluid Load Torque Coeff. of D-2882 
ID (Ibs.) (1b.-in.) friction (mgW 

1 700 31.1 0.070 1.65 
2 600 27.6 0.068 0.11 
3 700 28.4 0.064 0.30 
4 700 32.2 0.073 0.008 
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repeated under wear conditions more closely approximating the condition encoun- 
tered in the V-104 vane pump. 

Jung et al. used a hydraulically operated vane-on-disk test apparatus to study 
the wear mechanism and lubrication of a vane on a cam ring [32]. The results of 
this study showed that the vane tip operated in a transition between hydrodynamic 
to mixed-film lubrication. 

2.1.7 FZG Gear Test [33,34] 

Reichel has reported the use of an FZG gear test to compare the antiwear perfor- 
mance of a hydraulic oil and vegetable oil with and without the addition of antiwear 
additives [34,35]. The test configuration of the FZG gear apparatus is illustrated in 
Fig. 10.8. It is used to measure wear with increasing increments of load. The results 
of this work, shown in Fig. 10.9 [34], exhibited the expected differences in the 
antiwear properties of these fluids. However, direct correlations with pump wear was 
not provided nor was the ability of the FZG gear test to discriminate between small 
differences in antiwear properties demonstrated. 

2.1.8 Custom Bench Tests 

Although it would be desirable to conduct bench tests as alternatives to hydraulic 
pump testing, with few exceptions these tests have provided poor correlation with 
pump lubrication. For example, Renard and Dalibert found no correlation between 
either the Shell 4-ball (ASTM D-2596-87 [36]) or “extreme pressure” (ASTM D-
2783 [37]) tests and wear results obtained with a Sperry-Vickers V-104 vane pump 
test (ASTM D-2882) [ 13. Knight reported, “. . . Regrettably the data from these tests 
not only failed to give quantitative correlation with data determined from machines, 
but even the ranking between different fluids failed to agree.. . .” [9]. More recently, 
Lapotko et al. reported that 4-ball test results “. . .may deviate considerably from 

END PLATE 

Figure 10.8 Schematic illustration of the FZG gear test machine. 
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Figure 10.9 Evaluation of the antiwear properties of a rapidly biodegradable hydraulic 
fluid using the FZG gear test. 

the data obtained in actual service . . .” [101. Urata also found no correlation between 
4-ball wear and the V-104C pump wear results for a series of high-water-base hy- 
draulic fluids [38]. 

These problems were confirmed in the above discussion in which the inability 
of “standard” bench tests to model the ASTM D-2882 Vickers V-104 hydraulic vane 
pump wear was described. However, in some cases, bench tests have been either 
specially modified or even custom designed to model wear of a specific contact 
within a pump. Selected examples will be provided in the following discussion. 

University of Aachen Sliding Wear Bench Test 
A custom-designed bench test was reported by Jacobs et al. which was used to 
examine sliding wear occurring in hydraulic pumps with different material pairs [39]. 
This machine is schematically illustrated in Fig. 10.10.The wear contact is a rotating 
disk. 

University of Leeds Testing Machine 
Priest et al. have also reported a bench test that is custom designed as illustrated in 
Fig. 10.11 to model the sliding wear contact in the V-104 vane pump [40]. A sche- 
matic comparison of the wear contacts in the bench and V-104 vane pump tests is 
illustrated in Figs. 10.12 and 10.13, respectively. Excellent correlation between the 
bench and vane pump tests has been reported [40]. 

Cameron-Plint Wear Test Apparatus 
The effect of metallurgy on sliding wear using various hydraulic fluids for aerospace 
applications has been performed using the Cameron-Plint wear testing apparatus 
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UPPER TEST DISK 

DA = I10 mm 
D I =  80mm 

LOWER TEST DISK 

0
B=Smm 

DA = 110 mm 
D I =  80mm 
To= 10mm 

Figure 10.10 Aachen mixed-friction sliding wear machine. 

shown in Fig. 10.14 [41]. In this test, the sliding motion of an upper cylinder on a 
lower plate surface is controlled by a variable-speed motor. 

Unisteel Rolling Fatigue Machine 
Another bench test that has been used to model hydraulic fluid wear is the Unisteel 
rolling fatigue machine shown in Fig. 10.15. In this test, a flat ring forms the upper 

Figure 10.11 University of Leeds test machine. 
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j ROTAT?NG DISK 
(4100 mm) 

Figure 10.12 Wear contact for the University of Leeds test machine. 

VANE TIP 
DETAIL

'-a 
Figure 10.13 Wear contact for Vickers V-104 vane pump. 

HEATER VIBRATOR 

TEMPERA 

Figure 10.14 Cameron-Plint wear test machine. 
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LUBRICATION LqAD 

Figure 10.15 Unisteel rolling fatigue machine. 

part of a thrust bearing which contains the cage, half the balls, and one rase from a 
production thrust bearing assembly [42]. 

Modi$ud Arrisler Disk Machine 

The potential for yellow metal wear that may occur with bronze or brass slippers 
may be evaluated using a modified Amsler disk machine. The modification, shown 
in Fig. 10.16, entails the replacement of one of the original disks in the machine by 
a phosphor-bronze or high-tensile-brass block. The block is spring-loaded to the 

1. BLOCK HOLDER 
2. UPPER SHAFT OF THE 

AMSLER MACHINE 
3. BRONZE BLOCK 
4. STEEL DISK 
5. LOWER SHAFT OF 

THE AMSLER MACHINE 
6. DISPLACEMENT TRANSDUCERY', 

Figure 10.16 The setup of the Amsler rig. 
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disk surface. Wear is continuously recorded using an inductive displacement trans- 
ducer. Excellent correlation with piston-pump, slipper-pad wear was obtained as 
shown in Fig. 10.17 [43]. 

2.1.9 Hydraulic Fluid Evaluation Using Fundamental 
Lubrication Parameters 

Stribeck-Hersey Curve 
Hydraulic fluid lubrication may occur by one of at least four wear mechanisms: 
hydrodynamic, elasto-hydrodynamic (EHD), mixed-film, and boundary lubrication. 
The particular mechanism encountered is dependent on the film viscosity, velocity, 
and applied load as illustrated in Fig. 10.1 [ 3 ] .  Hydrodynamic lubrication is char-
acterized by relatively thick films, typically >300 nm, which are substantially thicker 
than the asperity contacts of the wear surface. EHD lubrication is characterized by 
thin-film lubrication. Although the lubrication films are only -30 nm thick, they are 
greater than the asperity contacts. Film thicknesses for boundary lubrication, typically 
approximately 3 nm, are less than the height of the asperity contacts. Mixed-film 
lubrication occurs at the transition from EHD to boundary lubrication. 

Ideally, hydraulic pumps operate in the hydrodynamic lubrication regime [31. 
Under these conditions, the lubricating capability of the fluid is primarily dependent 
on the fluid film viscosity. However, it is not possible to assure hydrodynamic lu- 

PHOSPHER-BRONZE WEAR RATE IN AMSLER (pm h-1) 

Figure 10.17 Correlation between the results of pump and Amsler tests. 
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brication under all operating conditions. For example, start-up conditions, oscillating 
motion, and so forth can create contact speeds insufficient to support hydrodynamic 
lubrication. Thus, a hydraulic fluid must exhibit some antiwear characteristics. 

Pegorrnance Map Characterization 

It is possible to construct “performance maps” to identify EHD, mixed-film, and 
boundary lubrication properties of a hydraulic fluid [14,44,45]. A typical performance 
map is illustrated in Fig. 10.18. 

As Fig. 10.18 shows, performance maps are constructed in terms of rolling 
speeds (R) and sliding speeds ( S ) .  This is important because the generation of an 
EHD film is primarily a function of the entraining velocity (R)in the inlet region of 
the Hertzian contact (see Chapter 3). In this region, lubricating film generation is 
primarily a function of the physical properties (viscosity, pressure viscosity coeffi- 
cient, etc.) of the hydraulic fluid. The sliding speed ( S )  determines the shear strain 
within the high-pressure Hertzian contact region. This region is important with re- 
spect to heat generation, surface film formation, wear, and scuffing within the tri- 
bocontact (see Chapter 6). The magnitude of the degree of surface interaction 
achieved, as a result of thin EHD films, influences the chemical properties of the 
fluid (e.g., adsorbed films, chemical reaction films, tribochemical reactions, and ther- 
mal/oxidative stability). 

A correlation between the Ryder gear test, Shell 4-ball antiwear test, and their 
predictive placement on a performance map has been made [14]. As Fig. 10.19 
shows, the lubrication results of the test represent just one point on the overall 
performance map and perhaps this point may be outside of the range required for 
the various lubricated surfaces in a particular hydraulic pump design. In fact, this is 

S M R E  W M 
AND SCUFFING 

0 1 2 3 4 5 

R. ENTRAINING VELOCITY (mls) 

Figure 10.18 Illustration of a typical performance map for a hydraulic fluid. 
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Figure 10.19 Map of entraining velocity ( R )  and sliding velocity ( S ) .  

a deficiency of conducting bench tests relative to the varying lubrication requirements 
in a machine, such as a hydraulic pump. 

Wear Contuct Geometry 
The contact geometry of a tribocontact should also be considered. There are typically 
three characteristic types. These are point contact (such as ball-on-disk), line contact 
(such as a roller-on-disk), and an area contact (such as a flat surface-on-disk). All of 
these represent uniquely different lubrication problems and, ideally, the contact ge- 
ometry of the tribocontact should reasonably model the actual system being studied 
1461. The common tribocontact surface geometries are shown in Fig. 10.20 [47]. 

It is recommended that the contact geometry of the bench test selected reason- 
ably model the actual system 147,481. Recently, Voitik has recommended the use of 
“tribological aspect numbers (TAN)” to quantitatively and systematically character- 
ize a wear contact [49]. 

There are four characteristics to be determined in the calculation of a TAN 
1401: 

LINE AREA POINT 

Figure 10.20 Tribocontact surface-geometry classification. 
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TRIBOLOGICAL ASPECT NUMBERS 
CONTACT VELOCITY CHARACTERISTICS 

I.UNIDIRECTIONAL 2. CYCLIC 

3.ROLLING AND SLIPPING 4. FRETTING 

Figure 10.21 Contact-velocity characteristics for TAN calculation. 

1. Contact velocity 
2. Contact area 
3 .  Contact pressure 
4. Entry angle 

CONTACT-VELOCITY CHARACTERIZATION. There are four contact-velocity 
characteristics which are illustrated in Fig. 10.21: (1) unidirectional, ( 2 )  cyclic, (3) 
roll/slip, and (4) fretting. The first digit of the TAN number is selected from 1 to 4. 

CONTACT-AREA CHARACTERIZATION. The second digit of the TAN represents 
the contact-area characteristic and is selected from one of the eight possible values 
illustrated in Fig. 10.22: (1) point to point, (2) line to line, (3) point to area (circle), 
(4) line to area (rectangle), ( 5 ) area to area, (6) smaller area to larger area, (7) open 
fixed area, and (8) open variable area. 

CONTACT-PRESSURE CHARACTERISTIC. The third digit of the TAN number is 
selected from one of the three contact-pressure designations shown in Fig. 10.23: (1) 
unidirectional, (2) high frequency, and ( 3 )  cyclic loading. 

TRIBOLOGICAL ASPECT NUMBERS 
CONTACT AREA CHARACTERISTICS .+. 1-4 e+@ 1+5 

1.POINT Z.LINE 3.POINT 4. LINE 
TO TO TO TO 

POINT LINE AREA AREA 

5.AREA 6.AREA- 7.0PEN 8.OPEN 
TO TO LARGER FIXED VARIABLE 

AREA AREA AREA AREA 

Figure 10.22 Contact-area characteristics for TAN calculation. 
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TRIBOLOGICAL ASPECT NUMBERS 
CONTACT PRESSURE CHARACTERISTICS 

1. UNIDIRECTIONAL 2. HIGH FREQUENCY 

3. CYCLIC LOADING 

Figure 10.23 Contact-pressure characteristics for TAN calculation. 

INTERFACIAL ENTRY ANGLE. Nine characteristic entry angles have been char- 
acterized between 0" and 90" and are shown in Fig. 10.24. These values reflect 
hydrodynamics, plowing, starvation, debris entry, thermal conductivity, and other 
effects on tribological wear. 

Values reported by Voitik for some of the bench tests reported here are sum- 
marized in Table 10.7 1491. None of the test configurations exhibit the same TAN 
as the vane-on-disk, which models the vane-on-ring of the vane pump. Also, different 
TANS would be expected for bearing lubrication (e.g., cylinder in bore) encountered 
in other pump designs. 

Table 10.8 summarizes various TANS for different wear contacts that may be 
encountered in hydraulic components. The wear surfaces (1 -19) from Table 10.8 are 
illustrated in Fig. 10.25 ( 1  - 14), Fig. 10.26a (15- 17), and Fig. 10.26b ( I  8 and 19). 

2.1.10 Bench-Test Considerations 

In addition to modeling the actual wear mechanism in the hydraulic pump, a suc-
cessful bench test should do the following [47]: 

Figure 10.24 Interfacial entry angles for TAN calculation. 
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Table 10.7 Comparison of 
Tribological Aspect Numbers of 
Various Bench-Test 
Configurations 

TAN Contact geometry 

1418 Timken 
1317 Shell 4-Ball 
1419 Vane-on -Di sk 
1519 Pin-on-Disk 
1318 Ball-on-Disk 
3229 FZG Test 

Reproduce the wear mechanisms in the application of interest 
Reproduce the temperature level of the material during normal wear 

Accelerated tests may rate lubricants in the correct order (which did not occur 
in the work described earlier in this chapter); however, the magnitude of the differ- 
ence between the fluids studied may not be proportional with actual field experience 
[481. 

If a bench test is to model field experience, it should do the following [48]: 

Table 10.8 Wear Aspects of Significant Parts and Subassemblies 

TAN no. 

Item no. Description Material A B C D 

01 Cylinder barrel bushing Brass 3 4 2 9 
02 Cylinder control surface Brass 2 7 2 1 
03 Valve plate Nitrided steel 2 7 2 1 
04 Piston Nitrided steel 3 4 3 8 
05 Slipper shoe Brass 3 6 3 1 
06 Swash plate Nod. cast iron GGG-60 2 5 3 1 
07 Sliding plate Nitrided steel 2 5 3 1 
08 Saddle bearings Brass 2 5 3 1 
09 Retainer ball Nitrided steel 2 4 3 9 
10 Retainer plate Tool steel 2 4 3 9 
1 1  Drive shaft Steel, induction hardened 2 5 3 0 
12 Cylinder roller bearing Steel, hardened 2 4 3 9 
13 Shaft seal F W T F E  2 4 3 1 
14 Seals BUNA-NFKM 2 6 3 0 

15 Control piston Tool steel, induction hardened 2 5 3 1 
16 Piston housing Cast iron GGG-40 2 5 3 1 
17 Slide stone Steel, hardened 2 5 3 1 

18 Control-valve housing Cast iron GGG-40 3 5 2 8 
19 Control-valve spool Tool steel 3 5 2 8 
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Figure 10.25 Wear surface TANS for the axial piston pump. See Table 10.8 for part labels. 

Provide reasonable reproducibility. 
The results obtained must have some degree of correlation with results 
observed in actual service. 

Although the bench tests discussed here were reasonably reproducible, they 
provided poor, if any, correlation with hydraulic pump results. By this criteria, none 
of the tests evaluated were suitable models of hydraulic performance. 

It is also important to recognize the various forms of wear that may occur in 
pump operation. Some of these include the following [3]: 

Abrasive wear 
Adhesive wear 
Cavitation wear 
Corrosion wear 

With bench testing of hydraulic fluids under atmospheric pressure, it is difficult 
to model exactly the fluid pressure conditions encountered in hydraulic pumps. Thus, 
potential for wear by cavitation may not be observed. Similarly, corrosive processes 
or rolling contact fatigue often take many hours, days, or even months to occur in 
actual operation. They simply will not have time to occur under the accelerated 
conditions of the bench test. Furthermore, the promotion of the accelerated wear 
conditions may actually be accompanied by a change in the wear mechanism; for 
example, from abrasive to adhesive failure. 

Recently, Mizuhara and Tsuya studied the ability of a block-on-ring test (ASTM 
D 2714-68 [ S O ] )  to model three different hydraulic pump (vane, gear, and piston) 
tests. The hydraulic fluids studied were antiwear oil, water-glycol, oil-in-water emul- 
sion, water-in-oil emulsion, phosphate ester, and polyol ester. The conclusions from 
this study were as follows [ 131: 

It was necessary to evaluate the fluids under a wide range of conditions. 
Load-carrying capacity has nothing to do with the antiwear properties. 
Accelerated tests usually provide the wrong results. 
Materials for the actual test pieces must be similar to the actual machine. 
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16 15 16 

19
I 

Figure 10.26 TAN characterization of valve wear surfaces. See Table 10.8 for part labels. 

To successfully evaluate the wear characteristics of hydraulic fluids, a wear 
test in a hydraulic pump must be conducted. 

The following test strategy was recommended for the use of laboratory wear- 
testing machines: 

1. Rank hydraulic fluids according to hydraulic pump tests. 
2. Evaluate hydraulic fluids in a wear-testing machine under a wide variety 

of test conditions and material pairs. 
3. Determine the testing condition that provides the proper fluid ranking ac- 

cording to hydraulic pump tests. 
4. If the proper testing conditions are not found, expand the test variables. 
5. Repeat procedure 3; if inadequate correlations are obtained, change the 

wear-testing apparatus. 
These conclusions, while cumbersome, are reasonable in view of the tribolog- 

ical principles reviewed earlier. 
Ludema has stated that “the best approach to wear modeling is to develop an 

organized way to accumulate empirical results from tests that simulate practical sys- 
tems and build models from those data” [51]. Clearly, if such a database were 
available, it would greatly facilitate correlation of standard wear test results to those 
obtained with hydraulic pumps under widely varying wear conditions. 

2.2 Part II: Lubrication Characterization by Pump Testing 

2.2.1 Pump-Failure Modes 

There are numerous reasons for conducting laboratory hydraulic pump tests. These 
include [151: 
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1. To compare the differences in equipment performance 
2. To obtain controlled performance experience with new fluids 
3. To troubleshoot field performance problems 
4. To obtain comparative lubrication data on various hydraulic fluid types and 

manufacturers. 

Pump failures are typically accompanied by increased noise and loss of volu- 
metric efficiency. During the course of conducting pump tests, as a minimum, ob- 
servations must be made to determine the cause of pump performance loss or failure. 
Preferably, more quantitative wear determinations coupled with photographic record- 
keeping and a continuous analysis of pump operation should be performed. A sum-
mary of some common failure modes for gear pumps, axial piston pumps, and vane 
pumps are provided in Table 10.9 [15,52,53] and Chapter 12. 

2.2.2 Fluid-Specific Properties 

In addition to pump testing, and preferably prior to it, a number of fluid-specific 
properties should be determined. These include metal and nonmetal compatibility. 
For example, vapor, liquid, and dry film corrosion properties should be performed 
[53]. Copper and other soft-metal corrosion should also be determined [54,55]. Pro- 
pensity for sludge formation, viscosity and viscosity stability, pH, and wettability are 
other important variables. Feicht has recommended that because of compressibility 
differences among hydraulic fluids, valve-housing stability be examined. Nonmetal 
or seal compatibility is vitally important [55]. 

2.2.3 Vane-Pump Testing 

The output pressure of a vane pump is directed to the back of the vanes which hold 
them against the ring. The leading edge of the vane forms a line contact with the 
ring and the rotation of the vane against the ring generates a sliding morion as shown 
in Fig. 10.27. The challenge is to maintain adequate lubrication between the vane 
tip and the cam ring with increasing pressures and rotational speeds [6]. 

Ueno et al. have used the vane pump as a tribological test stand to study the 
effects of pump delivery pressure, rotational speed, eccentricity, and hardness of the 
cam ring, vane-tip curvature, and the length of action range of vane equilibrium 
force during rotation on the total wear of the vanes and ring [6,56]. Their results 
showed that the wear rate simply cannot be estimated from the friction work due to 
these factors. However, the occurrence of severe wear is proportional to P,,V where, 
P, is the maximum Hertzian contact stress and V is the sliding velocity. 

Table 10.9 Common Pump-Failure Modes 

Pump type Failure mode 
~~~~~~~ ~ 

Gear Roller-bearing fatigue, gear-tooth surface pitting and fatigue, seal-plate 
scoring and seizure. 

Piston (axial) Roller-bearing fatigue, valve-plate scoring and erosion, slipper-pad 
failures, piston and cylinder wear, cavitation 

Vane Severe vane and ring, port plate, bearing, and cavitation wear. 
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Figure 10.27 Illustration of the sliding line contact with vane-on-ring. 

Hemeon reported the application of a “yardstick formula” to quantitatively 
analyze and report vane-pump wear. The critical part of the analysis was weight loss 
of the ring, as dimensional changes due to wear will significantly affect volumetric 
efficiency and lead to noise and pulsation [57]. The yardstick formula is 

Y = K( 1.482)(mep)(gprn) (10.1) 

where 

Y = duty load on the pump in BTU/h. 
K = a constant to correct for air entrainment, degraded or contaminated oil, 

and fluid turbulence 
mep = mean effective pressure 
gpm = flow in gallons per minute 

Although K may be as high as 1.4, a value of 1.03 is typical. The conversion 
constant 1.482 permits the use of pressures in pounds per square inch and weight 
loss in grams. Interestingly, in order to obtain reproducible and reliable weight-loss 
data, it was reported that the ring had to be washed and baked at 200°F for 24 h 
because the porous metal adsorbed the solvent and gave incorrect weight data. 

Bosch (Racine fluid power) also utilized a cycled-pressure, vane-pump test. 
The pressure-time sequence and test circuit is illustrated in Fig. 10.28 [58]. This is 
reported to be a more representative test because it better incorporates pressure spikes 
that will invariably occur in a hydraulic system during circuit activation and deac- 
tivation. At the conclusion of the test, the weight loss of the ring, vanes, port and 
cover plate, and body and cover bearings were measured. The ring and bearings were 
inspected for unusual wear patterns and for evidence of corrosion, rusting, and 
pitting. 

Lapotko et al. have reported an alternative vane-pump test designated as the 
“MP-1 test” /10,59]. A schematic of the MP-1 vane pump is shown in Fig. 10.29. 
Although the MP-1 may be run at pressures up to 10 MPa (1450 psi), the reported 
test pressure is 7 MPa, with a total fluid volume of 0.7 L. In addition to lower 
volume, the MP-1 test is conducted for only 50 h (and in some cases, for only 10 
h). The wear rate is based on the weight loss of the vanes only after the test is 
completed. In view of the relatively small size, this test comes as close to a “bench 
hydraulic pump test” as has been reported to date. 

The Vickers V-104 vane pump shown in Fig. 10.30 and the test circuit in Fig. 
10.31 continue to be the most commonly utilized hydraulic fluid pump test [60]. 
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Figure 10.28 Test circuit for Racine cycled-pressure, vane-pump test utilizing a 7.5-hp 
electric motor, SV-I0 vane pump, and a 20-gal reservoir. 

There are at least three national standards based on the use of this pump: ASTM D-
2882, DIN 5 1389, and BS 5096 (IP 28 1/77). A comparison of the test conditions is 
provided in Table 10.10.The total weight loss of the vanes plus ring at the conclusion 
of the test is the quantitative value of wear. 

HYDRAULIC 
ACCU M ULATO 

EXCHANGER 

PUMP PLATE 

ADJUSTABLE 

Y 
Figure 10.29 Schematic illustration of the Russian MP-1 vane pump. 
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Figure 10.30 Illustration of the Sperry-Vickers V-104 vane pump. 

Although the Vickers V104C vane pump in any of its various forms (ASTM 
D2882, DIN 51389, and IP 281/77) has served the industry reasonably well in its 
ability to characterize antiwear properties of hydraulic fluids, it is notorious for pro- 
viding poor interlaboratory reproducibility. Another common problem is rotor break- 
age during the test. 

SOLENOID 
CONTROLLED 

4 
VALVE 

METER EXCHANGER 

1 15 GALLON 
RESERVOIR 

--- 25p FILTER lii 
PRESSURE P$
:REGULATOR DRAIN 

1 
PRESSURE 

GAUGE 

THERMOREGULATOR 

Figure 10.31 Test circuit for the Vickers V-104 vane-pump test. 
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Table 10.10 Comparison of Sperry-Vickers V- 104 Vane-Pump Testing 
Procedures 

BS 5096 
Test parameter ASTM D-2882 DIN 51389 IP 281/77 

~~ 

Pressure 14 MPa 10 MPa 14 MPa" 
2000 psi 1500 psi 2088 psi 

1 1  MPah 
1540 psi 

Rev./min 1200 1500 1500 
Time (h) 1 00 250 250 
Fluid volume (L) 56.8 56.8 55-70 

' LFluid temperature 150°F 

"For mineral-oil-type fluids. 
hFor HFA, HFB, and HFC fluids. 
'The temperature is selected to give 36 cSt viscosity 

Recently, Gent conducted a study to identify the greatest sources in testing 
variation [61]. These were found to include the following: 

1. Parts preparation. This was identified as the single most important factor 
in obtaining a successful test run. 

2. Rotor failure. Failure occurred regardless of inspection or testing 
procedure. 

3. ASTM D2882 advises using 10 in.-lb. increments up to 100-140 in.-lb. 
Feeler gauges and shim stock should be used to ensure that the head is 
not cocked, resulting in seating against the pump cartridge. 

4. Bushing failure. Bushing failures can be essentially eliminated by proper 
parts preparation, maintenance of proper clearances in the cartridge, and 
use of proper torquing techniques. 

5. Wear results. Variations in material chemistry and geometry may effect 
wear results. 

6. Rotor reuse. It is common practice to reuse the rotor until breakage. 
7. Pump maintenance. According to ASTM D2882, seals must be replaced 

after each test and the shaft and bearing must be replaced after five tests. 
8. Fluid volume, reservoir shape, and baffling vary significantly among 

laboratories. 
9. Filtration. Although ASTM D2882 requires 20-l.l.m filtration, most labo- 

ratories use lO-p,m filtration. 
10. Test conditions. Many laboratories have reduced the pump pressure. 
11. Flushing. No laboratory is using the flushing required by ASTM D-2882. 

Reference 62 has provided additional recommendations to obtain improved 
intralaboratory reproducibility. In addition to those variables identified by Gent, the 
following were recommended: 

1. The ring and vanes should be inspected for machining irregularities and 
precision. Machining and scoring marks are unacceptable. 
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PILOT OPERATED OIL TEMPERATURE 

TEMPERATURE 
TRANSDUCER 

Figure 10.32 Low-volume hydraulic and temperature-control system schematic 

2. The system pressure gauge should be recalibrated before and after every 
run. 

3. Fluid composition such as water and reserve alkalinity for aqueous fluids 
must be monitored and controlled. 

4. To minimize the potential for system contamination, which may have dis- 
astrous consequences, the hydraulic system must be dismantled, scrubbed, 
and water washed followed by solvent cleaning (use clean solvent) after 
every run. 

5. Water-compatible filters, preferably 3-5-km fiberglass should be used for 
water-containing fluids. 

6. System temperature variation should be controlled to 2 1°C. 
7. It is insufficient to only use weight loss for the vanes and ring. The com-

plete system, including end plates and bearings, must be inspected and 
observations recorded, preferably photographically. 

A 100-h low-volume hydraulic pump test that utilizes only 1.3 L (0.35 gal) of 
fluid has been reported by Glancey et al. [63]. This test utilizes a Vickers V10-
1P3PlA20 vane pump with a 9.84-cm'/rev. displacement. The hydraulic circuit is 
shown in Fig. 10.32 [63]. A comparison of the test conditions is shown in Table 
10.11. 

Table 10.11 Comparison of Test Conditions for Low-Volume Vickers V-10 
Vane-Pump Test with ASTM D2882 (Vickers V-104C Vane Pump) 

Operating parameter ASTM (D2882) Low-volume system 

Pump outlet pressure 
(MPa) 13.8 2 0.28 13.79 or 17.18 ? 0.03 
(psi> 2000 2 40 2000 or 2500 +_ 4 

Fluid temp. ("C) 65.6 2 3 65.5 It_ 1.5 
Pump speed (rpm) 1200 k 60 1200 5 40 
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Table 10.12 Comparison of the Test Conditions of thc 
Sperry-Vickers V-104 and 70VQS Pumps 

Parameter V-104 20VQS 

Vane load (lbs./1000 psi) 47 25 
Max. pressure (psi) 
Max. speed (rpm) 

1000 
1 so0 

3000 
1700 

End plates (broue) Cast Sintered 

A regression equation was developed to interrelate wear obtained when tested 
according to ASTM D2882 and when tested using the low-volume V-10 vane-pump 
test [63]: 

Y = -4.35 + 1.76X 

where Y is the equivalent wear for the ASTM 02882 test (mg) and X is the wear 
(mg) from the low-volume test system. 

Recently, there has been interest in the replacement of the older Vickers V- 104 
pump with the newer Vickers 20VQ5 vane pump. However, it is important to ac- 
knowledge that the tribological conditions are significantly different for both pumps. 
A comparison of the recommended test conditions are summarized in Table 10.12. 
In addition, it is also important to recognize that the vane design is fundamentally 
different for the two pumps. The 20VQ5 pump has an “intravane” configuration, 
whereas the V- 104 pump has a single-vane arrangement. These vane arrangements 
and the configuration of the vane cartridge in the two pumps are compared in Figs. 
10.33- 10.35. 

In addition, to thc physical differences in these pumps, it should also be noted 
that under the recommended test conditions, the current V-104 pump is being op- 
erated at 2000 psi for the ASTM D2882 test protocol, which is outside of the rec- 
ommended pressure limit of 1000 psi for the pump. The recommended pressure for 
the test using the 20VQ5 pump is 3000 psi, which is also the recommended pressure 

Figure 10.33 Comparison of the vanes in the Vickers V-103 and 20VQS pumps. 
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Figure 10.34 The internal view of the Vickers V-104 and 1 2 W Q 5  pumps. 

limit of the pump [64]. This is particularly important because every pump has its 
own characteristic wear regions as a function of speed and load [6S]. Almost cer- 
tainly, under these conditions, the V-104 pump would have a significantly greater 
hydraulic film-load requirement to provide adequate lubrication than would the 
20VQ5 pump. This is especially true in view of the different vane designs of the 
two pumps. Therefore, it is not likely that there is a direct wear correlation between 
the two pumps. 

Experimental water-glycol hydraulic fluids were selected that would provide 
significant differences in vane pump total wear (vanes plus ring) after completion of 
the test. Table 10.13 shows the operating parameters used for the V-104 and 2OVQS 
pumps in this study. 

Figure 10.35 Comparison of the assembled cartridges of the Vickers V-104 (left) and 
20VQ5 (right) pumps. 
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A comparison of the wear results obtained for these fluids using a variety of 
test conditions is provided in Table 10.14. The results show the following: 

The worst formulations tested in the V-104 pump, fluids B and E, gave very 
low wear in the 20VQ5 pump. 
Generally for a given fluid, the 20VQ5 pump gives lower wear than the V- 
1 0 4  pump. 

Figure 10.36 provides a graphical comparison of the wear data obtained with 
the V-104 pump using a “modified” ASTM D-2882 protocol (2000 psi, 1200 rpm, 
I -gal reservoir) with that obtained using the 20VQ5 pump at 3000 psi and 1200 rpm 
[66]. These data illustrate that the 20VQ5 pump, at least under the recommended 
test conditions, provides insufficient discrimination of the lubrication properties of 
fluids. 

In another test, a fluid formulation was tested at two different speeds (1200 
and 2400 rpm) using the 20VQ5 pump. Although the fluid exhibited very low total 
wear of the vanes plus ring, fluid B exhibited dramatic cavitation of the bushing at 
2400 rpm, as shown in Fig. 10.37. This is also important because neither the ASTM 
D-2882 nor the proposed 20VQ5-pump-testing protocols requires the reporting of 
any wear except on the vanes and ring. 

A test has been developed using a Chinese-built YB-6 dual-function vane pump 
operating under ASTM D-2882 testing conditions [67]. In addition to measuring the 
total wear of the cam ring and vanes, the temperature rise, noise level, and volumetric 
efficiency were measured. 

One of the deficiencies of all of the previously described vane-pump tests is 
that they are either conducted at relatively low pressure or rotational speed (rpm), 
compared to vane pumps in industrial use. Although not a national standard, the 
Vickers 35VQ pump test is often acknowledged to provide a more rigorous and, in 
some cases, a more realistic accelerated industrial-pump wear test (20.7 MPa, 3000 
psi, 2400 rpm) [67-73,971. A schematic of this test is provided in Fig. 10.38 [86]. 
The maximum weight loss of the vanes for each of the test cartridges must not 
exceed 15 mg and the total weight loss of the ring for each cartridge must not exceed 
75 mg for the three cartridges used. If the weight loss of any of the cartridges exceeds 
these values, two more tests with new cartridges must be run. A comparison of the 
test conditions for the V104C, 20VQ5, and 35VQ25 pump tests is provided in Table 
10.15 [68]. 

Table 10.13 Comparison of Pump Operating Parameters 

Parameter Vickers V- 104 vane pump Vickers 20VQ5 vane pump 

Flow (gpm) 8 10 5 10 11.3 
Pressure (psi) 2000 1500 3000 3000 3000 
Speed (rpm1 1200 1500 1200 2400 2700” 
Power (hp) 9.3 8.8 8.8 17.5 19.7 
Torque (in.-lbs.) 490 370 460 460 460 

“Maximum rated speed at 3000 psi using a 5-gpm cartridge. 
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Table 10.14 Results of Pump Tests 

Ring/vane End-plate 
Wl.  loss wt. loss 

Fluid Flow (gpw Pressure (psi) Speed (rpm) (total wear)* (total wear)* V-104 pump 2OVQSP pump 

A 8.2 2000 1200 21 X 
10.3 1500 1500 31 23 X 
5.7 3000 1200 13 X 

12.8 3000 2700 34 X 
B 8.2 2000 1200 205 7 X 

10.3 1500 1500 199 38 X 
5.7 3000 1200 12 60 X 

11.4 3000 2400 10 482 X 
C 8.2 2000 1200 22 20 X 

10.3 1500 1500 1 I6 14 X 
5.7 3000 1200 18 40 X 
8.7 3000 1200 37 25 X 

11.4 3000 2400 7.3 I30 X 
11.4 3000 2400 16 168 X 

D 8.2 2000 1200 37 
5.7 3000 I200 57 X 

E 8.2 2000 1200 51 10 
5.7 3000 I 200 16 X 

F 8.2 2000 1200 83 
5.7 3000 1200 93 X 

G 8.2 2000 1200 40 
5.7 3000 1 200 9.5 X 

H 8.2 2000 1200 34 
5.7 3000 1200 20 X 

I 8.2 2000 I200 25 
5.7 3ooo 1200 22 X 

*These weights werc dckmnined alter I(I0 hours under the ccindiricins shown. 
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Figure 10.36 Chart of ring plus vane wear (in milligrams) from V-104 and 20VQS pumps 
running at 1200 revlmin with nine fluids at pressures of 2000 and 3000 psi for the V-104 and 
20VQ5 pumps. respectively. 

Figure 10.37 Comparison of 20VQS bushing wear (by cavilation) obtained at two speeds 
(A) 1200 revlmin and (B) 2300 revlmin at 3000 psi using a fluid that exhibited very low 
wear 011 the ring and vanes (12 and 10 nig total wear, respectively after 100 h). 
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Figure 10.38 Schematic of the Vickers 35VQ test stand. 1-Reservoir (50 gal min.; el- 
evated above centerline to provide gravity feed); 2- temperature gauge or thermocouple; 3 
--inlet pressure valve; 4-pump (35 VQ25A-11*20; cartridge kit P/N 413421); 5-electric 
motor (125 hp); 6-outlet pressure gauge; 7-pressure relief valve; 8-filter (10 pm nom-
inal); 9-cooler; 10-flow meter. 

Hagglunds -Denison has also developed a two-part recommended pump-testing 
protocol HFO (Denison Hydraulics, Marysville, OH). Although this test is used 
widely in the hydraulics industry, it is not a national standard test. The HFO pro- 
cedure is composed of two parts: a vane-pump test and a piston-pump test. Only the 
vane-pump test will be discussed at this time. 

The test circuit for the Hagglunds-Denison vane-pump wear test is based on 
their T5D-042 vane pump, which is located in a “bootstrap” circuit with the Denison 
series 46 piston pump. The T5D vane-pump test circuit is shown in Fig. 10.39. The 
vane pump is operated at 2400 rpm and 2500 psi and is driven by a 136-hp electric 
motor. At the conclusion of the test, the procedure requires that the following be 
recorded: 

Cam-rotor and cam-vane clearance 
Vane-and-slot clearance for all vanes. 
Tracings of lip contours of vanes 1 ,  4, and 8. 

Table 10.15 Comparison of Pump Test 
Conditions 

Rotational 
speed Surface 

I m p  (rpm) ( d s )  

V 104C 1200 4.2 
20VQ5 1200 3.9 
35VQ25 2400 11.4 
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Figure 10.39 Hagglunds-Denison T5D vane-pump hydraulic test circuit. 

Visual appearance of cam-ring interior surface. 
Visual appearance of both plate surfaces that are against the rotating pump- 
ing elements. 

Hagglunds-Denison has also developed a SK-30320 vane-pump test to eval-
uate vegetable oil durability. This test is also based on the Hagglunds-Denison T5D- 
042 vane pump and is a 600-h, cycled-pressure test (300 h under “dry” conditions 
and then 300 h after the addition of 1% water). The pressure cycles from 10 to 240 
bars each second and the fluid temperature is 70°C. 

Most of the references described above utilize a gravimetric determination of 
wear by either measuring the weight loss of the vanes, ring, or both. However, some 
hydraulic fluids exhibit non-Newtonian viscosity behavior leading to internal leakage 
and loss of power-transmission efficiency. These problems can be detected by ex- 
perimental determination of pumping efficiency by flow-rate measurement [74]. 

2.2.4 Piston-Pump Testing 

There are numerous wear surfaces in a piston pump. In addition to sliding wear, 
such as pistons in cylinders, there is mixed rolling and sliding, which would occur 
with rolling element bearings, rolling contact fatigue, which also may occur with 
rolling element bearing, and corrosion and cavitation wear, which might occur on 
the swash plate and other positions within the hydraulic pump. The relative amount 
of wear that would occur would also be critically dependent on the material pairs 
used for construction of the wear contacts. In view of the wide range of materials 
used for the construction and design of piston pumps, this is one reason why most 
of the “standard” pump tests developed to date have been vane-pump tests. 

The objective of piston-pump design is to minimize energy consumption while 
optimizing hydrodynamic lubrication to minimize wear and internal leakage. The 
performance parameters are fluid flow, speed, torque, pressure, viscosity, and inlet 
pressure. To minimize friction and internal leakage, wear contact loading (pressure), 
speed, and viscosity must be optimized as shown in Fig. 10.1 [3]. In a piston pump, 
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the piston clearances may vary with eccentricity due to load and fluid viscosity. This 
may produce a change in the lubrication mechanism (e.g., hydrodynamic to bound- 
ary), resulting in increased wear and friction. 

One piston-pump test commonly used in the hydraulic fluid industry is the 
Sundstrand Water Stability Test Procedure [75]. The test circuit containing a Sund- 
strand Series 22 axial piston pump is shown in Fig. 10.40. The test conditions are 
as follows: 

Input speed: 3000-3200 rpm 
Load pressure: 5000 psi 
Charge pressure: 180-220 psi 
Case pressure: 40 psi max. 
Stroke: 1/2 of full 
Reservoir temperature: 150 ? 10°F 
Loop temperature: 180 t 10°F 
Maximum inlet vacuum: 5 in. Hg 

The objective of this test is to determine the effect of water contamination on 
mineral-oil hydraulic fluid performance. The duration of the test is 225 h. In addition 
to disassembly and inspection for wear, corrosion, and cavitation, the test criterion 
is “flow degradation.” Flow degradation of 10% is considered a failure. 

A cyclic loading variation of this test was recently reported to evaluate the 
performance of a water-glycol hydraulic fluid under these relatively high-loading 
conditions [76,77]. In this test, a Sundstrand swash-plate, axial piston pump which 
was driven by a Sundstrand Series 20 swash-plate piston motor at 890 rpm was 
tested at 3175 rpm. The load was supplied by a Vickers vane pump at 975 rpm. The 
test sequence is summarized in Table 10.16. The rotating components are visually 
inspected for wear. 

The test circuit for the piston-pump portion of the Hagglunds-Denison HFO 
piston pump is illustrated in Fig. 10.41. This test, which utilizes a Dennison P46 
piston pump, was developed to evaluate the multimetal compatibility of a fluid and 
its corrosiveness against soft metals in a severe hydraulic environment. This test is 
conducted for 100 h and then the pump components are visually inspected for wear, 
corrosion, and cavitation at the conclusion of the test. 

Another piston-pump test has recently been proposed by The Rexroth Corpo-
ration [78]. The test circuit is provided in Fig. 10.42 and is based on a Breuninghaus 
A4VSO swash-plate, axial piston pump. The objective of this test is to better dis- 
criminate and classify hydraulic and wear performance of a hydraulic fluid. It is 
proposed that this would be done by prescribing performance levels to be achieved. 
Establishment of these performance levels has not been developed as of this time. 

A less well-known cycled-pressure, piston-pump test is the Vickers AA 65560-
1SC-4 piston pump test [79]. Previous work showed that if there is no cavitation 
resulting from inlet starvation and if the hydraulic fluid is clean, then there are four 
principle modes of failures: (1) spalling of the yoke and spindle-bearing group, (2) 
fatigue failure of the control piston assembly, (3) rotating group assembly failure due 
to worn front and tail drive bearings, and (4) static and dynamic O-ring failures. In 
a sense, piston-pump tests are excellent bearing and cavitation tests. 

Janko used high-speed piston-pump tests conducted for 1250 h to supplement 
successful preliminary vane-pump testing [SO]. This test was conducted at constant 
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Figure 10.40 Schematic of the Sundstrand water stability test circuit. 

140 bars pressure for 1000 h and then completed by cycling the pressure between 
70 and 140 bars at 0.1 Hz. The pump was disassembled every 250 h and visually 
inspected. The stressed components, including the pistons, piston slippers, cylinder 
barrel, and reversing plate, were inspected and measured for wear. In addition, it was 
learned that the hydraulic fluids being studied caused such severe bearing wear that 
they had to be replaced every 250-500 h. The same fluids produced severe wear on 
the drive shaft with spline ring and thrust pins. These results show the value of 
piston-pump testing to significantly increase the wear stress of hydraulic fluids. 

Edghill and Rubbery studied the correlation of laboratory testing with the type 
and frequency of field failures [79].Their analysis showed that the most critical areas 
for failure are as follows: 

Table 10.16 The 500-h Cycled-Pressure 
Sundstrand Pump Test 

130 1.17 21.37 
325 0.72 17.24 
60 2.07 31.03 
85 0.72 17.24 

"The total time per cycle is 600 s. 
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P46 Test Stand 

I - -
1 /'Y 

Figure 10.41 Schematic o f t  he Denison P46 piston-pump test portion of the Hagglunds- 
Denison HFO protocol. 

For strength 
1 .  Piston necks 
2. Shafts 
3. Body kidney ports 

For bearing surfaces 
1. Slipper-cam plate interface 
2. Piston skirt-cylinder bore 
3. Cam-plate trunion liners 

Recently, Ohkawa et al. developed a piston pump test to evaluate biodegradable 
vegetable oil derived hydraulic fluids [80]. This test stand (see Fig. 10.43) utilized 
a Komatsu HPV35 +35 twin-piston pump under the following cycled-pressure test 
conditions (Fig. 10.44): 

Pressure: 10-420 kg/cm' (140-6000 psi) 
Oil Flow: 16 gal (at 140 psi), 5 gal (at 6,000 psi) 
Speed: 2100 rpm 
Temperature: 80°C 
Tank Volume: 16 gal 
Duration: 500 h 

The test criteria included pump efficiency change, wear and surface roughness, for- 
mation of lacquer and varnish, and hydraulic-oil deterioration. 
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Figure 10.42 Schematic of the proposed Rexroth piston-pump test. 
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Figure 10.43 Komatsu HPV35 +35 piston-pump test stand circuit. 

Some piston pumps are used in a very broad-range temperature environment 
(-46°Cto 204°C). There are two tests that have been reported for these applications. 
Hopkins and Benzing utilized the test circuit shown in Fig. 10.45, which uses a 
Manton Gaulin Model 500 HP-KL6-3PA, three-piston pump [8I]. The modifications 
used for this pump did not facilitate the analysis of pump wear surfaces. Instead, the 
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Figure 10.44 Summary of Komatsu test conditions. 
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Figure 10.45 Hopkins-Benzing high-temperature modified Manton Gaulin piston-pump 
test circuit. 
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Figure 10.46 Gschwender piston-pump test stand. 
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tests, which were conducted at 3000 psi, 550°F for 100 h were designed to evaluate 
fluid degradation, corrosion, lacquering, and sludging tendencies. 

Gschwender et al. used a test circuit utilizing a Vickers model PV3-075-15 
pump to evaluate the wear of high-temperature (122"C/25OoF) poly(a1pha-o1efin)- 
based hydraulic fluids [82]. The test circuit is illustrated in Fig. 10.46.The tests were 
conducted at 20.4 MPa (2960 psi) and 5400 psi with the throttle valve closed and 
5000 psi with the throttle valve open. 
2.2.5 Gear-Pump Testing 

In the above discussion regarding vane pumps, it was observed that the primary 
mode of wear, although certainly not the only one, was sliding wear of the vanes 
on the ring. For piston-pump testing, failure analysis was more complex because 
there were numerous surfaces that must be inspected. Sliding with hydrodynamic 
wear was still the primary component. However, although sliding wear is still im- 
portant in gear pumps, the wear mechanisms are even more variable. For example, 
in open gears, hydrodynamic, EHD, mixed-EHD, and boundary lubrication mecha- 
nisms may all occur simultaneously, depending on the position and speed of the gear, 
as seen in Fig. 10.47 [83]. 

Frith and Scott performed a detailed theoretical analysis of gear-pump wear. 
They noted that the primary areas of wear are the side plate near the suction port, 
the gear meshing zone, the gear tips, and casing, especially near the suction port 
[84]. In addition, the imbalance of pressure across the pump may cause the gear 
shaft to deflect toward the inlet, creating a reduction in gear-tip clearance at the inlet. 
Also, a hydrodynamic wedge between the gear ends and the side plate, in combi- 
nation with the pressure behind the plate, tends to force the side plate against the 
gears in the inlet region, as shown in Fig. 10.48.All of these conditions may affect 
the efficiency of gear-pump operation. Interestingly, there have been relatively few 
reports of hydraulic fluid lubrication in a gear pump and there are no industry- 
standard gear-pump lubrication tests. 

Mixed Lubrication7 


LOW Circumferential J 
Velocity 

High Circumferential Velocity 

Figure 10.47 Lubrication mechanisms on the gear tooth as a function of speed. 
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One study that has been reported was conducted by Knight, who used the 
multiple-gear-pump test stand shown in Fig. 10.49 [85]. Seven Hamworthy Hydrau- 
lics Ltd. Type PA 21 13 gear pumps were run at 14.3 MPa (2075 psi). The test is run 
until pump failure, usually due to needle-bearing fatigue. The condition of the roller 
bearings was monitored at least once every 24 h. 

In another study, a cycled load over 500,000 cycles from zero to the maximum 
rated pressure, speed, and temperature for the pump and the fluid was recommended 
[86] .In addition to the cycled loading test, an endurance test (maximum pressure, 
speed, and temperature for the fluid for 250 h, “proof” test where the pump is 
operated under extreme conditions at relatively short periods of time (e.g., 5 h) and 
an initial run-in test. Toogood stated that although degradation in performance would 
occur under extreme conditions, it was not clear if the damage was greatest under 
constant-pressure or cycled-pressure conditions [87]. 

Wanke conducted a study of the effects of fluid cleanliness with a multiple- 
gear-pump test stand shown in Fig. 10.50 [88]. Two test sequences were used. One 
was a cycled-pressure test (1 cycle/lO s). The other sequence was an endurance test. 
As a result of this work, it was recommended that although flow was an adequate 
measure of the pump’s integrity, monitoring the torque throughout the test would 
provide greater insight into overall pump integrity during the test. 

2.2.6 Evaluation of Pump-Lubrication Results 

The most commonly used analytical methods to monitor hydraulic pump operation 
have been reviewed in detail [89]. These methods include flow analysis, volumetric 
and overall efficiency, cavitation pressure, minimum inlet pressure, and others. John- 
son has provided a detailed review of pump-testing methods to monitor pump du- 
rability and hydraulic operation [90]. 

Figure 10.48 Side-plate action in a gear pump. 
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Figure 10.49 Gear-pump test circuit used at the British National Coa.1 Board. 

Hunt has viewed pump-lubrication analysis from the standpoint of failure cor- 
relation. For example, hydraulic pumps are periodically inspected throughout the test 
for the following: 

Cavitation of port plate 
Bearing wear and breakup 
Piston slipper pad wear and blockage 
Blockage of control devices 
Piston and cylinder wear 
Case seal defects 
Gear teeth wear or fracture 

In addition to inspection, temperatures, pressures, and flow throughout the test 
should be monitored, as they are indicative of friction generation and fluid contam- 
ination. Also, wear analysis and vibration analysis as continuous monitors of wear 
should be performed [91-931. Common vibrational and acoustical monitoring pro- 
cedures and interpretive methods have been reviewed previously [94,95]. 

2.2.7 A “Universal” Hydraulic-Pump Test Stand as a Tribological Test 

Currently, Feldmann et al. [96] are in the process of developing a “universal” hy- 
draulic-pump test stand that will provide a means of characterizing the expected 
wear at various wear contacts within the hydraulic system. This test, although still 
in development, will be based on tribological analysis. Wear contacts for a vane 
pump and an axial piston pump are illustrated in Fig. 10.51. Wear contact geometries 
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Figure 10.50 Wanke gear-pump test stand. 

Figure 10.51 Chwacterization of wear surfaces in a piston pump. 
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Table 10.17 Tribological Stresses 
~~~ ~ ~~ ~~ ~~ ~ ~~~~~~ ~~~~~ ~~~ ~~~~~~~~~ 

Operational seyuence of 
Type of motion Contact geometry motions Other tribologically relevant parameters 

Dynamic
Point Line Area Pressure normal Asymmetric Superimposed

RoUing Slidmg Impacting contact contact contact Continuous Oscillating difference force load motion Variability 

Vane purnps/motors 
Vane-ring (E) (E) (E) (E) (E) Yes Yes No No Yes 
Vane-slot (E) (E) (E) Yes Yes No No No 
Vane-sides (E) (E) (E) Yes No No Yes No 

Gear pumps/motors 
Gear wheel- (E) (E) (E) Yes No No No No 

sides 
Gear wheel (E) (E) No Yes No No  Yes 

work 
Piston pumps/ 

motors 
Piston pin Yes Yes Yes Yes No 

bushing (AIR) 
Sliding block- Yes Yes No Yes Yes 

plate (A) 
Sliding block- Yes Yes No No Yes 

plate (R)
Sliding block- No Yes N o  Yes 

piston head 
(A)

Sliding block- NO Yes No Yes 
piston head 
(R) 
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Table 10.17 Continued 
~~~ ~~ ~ ~ ~ ~ 

Type o f  motion Contact geomemy 
Operational sequence o f  

motions Other tnhlogically relevant parameter\ 

Point Line Area Pressurc 
Dynamic 
normal Asymrnetnc Superimposed 

Rolling Sliding Impacling contact cnntact contact Continuous Oscillating diflerence force load motion Vanability 

Valve plate- Yes NO Yes NO Yes 
piston barrel 
( A )  

Support for Nil No No Nn Yes 
captive C-nng 
(A)  

Axial distnhutor No No Yes NO NO 

(RI
Rotary slide No N O  NO NO Ye\ 

valve 
Retainer plate - NO Na No N o  Ye\ 

guide ball ( A )  
Sliding block-

retamer plate 
N o  NO NO No Ycc 

( A )
Cylinders 

Piston -cylinder Yes N O  No No N O  

tube 
Rod wal Yes NO NO No Ye\ 

Odrers 
Roller beannp 
Shaft-radial 

No 
Ye\ 

No 
NO 

No 
NO 

No 
No 

No 
Yes 

shalt waling 
ring

Serrated $hall NO No NO No Ye\ 

PIdln heWIng Ye\ NO NO NO Ye\ 

Nore: (A) :  axial piston machine: (R) :  radial pi\ton machine: ( € 1 :  cxtremely important with rchpcc.1 t ( i  I'ailurc hchavior. 
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Table 10.18 Tribological Stresses in Axial Piston Machines (Test Runs in the Working Range with Synthetic Esters) 

Wear behavior 
Sliding Rolling Grain slip Erosive wear Vibration Additional relative to 

Pairings wear wear wear wear Cavitation by impact wear observation mineral oil 

Piston pin bushing (W) 
Sliding block- (C) Erosion or Comparable 

plate cavitation not 
significant 

Sliding block- (W) 
piston head 

Valve plate- (C) In some case. Comparable 
piston barrel discoloration or better 

and transfer of 
material 

Retainer plate- (W) 
holding-down 
clamp for the 
plate 

Sliding block- Dug in up to 25 Worse 
retainer plate Fm deep 

Shaft-radial shaft Track worn in (up Worse 
sealing ring to 24 Fm) 

leakage 
Plain bearing In some cases, Cornparable 

F ' l R  layer 
worn away 

Roller bearing Tracks. pitting. Comparable 
pressure marks or worse 

Serratedpl  ygonal (C) Pitting Worse 
shaft development. 

removal of 
material 

(W): pairings where wear is expected: (C): pairing with conspicuous wear. 
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and characteristic wear mechanisms have also been classified as shown in Tables 
10.17 and 10.18, respectively. 

3 CONCLUSIONS 

An unsuccessful attempt was made to correlate the wear test results of various bench 
tests commonly employed for hydraulic fluid selection and troubleshooting perfor- 
mance of used fluids with ASTM D-2882, a Sperry-Vickers vane pump test. The 
bench tests included Shell 4-ball, pin-on-V-block, SRV ball-on-disk, Timken ASTM 
D-2782, and a recently developed cyclic contact stresh test. In no case did the bench 
tests successfully predict the wear-rate rankings of the ASTM D-2882 test, nor were 
they consistent with each other. Analysis of the problem using fundamental principles 
of lubrication suggest that the poor correlations are probably reasonable because the 
actual loading, rolling and sliding speeds, contact geometry, and materials were not 
adequately considered. Therefore, if bench tests are to be used, they should be custom 
designed to model the pump-wear contact of interest and correlation between the 
bench test and hydraulic pump wear must be established. 

An overview of selected vane-, piston-, and gear-pump testing circuits and 
procedures from the viewpoint of tribological testing have been provided here. With 
the exception of the various tests based on the Vickers V-104 vane pump and perhaps 
the Hagglunds-Denison HFO piston-pump test, none of the pump tests described 
here have achieved broad industry acceptance. Most of the tests are pass/fail tests 
based either on inspection for cavitation and wear, fluid flow leakage, or weight 
loss of critical rotating components. Most of these tests do not employ continuous 
monitoring of hydraulic efficiencies and pressures, torque, vibrational analysis, and 
so forth. Therefore, although it may be desirable to either use or modify some 
of the tests reported here in the development of national standards, they should all 
be updated to reflect current engineering practice and possibilities to better model 
the tribological performance of the pump during use with a particular hydraulic 
fluid. 
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Vibrational Analysis for Fluid 
Power Systems 

HUGH R. MARTIN 
University of Waterloo, Waterloo, Ontario, Canada 

1 INTRODUCTION 

A wide range of manufacturing and processing equipment employs fluid power as a 
means of transporting energy to the work area. The fundamental operation of com- 
ponents within such a system generates vibrational energy that can result in unac- 
ceptable levels of noise and vibration. Often, this can be an indicator that the com- 
ponents inside the machine are starting to break down as a result of wear or the 
development of damage. In order to detect and analyze such problems, the following 
are important: 

1. To have a good understanding of the processes involved 
2 .  To know how to collect and analyze the resultant data 
3. To know how to ensure that the data are clean of spurious information 
4. To understand how to draw meaningful information from these results 

It is the interaction between surfaces moving relative to each other that is a major 
cause of introducing vibrational energy into the surrounding structure. This, in turn, 
can generate further vibrations by exciting passive resonant frequencies within the 
structure itself. If the transfer of energy is at a sufficiently high amplitude level, then 
a sensor placed on the external surface of the component can detect useful infor- 
mation relating to the behavior and running condition of the machine. 

In general, failure of surfaces in contact, such as bearings or gears, can result 
from several different activities, such as the following: 

1. Pitting, which occurs at points of maximum Hertzian stress. 
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2. Scuffing, which is related to failure of lubricating films, caused by over- 
heating. This is often the result of friction problems as a result of alter- 
nating welding and tearing of asperities in the surface structure. 

3. Plastic flow, due to cold-working of the surfaces in contact. 
4. Wear, which, unlike other types of surface damage, is not a local failure 

but is spread over large areas. 

Any of these actions will produce distinct vibrational patterns. However, this infor- 
mation, when received at the sensor, will also contain energy from other sources 
such as structural resonances and externally generated noise. Signal processing pro- 
vides the tools to extract the relevant information. 

There is also a direct relationship between vibration and radiated noise, The 
propagation of sound, like vibration, is a dynamic process. In the former case, it is 
due to the fluctuations of pressure about a mean atmospheric-pressure level, which 
travel at the speed of sound for the media. Noise starts, for example, as the me- 
chanical vibration of a surface, which then connects to the surrounding air to generate 
pressure disturbances. For simple plane waves, it can be shown that the pressure is 
proportional to surface velocity; the constant of proportionality is called the acoustic 
impedance (p,.). Hence, it is possible to use sound as a diagnostic tool to track the 
condition of equipment. 

2 BASICS DEFINITIONS[I] 

The propagation of both sound and vibration signals are dynamic events, measured 
in the one case as fluctuations of pressure in the atmosphere and the other as fluc- 
tuations of stress in the material. The only real difference is the speed at which the 
energy propagates; for example, in air at 343 m / s  and in steel at 5000 m / s .  The 
simplest signal in the time domain is the pure tone, which is described mathemati- 
cally by 

v( t )  = U,,, sin(ot) 

where o = 2nf. In taking measurements with equipment, it is important to understand 
what the readout display is showing. It could be showing peak, that is max value, 
peak to peak or it could be showing root mean square (rms) value: 

These are all related to the average value, provided the signal is deterministic. Note 
that for a pure sine wave, the average value will be zero: 

These are all just simple ways of obtaining some information about the signal; the 
peak value is obvious, the average value gives a measure of the offset of DC level, 
and the square of the signal gives a direct measure of the power content. For sym- 
metrical signals about the positive and negative directions, the rms value is used 
instead of the average value. In the case of more complex signals with sharp rise 
times, these values are not accurate and a shape factor needs to be introduced: 
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Form factor 

Crest factor 

Most measurements are expressed in terms of decibels. This nondimensional scale 
allows a wide of magnitude values in the data to be compressed into a reasonable 
size for plotting. In the case of frequency plots, the x axis is often a log scale, whereas 
decibels are on a linear scaled y axis. 

The “bel’ ’ was developed for electronic power measurements, especially in 
relationship to audio applications. The ratio between two power values is 

where n is a ratio. Taking logarithms of both sides, 

or 

and this difference is defined as “1 bel.” To obtain a smaller unit, the decibel equal 
to one-tenth of a “bel” was introduced. Because 1 be1 = 10 decibels (dB), the above 
equation can be multiplied by 10 to give 

10 logl0W1- 10 logloW2= 10 logl0n 

if n = 10, 

10 log,,W, - 10 log,,,W2 = 10 

The difference is now said to be 10 dB (or 1 bel). 
However, power ratios are not useful means of expressing level. It is well 

known that in electrical terms, power is the product of voltage and current; hence, 

V’
W =  Vi, V =  Ri; then W =-

R 

If R is common to two power measurements, then 

= 10 log,,, (Sy= 20 log,,, (5)10 log,,, (3) 
w2 v2 v2 

Because the decibel is a nondimensional ratio, the denominator is usually a reference 
value; for example, in acoustics the reference pressure is 2 X 10-’ Pa, and the 
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where the Fourier coefficients are given by 

b, = $1'f(t)sin(koOr) k # 0 

ao = I'f( t )dt 
2 T 

where T is the time to record a block of data, for the periodic signal 2 d  
coo, and coo is the fundamental frequency. 

2. Combined real form: Another way of expressing the Fourier series is in a 
form that requires a single coefficient representing a spectral line at each 
frequency calculated. Any signal of the form 

f ( t )  = a cos aot+ b sin o,t 

can be expressed in the form 

f ( t )  = c COS(O()t+ 4) 
provided that a and b depend on C and 4, 

c = v a m 

and 

Then, the Fourier series, Fig. 11.1, can be expressed in the form 

f ( t )  = CO + 2 c,COS(kO()t+ .+,) ( 1  1.2) 
k= I 

where CO= ao/2;CAis the amplitude of excitation at frequency koo, and 

Figure 11.1 Relationship between Time and Frequency domains. 
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+k is the phase angle between the fundamental and its harmonics at fre- 
quency koo. 

3. Complex form: The complex form expresses the series in terms of expo- 
nential and is therefore more mathematically compact. Because 

cos(koot) = %(eJhwo'+ e - J k % ' )  

sin(ko,,t)= j(e'""' - e-'"""') 

From Eq. ( 1  l .l),  

L ,= I  L 

which can be reduced to 

Now, let 

c, = %(a, 

$ [f(t)sin(ko(,t) dt1 
(11.3) 

which represents the complex coefficients of the Fourier series. 

Hence, the Fourier series breaks a deterministic waveform down into fre- 
quency- and amplitude-weighted components of a fundamental sine or cosine wave- 
form. However, the series method of analysis has two major disadvantages: 

1. It assumes that for absolute accuracy, the time function is of infinite 
duration, whereas, in practice, a signal is often of limited duration or a 
transient of short duration. 

2. It assumes that a signal is periodic, whereas in reality, data are often 
nonperiodic. 

It is possible in most cases to reduce these problems by introducing the Fourier 
integral. It was shown earlier that the Fourier series broke down a waveform into a 
set of coefficients, a, and bL, spaced at 

As T,  the sample time, becomes larger, then the spacings between the spectral lines 
become smaller until a stage is reached where the Fourier coefficients become so 
tightly packed that they are essentially continuous. Under these conditions, The Fou- 
rier series becomes the Fourier integral and the Fourier coefficients become a con- 
tinuous function of frequency called the Fourier transform. In this case, it can be 
shown that 
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The inverse Fourier transform is then 

f ( t )  = F(o)e’”‘ do 

Modern spectral analysis is carried out using digital processing. The analog 
(continuous) signal taken from a sensor is digitized through an analog-to-digital 
convertor, so that the time signal is processed in discrete lumps. Although the Fourier 
integral is the “ideal” transform, it is not practical to use because it requires knowl- 
edge of the total time signal. 

The discrete Fourier transform (DFT) processes times signals in blocks of data. 
Because the transform form acts on discrete data, the integral in the equation can be 
replaced by a summation in terms of the coefficients CL.Hence, Eq. ( 1  1.3) can be 
rewritten as 

( 1  1.4) 

The continuous signal is divided up into I amplitude measurements in the range 0 
to r, as shown in Fig. 11.2. 

If N is the number of time-domain data points, then r = 0 is the start and r = 
N - 1 is the last amplitude measurement used. Because all discrete transforms act 
on discrete data and the integral is replaced by a summation, there is a limit to the 
highest frequency that can be handled: 

1 N 
fmax = --- (11.5)

2At - 2T 

where N is the number of time-domain data points to be recorded during the sample 
time. 

I 
t = r.At 

I 

Figure 11.2 A continuous signal divided into equally spaced samples. 
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I
T = N.3t  P 

I 

Figure 11.3 A digitally sampled signal. 

For the function plotted in Fig. 11.3, regularly spaced sample values are shown 
such that the value of the amplitude at r is x,, at time t from the start of the sampling 
period. Because At = T/N, Eq. (1  1.4) can be rewritten 

N - 1 

(1 1.6) 

which may be regarded as an approximation for calculating the coefficients of the 
Fourier series, where Ckrepresents the spectral lines corresponding to frequencies 

2nka/(=---- 2nk  
T NAt 

The inverse discrete Fourier transform is therefore 
A - 1 

(11.7) 

The fast Fourier transform (FFT) is an algorithm based on the DFT, but obtaining 
the results with a greatly reduced number of arithmetical operations [4]. 

4 WAVEFORM SAMPLING 

There are a number of reasons for quantitizing a continuous signal; for example, to 
convert it into a form to suit digital processing or because the signal is nonperiodic 
and cannot be handled by the Fourier integral. For the sine wave shown in Fig. 11.4, 
there are 18 intervals (A t ) in the record period taken, whereas the actual signal period 
for 1 cycle has 12 intervals within the period 2nlo. If nd is the number of intervals 
in the data set, then the time interval At is equal to the time taken to store one block 
divided by nd. If the block time equals the periodic time of a deterministic signal, 
then 

2nlo 1A t = - - - -
n d  f n d  

where the intervals range from r = 0 to r = nd. In this case, the amplitude at any 
time t = r. At is 
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I !At I 

Figure 11.4 Signal sampling. 

Because many signals encountered are not periodic, but are, for example, tran- 
sient- or random-type signals, the choice of sample rate is more difficult. A sensor 
produces an analog signal, which is continuous, but the computer processing the data 
requires the signal to be sampled at equal time intervals and digitized. Random 
signals cannot be analyzed exactly, unless the sampling time is infinitely long. Finite 
sampling times applied to such signals will introduce errors and it becomes a decision 
process as to what level of error is acceptable. The FFT requires that the number of 
points should be a power of 2. Hence, to reproduce the original signal, there are 
now only a finite number of points available. On the other hand, the more sample 
points taken, the better the resolution obtained, but this can quickly fill up the hard- 
disk space available. The prevention of aliasing is the most commonly used basis 
for choosing a suitable sampling rate. Shannon’s theorem states that in order for a 
true picture of the spectrum to be presented in the frequency domain, the sampling 
rate should be greater than twice the highest frequency of interest. In practice, it is 
usual to set the sampling rate at 

(11.8) 

this value satisfies computing requirements. 
If aliasing is not prevented, then “ghost” peaks occur in the spectrum, repre- 

senting results that do not exist. For example, Fig. 11.5a shows a case in which the 
sampling frequency is exactly twice the frequency of interest, resulting in no data 
reproduced. Even if the sampled points are shifted in time, the correct amplitude for 
the original signal cannot be exactly described. Figure 11.5b demonstrates the result 
of using a sampling rate that is too low in relationship to the highest frequency of 
interest. The sampled points allow other nonexistent wave shapes to be reproduced, 
which, in turn, result in nonexistent spectral lines. Aliasing can be avoided by fil- 
tering the signal in the time domain to a specific bandwidth consistent with the 
sampling rate available from the A/Dconverter. 

A second practical problem relates to the FFI’ algorithm assuming that the 
collected data block from the sensor is continuous in time. See Fig. 11.6a. In the 
case of a sine wave for example, there is no problem with the phenomenon of 
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(b) 

Figure 11.5 Examples of aliasing. 

Input Signal 

Select Block 

I ' 

Assumed by FFT 

h p u t  Signal 

Select Block 

Assumed by FIT 

(b) 

Figure 11.6 Causes of leakage. 
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leakage, provided that an integer number of cycles fits into the data block, with the 
amplitude zero at t = 0. If the input data fail to meet this requirement, then the FFT 
assumes a distorted waveform, similar to that shown in Fig. 11.6b. When the data 
are transformed into the spectral domain, the distribution is not clean (see Fig. 1 1.7a), 
but it is smeared over the spectrum, as shown in Fig. 11.7b. This can result in small 
signal peaks being masked if they are near significant spectral components. 

The normal method of overcoming this effect is to apply window filtering. 
Examination of Fig. 11.7b shows that the problem occurs at the edges of the time 
block. If the FFT could ignore this area and concentrate on the middle portion, then 
the smearing effect could be reduced. This is achieved by multiplying the time block 
by a function that is zero at the start and finish of the block and unity through the 
middle portion. A popular window used for this purpose is the Hanning window. Its 
effect is shown in Fig. 11.8. For example, 

Highest frequency of interest = 5000 Hz 
Number of samples (power of 2) = 1024 
Recommended sampling rate, =& = 2.56fm,, = 12,800 Hz 

therefore 

Time between samples, t = 1% = 0.78 X 10-‘ s 
Spectral resolution, f= l/(Nt) = 12.5 Hz 
Number of spectral components (lines), fmaxlf= 400 

For N = 1024 samples of the time signal, 

Number of operations using straight DFT, N’ = 1,048,576 
Number of operations using FFT, N logz N = 10,240 

In many practical situations, data collection has to be carried out in a noisy envi- 
ronment, which means that the signal to be analyzed is contaminated by unwanted 
signals from outside sources. In many cases, this “noise” is broadband and if the 
signal has a near-zero mean value, then the signal-to-noise ratio can be improved by 
averaging several blocks of data, collected initially. The signal-averaging approach 

Figure 11.7 (a, b) Results of leakage of the frequency domain. 
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No windowI !Input assumed by FFT 

I I Modified input 1' 

Figure 11.8 Application of windows. 

is most effective when a deterministic signal is buried in random noise. It can be 
applied to the raw time data or the resultant spectrum of each block. Random signals 
cannot be analyzed exactly, unless the sampling time is infinitely long. Finite sam- 
pling times applied to random signals will introduce errors and it becomes a decision 
process as to what level of error is acceptable. 

5 INSTRUMENTATION 

In recent years, with the introduction of the microcomputer, the flexibility of instru- 
mentation systems for vibration and noise analysis has improved dramatically. Most 
signals for analysis will result from a transducer of some sort and will be in the 
form of an analog voltage. The data from such signals may even have been trans- 
ported from the source to the analyzer by means of a tape recorder. These signals 
are then displayed in various ways, the most useful being the spectral distribution 
as a result of Fourier analysis. A signal is a variation of a significant physical quantity 
with time and can fall into many classifications. Deterministic signals can be defined 
mathematically and are normally sinusoidal or transient (e.g., gear meshing or ma- 
chine impact). Random signals are usually stationary, such as fluid flowing in a pipe, 
but can also be nonstationary, as exhibited in traffic flow. Such signals have to be 
assessed on a statistical basis. 

Even the most basic signal is affected when propagated through a system. These 
resultant distortions and amplitude reductions are often used to find out information 
about the machine under investigation. Although the Fourier approach will convert 
the time-domain data into a spectral distribution, it is often convenient to look in 
more detail at a specific part of this display, or even to get rid of sections. This is 
the role of filters, which can be either in the form of hardware or as imbedded 
algorithms in the analysis code. 
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Figure 11.9 Idealized fixed and percentage band filters. 

5.1 Filters 

Filters can be fixed, in which the bandwidth is independent of the center frequency, 
or proportional, in which the bandwidth is some constant percentage of the center 
frequency. The point of this is that the latter can provide a general feel for the 
distribution of the signal over the whole spectrum, whereas the former can be used 
to obtain much more detail about particular areas of interest. 

A highly idealized fixed band filter is shown in Fig. 1 1.9, left, where J;  is the 
center frequency and f is the bandwidth centered symmetrically about this value. 
Hence, all frequencies within f are not attenuated, but any other frequencies outside 
f are totally rejected. 

In the case of the percentage band filter, Fig. 1I .9, right, the center frequency 
L. is the geometric mean of the upper and lower cutoff frequencies such that 

( 1  1.9) 

Various constant-percentage band filters are available, the most used being 1 / 1  octave 
and 113 octave. 

The standard octave band center frequencies are shown in Table 1 I .2. Note 
how this filter window gets wider with increasing center frequency and that the 
bandwidth f i  = 70% of fc. Note that a 1/1 hardware filter of this type consists of 1 1  
separate filters, usually manually switched. On the other hand, a 1/3 octave unit will 

Table 11.2 Standard Octave Band Center Frequencies (Hz) 

31.5 22 44 22 
63 44 88 44 

125 88 177 88 
250 177 355 177 
500 355 710 355 

1,000 710 1,420 7 10 
2,000 1,420 2,840 1,420 
4,000 2,840 5,680 2,840 
8,OOo 5,680 11,360 5,480 

10,000 11,360 22,720 11,360 
3 1,500 22,720 45,440 22,720 
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€1 f" f 

Figure 11.10 Practical filter shape. 

have 33 separate filters, which provides a lot more detail. The frequency range of 
interest for most industrial machinery applications is 63-8000 Hz. 

A practical filter shape is shown in Fig. 11.10, wheref, and& are identified at 
the -3-dB attenuation level. The other important feature defining the quality of a 
filter is the roll-off rate of the skirts; that is, the rate of attenuation for each side of 
the band pass. A rate of 45-50 dB/octave would define a good filter. 

5.2 Sensors 

The purpose of a sensor or transducer is to convert a physical measurement into an 
electrical signal convenient for further processing. It is important that the sensor does 
not distort the signal with noise or spurious voltages and that it has sufficient dynamic 
bandwidth with no resonance in the working range desired. The bandwidth of op- 
eration is determined by the resonant frequency of the sensor, because beyond that 
point, the signal is severely attenuated. Impedance matching between the sensor and 
other equipment is also a critical factor to consider. The conversion mechanism of 
such sensors as accelerometers and microphones must be very sensitive, as the forces 
involved are usually very small. 

Accelerometers [5] used in the measurement of vibration are commercially 
available and are based on many different principles of operation. These can be 
electromagnetic, electrodynamic, capacitive, strain-gauge, and piezoelectric tech- 
niques. The latter is the most rugged and, therefore, most popular for industrial 
measurements. It is self-generating, small in size, and can be designed to be free of 
resonances over a wide frequency range and to have good stability. Sensitivity is 
normally expressed in mV/g, where g is taken as 9.81 m/s2 with typical values in 
the range 1 mV/g to 1 V/g. The sensitivity is also expressed in terms of charge (pC/ 
g). This is appropriate when the sensor is connected to a charge amplifier. 

It should be realized that an accelerometer is normally a piezoelectric crystal 
which develops a charge between its faces when mechanically distorted. This charge 
leaks away, as the crystal is effectively a capacitance. On the other hand, it has the 
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Table 11.3 Performance Data for a General-Purpose Accelerometer and 
One Used in Seismic Studies 

Characteristics General Seismic 

Weight (g) 30 500 
Sensitivity (pC/g) 48 10,Ooo 
Sensitivity (mV/g) 40 10,Ooo 
Capacity (inc Cable pf) 1,200 1,OOo 

5Mounted Resonance (kHz) 22 
Flat response (kHz) 7 1 
Max. shock (g) 5,000 100 

unique property of being mechanically distorted if a charge is presented across its 
faces. The output, being a charge, will not support any power drain and so must be 
interfaced to a very high input impedance at the conditioning amplifier. These inter- 
face units can be in the form of either voltage or change conditioning amplifiers, but 
not ordinary operational amplifiers. The advantage of the former is that the response 
is uniform down to a few Hertz; however, the leads between the amplifier and the 
accelerometer must be kept as short as possible. If the low-frequency response is not 
an issue, then the charge version of the amplifier is commonly used. In this case, 
the lead length is not a problem. 

Qpical performance data for a general-purpose accelerometer and one used in 
seismic studies are shown in Table 11.3. Although the latter is much heavier than 
the general-purpose sensor, it has much better sensitivity. On the other hand, the 
smaller the accelerometer, the wider the frequency response characteristics, but the 
reduced sensitivity means that care must be taken to reduce electrical noise. Care 
must also be taken when mounting an accelerometer. If possible, it should be rigidly 
attached to the structure with a stud; other methods will reduce the bandwidth, the 
worst case being hand-held. 

Closely related to vibration measurements is the use of noise as an analysis 
tool. For airborne-sound measurements, the three most widely used microphones are 
piezoelectric, moving coil, and condenser, the latter being the most popular [6].Their 
characteristics are shown in Table 11.4. The condenser microphone has a high acous- 
tical impedance and can be fitted to a probe, where sound-pressure measurements 
are at positions which are inaccessible. Similar to accelerometers, the smaller the 
microphone the wider the working frequency response, but the poorer the sensitivity. 

Table 11.4 Characteristics of Three Qpes  of Microphones 

Characteristics Piezoelectric Moving coil Condenser 

Frequency response 
Impedance (electrical) 

10 kHz 
0.8 MCl at 100 Hz 

Limited 
75 R 

100 kHz 
Very high 

Impedance (acoustic) Moderate Low High 
Noise level Moderate Low Low 
Transient response Moderate Moderate Good 
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The moving-coil microphone is not really suitable for taking measurements, 
because it has a poor frequency response; so the choice lies between the other two. 
The condenser microphone is usually preferred. Where the frequency range of in- 
terest extends up to 10 kHz, it is advisable to restrict the microphone diameter to 
‘h in. to avoid corrections as a result of diffractions effects. The low-frequency limit 
will be around 10 Hz. 

The larger the numerical value of the sensitivity, the easier it is to take mea- 
surements, but this will also mean a limited frequency response. For impact-type 
noise, a wide bandwidth is needed, as a large number of harmonic components are 
needed to reproduce the event. 

6 EXAMPLES OF DATA PLOTS 

Figure 11.11 shows an example of the raw time-domain data collected from a gear 
casing using an externally mounted accelerometer [7]. In this particular example, the 
gears have 15 teeth each, so that when driven at 1221 rpm, the tooth meshing 
frequency is 

Meshing frequency = 
(Shaft speed)(Number of teeth) 

60 

The plot show that the time for one revolution as 60/1221 = 0.04914 s, and because 

4EtOO 
New Gear, A 

Amp1 

- 4 E ~ 0 ~ l l l 1 l ~ 1 1 1 l l l 1 1 l l l 1 l l 1 t I l 1 l l I t l l 1 1 l 1 , ~ , ~ l , , , l , , , ~  
0.0 Sec Rcd: 1C; dT: 1.20E-05 0.049140 Sec 

E + O O  

Amp1 

- m o o  

E 4 0  

Amp 1 

-E t00  

4Et00 

AV1 

-4Etoo 
0.0 sec Rcd: 4C; dT: 1.20E-05 0.049140 Sec 

Figure 11.11 Examples of gear damage. 
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there are 4096 points taken in the collection of this block of data, the sample time 
t = T/N = 1.1997 X 10-’ s. Because T = N/(2.56fm,,), fmax = 32,560 Hz, and the 
sampling frequencyf, must be 2.56fm,, = 83,353 Hz. 

In alphabetical order, the meaning of each plot in Fig. 1 1.1 I is as follows: plot 
A shows the result from a set of gears in good running condition; plot B is the result 
corresponding to one tooth of the drive gear being filed to approximately 100 p m  
depth; plot C is the worn condition obtained by running a set of gears for 20 h under 
load, with no lubrication; plot D is the result of the gears placed in a solution of 
CuCl, for 18 h. This resulted in fairly uniform pitting, ranging in depth between 100 
and 200 m. Although it is clear there are pattern differences between each of these 
time plots, they do not present much detailed information. This comparison is high- 
lighted in Fig. 1 1.12, which shows both the time and spectral distributions for a gear 
set in good condition [6]. The dominant spectral line is at 2135 Hz, which corre- 
sponds to seven times the tooth meshing frequency of 305 Hz. Such higher-frequency 
harmonics should be much smaller in amplitude, so there must be another event 
superimposed. Figure 1 1.13 shows where the problem lies. 

An impact test on the structure holding the gear box shows a passive structural 
resonance at 2500 Hz, so taking into account the bandwidth of the measurement 
window, this is close enough to cause the problem. None of this information can be 
readily detected from the time-domain plot of Fig. 1 1.11.  

Another example of the use of spectral analysis is shown in Fig. 11.14, where 
a set of gears in good condition are compared to an identical set which has a crack 

k y p i c a l  Spur Gear Vibration 

Typical Amplitude Spectrum 
c 7xm 2!35 HzI 

Act 1 

(g’sl 

Figure 11.12 Time and frequency plots of gear vibration. 

0.00 
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Figure 11.13 Structural impact test. 

at the root of one gear tooth. The top plot shows the tooth-meshing frequency of 
300 Hz and the first two harmonics. The second plot shows the changes due to a 
cracked tooth, which is usually associated with side bands developing on each side 
of the harmonics. These are at 2 the shaft speed; in this case, that would be 1221/ 
60 = 20.35 Hz. However, these are usually only detected by zooming in on this part 
of the spectrum. In this plot, the peak at 540 Hz is more likely to be a resonance. 

0.06 


!"Acc 1 I-

(9 's) ---
-

0.00 

0.0 Hz Rcd: IC; dF: 20.34505 976.5624 Hz 

0.06 


0.00 


Figure 11.14 Gear without and with a tooth crack. 
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Both the fundamental and second harmonic have increased in amplitude. Note also 
the second harmonic of the line frequency 2 X 60 Hz also appears. 

Figure 1 1.15 shows data taken from an accelerometer attached to the end plate 
of a nine-piston pump, using a 30-Hz fixed-bandwidth filter. In this case, the shaft 
speed is 1750 rpm, giving a fundamental pumping frequency of 252 Hz. Much more 
information is available with the better resolution, and it is seen that a lot of har- 
monics are contributing to the end-plate vibration, which, in turn, results in radiated 
noise. 

It was pointed out earlier that there was a relationship between the noise ra- 
diated and the vibration of a structure through the acoustic impedance. This is dem- 
onstrated in Fig. 1 1.16, where the octave-band sound-pressure level is compared 
with the casing acceleration and velocity of a vane pump. The three curves have 
been separated for ease of viewing. In its simplest, p = (pc)u assumes an infinitely 
large flat-plate model so that the acoustic impedance is real. At the other extreme, a 
spherical radiator exhibits a complex impedance given by 

where k is the wave number and a, is the radius of the sphere. It is seen that as a, 
becomes larger, this relationship approaches the flat-plate form. In practice, machines 
are represented somewhere between these two extremes, but the complex aspect 
introduces phase shifting that affects the resultant spectrum. 

The sources of noise can often be pinpointed on the spectrum; for example, 
Fig. 11.17 (lower plot) shows the noise radiated as a result of flow being dumped 

U 
a 


Figure 11.15 Fixed band filter analysis of pump end plate. 
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Figure 11.16 Correlation among acceleration, velocity, and sound level. 

via a discharge valve to a tank, from a pump set. The load valve is open so that the 
loading on the system is light. In the upper plot of Fig. 11.17, the discharge valve 
is operating, directing flow to the circuit and resulting in significant amounts of 
energy being introduced at frequencies about 600 Hz, but not significantly around 
the pumping frequency. The contribution from the discharge valve is seen to be 
essentially broadband energy related to turbulent flow through the discharge valve. 
On the other hand, Fig. I 1.18 shows a different sound pattern when load is applied 

I00 ICQO I0K H z  
FREQUENCY ( Hzl 

Figure 11.17 Effect of a solenoid discharge valve. 
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Figure 11.18 Effect of hydraulic load on a pump. 

to the output end of the circuit. The major effect is seen at the fundamental pumping 
frequency, where there is a dramatic rise in sound-pressure level. 

Cavitation in fluid power systems is the result of imploding voids in the fluid. 
This occurs when the local velocity of flow becomes high, say through an orifice, 
causing the local pressure to drop to the vapor pressure of the oil. When these 
implosions occur, broadband random noise is radiated at significant levels; an ex- 
ample of this is shown in Fig. 11.19. 

0 10k 20k 
Frequency Hz 

Figure 11.19 Noise spectrum of a cavitating orifice. 
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Vibration and the resultant radiated noise can be used as an effective tool for 
the detection of the condition of moving parts with a machine. The relatively recent 
developments in sensor technology, low-cost computers, and user-friendly software 
have allowed more quantitative methods to be developed. By far the most used signal 
processing method is based on the fast Fourier transform, which allows a spectral 
distribution to be viewed. This is much more informative than the raw time-domain 
signal, because the energy is now distributed through a range of frequencies. How- 
ever, the use of digital processing is not without its own limitations, and it is im- 
portant for the user to have a good understanding of the processing involved, so as 
to avoid incorrect interpretation of the data. 

NOMENCLATURE 

Acceleration ( d s ' )  
Fourier coefficients 
Velocity of sound ( d s )  
Coefficient representing the kth spectral line 
Displacement (m) 
Frequency (Hz) 
Variation of voltage with time (V) 
Center frequency (Hz) 
Upper and lower frequency limits (Hz) 
Sampling rate (Hz) 
Maximum frequency of interest (Hz) 
Frequency difference or bandwidth (Hz) 
Form factor or force (-, N) 
Result of forward Fourier transform 
Current (mA) 
Number of samples 
Pressure (Pa) 
Index 
Resistance (a)
Time (s) 
Time between samples (s) 
Time to record a block of data or sample time (s) 
Power (W) 
Voltage (V) 
Velocity ( d s )  
Variation of voltage with time (V) 
Sampled amplitude of a signal 
Phase angle of kth harmonic (radian) 
Density (kg/m3) 
Frequency (radiands) 
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1 INTRODUCTION 

In the past 25 years, hydraulic applications have greatly improved. Machines have 
become more powerful, faster, and more versatile through the use of hydraulic drives 
and controls. Heavier loads and faster cycles require hydraulic systems to have 
pumps with larger capacities and higher pressure ratings. Higher-pressure pumps 
create greater stresses on system components. Therefore, hydraulic pump mainte- 
nance is becoming increasingly critical to reduce failure rates and extend service 
life. 

The most common cause of hydraulic pump failure is improper pump use. 
Root-cause analysis of pump failures has shown that 80%of the failures were caused 
by improper operation and maintenance. The most common sources of failures are 
shown in Table 12.1. 

A detailed discussion of hydraulic pumps, components, and circuitry is pro- 
vided in Chapter 1. The importance of fluid properties on properties such as viscosity, 
foaming, and cavitation is provided in Chapter 4. Fundamental lubrication principles 
are provided in Chapter 6. In this chapter, an overview of hydraulic pump wear 
surfaces and lubrication will be provided. Hydraulic pump wear and failure mech- 
anisms will be discussed in detail and a root-cause analysis procedure will be intro- 
duced. Examples of various examples of hydraulic pump component failure and their 
root causes will be discussed. 

601 
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Table 12.1 Most Common Sources of Hydraulic Pump 
Failures 

Failure frequency 
Source (%I 

Design 2 
Manufacture 6 
Installation 12 
Operation and maintenance 80 

2 DISCUSSION 

2.1 Hydraulic Pump Lubrication 

One source of hydraulic pump failure is improper lubrication. The effect of fluid- 
film lubrication, material strength, heat balance of fluid film and rolling element 
bearing lifetimes, and cavitation on the limits of operation of a hydraulic pump is 
illustrated in Fig. 12.1 [11. Illustrative examples of fluid-film lubrication of hydraulic 
pump components will be provided here. 

Many components within piston and vane pumps are in pure sliding contact. 
(The rolling component is negligible.) Sliding surfaces in a piston pump include 
valve plate and cylinder block, piston and cylinder wall, and slipper and swash plate 
surfaces, which are illustrated in Fig. 12.2 [l]. The sliding contact within a vane 
pump is the vane on cam-ring surface illustrated in Fig. 12.3 [2]. 

Sliding wear at the valve plate-cylinder block surface will affect the perfor- 
mance of both swash-plate and bent-axis piston pumps. Wear at this interface may 
facilitate case leakage, which will increase with decreasing fluid viscosity [11. 

MECHANICAL STRE 

ROTATIONAL SPEED N 

Figure 12.1 Hydraulic pump and motor operation limits. (Courtesy of A. Yamaguchi, 
Yokohama National University.) 
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SLIPPER PISTON CYLINDER BLOCK 

SWASH 

Figure 12.2 Sliding contacts of a swash plate piston pump. (Courtesy of A. Yamaguchi, 
Yokohama National University.) 

The slipper-swash plate wear contact will significantly impact pump perfor- 
mance. Figure 12.2 shows that the slipper-piston contact may be treated as spherical 
bearing. Due to the small size, this contact operates in the mixed-film lubrication 
regime [13. 

The force acting on the cylinder block is supported by the shaft and fluid-film 
pressure acting on the valve plate with a hydrodynamic pad is illustrated in Fig. 12.4 
[l]. A journal bearing may also be used to support the force, as shown in Fig. 12.5 
[ l ] .  The total fluid-film pressure acting on the sliding valve plate-cylinder block 
surface illustrated in Fig. 12.6 is composed of hydrostatic effect, wedge-film effect, 
and a squeeze-film effect [ l] .  Loading of the valve plate and cylinder block is pri- 
marily determined by the pressure of the high-pressure side of the pump. It has been 
shown that fluid-film thickness is relatively stable at rotational speeds up to 10' rpm 
[I]. 

The piston and cylinder wall are also in sliding contact. For many swash-plate 
piston pumps, metal-metal contact is difficult to avoid because of the high lateral 
forces acting on the pistons [l] .  Lubrication at these surfaces is enhanced by de- 

ring 

vane 

rotor 

Figure 12.3 Vane-on-ring sliding line contact. 
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JOURNAL BEARING 

I LLJ 

\ 

CYLINDER BLOCK PISTON 

Figure 12.4 Force acting on a cylinder block. (Courtesy of A. Yamaguchi, Yokohama 
National University.) 

- x  

Figure 12.5 Valve plate with hydrodynamic pad. (Courtesy of A. Yamaguchi, Yokohama 
National University.) 
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Figure 12.6 Fluid-film formation between valve plate and cylinder block. (Courtesy of A. 
Yamaguchi, Yokohama National University.) 

signing for enhanced hydrostatic lubrication and by varying the piston shape and 
size. 

An example of a bushing that may be used in high-pressure gear pumps is 
illustrated in Fig. 12.7 [ 3 ] .  It has been shown that these bearings are lubricated 
hydrodynamically due to hydrostatic pressure generation arising from gear tilt and 
nonflatness of the ends of the gear teeth and bushing surface [ 3 ] .  

The limits of lubrication of a representative bearing surface has been modeled 
and the results are illustrated in Fig. 12.8 [13. Metal-metal contact during the pump 
delivery stroke is represented by the shaded area No. 1. The suction to delivery 
stroke, which is the fluid-trapping period, is represented by the shaded area No. 2. 

Figure 12.7 Schematic of a bushing-type bearing. 
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Figure 12.8 Fluid lubrication in a slipper bearing: (1) metal-metal contact during the pump 
delivery stroke and (2) suction to delivery stroke. (Courtesy of A. Yamaguchi, Yokohama 
National University.) 

These examples show that hydraulic pump lubrication and performance is de- 
pendent on preventing pump and component damage and maintaining design clear- 
ances. Anything that produces a change in these clearances, such as lubrication fail- 
ure and wear, may dramatically affect hydraulic pump performance. 

2.2 Hydraulic Pump Failure 

2.2.1 Causes of Hydraulic Pump Failure 

The pump is the “heart” of any hydraulic system. It is unusual for pump failures 
to be caused by manufacturing defects. Pump failures are usually a symptom of 
another problem in the system. Preventing recurring failures requires determination 
of the failure mechanism and performance of preventive maintenance procedures to 
reduce the probability of future reoccurrence. 

Typically, 85-95% of pump failures can be attributed to one or more of the 
following causes [4]: 

Foaming and aeration 
Cavitation 
Contamination 
Fluid oxidation 
Overpressurization 
Improper viscosity 

Foaming and Aeration 
Although some fluid foaming is to be expected, excessive foaming may lead to the 
introduction of foam into the pump inlet leading to air-entrainment problems such 
as poor fluid compressibility and sluggish hydraulic response. Cavitation may also 
result. Foaming is caused by the following [5,6]: 
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1.  Improper Location of the Return Discharge Line. Hydraulic systems 
should discharge the returning fluid below the oil surface in the reservoir 
to minimize foaming. Alternatively, the return line may discharge fluid onto 
an inclined plane or over a screen. Time is needed for the fluid to release 
entrained air to the surface before reentry into the system. Therefore, re- 
turning fluid should not be discharged directly to the reservoir outlet. If 
this occurs, baffles are needed to prevent direct discharge to the outlet. 

2. Improperly Sized Reservoir. If the reservoir is too small or deep relative 
to surface area, there may be insufficient time to permit release of the 
entrained air before the fluid reenters the system. 

3. Rapid Pressure Release. Rapid pressure release may result in the insol- 
ubilization of air, which was soluble under the higher-pressure conditions, 
resulting in an entrained-air condition and increased foaming. Rapid pres- 
sure releases may be caused by sharp changes in pipe sizes or excessive 
vacuum on the discharge side of the pump inlet, discharge of metering 
valves and orifices to the reservoir, and a large pressure drop in the inlet 
line from the pressurized reservoir. 

In some cases, a negative suction head must be eliminated. The use 
of a supercharging (booster) pump may be required to pressurize the inlet. 

To minimize the potential for rapid pressure release and other inlet 
flow problems, abrupt changes in pipe sizes should be eliminated if pos- 
sible. Piping recommendations include the following [7,8]: (1 )  suction lift 
should be 24 in. maximum, ( 2 ) not more than two elbows in addition to a 
filter should be used in the suction line whose maximum length should not 
exceed 36 in., and (3) match the line size to the pump port size, if possible. 

4. Insufficient Fluid in the Reservoir. If the oil level in the reservoir is too 
low, there may not be enough time for air release before reentry of the 
fluid into the system. In addition, this condition may lead to vortexing at 
the suction inlet, causing increased air entrainment of the oil. 

5 .  Hydraulic System Leaks. Air may be drawn into the hydraulic fluid at 
packings or suction-line connections and from gas leaks from the accu- 
mulator. As the fluid is returned to the reservoir, excessive foaming will 
result. The suction-line strainer may also act as an air trap. 

6. Moving Parts. Crankshafts, gear teeth, and couplings, either too deep or 
shallow, may beat air into the hydraulic fluid that must be released upon 
return to the reservoir. 

7. Fluid Viscosity. As shown in Chapter 4, higher-viscosity fluids may exhibit 
greater foam stability, although lower foaming tendency. The use of higher 
temperatures, or lower fluid viscosity if it is still within the manufacturers 
operating requirement, may minimize foam stability and facilitate air 
release. 

8. Oil Oxidation. In addition to increasing viscosity, some oxidation by-prod- 
ucts may stabilize foam. 

9. Contamination. A common cause of foaming is fluid contamination. 
Finely divided rust and scale may increase the foaming tendency. Detergent 
additives in mineral-oil hydraulic fluids may stabilize foaming with water 
contamination. Contamination with other fluids may also cause foaming. 
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Aeration and Air Entrainment 
In addition to the sources of foaming discussed above, air ingression into the system 
may cause air entrainment. These include the following [5 ] :  

1. Soluble Air. Air is soluble in hydraulic fluid and air solubility increases 
with increasing temperature and pressure. (See Chapter 4.)  

2. Mechanical Introduction. Air ingression into the system may occur where 
negative pressure exists. 

3. Improper System Bleeding. Increased air entrainment may occur if the 
hydraulic system is not bled properly to release trapped air. Trapped air 
may occur during system filling, and vacuum filling may be necessary. 

4. Improper Fluid Addition. Makeup fluid poured into the reservoir causing 
splashing or increased agitation may entrap air in the fluid. 

In some cases, the only solution to air-entrainment problems is to use a deaer-
ator, where air is removed from a bypass stream under vacuum [9]. 

Cavitation 
Cavitation may occur if the hydraulic fluid is too cold or the fluid viscosity is ex- 
cessively high. This will lead to the formation of voids within the fluid caused by 
oil starvation on the suction side of the pump. In addition to excessive fluid voids, 
cavitation may also be due to insufficient pumping capacity and restricted passages 
in the piping and strainers. Overall flow resistance should not create a net inlet 
vacuum in excess of 5-10 in. Hg maximum [lO]. Additional potential sources of 
cavitation include excessive pump-shaft speeds, fluid-specific gravity higher than 
system design accommodation, high altitude, boost or makeup pressure too low, and 
no baffle plate in the reservoir. 

Fluid viscosity at the onset of cavitation may be calculated by the following 
[ 101: 

1. Adding or subtracting the head or lift to the pump suction capacity. 
2. Express the bends, elbows, strainers, and values of the suction system as 

equivalent length of straight intake pipe and add this length to the suction 
pipe in feet. 

3. Calculate the oil viscosity causing the maximum depression at the pump 
inlet (onset of cavitation) from 

843ad2 0.87
Viscosity (cS) = --

bV (SPG) 

where 

a = the pump suction capacity (in in. Hg) 
b = the equivalent length of suction system (in ft) 
d = the diameter of the suction pipe (in in.) 
V = the fluid velocity (in fds) 

SPG = the specific gravity of the hydraulic fluid 

A number of calculation examples are provided in Table 12.2 [lO]. 
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Table 12.2 Illustrative Maximum Fluid Calculations 

Examples 

I 2 3 4 5 

Flow rate 2 fds 2 fds 4 ws 4 ft/s 2 ft/s 
Pipe size Iin. diameter 1 in. diameter 2 in. diameter I'll in diameter 2 in. diameter 

Mineral oil Mineral oil Mineral oil Synthetic fluid Emulsion fluid 

Lift (-) 2 ft 2 X 0.78 - 1.56 1 X 0.81 = -0.81I f t  
Pump suction 10 in. Hg 1o.00 10 in. Hg 1o.00 10 in. Hg 5 in. Hg 1.5 in. Hg 

(b) 
Pipe length IR 1 1 ft 1 5 ft 5 4 fl 4 2 f l  2 
Bead - _ _ - - 1 x 2  2 1 I X 1 ' / 2  1.5 1 1 x 2  2 
Elbow I 3 x 1  3 1 3 x 1  3 1 -
Strainer 1 s -3.3 1 s -1.3 1 s - 6.6 1 S - a3.7 

X43ad'Maximum - 843 x 9.22 x 1 = 5oo cs 843 x 8.44 x 4 843 X 7.04 X 2.25 X 0.87 X43 X 0.69 X 4 X 0.87 
viscosity bV 

= 520 CS = 275 CS = 21.5 cs
1.3 X 2 13.6 X 4 9.2 x 4 x 1-15 4 X 2 X 0.92 

(approx.)b 843 X 10.78 X 1 
7.3 x 2 
= 620 CS 

%rainers not usually fitted owing to the low pump suction value permitted. Where fitted. a strainer with four times normal capacity would he employed. In this case, the result = 150 cS (approx.). 
'843ad'lbV is derived from Fannings equation for fluids with a centistoke viscosity greater than 3.7dV. where d is the diameter in inches and V is the velocity in feet, and where flow is streamline having Reynolds 
numbers less than 2100. 
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Table 12.3 Equivalent Linear Length Factors 
1 

Equivalent length of 
Component pipe (ft) 

Elbow 3 X diameter (in.) 
Bend 1 X diameter (in.) 
Gate valve (open) 0.5 X diameter (in.) 
Wire strainer (gap of 0.005-0.008 and aperture area 6.6d' 

of 2 in.'/gal flow/min)" V (ft) 

"Adjustfor other aperture areas: area X value = 13.2. 

The above equation is derived from Fanning's equation for fluids with a vis- 
cosity in centistokes greater than 3.6 V and for fluids with a Reynolds number less 
than 2100.* 

The equivalent length of pipe (in ft) for elbows, bends, gate valves, and strain- 
ers may be calculated from Table 12.3 [lO]. 

Procedures to identify sources of cavitation include the following: 

1. Check the manufacturers recommendation for start-up and operating vis- 
cosities of the fluids. These recommendations are pump- and manufacturer- 
specific. 

2. Check the inlet inside diameter and inlet flow velocity. 
3. Check the size of the inlet strainer. The capacity of the inlet strainer should 

be at least two times the pump volume. (See subsection on Fluid Oxi-
dation.) 

4. Be sure that the inlet strainer has been cleaned properly. (See subsection 
on Fluid Oxidation.) 

One of the most common causes of hydraulic pump cavitation is improper 
pump inlet designs that do not provide the necessary NPSH, (Net Positive Suction 
Head available) for the fluid being used. The available NPSH at the pump inlet for 
a simple system may be calculated from the following equation (also see Fig. 12.9) 
[ 121: 

*Fanning's equation, also known as the Darcy-Weisbach equation, is used to calculate friction loss in 
fluid flow through a pipe and is written as 

L v 2  
hf =f (E ) (%)  

where h, is the friction loss (in ft) of fluid, L is the length of pipe (ft), D is the average inside diameter 
of the pipe (ft), V is the average velocity (ft/s), g is the gravitational constant (32.174 ft/s'), and f is the 
friction factor (see Appendices at back of book) [111. 
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Figure 12.9 Illustration of contributing head pressures acting on a hydraulic pump inlet 
in a simple hydraulic circuit. 

where 

H, = head pressure acting on the fluid surface in the tank. If the system is not 
pressurized, this will be atmospheric pressure. 

Hs = head pressure between the surface of the fluid and centerline of the pump 
inlet. It is very important to note that this value will be negative if the 
fluid surface is below the pump inlet. 

Hvp= vapor pressure of the fluid at the fluid temperature expressed as feet of 
head. 

Hf=friction loss in the suction piping. 

Alternatively, the following equation can also be used [54]: 

where 

H, = atmospheric pressure in feet of head 
Hg= gauge pressure at the suction flange in feet of head. 

V2/2g= velocity head at the point of measurement (in. Hg). This adjustment is 
required because gauge pressures do not typically include velocity 
head. 

Cavitation damage is exemplified by the formation of pitting, holes, and craters 
on the wear surface. This is shown in Fig. 12.10. 

C o ntarninat ion 
Any foreign material in a hydraulic fluid that exhibits a harmful effect is a fluid 
contaminant. Contaminants may be solid particles, liquids, or gases. Most solid con- 
taminants cause an abrasive action, increasing the dimensions between the compo- 
nents. Solid contamination is discussed in detail in Chapter 3. Table 12.4 provides 
a summary of major contaminant types and possible damage that they may cause 
~ 3 1 .  
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Figure 12.10 Surface damage. pitting, and cratering duc to cavitation. (Courtesy of IFAS, 
Aachen, Germany.) 

Table 12.4 Common Fluid Contaminants and Possible Damage 

Contaminant Damage 

Ingested dirt Solids interfere with oil-film formation. 
Hard particle abrasion. 
Fine particles cause polishing wear. 
Fatiguc failure in rolling clement bcarings duc to dents from 

particles. 
Water Produces nonuniform fluid film formation. 

Causes rust. 
Catalyzes oxidative oil degradation. 

Manufacturing debris Metal chips penetrate oil film and initiate scuffing. 
Chemicals Causes corrosion and oil degradation. 
Wear debris Wear debris accumulation promotes oil degradation. 

Destroys surface of babbitt bearings. 
Wrong oil If viscosity is too low. oil film is too thin. 

If viscosity is too high, pump efficiency decreases." 
If additives are too chemically active. corrosion and polishing 

will result. 
If additivcs arc not sufficiently chemically active, risk of 

scuffing increases. 

"Efficiency increases with increasing viscosity due to reduced internal leakage. Exccssivc fluid viscositics 
produce cavitation. 
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Figure 12.11 Pressure plate I $  black due to excessive heat caused by high (1300°F) oil 
temperature. This plate cannot be reused. (Courtesy of Dam Corp.) 

Fluid Oxidation 

It is normal for fluids to form acids and sludges due to oxidation over their lifetime. 
This is accelerated with extended operation at high temperature and thermal cycling 
[141. Although operating temperatures of mineral-oil hydraulic fluids will vary with 
the application, there are some guidelines: Typically, the maximum operating tem- 
perature at atmospheric pressure is 150°F (65"C), operating temperatures of 180-
200°F (82-93°C) are possible, but the fluid must be changed two to three times as 
often, and operation at temperatures at 250°F (121°C) causes relatively rapid fluid 
decomposition. Fluid lifetimes, perhaps as short as 24 h, will result [14]. 

In addition to heat-exchanger failure, excessive heating of hydraulic fluids may 
be due to a sticking valve or relief valve set too low. If the sticking valve does not 
return to the neutral position, the system energy goes to heat and not work, thus 
overheating the fluid. If the relief valve is set too low, a portion of the fluid will be 
dumped across the relief valve with each cycle, causing both overheating and slow 
operation [ 151. The effect of high-temperature excursions on hydraulic equipment is 
illustrated in Figs. 12.11 [16], 12.12 [16], 12.13 [17], and 12.14. 

One of the most coininon sources of hydraulic system problems is the depo- 
sition of oil oxidation by-products [ 18,191. Tt has been shown that suction strainer 
clogging by resinous oil oxidation by-products led to cavitation and at least 50% 
reduction in hydraulic pump lifetime [19]. The resinous by-products form an insu- 
lation coating on the strainer mesh as shown in Fig. 12.IS [ 191. This will lead to a 

Figure 12.12 Black coloration of gear and shaft due to excessive overheating of the oil 
(>300"F).This part is not usable. (Courtesy of Dana Corp.) 
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Figure 12.13 Flex plate discoloration from excessive heat. Some erosion damage is also 
observable. (Courtesy of Vickers, Inc., Troy, Inc.) 

Figure 12.14 Rotor. vanes, and bushing covered with fluid oxidation deposits. (Courtesy 
of DMT-Gesellschaft fur Forschung and Priifung mbH, Essen, Germany.) 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



Failure Analysis 615 


Figure 12.15 (a) Clogged inlet strainer. (Courtesy of A. Sasaki, Kleentek. Inc.) (b) Illus-
tration of sludge buildup on a strainer. (Courtesy of A. Sasalu, Kleentek Inc.) 
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Figure 12.16 Shaft breakage due to relief valve failure or by repeated excessive pressure 
surges. (Courtesy of Danfoss Fluid Power, Inc.) 

buildup of static electricity and a spark discharge on full-flow filters (strainers), 
causing further oil breakdown [13]. This subsequently led to pump failure by cavi- 
tation due to reduced flow rate. As a result of this study, it is recommended that 
suction filters and strainers be avoided in hydraulic systems [19]. 

Electrical discharge in mineral-oil hydraulic fluids has been reported previously 
and it was proposed that this is due to high fluid frictional effects and the length of 
the spark increased with fluid flow rate [20]. 

Overpressurization 
A hydraulic pump should not be subjected to operating pressures greater than those 
for which the pump was designed. Overpressurization creates forces against various 
internal components and may cause premature failure. 

Overpressurization may also be caused by component failure. There are two 
possible causes for overpressurization [151: (1) relief-valve failure, causing an ex- 
treme pressure surge and component failure, as illustrated in Fig. 12.16 [ IS] and (2) 
if the relief-valve setting is too high, repeated pressure breaks may result. 

Viscosity 

Viscosity is a measure of a fluid’s internal friction or its resistance to flow. The use 
of higher than recommended fluid viscosity (or cold oil) may cause pump cavitation, 
increased pressure drop throughout the circuit, higher oil temperatures, sluggish hy- 
draulic operation, or lower mechanical efficiency [21]. If the fluid viscosity is too 
low, increased oil leakage, inability to hold pressure, lack of positive hydraulic con- 
trol, or lower volumetric pump efficiency due to increased internal leakage and an 
accompanying increase in heat may result [21]. Therefore, the use of the appropriate 
fluid with the recommended viscosity at the operating temperature must be used. A 
summary of common hydraulic operation problems and solutions is provided in Table 
12.5 [22]. 

2.3 Wear Mechanisms 

To conduct successful failure analysis, it is first necessary to understand and rec- 
ognize common wear mechanisms upon inspection. The objective of this section is 
to discuss commonly encountered wear processes, including (1) abrasive wear, (2) 
adhesive wear, (3) erosive wear, (4) cavitation wear, (5) corrosive wear, (6) contact 
stress fatigue wear. and (7) other forms of wear. 
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Table 12.5 Trouble Shooting Chart 

Cause What to do 

Noisy Pump 
Air leaking into system Be sure the oil reservoir is filled to normal level and that 

oil intake is below surface of oil. Check pump packing, 
pipe and tubing connections. and all other points where 
air might leak into system. 

One good way to check a point on the intake side 
suspected of leakage is to pour oil over it; if the pump 
noise stops, you have found the leak. 

Air bubble in intake oil If oil level is low or return line to reservoir is installed 
above oil level, air bubbles will form in oil in reservoir. 
Check oil level and return-line position. 

Cavitation (the formation of Check for clogged or restricted intake line, plugged air 
vacuum in a pump when it vent in reservoir. Check strainers in intake line. Oil 
does not get enough oil) viscosity may be too high. Check recommendations. 

Loose or worn pump parts Check manufacture’s maintenance instructions first; 
Tightening every nut in sight may not be the way to 
stop leakage. Look for worn gaskets and packings; 
replace if necessary. There is usually no way to 
compensate for wear in a part; i t  is always better to 
replace it. Oil may be of improper grade or quality; 
Check recommendations. Parts may be stuck by metallic 
chips, bits of lint, etc. If so, disassemble and clean 
thoroughly. Avoid the use of files. emery cloth, steel 
hammers, etc. on machined surfaces. 

Stuck pump vanes, valves, Products of oil deterioration such as gums, sludges. 
pistons, etc. varnishes, and lacquers may be the cause of sticking. 

Use solvent to clean parts and dry thoroughly before 
reassembling. If parts are stuck by corrosion or NSI, they 
will probably have to be replaced. Be sure oil has 
sufficient resistance to deterioration and provides 
adequate protection against rusting and corrosion. 

Filter or strainer too dirty; Filter and strainers must be kept clean enough to permit 
filter too small adequate flow. Check filter capacity. Be sure that original 

filter has not been replaced by one of smaller capacity. 
Use oil of quality high enough to prevent rapid sludge 
formation. 

Pump running too fast Determine recommended speed. Check pulley and gear 
sizes. Make sure that no one has installed replacement 
motor with other than recommended speed. 

Pump out of line with Check alignment. Misalignment may be caused by 
driving motor temperature variation. 

Leakage Around Pump 
Worn packing Tighten packing gland or replace packing. Trouble may be 

caused by abrasives in oil. If you suspect this sort of 
trouble, make a thorough check of points where 
abrasives may enter system. 
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Table 12.5 Continued 

Cause What to do 

Head of oil on suction line Usually it is better to have no pressure on the suction side 
of the pump, although it may be necessary. With more 
than slight head, leakage may result. If head is not 
required and components can be rearranged, do so. 
Otherwise, do not worry about the leakage. Just wipe off 
the pump periodically and, if feasible, install a drip pan. 
Do not let oil leak onto floor! 

Overheating 
Oil viscosity too high Check oil recommendations. If you are not sure of the 

viscosity of oil in system, it may be worth your while to 
drain the system and install oil of proper viscosity. 
Unusual temperature conditions may cause oil of proper 
viscosity for “working temperature” to thicken too 
much on way to pump. In this case, use of oil with a 
higher viscosity index may cure trouble. 

Internal leakage too high Check for wear and loose packings. Oil viscosity may be 
too low. Check recommendations. Under unusual 
working conditions, temperature may go high enough to 
reduce viscosity of recommended oil too much. Proceed 
with caution if you are tempted to try a higher viscosity 
oil. 

Excessive discharge pressure If oil viscosity is found to be OK, trouble may be caused 
by a high setting of relief valve. If so, reset. 

Poorly fitted pump parts Poorly fitted parts may cause undue friction. Look for 
signs of excessive friction; be sure all parts are in 
alignment. 

On any machine equipped with an oil cooler, it is probably 
that high temperatures are expected. If temperatures run 
high normally, they will go even higher if oil cooler 
passages are clogged. 

Oil cooler clogged If you find a clogged cooler, try blowing it out with 
compressed air. If this will not work, try solvents. 

Low oil If the oil supply is low, less oil will be available to cany 
away just as much heat. This will cause a rise in oil 
temperature, especially in machines without oil coolers. 
Be sure oil is up to level. 

Pump Not Pumping 
Pump shaft turning in wrong Shut down immediately. Some types of pumps can turn in 

direction either direction without causing damage; others are 
designed to turn in one direction only. Check belts, 
pulleys, gears, motor connections. Reversed leads on 
three-phase motor are most common cause of wrong 
rotation. 

Intake clogged Check line from reservoir to pump. Be sure filters and 
strainers are not clogged. 

Low oil level Be sure oil is up to recommended level in reservoir. Intake 
line must be below level of oil. 
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Table 12.5 Continued 
~ ~ 

Cause What to do 

Air leak in intake If any air at all is going through pump, it will probably be 
quite noisy. Pour oil over points suspected of leakage; if 
noise stops, you have found the leak. 

Pump shaft speed too low Some pumps will deliver oil over a wide range of speeds; 
others must turn at recommended speed to give 
appreciable flow. Find out first the speed recommended 
by the manufacturer; then, with a speed counter if 
possible; check the speed of the pump. If speed is too 
low, look for trouble in driving motor. 

Oil too heavy If oil too heavy, some types of pumps cannot pick up 
prime. You can make a very rough check of viscosity by 
first getting some oil that is known to have the right 
viscosity. Then, with both oils at the same temperature, 
pour a quart of each oil through a small funnel. The 
heavier oil will take a noticeably longer time to run 
through. Oil that is too heavy can do great harm to 
hydraulic systems. Drain and refill with oil of the right 
viscosity. 

Mechanical trouble (broken Mechanical trouble is often accompanied by a noise that 
shaft, loose coupling, etc.) you can locate very easily. If you find it necessary to 

disassemble, follow the manufacturer’s recommendations 
to the letter. 

Low Pressure in System 
Relief valve setting too low If relief-valve setting is too low, oil may flow from pump 

through relief valve and back to the oil reservoir without 
reaching point of use. To check relief setting, block 
discharge line beyond relief valve and check line 
pressure with pressure gauge. 

Relief valve stuck open Look for dirt or sludge in valve. If valve is dirty, 
disassemble and clean. Stuck valve may be indication 
that system contains dirty or deteriorated oil. Be sure, 
therefore, that oil has high enough resistance to 
deterioration. 

Leak in system Check whole system for leaks. Serious leaks in the open 
are easy to detect, but leaks often occur in concealed 
piping. One routine in leak testing is to install a pressure 
gauge in the discharge line near pump and then lock off 
the circuit progressively. When the gauge pressure drops 
with gauge installed at a given point, leak is between 
this point and check point just before it. 

Broken, worn, or stuck pump Install pressure gauge and block system just beyond relief 
valve. If no appreciable pressure is developed and relief 
valve is OK, look for mechanical trouble in pump. 
Replace worn and broken parts. 

Incorrect control valve If open-center directional control valves are unintentionally 
setting; oil “short- set at neutral position, oil will return to reservoir without 
circuited’’ to reservoir meeting any appreciable resistance and very little 

pressure will be developed. Scored control-valve pistons 
and cylinders can cause this trouble. Replace worn parts. 
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Table 12.5 Continued 
~~ 

Cause What to do 

Erratic Action 
Valves, pistons, etc., sticking First, check suspected part for mechanical deficiencies such 

or binding as misalignment of a shaft, worn bearings, etc., then 
look for signs of dirt, oil sludge, varnishes, and lacquers 
caused by oil deterioration. You can make up for 
mechanical deficiencies by replacing worn parts, but do 
not forget that these deficiencies are often caused by the 
use of the wrong oil. 

Sluggishness when a Sluggishness is often caused by oil that is too thick at 
machine is first started starting temperatures. If you can put up with this for a 

few minutes, oil may thin out enough to give 
satisfactory operation. But if oil thins out or if 
surrounding temperature remains relatively low, you may 
have to switch to oil with lower pour point, lighter 
viscosity, or, perhaps, higher viscosity index. Under 
severe conditions, immersion heaters are sometimes 
used. 

2.3.1 Abrasive Wear 

Abrasive wear refers to the cutting of a metal by hard particles or a rough surface 
by a ploughing or microcutting mechanism [13,231. When abrasion wear is caused 
by a hard particle between two surfaces, it is termed three-body wear, which is 
depicted in Fig. 12.17 [24]. Hard particles causing three-body wear may be intro- 
duced into the system from the component manufacturing process, generated inter- 

"HARD" SURFACE 

"SOFT" SURFACE 

HARD ABRASIVE 

"SOFT" SURFACE 

"HARD" SURFACE 

Figure 12.17 Abrasive wear: (A) three-body wear; (B) two-body wear. 
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nally as wear debris, ingested through a breather or seals, or it may be added as a 
contaminant in the fluid upon addition to the system [25]. 

Abrasive wear is dependent on particle size distribution, shape, toughness, and 
hardness [24]. The mechanism illustrated by Fig. 12.18 [24] shows that hard particles 
penetrate and become embedded into one of the wear surfaces. The embedded par- 
ticle, tilted at angle (+), then cuts the opposite surface. The energy from the micro- 
cutting action causes plastic deformation and the formation of parallel furrows and 
ridges in the direction of surface movement [13]. A surface that has undergone 
abrasive wear is illustrated in Fig. 12.19. Severe gear-tooth abrasion is illustrated in 
Fig. 12.20 [26]. Additional examples of three-body wear are presented in Figs. 12.2 1-
12.25. 

Two-body wear, shown in Fig. 12.17B, is caused by a harder surface with 
asperity dimensions sufficiently large to penetrate the lubricating oil film causing a 
ploughing or microcutting action on the other softer surface, which is in relative 
motion. This is depicted in Fig. 12.26 [24]. This form of wear is also known as 
cutting, ploughing, gouging, lapping, grinding, or broaching wear [24]. 

Abrasive wear may be minimized by the following [25]: 

I .  Removing potential residual manufacturing debris by proper draining and 
flushing procedures before starting 

2. Using wear-resistant materials of construction 
3. Minimizing ingested particles by the use of proper breather filters and by 

keeping the system tight 

1LOAD 

L I  

TF 

Figure 12.18 Three-body wear model. 
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Figure 12.19 Illustration of abrasion surface wear. (Courtesy of IFAS, Aachen, Germany.) 

4. Using fine filtration to minimize particulate contamination of the hydraulic 
fluid 

4. Performing proper fluid maintenance and periodic fluid analysis 

2.3.2 Adhesive Wear 

Adhesive wear, as depicted in Fig. 12.27, occurs when surface asperities come into 
sliding contact under a load. If sufficient heat is generated, microwelding of the 
asperity with subsequent shearing and material transfer of the contact will be ob-
served, as illustrated in Fig. 12.28. This process will continue until larger surfaces 
are in contact and macrowelding or seizure occurs. Generation of adhesive wear 

Figure 12.20 Extreme abrasion wear. (Courtesy of American Gear Manufacturers Asso- 
ciation.) 
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Figure 12.21 Vane-tip wear due to particle ingression through breather pipc. No air filter 
was used. (Courtesy of Denison Ilydraulics Inc., Marysville. OH.) 

Figure 12.22 Scratch marks on the face of a piston shoe due to fluid particle contami- 
nation. (Courtesy of Denison Hydraulics Inc., Marysville, OH.) 
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Figure 12.23 Vane-rotor assembly damage duc to largc-particle contamination. Only one- 
half of fluid flow was being filtered. The filter had a rating of &, = 5. which was plugged 
due to water contamination. (Courtesy of Denison Hydraulics Inc., Marysville, OH.) 

debris may then cause abrasion wear. Therefore, it is possible for both wear processes 
to occur together. If the temperature is sufficiently high, metal flow and "smearing" 
will be observed. If the part is constructed from steel, tempering colors may be 
observed, and if the temperature of the total part is high enough. plastic deformation 
and fracture may result, as illustrated in Fig. 12.29 [23]. 

Figure 12.24 Internal wear contact surfacc with abrasive damage due to hard-particle 
contamination, (Courtesy of Kayaba Industry Co.. Tokyo. Japan.) 
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Figure 12.25 Fine-particle abrasipe wear on the vane tips is due to surface varnish for- 
mation from the oil. (Courtesy of Quaker Chemical Corporation. Conshohocken, PA.) 

Adhesive wear is dependent on the following [27]: 

1. Surface characteristics. including hardness. shear strength, roughness, sur- 
face “waviness,” geometry. elastic modulus, tensile strength. ductility, 
melting temperature, and interfacial metal compatibility 

2. Normal loading and tangential sliding force 
3. Lubrication conditions. including presence of oxide films. extreme pressure 

lubricants, oil films, and contaminants 

Figure 12.26 Model of two-body wear process. 
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laotrtcd Contact Points. 

FORCE FORCE TO 
TO WELD PULL APART 

N 


(b) Cold Welding of Contact Junctions. 

Figure 12.27 Illustration of (a) surface asperity contacts and (b) adhesive wear. 

4. Environmental properties such as dust, salt, fog, water, temperature, and 
chemicals 

Fitch has provided the following “Six Laws of Adhesive Wear’’ [27]: 

1. The area of contact between the two surfaces is directly proportional to 
the applied normal load and inversely proportional to the indentation (Bri-
nell) hardness of the softer material. 

2. The volume of material worn away when one of the surfaces slides over 
the other is proportional to the true area of contact, the total sliding dis- 
tance, and the wear coefficient of the material pair. Wear coefficients are 
provided in Table 12.6 [27]. 
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.) SURFACES 
BEINO PRESSED 
TOOEMR 

Figure 12.28 Model of adhesive wear process. 

3. The average wear depth is obtained by dividing the volume of material 
wear by the nominal area of contact. 

4. For surfaces of different materials, the ratio of wear depth of the harder 
material equals the square of the ratio of the yield strengths of the softer 
material to the harder material. 

5. The wear coefficient remains constant as long as the pressure does not 
exceed one-third the material hardness. As long as the wear coefficient is 
constant, wear will vary linearly with the distance traveled and the wear 
rate will be constant. At pressures in excess of one-third the hardness, the 
wear coefficient begins to increase and the wear increases nonlinearly and 
rapidly. 

6.  The values of wear coefficients are determined by the material pairs used 
and are established experimentally. The values are affected by oxide layers, 
surface contamination, surface finish, and experimental conditions. 

Adhesive wear may be reduced by increasing material hardness, surface hardening, 
avoiding metallurgically similar material pairs, avoiding highly soluble materials, 
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Figure 12.29 Damaged roller bearing from an axial piston pump with plastically deformed 
roller due to poor lubrication and adhesive wear. (Courtesy of DMT-Ciesellschaft fur For-
schung and Priifung mbH. Essen. Germany.) 

using welding-resistant materials, and providing a soft layer containing compounds 
of sulfur and phosphorus [27]. 

Adhesive wear may occur in areas where the friction contacts are greatest due 
to tight fits, misalignment, high loading: poor lubrication, and high temperature [28]. 
Examples of adhesive wear are provided in Figs. 12.30 (cam ring) [29], 12.31 (bear- 
ing area of gear shaft) [28], 12.32 (piston) [29]. 12.33 (bearing surfaces) [30], 12.34 
(piston-shoe metal transfer), and 12.35 (piston-shoekin-brass layer adhesive failure). 

Polislzing 

Polishing wear may occur by one of two mechanisms. One mechanism is chemical 
and occurs when the EP additives that are present in the hydraulic oil are too ag- 
gressive, leaving a bright, mirrorlike surface [25].This is undesirable because the 
polished surface is less resistant to wear. 

Alternatively, polishing wear may occur during componcnt break-in when sur- 
face asperity adhesive wear occurs until a very fine, smooth surface results [26,31]. 
This is caused by insufficient electro-hydrodynamic (EHD) lubrication to prevent 
such asperity contact. Polishing wear can be minimiaed or avoided with the use of 
a high-viscosity lubricant or reduced operating temperature. Polishing wear for the 
drive and gear teeth of a properly operating pump is illustrated in Fig. 12.36 [161. 

2.3.3 Erosion Wear 

Moving particle surface impingemcnt erosion wear (erosion wcar), as illustrated in 
Fig. 12.37 [32], may result in scratching, surface indentation, chipping, and gouging, 
as shown in Fig. 12.38. Mechanistically. erosion wear is a combination of two pro- 
cesses: surface fatigue and abrasive cutting [ 321. 

Figure 12.39 illustrates that erosion wear is an exponential process including 
an initiation time, acceleration, and a period of maximum rate loss [32]. The param- 
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Table 12.6 Approximate Wear Coefficients 
~~ 

Wear coefficient 
Material A Material B x 104 

c u  Pb 0.03 
Ni Pb 0.07 
Fe 
Ni 
A1 

Ag 
Ag
Pb 

0.23 
0.23 
0.47 

A€! Pb 0.84 
Mg
Zn 

Pb 
Pb 

0.87 
0.87 

Ag
A1 Zn

Ag 1.14 
1.31 

A1 Ni 1.58 
A1 c u  1.61 
A1 
A1 Fe

Ag 1.78 
2.02 

Fe Zn 2.82 
Ag
Ni 

Zn 
Zn 

2.82 
3.70 

Zn Zn 3.90 

Zn 
Mg A1 

c u  
5.24 
6.21 

Fe c u  6.41 
Ag
Pb 

c u  
Pb 

6.65 
8.00 

Ni 
Zn 
A1 

Mg 
Mg
A1 

9.60 
9.76 

10.00 
c u  
Ag 
Mg
Fe 
Fe 

Mg 
Mg 
Mg 
Mg
Ni 

10.25 
10.90 
12.25 
12.92 
20.00 

Fe Fe 26.00 
c u  Ni 27.20 
c u  c u  42.30 
Ni Ni 95.90 

eters that affect erosion wear include fluid-flow velocity, particle and fluid density, 
drag coefficient, Reynolds number, and particle size. In general, if particles are 
5100 km, erosion wear rate increases with particle size. If the particles are >I00 
km, wear volume by erosion is independent of particle size [32]. 

Erosion wear occurs where there is a change in fluid-flow direction such as in 
orifices, line restrictions, turns in fluid passageways, and the leading edge of rotating 
parts [28]. An illustration of erosion wear is provided in Fig. 12.40, in which erosion 
wear above and below a piston bore is illustrated [30]. (It should be noted that the 
erosion is greater at the top of the bore.) 
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Figure 12.30 Cam-ring smearing damage and discoloration. (Courtesy of Caterpillar Inc., 
Peoria. IL.) 

2.3.4 Cavitation Wear 

Cavitation arises when there is a sudden collapse (implosion) of a gas bubble en- 
trained in the hydraulic fluid: it is illustrated in Chapter 2 (Fig. 2.99). The bubble 
implosion process forms a high-velocity microjet capable of high-impact energy. The 
implosion process and subsequent microjet surface action is often called the “water 

Figure 12.31 Gear shaft with subsequent craclung due to heat from adhesive wear process. 
(Courtesy of Kayaba Industry Co., Tokyo, Japan.) 
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Figure 12.32 This hydraulic pump piston has undergone polishing due to smearing. (Cour- 
tesy of Caterpillar Inc.. Peoria, IL.) 

hammer” effect. Cavitation occurs when there are excessive gas bubbles. high load- 
ing, or abrupt surface contour changes. The mechanism of the cavitation process was 
explained in detail in Chapter 2. 

After repeated bubble implosions, material fatigue damage results in surface 
damage with the formation of pitting and larger holes as shown in Fig. 12.41. The 
propensity for cavitation is dependent on material properties. A general ranking of 
various properties with respect to the potential for cavitation damage is shown in 
Fig. 12.42 [33] .Hobb’s has reported a ccrrelation of cavitation damage with “ulti- 
mate resilience” which was defined as [34] 

0.5(Tensile strength)’ 
Ultimate Resiliance = 

Elastic modulus 

Various examples of cavitation damage are provided in Figs. 12.43- 12.57. 

Figure 12.33 Polishing of lead-tin bearing surfaces due to smearing caused by poor 
lubrication. (Courtesy of Caterpillar Inc., Peoria. IL.) 
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Figure 12.34 Yellow metal transfer from piston shoes to swash plate. (Courtesy of South-
west Research Institute, San Antonio, TX.) 

2.3.5 Corrosive Wear 

Corrosion wear is surface damage related to electrochemical attack of the metal 
component. Corrosion may be classified as follows: 

1. Crevice or cell corrosion occurs when the tendency for corrosion is greater 
in cracks or crevices. 

2 .  Dezincification occurs when brass is used. Zinc, an alloying element in 
brass, dissolves preferentially as a soluble salt. Brasses with greater than 
15%zinc are most susceptible to dezincification, particularly in a saltwater 
environment. 

3 .  Stray electrical currents from motors or generators may come into contact 
with fabricated metal sections or hydraulic components, accelerating elec- 
trochemical attack. 

4. Pitting is caused by contact with extreme temperature or acids. This will 
result in localized oxidative breakdown of the material. The corroded area 
is anodic and loses metal locally to the cathodic area, causing pitting. 
Severe abrasive wear damage due to oxidative pitting is illustrated in Fig. 
12.58. 

5 .  Fatigue stresses caused by internal or external pressures such as a nut on 
a bolt may occur in a metal. This will create a pathway within the material 
that will corrode more rapidly. If the stresses are cyclic, accelerated cor- 
rosion or corrosion fatigue may result. 
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Figure 12.35 Illustration of adhesive failure of carbon-steel piston shoes which haw a 
sliding surface with a layer of sintcrcd tin-brass. The pockets on the shoe surface are present 
to facilitate hydrostatic lifting. The pockets have disappcarcd duc to cxccssive wear and the 
sintered tin-brass has transferred to the surface of the w a s h  plate. Failure was due to in-
adcquatc adhcsive strength of the tin-brass coating on the side of the steel pistons. (Courtesy 
of Kayaba, Industry Co.. Tokyo. Japan.) 
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Figure 12.36 Illustration of polishing of the loaded side of gear. teeth. Some pitting will 
occur in the root of the gear teeth after extended operation. High gloss of the journals indicate 
a properly operating pump. (Courtcsy of Caterpillar, Inc.. Peoria, IL.) 

6. Intergranular corrosion may occur within grain boundaries of the metal. 

One result of corrosion is the formation of metal oxides, which have charac- 
teristic colors [28]. Ferrous alloys or steel often form reddish-brown oxides. Copper 
or brass forms bluish-green oxides. Oxides of aluminum are gray. Figure 12.59 il-
lustrates the characteristic nature of the porous nature of an oxide coating on steel. 
Figure 12.60 illustrates a combination of bronze surface corrosion due to water con- 
tamination and additive hydrolysis and cavitation. Figure 12.61 illustrates abrasive 
wear failure when the root cause is coirosion. 

Common causes of metal corrosion include the following [35]: 

1, Water from humid air ingression and subsequent condensation, liquid water 
from spray or splash contamination. water ingression from defective en- 
closure and cooling coil leakage, and water-contaminated lubricant 

2. Lubricant chemistry: poor lubricant formulation using aggressive EP ad-
ditives, presence o f  acids from decomposition or exposure to active metals, 
and lubricant and system incompatibility such as yellow metal attack 

3. Corrosive chemical vapors in the atmosphere 

Figure 12.37 Model of erosive wear. 
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Figure 12.38 Illustration of erosion surface wear. (Courtesy of IFAS. Aachen. Germany.) 

4. Corrosive processing chemicals such as coolants and cleaning fluids 
5. Galvanic couple formation between metals with different electrochemical 

potential such as yellow metal separators in martensitic steel roller bear- 
ings, stainless-steel surfaces contaminated with martensitic steel, and alu- 
minum alloy componmts with unprotected surfaces in contact with steel 
and in the presence oT an electrolyte which is any ion-conductive fluid 

Figure 12.39 Mass removal kinetics of erosive wear process. 
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Figure 12.40 Illustration of erosive wear on a cylinder piston. (Courtesy of Caterpillar 
Inc., Peoria, IL.) 

Corrosion may be avoided by using appropriate design methodology. Some guide- 
lines for proper design include the following [36]: 

1. Avoid galvanic couples by insulating dissimilar metals or increase electri- 
cal resistance. This may be accomplished by using more noble metals or 
metals close to the metal of interest in the galvanic series shown in Fig. 
12.62 [37]. 

2. Avoid small anodic areas (the more active metal is the anode) relative to 
the cathode (the less active metal), such as fasteners, by using alloys that 
are cathodic with respect to the main structure 

3. Avoid concentration cells by welding to eliminate crevices and by using 
fluorocarbon gaskets between contact surfaces 

Figure 12.41 Illustration of cavitation surface damage. (Courtesy of IFAS, Aachen, 
Germany.) 
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Figure 12.42 Cavitation resistance of various materials. (Courtesy of IFAS, Aachen, 
Germany. 

4. Protect from corrosive environments by providing a drop skirt or design 
to eliminate collection of contaminants by geometry or capillarity; allow 
adequate drainage to prevent collection of corrosive solutions 

5. Avoid sections with high tensile stress 
6. Use protective coatings where possible 

Galvanic Corrosion 
Galvanic corrosion is recognizable by the appearance of increased corrosion near the 
junction of dissimilar metals [38]. This is caused by electrochemical transfer of one 
metal to another. The propensity for galvanic corrosion is dependent on the position 
of the two metals in the galvanic series shown in Fig. 12.62 [37]. Any metal will 
have a greater tendency to corrode when it is in contact with another metal in a 
lower position in the series in the presence of an electrolyte. The farther apart the 
two metals in the series, the greater the potential for galvanic attack. The example 
provided in Fig. 12.62 was developed for steel rivets in copper plates in seawater. 
Electrons flow from steel to copper, resulting in a deposit of iron oxide on copper. 

Galvanic corrosion may be minimized by the following: 

1 .  Use the same or similar metals, especially if an electrolyte is present. 
2. Avoid combining dissimilar metals where the area of the less noble metal 

is relatively small. 
3. Use a dielectric material, paint, or coating to separate dissimilar materials 

where possible. 
4. If a pair of dissimilar metals must be used, couple them to a piece of less 

noble metal, often zinc, which may be used for sacrificial corrosion [28]. 
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Figure 12.43 Hydraulic pump cavitation damage. (Courtesy of Kayaba Industry Co., To-
kyo, Japan.) 

Electrochemical Erosion (Pitting Corrosion) 
Electrochemical erosion (pitting corrosion) may be encountered with the use of fire- 
resistant phosphate ester hydraulic fluids with components with small orifices [391 
such as spool valves [40]. This erosion occurs most rapidly when the valves are in 
the closed position, with the formation of a large pressure drop across the orifice by 
the edge of the slide and port in the sleeve [41]. This erosion is primarily a function 
of chloride ion contamination and electrical resistance [40]. 

Beck et al. [42,43] reported that the mechanism of electrochemical erosion was 
driven by electrical currents that arose from the electrical double layer formed at the 
fluid interface, as shown in Fig. 12.63 [44]. A streaming current ( I )  is formed when 
fluid flow parallel to the double layer-metal interface causes movement of the free 
charge, typically from chloride anions. The sum of the total charges at the fluid- 
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Figure 12.44 Cavitation damage of the port plate of a vane pump duc to insufficicnt rclcasc 
of entrained air in the fluid. This pump was opcratcd at very fast pressure cycles. The pump 
was equipped with a flooded inlet and an inlet strainer. (Courtesy of Denison Hydraulics Inc., 
Mru-ysville, OH.) 

Figure 12.45 Two vanes exhibiting cavitation damage taken from the same pump as the 
port plate shown in Fig. 12.33. The vanes exhibited cavitation in an arca matching thc port 
platc damagc. Thus, cavitation not only occurs on the surfacc of one port but on different 
ports from the same area. (Courtesy of Denison Hydraulics Inc., Marysville, OH.) 
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Figure 12.48 Cavitation damage of' a piston-pump port plate. (Courtesj of Kayaba Indus-
try Co., Tokyo. Japan.) 

metal interface must be zero. Therefore, as additional current is formed from the 
streaming potential. additional current for electrical neutrality usually is provided by 
the metal, because the fluid exhibits low conductivity, and is designated as wall 
current (Z),). This process leads to the corrosion observed: 

Fe" + Fe" + 2e 

The wall current, assuming no current is provided by the fluid, may be cal- 
culated from: [44] 

where 

E = fluid permittivity (F/m) 
E = the potential difference (V) between the electrical double layer-metal in-

terface and the fluid outside of the double layer (zeta potential) 
v = the fluid viscosity (m'/s) 
Q = the laminar flow rate (in m'/s) 
x = the distance from the metering edge (m) 1451 

The total current normal to the metal surface (I,%)per unit length of the orifice 
is [44] 

where g is the gap size. 
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Figure 12.49 Cavitation damage on the inside of a cam ring with accompanying discol- 
oration due to overheating. (Courtesy of Quaker Chemical Company, Conshohockcn, PA.) 

Figure 12.50 Vanes may exhibit a “chattering” noise upon contact with the cam ring with 
fluid aeration and poor air release. The rippling effect observed hcre is due to vane chatter. 
Some discoloration due to overheating is also visible. (Courtesy of Quaker Chemical Com-
pany, Conshohocken, PA.) 
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Figure 12.53 Vane-tip cavitation with some discoloration due to overheating. (Courtesy 
of Quaker Chemical Company, Conshohocken, PA.) 

Inspection of these equations shows that the current is greatest with the fol-
lowing [40]: 

1 .  Small gaps or orifices. 
2. High fluid velocity. The flow rate across the metering edge for an I S 0  VG 

46 phosphate ester at 70 bars pressure is estimated to be 120 mph. Wall 

Figure 12.54 Although cavitation damage is observed on the flex plate of a vane pump, 
the major problem ia inadequate lubrication duc to scvcrcly acrated oil. Adhesive smearing 
and heat discoloration are also visible. 
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Figure 12.55 Cavitation erosion damage with subsequent fatigue for (a) a bronze control 
plate and (b) a bronze cylinder from axial piston pump (brass). Note that the highcst prcssure 
is on the suction side. As the pressure increases, bubbles of cntraincd air implode, eroding 
the material. The erosion is concentrated on thc outcr edge of the slots because the circum- 
ferential speed is slightly grcatcr at this point. As the radius increases, the circumferential 
spccd will also increase. (Courtesy of DMT-Gesellschaft fur Forschung und Prufung mbH, 
Essen. Germany.) 
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Figure 12.56 Cavitation erosion darnagc with subscquent fatigue for (a) a steel control 
plate and (b) a bronze cylinder plate. Note that the steel control plate exhibits much greater 
cratering than the bronze control plate shown in Fig. 12.55.The reason for the greater damage 
was that the steel control plate was used in a pump under higher pressure. (Courtesy of DMT-
Gcscllschaft fur Forschung and Prufung mbH, Essen, Germany.) 
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Figure 12.57 This cam ring exhibits two modes of wear: cavitation and adhesive smearing. 
The wavy marks are the original grinding marks. The root cause of failure was loss of antiwcar 
additives in  the hydraulic oil. (Courtesy of Denison Hydraulics Inc., Marysville, OH.) 

current is proportional to the pressure drop ( A P ) :  

3. High fluid permittivity. Fluids with a permittivity of (2-5) X 10-l’ F/m 
exhibit no damage. Permittivities of (12-15) X IO-”  F/m produce signif- 
icant erosion damage [40]. New phosphate ester fluids typically exhibit 
permittivities of (7-8) X 10-” F/m [40]. 

4. High zeta potential. Although commercially available phosphate ester flu- 
ids exhibit zeta potentials of 25- 150 mV [41], treatment with Fuller’s earth 
may reduce the zeta potential to 0.5 mV. Fuller’s earth treatment increases 
the electrical resistivity from 4 X 10qto 14 X 10’ f2-cm [40]. 

Electrochemical erosion may be reduced by reducing the conductivity of the 
fluid. Nelson and Waterman [4S] have reported that fluids exhibiting conductivities 
of 3 X to 5 X 10-8 mho/cm will produce electrochemical erosion. In this case, 
the neutralizing current is supplied by the metal. However, fluids exhibiting higher 
conductivities (>3 X 10-’) do not exhibit electrochemical erosion. In this case, the 
neutralizing current is supplied by the fluid [45]. Table 12.7 provides a summary of 
reported methods for reducing electrochemical erosion [40]. 

2.3.6 Contact-Stress Fatigue Wear 

Contact-surface fatigue is favored by small contact areas, high loadings, and repeated 
flexing action under cyclic rolling or reciprocal sliding loads, although each occurs 
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Figure 12.58 Fluid contamination led to the generation of surface pitting and formation 
of debris which caused severe wear damage. (Courtesy of Kayaba Industry Co., Tokyo, Japan.) 

under different conditions, as illustrated in Fig. 12.64 1461. The applied stresses are 
less than the material yield stress, and the process is often accompanied by frictional 
heat and plastic flow. Subsurface structural changes are also observed metallograph- 
ically. Contact-stress fatigue wear processes are distinguishable from abrasion, ad- 
hesion, and corrosion, as shown in Table 12.8 [47]. 

Reciprocal sliding action produces a cyclic shear load. Cracking initiates at the 
surface and progresses into the subsurface zones [30]and is characterized by pitting 
as illustrated in Fig. 12.65 [26]. 

Rolling action compresses the surface and cracks initiate below the surface at 
points of maximum Hertzian stresses, as shown in Fig. 12.66 [48] (or deformation). 
For many materials, maximum shear stress occurs at a 0.01-mm depth below the 
surface [48]. Traditionally, it was believed that crack initiation almost invariably 
occurs at subsurface nonmetallic inclusion sites or grain boundaries or at surface 
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Figure 12.59 Illustration of porous nature of corroded surfaces. (Courtesy of IFAS, Aa- 
chen. Germany.) 

Figure 12.60 Bronze port plate discoloration duc to fluid contamination by water with 
subsequent additive hydrolysis. Cavitation damage is also observed. (Courtesy of Denison 
Hydraulics Co., Marysville, OH.) 
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Figure 12.61 Vanes taken from a vane pump using a water-contaminated phosphate ester 
fluid. Water contamination causes corrosion and corresponding formation of metal oxides that 
produced the observed abrasive wear. The course abrasive dcbris plugged the system tilter. 
Fine debris caused surface abrasion of the vanes. The two vanes on the left show the back 
side of the vanes and the two vanes on the right show coloration due to varnish deposits from 
the fluid. (Courtesy of Denison Hydraulics Co.. Marysville, OH.) 

stress risers such as a keyway, as illustrated in Fig. 12.67 [46]. However, it has also 
been shown that cracking may initiate from surface work hardening to about 20 km, 
with accompanying formation of tempered martensite [46]. Fatigue failure modes 
are summarized in Table 12.9 [23,49]. 

Surface fatigue is typically manifested by the following [SO]: 

1 .  Pitting. Pit sizes may vary from small (0.4-0.5 mm) to much larger de- 
structive holes that often occur in the negative sliding condition. Surface 
pitting due to surface contact fatigue are shown in Fig. 12.65 [26]. 

2. Spalling. Surface “spalls” may be much larger, shallower and more irreg- 
ular shapes than pits, as illustrated in Fig. 12.68 [26]. 

3. Case Crushing. This is a subsurface fatigue failure that occurs just below 
the hardened case [26] with longitudinal cracks ending on the surface, as 
shown in Fig. 12.69 [26].  

Design factors that effect surface contact fatigue include EHD film thickness, 
surface roughness. surface loading, sliding velocity, lubricant additives [S1,521, and 
material properties [48]. 

The fatigue life of roller bearings has been related to the lambda ratio (specific 
film thickness ratio), as shown in Table 12.10. The value lambda is calculated from 
[531 
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Figure 12.62 Illustration of galvanic corrosion and the galvanic series. 
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Figure 12.63 Generation of electrokinetic streaming current: streaming currents, wall cur- 
rents, and fluid current flows. 

wehre h,, is central EHD film thickness and U is defined as 

where (T, and are the root-mean-square (rms) surface finishes of contact surfaces 
1 and 2, respectively. For many bearings, this value can be assumed to be 0.12 pm.  
For very large industrial bearings, (T can be assumed to be 0.65 pm 1531. 

Table 12.7 Methods to Minimize Electrochemical Valve Erosion 
~~~~~~~ 

System design Fluid type/maintenance 

Reduce flow rates or pressure drop Use Fuller’s earth treatment to reduce fluid 
across the valves acidity and increase resistivity 

Minimize thermal stress on the fluid Avoid contamination by halogenated solvents 
Use corrosion-resistant steel Use additives to reduce the zeta potential 
Use zero or overlap designs for the Use fluids of good thermal, oxidative, and 

servo valve hydrolytic stability 
Minimize water contamination and 

maintain slight vacuum over the 
fluid in the tank 
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DISTANCE 
BELOW 
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a SLIDINO 

8-88-28 

Figure 12.64 Model of shear stresses formed by rolling, sliding, and a combination of 
both processes. 

Table 12.8 Differentiation of Surface Contact Fatigue from Other Wear Processes 
(Abrasion, Adhesion, and Corrosion) 

Mechanism Surface-contact fatigue 0t her wear me c h anisms 

Nature of contact Counter formal Conformal 
Stress system Hertzian and alternating Dispersed and continuous 
Lubrication and oil film Partial to full EHD Partial hydrodynamic to 

starvation 
Relative motion to mating Usually rolling Usually sliding 

surface 
Wear process Crack initiation and Material adhesion, ploughing, 

propagation or corrosion. etc 
material subsidence 

Wear particle characteristics Lamina, sphere, and spa11 Normal/severe sliding wear 
particles particles, cutting, wear 

particles, etc. 
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Figure 12.65 Destructivc pitting due to surface-contact fatigue. (Courtesy of American 
Gear Manufacturcrs Association.) 

An alternative to lambda, often designated as A,,, ,  is to use a corrected A,,,, 
value, which is calculated from 

where k,, is the EHD film correction factor, which may be determined from Fig. 
12.70 [S3] .For a roller bearing. the value of the lubricant flow number GU in Fig. 
12.70 is calculated from [S3]  

47% MAXiMUM 

Figure 12.66 Location of maximum shear stress locations in a Hcrtzian contact. 
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Figure 12.67 Fatigue cracking that was initiated by the keyway which acted as a stress 
riser. [Courtesy of Society of Tribologists and Lubrication Engineers (STLE).] 

where a is inl-lb. force and k,, is 1.52 X 10 “’ min/cP [E‘ is equivalent bearing load 
(in N). lbf/100]. 

Townsend and Shim4ki used correlated lambda (A) with gear surface fatigue 
life as shown in Fig. 12.71 [51]. 

Table 12.9 Surface Fatigue Failure Modes 

Mode Chwacteristics 

Wcar-type failures Surface removal 
1. Rcmoval of loosc wcar particles 
2. Chemical or electrical surface removal 

Cumulative surface material transfer “smearing’ * 
Plastic flow 1,oss of contact geometry due to cold flow 

Material softening due to overheating 
Contact fatigue Pitting or spalling 

Surface distress (cracks) 
Bulk failures Overload cracking 

Overheat cracking 
Bulk fatigue 
Permanent dimensional changcs 
Fretting of fit surfaces 
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Figure 12.68 Bearing race damage by spalling. (Courtesy of Caterpillar Inc., Peoria, IL.) 

Figure 12.69 Illustration of case crushing of a carburized bevel gear. (Courtesy of Amcr-
ican Gear Manufacturers Association.) 

Table 12.10 Correlation of Lambda (A) and Fatiguc Cracking of Roller Bearings 

h value Wear observation 
~ 

<1 Surface smearing or deformation 
1-1.5 Surface distress accompanied by surface pitting 
1.5-3 Surlace glazing accompanied by subsurface failure 

Minimal wear, long life, eventual subsurface contact fdtigue failure 2 3  
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Figure 12.70 Elasto-hydrodynamic film reduction factor as a function of contact lubricant 
flow number. [Courtesy of Society of Tribologists and Lubrication Engineers (STLE).] 

Specific Film Thickness Ratio 

Figure 12.71 Relative gear fatigue life as a function of specific film thickness ratio. 
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Table 12.11 

A, Ratio 

>3.0 
3-1.0 

1.0-0.3 

<0.3 
Any ratio 

Correlation of Modified Lambda and Contact Fatigue Failure 

Initiation of contact fatigue Material influence Surface roughness influence Geometry influence 

Subsurface fatigue inclusion" Important Minor Important 
Subsurfacehear surface mostly Important "Sharp"/High Important 

inclusion Asperities 
Important 

Some inclusion; some surface Somewhat important Important for surface and near surface Somewhat important 
related fatigue 

Surface related" Minor Important Less important 
Localized stress risers Mixed Mixed Mixed 
PSO -dents, grooves, and Minor Somewhat important Minor 

surface inclusions 
GSGd-edge fatigue Somewhat important Minor Somewhat important 

misalignment 

"Fatigue originates at nonmetallic inclusion in the maximum shear zone below the surface for both hearings and gears. 
"Called peeling or  micropitting for bearings; spalling for gems. 
'PSO (point surface origin): fan-shaped spa11 propagation starting in the surface. 
dCSC(geometric stress concentration) starting at end of line contact. 
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Moyer has reported that the use of a modified lambda ratio (A,,,) provides a 
better correlation for contact fatigue wear that may occur for both gears and roller 
bearings, which is calculated from [23] 

where L is the large end wavelength used to measure surface roughness and is usually 
equal to 0.8 mm (0.030 in.) and 2b is the width of the contact in the direction of 
motion. A correlation of A,,,and contact fatigue wear for both gears and bearings is 
provided in Table 12.1 1 [23]. 

Hardened and unhardened steels behave differently when exposed to contact- 
surface fatigue. Plastic flow may arise in the surface layers of unhardened steels 
which will not occur in hardened steels. For example, unhardened spur gears may 
exhibit pitting along the pitch line at the point of highest contact stress. Hardened 
gears, on the other hand, undergo pitting along the pitch line where traction forces 
are highest [48]. When traction occurs along the pitch line for hardened steels, the 
following is true [48]: 

1 .  Surface fatigue is less at low slide-to-roll ratios than when pure rolling 
occurs. 

2. More cracks propagate on the lower peripheral speed surface than at the 
edge. 

3. Performance is sensitive to steel composition, heat treatment, and lubricant 
composition. There have been reports that surface contact fatigue is sig- 
nificantly reduced by the addition of certain additives [51,521. 

4. Surface-nucleated cracks produce earlier failures than subsurface cracks. 
5 .  Surface-nucleated cracks tend to be located in asperity peaks. 
6. Surface-nucleated failures are sensitive to surface temperature and there- 

fore to EP reactions in the lubricant. 

In summary, (1) fatigue cracks are caused by repetitive stress fluctuations, (2) 
failure times decrease with increasing stresses, (3) fatigue cracks occur at stresses 
less than the material yield stress, and (4)there is a finite time between the origination 
of the crack and final failure [46]. Various examples of fatigue failure are illustrated 
in Figs. 12.72 through 12.76. 

2.3.7 Other Forms of Wear 

Brinelling 

TRUE BRINELLING. If the applied load exceeds the elastic limit of the material, 
elliptical “brine11 marks” or brinelling will be observed as illustrated in Fig. 12.77 
1541. Brinelling may occur when a hammer is used to install or remove a rolling 
element bearing assembly or when it is dropped [55] .  Brinelling is due to impact 
deformation, not wear. 

FALSE BRINELLING. Elliptical wear patterns in the axial direction at each roller 
or ball position in the rolling element assembly, as illustrated in Fig. 12.78 [ 5 5 ] ,  is 
called “false brinelling.” The elliptical pattern is often surrounded by debris. False 
brinelling is caused by vibration-induced wear. 
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Figure 12.72 Fatigue fracture at the weakest point was due to excessive fluid aeration, 
which was caused by flow turbulence occurring during fast pressure changes. The resulting 
aerated fluid possessed poor compressibility, creating pressure spikes that exceeded the design 
limits of the cam-ring material. (Courtesy of Dcnison Hydraulics, Marysville, OH.) 

Figure 12.73 Fatigue crack on hydraulic pump flange caused by hammcring impact during 
installation. (Courtesy of Kayaba Industry Co.,  Tokyo, Japan.) 
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Figure 12.74 Surface fatigue of a piston from a swash-plate piston motor due to poor 
lubrication. In this case. the motor was tested without loading by increasing the rotational 
speed. Seizure occurred at 8000 rpm between the piston and the cylinder block. The piston 
was locked in the bore and the shoe was pulled off by the retainer platc. The failure was due 
to insufficient lubrication due to the high sliding speeds and increasing centrifugal force. 
(Courtesy of Keyaba Industry Co., Tokyo, Japan.) 
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Figure 12.75 The cam-ring (a) and bushing (b) failure was due to several wear mccha- 
nisms, including abrasion, cavitation, erosion. corrosion, and fatigue. Rippling was duc to 
uneven pressure on the vanes (see Fig. 12.50), producing a chattering effect from aerated 
fluid. Severe cavitation erosion produced debris and three-body abrasion wear. The abrasion 
process overheated the parts causing fatigue failure. (Courtesy of DMT-Gesellschaft fur 
Forschung und Priifung mbH, Essen. Gcrmany.) 
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Figure 12.76 Fatigue failure due to nonuniform hardening of the hydraulic pump shaft. 
(Courtesy of Kayaba Industry Co.. Tokyo, Japan.) 
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Figure 12.77 Brinelling impact damage to a bearing race. (Courtesy of The Timken Corn-
pany, Canton, OH.) 

Fretting Corrosion 
Fretting corrosion occur\ when the tips of the aspenties of adjacent moving surfaces 
come into contact and microwelding occurs. Continued surface movement causes 
the tips of the microwelded asperities to pull off. producing a pitting effect. The heat 
of the microwelding process enhances oxidation of the fresh metal surfaces. If water 
is present, corrosion will result. Fretting corro\ion, as illustrated in Figs. 12.79 and 

Figure 12.78 False brinelling of a bearing due to wcar. Note the oxide deposits surround- 
ing the wear damage. (Courtesy of The Timkcn Company. Canton, OH.) 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



665 FailureAnalysis 

Figure 12.79 Fretting corrosion o n  the outer surface of a rolling clcment bearing. (Cour-
tesy of Caterpillar. Inc , Peoria. IL.) 

12.80 [56] ,may occur on the surfaces of moving tightly fitted assemblies such as 
roller bearings [28]. 

Electricul Currents 

A burning or arcing effect may be observed when electrical current contacts a com- 
ponent surface such as a bearing race. This may occur during a process such as 
welding or during long-term contact with lower currents. Either a “fluting” effect 
or “pitting” as illu3trated in Figs. 12.81 and 12.82, respectively, may be oberved 
[54]. Therefore. it is essential that equipment be properly grounded. 

Mibcelluneous Failures 

In addition to those failures shown previously, there are a numbcr of other possible 
causes. Some of the more commonly encountered sources include a poor or loose 
fitting. misalignment, and heat treatment. Examples of these failure modes are pro- 
vided in Fig3. 12.83, 12.84, and 12.85, respectively. A tabulated summary of various 
failure mechanisms and their characteriqtics that may be encountered in hydraulic 
pump failure analysis, see Appendix 1 1  1-57], 

2.4 Failure Analysis 

Each of the failure mechanisms described in the previous sections exhibits their own 
distinctive type of damage. In order to properly troubleshoot, correct, and maintain 
hydraulic equipment, it is important to recognize and understand these different fail- 
ure modes. The process by which this is done is called “failure analysis.” The 
objective is to determine the “root cause” of the problem by hardware inspection. 
In this section, a process by which this identification can be made will be described. 

2.4.1 System Overview and Disassembly 

The first step in this process is to perform a survey of the use of hydraulic pump or 
system component of interest. The initial steps of this process arc as follows: 
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Figure 12.80 Axial movement during stopping produced temperatures in excess of 700°C 
causing nonuniform distribution of thc lubricating grease leading to fretting damage and 
localizcd smearing. (Courtesy of Kayaba Industry Co., Tokyo, Japan.) 

1. Know the equipment where the pump was used. 
2 .  Know how the new part looks so that change\ can be readily identified. 
3. Ob\erve how the external part of the pump looked before disassembly. 

Photograph it, if possible. 
4. Carefully disassemble the pump and make written notes during the disas- 

uembly process. Photograph these steps, if possible. 
Thoroughly examine the internal parts making written notes of any 
observations. 

6. Identify the probable cause. 
7. Communicate with the customer. 
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Figure 12.81 Fluting damage of a bearing race caused by exposure to electric current. 
(Courtesy of The Timken Company. Canton, OH.) 

Figure 12.82 Pitting darnage of a rolling element caused by exposure to electric current. 
(Courtesy of The Timken Company. Canton. OH.) 
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Figure 12.83 Bearing track damage caused by loose-fitting shaft resulting in a temperature 
rise to >70O"C and creep. (Courtesy of Kayaba Industry Co.. Tokyo, Japan.) 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



669 FailureAnalysis 

Figure 12.84 Bearing misalignment rcsulting in very short lifetimes. (Courtesy of Kayaba 
Industry Co., Tokyo, Japan.) 

2.4.2 Determination of Probable Cause (Root-Cause Analysis) 

The next step of this process is very similar to the root cause analysis of roller 
bearings reported previously by Washo [58] .  

There are three primary steps in root-cause analysis [58] :  

1. Establish the symptom. For example, what led to the problem: noise, vi-
bration, high temperature, sluggish response, high friction, and so forth. 

2 .  Determine general failure cause including abrasion, adhesion, corrosion, 
surface contact fatigue, and overheating. 

Figure 12.85 Gear shaft for reducing gcar box with a quench crack after induction h a d -
ening. (Courtesy of Kayaha Industry Co., Tokyo, Japan.) 
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n n 

Sticking No Oilg cl[*JRadktor 

Figure 12.86 Mobil hydraulic system troubleshooting flowchart. (Courtesy of D. Scheetz, 
Mobil Oil Company, Aurora, IL.) 

3.  Determine the root cause by identifying the wear failure mode using ref- 
erence figures from various sources such as the manufacturer, those pro- 
vided here, and previous experience. 

Figures 12.86 provides a helpful troubleshooting overview of the possible fail- 
ure modes that should be considered in root-cause analysis [ S S ] .  
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Water Hydraulics 

KARl T. KOSKINEN and MATT1J. VlLENlUS 
Institute of Hydra 14 1ics cincl  A U toinatioii, Tarnpere Un ive rs i ty of Technology, 
Tampere, F i n l a d  

1 INTRODUCTION 

Although the first water hydraulic applications were known from 400-500 B.c., the 
first modern applications occurred at the end of 18th century, as illustrated in Fig. 
13.1. Since that first application over 100 years ago, all hydraulic systems have used 
water as a pressure medium. In the early 20th century, the use of hydraulics increased 
greatly when pressure-medium-lubricated pumps and motors and oil-resistant seal 
materials were developed. 

In recent years, water hydraulic applications have increased and continues to 
increase. One reason for this growth is the increasing importance of the environ- 
mental aspects of hydraulic fluids throughout the world. Water as a pressure medium 
offers many other benefits compared to oil, including easy maintenance, good avail- 
ability, low cost, noninflammability, and so forth. One other springboard for the 
development of water hydraulics has been the recent development in material tech- 
nology. Many new materials have been developed that provide longer life expectan- 
cies with water without corrosion and erosion. 

Applications in water hydraulics have traditionally been in mining, steel, alu- 
minum, automotive industries, and water-treatment plants. Examples of new appli- 
cation areas include rescue equipment, food industry, pulp and paper industries, and 
land and marine diesel engines. Exotic new applications being developed include 
municipal engineering and fusion reactor remote-handling equipment. The most re- 
cent research area is low-pressure water hydraulics. 

2 WATER AS A PRESSURE MEDIUM IN FLUID POWER SYSTEMS [I ,2] 

2.1 Water Hydraulic Fluids 

When water hydraulic applications are discussed, they typically include tap-water 
hydraulic replacements for current HFA-fluid or HFC-fluid applications. Seawater is 
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Figure 13.1 History of fluid power technology. (From Ref. 1 .) 

not commonly used except in special offshore applications. HFA fluids typically 
contains 95% water and 5% concentrate. The concentrate normally includes emul- 
sification additives and wear inhibitors. HFA fluids are also sometimes called HWCF 
or HWBF fluids. HFC fluids consist of approximately 40% water and 60% of a 
glycol, additives, and a thickener. The use of HFC fluids has decreased in recent 
years. One reason might be cost. HFB fluids have been used, but their use has also 
decreased. 

Tap water is, of course, the genuine form of water hydraulic fluid. It is inex- 
pensive, nontoxic, and nonflammable and has very good availability. Water is clean, 
so storage and disposal is inexpensive and simple. The problems with water are in 
regard to component materials, which must be resistant to corrosion, erosion, cavi- 
tation, and so forth. Because the objective is that almost all water hydraulic systems 
are typically tap-water systems, this article will concentrate on such systems. 

Water is a very efficient pressure transmitter in a hydraulic system. Due to low 
compressibility and viscosity, a water hydraulic system contains more energy relative 
to an equivalent oil hydraulic system. Therefore, the dynamics are faster than in oil 
hydraulic systems. On the other hand, poorer lubrication and additional seals increase 
Coulomb friction, worsening the dynamic properties. 

2.2.1 Physical Properties of Water 

The properties of water differ considerably from those of mineral oil. The viscosity, 
density, and bulk modulus of water and typical mineral oil have been determined. A 
typical mineral oil is IS0 VG 32 (ESSO Univis 32). In Fig. 13.2, the temperature 
dependency of the properties of water and typical mineral oil are shown. The change 
in density of mineral oil may be calculated from an empirical formula: 

(13.1) 
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Effect of Temperature on Kinematic Viscosity of Water and Mineral Oil 
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Figure 13.2 The effect of temperature on viscosity, density, and bulk modulus of water 
and typical mineral oil. 
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where the thermal volume coefficient is 

AV, I r=-- ( 13.2)vo At, 

The value 7 = 65 X 10 LPC is generally accepted for mineral oils. The change 
of bulk modulus of mineral oil can be calculated from the following empirical for- 
mula: 

( 13.3) 

where po is the density of mineral oil at T = 20°C. Equation (13.3) is valid when 
20°C < T < 70°C. The pressure dependency of water and of a typical mineral oil are 
shown in Fig. 13.3. The viscosity change of mineral oil can be calculated from the 
following empirical formula: 

U,,= U,, leOCM)171/~p /I,> I )  ( 1  3.4) 

The bulk modulus of water can be calculated from the change of relative density: 

PPp,, = - pi, ( 13.5)
Pc) 

The density change of mineral oil can be calculated from empirical formula 

( 1  3.6) 

It can be seen that the kinematic viscosity decreases with increasing temperature for 
both water and mineral oil. However, the decrease of the kinematic viscosity of 
mineral oil is much greater than water over the entire temperature range. For example 
at 4OoC,the kinematic viscosity of water is approximately 0.7 cSt and the kinematic 
viscosity of mineral oil is approximately 32 cSt. The ratio is approximately I :46. 

The variation of bulk modulus is also greater for mineral oil than water. The 
bulk modulus of water is almost constant between 0°C and 100°C. On the other 
hand, the bulk modulus of mineral oil decreases quite strongly with temperature rise. 
Both bulk moduli are almost the same at 15"C, but at 5OoC, the difference is about 
1.4 GPa. 

The effect of temperature on the densities of water and mineral oil is almost 
the same. The density of water is about 150 kg/m3 greater than the density of mineral 
oil across the entire temperature range. 

The effect of pressure on the kinematic viscosity, the bulk modulus and density 
of water and of a typical mineral oil is presented in Fig. 13.3. The pressure range 
selected is from 1 bar to 700 bars because most normal water hydraulic systems use 
pressures in this range. The temperature is 20°C. Figure 13.3shows that the kinematic 
viscosity of water is not affected by system pressure. However, the kinematic vis- 
cosity of mineral oil increases with the system pressure. This is a great benefit for 
water, especially in the high-pressure applications. The effect of pressure on the bulk 
moduli of water and mineral oil is about the same. They both increase with pressure, 
but the increase of water bulk modulus is slightly smaller. Also, the effect of pressure 
on the density of water is slightly less than with mineral oil. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



679 Water Hydraulics 

Effect of Pressure on Kinematic Viscosity of Water and Mineral Oil 
in T = 20 "C 

Figure 13.3 The effect of pressure on viscosity, density, and bulk modulus of water and 
typical mineral oil. 
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The change of vapor pressure of water and mineral oil with temperature is 
shown in Fig. 13.4. This data shows that the vapor pressure of water changes strongly 
with increasing temperature. At the same temperatures, the vapor pressure of mineral 
oil is nearly constant. This illustrates the cavitation sensitiveness of water compared 
mineral oil. The thermal conductivity of a fluid essentially affects the heat balance 
of a hydraulic system. The advantage of water relative to mineral oil is illustrated 
in Fig. 13.4. The thermal conductivity of water is about five to six times greater than 
the thermal conductivity of oil. In addition, the thermal conductivity of water in- 
creases slightly with increasing temperature. 

The solubility of air in a fluid affects its compressibility, which may, in some 
cases, be significant for system operation. The lower solubility of air in water relative 
to mineral oil as a function of pressure is illustrated in Fig. 13.4. 

From Figs. 13.2-13.4, it is clear that water and mineral oil exhibit significantly 
different physical properties. These differences affect to the system performance in 
different ways depending on the application and operation conditions. In this context, 
it is also worth considering that water does not exhibit the same properties because 
the hardness of water can vary in calcium and magnesium content. Water acidity 
may also vary, and the bacteria level in water may also affect hydraulic system 
performance. 
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Figure 13.4 Vapor pressure, thermal conductivity, and solubility of air of water and mineral 
oil. 
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2.1.2 Chemical Properties of Water 

The chemical properties of water vary with the source and geographically. The Eur- 
opean Union has given the directive Water Quality Standards in EU, 80/778/EEC, 
where the requirements for drinking water are described. Some component manu- 
fxturers have based their component application limits on the chemical properties 
of water provided in this directive. In the following discussion, the most significant 
chemical parameters of water used as a pressure medium are listed: 

Hydrogen-ion concentration 
Chloride content 
Hardness 
Bacteria and other microbiological organisms 
Solid-particle content 

All these values should be measured to ensure the quality of water. However, in 
practice, the measurement of all of these values may be expensive and time-consum- 
ing. Monitoring the water quality should be continuous, which is difficult to arrange 
in many applications. Good and simple measurement and monitoring methods pro- 
viding reliable information on the quality of the water but still easy to apply to all 
systems, must be developed. In addition, general methods for cleaning the system 
must be developed. Because the requirements may be component dependent, this 
will increase the difficulty of identifying generally acceptable purification methods. 

2.2 Steady-State Pipe Flow 

The steady-state pipe flow is the simplest parameter to identify differences between 
water and mineral oil as a hydraulic fluid. A smooth-surface pipe, 1 m long and 10 
mm in diameter, is illustrated in Fig. 13.5. When we use the values presented in 
Table 13.1 for the physical properties of water and mineral oil. the Reynolds number 
and pressure drop curves for water and typical mineral oil illustrated in Figs. 13.6-
13.8 are obtained. 

Flow in a pipe changes gradually from laminar to turbulent across a transition 
region. This region contains the critical Reynolds number Re,,. Normally Re,, can 
be assumed to be in the range 1500-2500. The Reynolds number can be calculated 
from 

Ud,,Re = - (13.7)
v 


where d,, is the hydraulic diameter 

Figure 13.5 Smooth-surface pipe. 
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Table 13.1 Densities and 
Viscosi ties 

Water ( T = 40°C) 
Density = 992 kg/m' 
Viscosity = 0.7 cSt 

Mineral Oil (T = 40°C) 
Density = 870 kg/m' 
Viscosity = 32 cSt 

4A
4,= p ( 13.8) 

For a pipe, the hydraulic diameter d,, = d. The flow velocity in a pipe can be cal- 
culated from 

U = - = -
Q 4Q ( 1  3.9)
A nd' 

From Fig. 13.6, we can observe that the Reynolds numbers of water and mineral oil 
have totally different magnitudes. The Reynolds number of water is about 50 times 
greater than the Reynolds number of mineral oil across the whole of the flow range 
presented. That means that the flow of water is in practice always fully turbulent, 
because the transition area from laminar to turbulent is somewhere between the 
values 0 L/min and 1 L/min. The Reynolds number of mineral oil is with small flows 
laminar and the transition area from laminar to turbulent flow is somewhere between 
the values 30 L/min and 60 L/min. The flow velocity curve is also presented in Fig. 
13.6 on the right-hand-side Y axis. By studying the Reynolds numbers and flow 
velocity, it is evident that the water hydraulic system has greater internal flow energy, 
even with the same flow velocity, compared to mineral-oil flow. How that shows in 

0 50 100 150 200 
Q (Umin) 

Figure 13.6 Reynolds numbers and flow velocity in a smooth pipe. 
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Figure 13.7 Mineral-oil pipe flow transition area. 

pressure drop in the pipe is examined in Fig. 13.7, where the pressure drop of laminar 
and turbulent mineral oil and turbulent water flow is presented for lower flows. 

Figure 13.7 shows that pressure drop in pipe flow is always smaller with water 
than with mineral oil, even the case when the mineral oil flow is laminar. The 
difference is not large with smaller flows, but as the flow increases, the two curves 
diverge even further. The transition area for mineral oil is also presented in Fig. 13.7. 
This occurs between 30 L/min and 60 L/min, when the limit values 2000 and 4000 
as Reynolds numbers are used. Therefore, when modeling and simulating systems 
where the flows are in the right area and the small pressure drops in pipe flow are 
significant, the location of transition area must be taken account. In Fig. 13.8, the 
pressure drop in turbulent flow with water and mineral oil is provided for flow rates 
up to 200 L/min. These data show that the benefits of using water are greater with 
larger flows. 

The effect of the roughness of the pipe surface is presented in Fig. 13.9. The 
relative roughness R,, is on the X axis and the loss head coefficient 1 is presented on 
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Figure 13.8 Pressure drop in turbulent pipe flow. 
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Figure 13.9 The effect of pipe surface roughness on loss of head coefficient. 

the Y axis. Figure 13.9 shows a completely smooth pipe with very small relative 
roughness; the difference in loss of head coefficients increases with increasing rel- 
ative roughness. The difference decreases with increasing roughness. For small 
roughness values, the use of water instead of oil is more efficient than in very rough 
pipes. 

2.3 Leakage Flow 

Low-viscosity leakage is a greater problem in water hydraulic components than in 
oil hydraulic components. Leakage flow is significant, for example, in displacement 
pumps and control valves. In control valves, clearances are normally between 1 and 
100 km. Laminar leakage flow in an annular clearance is usually calculated from 

[ l  + 1.5(e/h)].rrDh3 
(13.10)Q =  12pvL AP 

The annular clearance between the piston and cylinder is illustrated in Figure 13.10. 
Also illustrated in Fig. 13.10 is the leakage flow of water and mineral oil as a 
function of clearance width. Both flows have been assumed to be laminar. The leak- 
age flow with water is much greater than with mineral oil. For the same leakage 
flow (e.g., 10 mL/min), the clearance may be about 20 p m  with oil but only 5 Fm 
with water. The difference increases with increasing clearances. 

On the other hand, some differences between laminar theory and practice may 
be observed. The flow-pressure curves and Reynolds number curve of a fully ec- 
centric piston in an annular clearance is presented in Fig. 13.11. The measured and 
calculated curves are similar for small pressure differences (low Reynolds numbers), 
but the difference between measured and calculated curves increases with increasing 
flows. (The measurements, in this case, were conducted with seawater.) The reason 
for this behavior is that the flow is turbulent with larger Reynolds numbers. The 
accuracy of the flow model can be improved by accounting for the annulus inflow 
and outflow effects. 
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Figure 13.10 Laminar leakage flow in annular clearance. 

Pressure losses within an annulus are composed of pressures on both ends and 
in the annular duct as illustrated in Fig. 13.12. The pressure loss within the annulus 
can be derived according to laminar or turbulent flow. For laminar flow, 

V 2  
AP = 5P 7 (13.11 )  

For calculating pressure loss due to sudden change of the flow cross-section area, 
flow model I may be derived; it is presented in Eqs. (13.12)-(13.14): 
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Figure 13.11 Leakage flow in totally eccentric annular clearance with seawater. 
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Figure 13.12 Pressure losses in an annular duct. 

(1  3.12) 

[ l  + 1.5(&)] nDh3 
(13.13)k ,  = 

12pvL 

(13.14) 

Pressure-loss coefficients for different cases have been presented in Ref. 3. The 
coefficient for sharp-edged inflow is 0.5 and the coefficient for outflow is 1.0. These 
can be combined to one pressure-loss coefficient 5 = 1.5. 

For turbulent flow of a Newtonian fluid, the annulus is considered as a pipe 
with diameter 2h. Pressure loss in a pipe can be solved using 

v2 L 
Ap = (p -2 -4, 

(13.15) 

The friction factor is a function of the Reynolds number and the relative 
surface roughness. For a smooth surface, empirical friction equations have been 
reported. Reference 4 provides a method for the determination of friction factor for 
an annulus with fine clearance. The equation is valid in the range 2 X 10.’ 5 Re 5 
2 X 10‘. The influence of piston eccentricity has also been studied and can be 
calculated from 

0.3 16 1
( = -

Re0.” 1 + 0.2(e/h) 
(13.16) 

For turbulent flow, flow model 2 may be derived by combining Eqs. (1 3.1 l ) ,  (13.15), 
and (13.16): 

(1 3.17) 

0.316 1
( = -

Reo2’1 + 0.2(~/h) 
(13.18) 
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The accuracy of flow models I and 2 are verifiable with laboratory measurements. 
The measurement and verification results are presented in Ref. 5. The results show 
that the effect of inflow and outflow is very important in a short annulus. The radial 
elasticity of the housing has to be taken account when considering small clearances. 
The conventional laminar pipe model for flow in an annulus is valid for short ducts 
when the Reynolds number is less than 1000. When the Reynolds number is >1000, 
flow is clearly turbulent. 

Flow model 2 is a combination of a turbulent entrance loss and a turbulent 
pipe loss model. It is valid for a high Reynolds number flow only because flow is 
laminar with a low Reynolds number. Modeling accuracy could be improved if the 
relative surface roughness were accurately known, which is not usually the case. 

Flow model 1 is a combination of a turbulent entrance loss and a laminar pipe 
flow model. It provides the same result as the conventional pipe model for low- 
Reynolds-number flow and with satisfactory accuracy at high-Reynolds-number flow. 
Therefore, flow model 1 is suitable for modeling annular clearances with various 
Newtonian fluids. 

From these relationships, it is concluded that clearances must be smaller to 
achieve good efficiency in water hydraulic systems. The smaller clearances are more 
expensive to manufacture and increases the cost of water hydraulic components. 
However, the leakage flow in small clearances with water may also be turbulent with 
large pressure differences and in that case, the actual leakage flow is smaller than 
predicted by the laminar leakage flow equation. That must be considered when study- 
ing, for example, water hydraulic valves and pumps. 

2.4 PressureTransients 

Pressure transients can complicate the performance of a hydraulic system. Due to 
pressure transients, the system pressure rises momentarily far above the normal op- 
eration pressure, which may result in component damage. Pressure transients origi- 
nate from a sudden change in flow velocity. A sudden valve opening and closing 
and sudden actuator stops generally cause pressure transients. In water hydraulics, 
the importance of pressure transients is emphasized because the greater density and 
the greater bulk modulus compared to mineral oil means the fluid is less compressive 
and the resulting velocity change results in a stronger pressure rise. 

The results of computer simulation of hydraulic system pressure transients are 
illustrated in Fig. 13.13. The symmetrical cylinder is controlled by a 4/3 valve. When 
the cylinder piston moves to the right in the central position, the valve spool is 
changed from position 1 to the central position, at which point, pressure transients 
occur in cylinder chambers. When the system is simulated using the same compo- 
nents and parameters with water and mineral oil, the effect of the fluid on the pressure 
transients can be approximated. The valve spool is controlled as shown in Fig. 13.13. 
The pump output flow is modeled with a constant value. The pressure relief valve 
is modeled with the first-order model, but its behavior is not shown because only 
cylinder pressures are examined. 

In Fig. 13.14, the pressures of the cylinder chambers PA and PB with water 
and oil are presented. When the piston moves to the right, the pressure in PA is 
greater with water because of smaller flow resistance. In addition, pressure vibration 
in a water system exhibits a larger amplitude and frequency than in an oil system. 
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Figure 13.13 Simple hydraulic cylinder control system. 
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Figure 13.14 Simulated cylinder chamber pressures with water and oil. 
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Vibration is dampened slightly faster in the water system because of the larger in- 
ternal leakage in cylinder. For the water system, the pressure in PB falls almost to 
zero instantly, whereas in the oil system, the minimum is at about 25 bars. This is 
one example of the cavitation sensitivity of a water hydraulic system, which may 
also result from excessive pressure transients. 

It can be concluded that pressure transients and vibrations exhibit different 
behaviors in water hydraulic systems compared to oil hydraulic systems. However, 
the pressure transients are not an insuperable problem in water hydraulics. The gen- 
eration of pressure transients can be avoided or minimized by proper design of 
components and systems, as illustrated in Fig. 13.14. 

2.5 Cavitation and Erosion 

One of the most difficult phenomenon to research in hydraulic systems is cavitation. 
The role of cavitation in water hydraulic systems is much more significant than in 
oil systems. Cavitation may occur in pumps, valves, and actuators. 

Cavitation may be either gaseous cavitation or vaporous cavitation. Gaseous 
cavitation is caused by the rapid reduction of pressure, resulting in the release of 
dissolved air or gas. However, gaseous cavitation is less likely to occur in water 
hydraulics because the density and bulk modulus of water are greater than with oil. 
Also, the amount of dissolved air in water is less than in oil at the same pressure. 
However, vaporous cavitation is far more likely to occur in water hydraulics than in 
oil hydraulics. Vaporous cavitation occurs when the pressure instantly drops to the 
fluid’s vapor pressure. At this point, cavities will develop, and as they move down- 
stream into a higher-pressure regime, they collapse, producing noise and vibration. 
Because the vapor pressure of water is higher than the vapor pressure of mineral oil, 
especially at higher temperatures, it is obvious that water is more susceptible to 
cavitation than mineral oil. 

When considering, for example, a simple orifice, cavitation may occur down- 
stream of the restrictor due to the high velocity of the fluid just after the restrictor. 
The flow through the orifice with water is greater than with oil when the pressure 
difference over the orifice is the same. That means that the flow velocity is higher 
with water just after the orifice. The nondimensional cavitation index K for control 
valves gives the sensitivity of cavitation. K is defined as 

(13.19) 

where 

P,= the supply pressure 
P, = the system back pressure 
P,,= the vapor pressure of the fluid 

From this equation, it is evident that system back pressure dominates the cavitation 
index. When comparing water and mineral oil, it can be concluded that the term P,, 
is greater with water than with oil, especially at higher temperatures, and the critical 
value K,- is greater with water at the same pressure difference. In Fig. 13.15, the 
typical relationship between cavitation index and fluidborne noise is shown. 
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CAVITATION INDEX (K)---

Figure 13.15 n p i c a l  relationship between cavitation index and fluidborne noise. 

I 
Figure 13.16 Cavitation reduction with double-seat construction in a poppet valve. 

Erosion caused by cavitation is strongly dependent on the materials and the 
design of components. One possibility for the reduction of cavitation is with the use 
of cascading restrictors. Then, the pressure drop across one restrictor is reduced and 
the cavitation index stays low. This method is commonly used for valves for use in 
the water hydraulic system. One example is the poppet valve shown in Fig. 13.16. 

3 WATER HYDRAULIC COMPONENTS 

3.1 Pumps 

New materials and design innovations have recently increased the types of water 
hydraulic pump available. Axial and radial piston pumps, and the more traditional 
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plunger-, centrifugal-, and piston-type pumps are currently available. A water hy- 
draulic axial piston pump is shown in Fig. 13.17. Axial piston pumps are the newest 
pumps in the market. There are many newly developed materials used in these 
pumps, including reinforced plastics, ovennolded stainless steel, and special seals. 
These pumps are normally designed for hydraulic systems with a maximum pressure 
of 140 bars. All parts of these pumps are water lubricated, which means that no oil 
is used inside the pump. 

A water hydraulic triplex-piston pump is illustrated in Fig. 13.18. These pumps 
have been used for many years in mining and steel industries for high-pressure 
generation in various applications. The three pistons are driven by an oil-lubricated 
crankshaft mechanism. The oil side and water sides are totally separated from each 
other to prevent fluids mixing. In the water side, all of the parts are made of 
corrosion-resistant materials such as stainless steel or industrial ceramics. The pump- 
ing unit is a normal piston with suction and pressure valves. The valves are usually 
seat valves. The typical flow rate for this kind of pump is up to 700 L/min and 
pressures are up to 800 bars. 

One possibility of producing high-pressure water is to use a pressure intensifier 
such as that illustrated in Fig. 13.19. The pump unit is driven by oil pressure, which 
is supplied to the center part of the intensifier. The water pistons are located in both 
ends and water is pumped in every stroke. When one end is pumping, the other end 
is priming. The change of direction is automatically controlled by the oil valve, which 
is integrated to the oil piston. 

When using a pressure intensifier, oil hydraulic power is needed. In some ap- 
plications, this might lead to problems and higher costs, but there are also many 
applications, where oil hydraulic power is already present for other reasons. Then, 
the pressure intensifier may be economically acceptable. Pressure intensifiers have 
been traditionally used in water jet cutting systems, where pressures may be as high 

Figure 13.17 Water hydraulic axial piston pump (Danfoss). (From Ref. 6.) 
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Figure 13.18 Water hydraulic triplex pump (Hauhinco). (From Ref. 6. )  

as 4000 bars. The intensifier shown in Fig. 13.19 is typically designed for 200-800 
bars. 

In low-pressure applications, where the pressure is between 10 and 50 bars, a 
centrifugal pump is a potential alternative. Centrifugal pumps are simple and reliable, 
and with multistage pumps, 30 bars can be easily achieved. The centrifugal pump 
also simplifies the hydraulic circuit because no pressure relief valve is needed. The 

Figure 13.19 Water hydraulic pressure intensifier (Dynaset). (From Ref. 7.) 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



Water HydrauIics 693 

pump cannot increase the pressure over its capability. However, low-pressure water 
hydraulics is still a relatively new idea and there are not many examples of the use 
of centrifugal pumps in water hydraulic systems. 

3.2 Control Valves [8] 

3.2.1 On-Off Valves 

On-off valves are the simplest control valves that can be used in cylinder position 
control. There are a few different on-off valves suitable for tap water available in 
the market. Traditionally, ball seat valves have been used with smaller flows and 
piloted seat valves have been used in larger flow systems. Spool valves have not 
been used for tap water until recently, when the ceramic spool valve was introduced. 

One new on-off valve for tap water use is shown in Fig. 13.20. The valve is 
an electrically activated valve which includes built-in pressure peak dampening. The 
maximum pressure is 140 bars and the maximum flow is either 30 or 60 L/min. The 
valve opening time with maximum pressure is 70 ms and the closing time is about 
350 ms. On-off valves can be used for the positioning of a water hydraulic cylinder 
with a sophisticated control system. 

3.2.2 Flow-Control Valves 

The easiest way to control cylinder speed is to use flow-control valves. The speed 
of a hydraulic cylinder can be controlled easily with a pressure-compensated flow 
control valve. Especially in applications where the speed is the same in every work- 
ing cycle, the correct flow can be adjusted beforehand for both directions. The di- 
rection control can be handled with separate arrangements, such as on-off valves. 
However, there are only a limited number of pressure-compensated flow-control 
valves suitable for use with tap water. One example is provided in Fig. 13.21. 

3.2.3 Proportional Valves 

Ball seat valves, as shown in Fig. 13.22, are quite commonly used as proportional 
tap-water valves. Ball seat valves have the advantage of small leakage and reliable 
operation. The manufacturing is also relatively easy because the parts can be de- 
signed to be very simple and advanced materials can be used. The balls, for example, 
may be constructed from stainless steel or industrial ceramics. Ball seat valves are 
available both as 2/2-way and 3/2-way versions. In the position servo system, the 
4/3 function can be established with two pieces of 3/2 valves or four pieces of 2/2 
valves. 

The ceramic spool valve illustrated in Fig. 13.23 is the newest development in 
water hydraulic proportional valves. There are few spool valves available that can 
be used with tap water, although spool valves possess many advantages compared 
to other valve types. When used with water, the main problems in spool valves are 
high-leakage, high-flow forces, cavitation, and erosion caused by the high flow ve- 
locity. The spool and the housing sleeve is constructed from industrial ceramics and 
the outer housing is made of stainless steel. To achieve high pressures, low leakage 
rates, long lifetimes, and very fine manufacturing tolerances are necessary. These are 
also different design criteria and manufacturing technology requirements for ceramic 
materials compared to steel valves. 
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Figure 13.20 Electrically operated on-off valve (Danfoss). 
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Figure 13.21 Manually operated flow-control valve (Danfoss). 
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Figure 13.22 Proportional ball seat valve (Hauhinco). 

Figure 13.23 Proportional ceramic spool valve (Hauhinco). 

3.2.4 Servo Valves 

There are no commercially available servo valves especially designed for tap water 
currently available. Some manufacturers have stainless-steel versions of their normal 
oil hydraulic servo valves. The characteristics of these valves are guaranteed for HFA 
fluids, but are not necessary for tap water. Although these valves operate properly 
with tap water, their lifetimes are unknown because there is relatively little appli- 
cations experience. The Ultra Hydraulics 4658 servo valve is illustrated in Fig. 13.24. 
According to the manufacturer, the stainless-steel version of the valve has been 
successfully tested with water, water-glycol, and HFA fluids. In TUTDHA, 4658 
servo valve performance is being tested in a servo system with success, but the 
durability test will be carried out in the future. The hysteresis of the valve is <3% 
and the threshold is < 0.5%. Null leakage of the valve at 140 bars supply pressure 
is 1.6 L/min. The opening and closing times from 0% to 100%at 210 bars are about 
8 ms. These values have been measured with hydraulic oil. The characteristics with 
tap water are obviously slightly different, but these values are not yet available. This 
must be considered when designing a water hydraulic servo system. The Moog Sea 
Water Servo Valve shown in Fig. 13.25 is the only servo valve found to be originally 
designed to be used with water-in this case, seawater. The valve is a prototype 
valve, which is developed from standard Moog 26 servo valve. The valve has suc- 
cessfully tested with seawater, but it has not been put into the production yet. 
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Figure 13.24 Stainless-steel servo valve (Ultra). 
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Figure 13.25 Seawater servo valve (Moog). 
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Figure 13.26 Water hydraulic servo valve (Ebara). (From Ref. 9.) 

At present, there is only one manufacturer which provides servo valves origi- 
nally designed for water use. These valves utilize a hydrostatic spool support on a 
servo valve spool (Fig. 13.26). Using this arrangement, the friction forces have been 
minimized and good linearity has been achieved. 

3.3 Actuators 

3.3.1 Cylinders 

The variety of reliable water hydraulic cylinders is still quite limited. There are 
primarily two factors critical in manufacturing a water hydraulic cylinder: materials 
and seals. The materials have to be able to work with water, which is not the best 
possible lubrication fluid. Different types of stainless steel are most commonly used 
in the piston, rod, and cylinder tube. Ceramic materials and different surface coatings 
may also be used. 

Materials selection for piston and piston-rod seals are also important when 
designing a water hydraulic cylinder. The seals must exhibit low-friction character- 
istics or the seal friction of the cylinder will be too high for high-accuracy appli- 
cations. Excessive friction generates heat and increased wear reduces the lifetime of 
the cylinder. Normal materials used for these seals are Perbunan, PTFE, and PEEK. 

The use pressure significantly affects the construction of the cylinder. The pres- 
ent commercial cylinders are designed primarily for 70- 160-bar pressures. Higher- 
pressure cylinders, up to 310 bars, are custom constructed in most cases. When using 
lower pressures (10-50 bars), the cylinder construction is simplified and more plastic 
materials may be used. This will significantly affect the component cost. One ex- 
ample of a water hydraulic cylinder is illustrated in Fig. 13.27. 
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Figure 13.27 Water hydraulic cylinder (Parker Hannifin). (From Ref. 6.) 

3.3.2 Motors 

The use of tap water for hydraulic motors is still quite rare. Although some axial- 
piston-type motors have recently become available, there are only a limited number 
of choices with respect to size and operational parameters. Some motors are specif- 
ically designed to use tap water to lubricate moving parts. To minimize leakage 
against the inherent low viscosity of water, small clearances between moving parts 
and longer leakage paths are incorporated. 

In Fig. 13.28, a recent design of an axial-piston motor is illustrated. The motor 
has been developed for tap water and seawater use. That means that the materials 
used are very carefully selected, because seawater is much more corrosive than tap 
water. The maximum pressure of the motor is 210 bars. 

Figure 13.28 Water hydraulic axial-piston motor (Hytar). 
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Figure 13.29 Water hydraulic vane motor (Danfoss). (From Ref. 10.) 

The most recent water hydraulic motor development is the vane motor shown 
in Fig. 13.29. The motor is designed for maximum 50 bar pressure and the speed is 
between 10-200 rpm. The motor is bi-directional and the total efficiency is about 
80%. 

4 WATER HYDRAULIC APPLICATIONS 

4.1 Water Injection in Large Diesel Engines [ll] 

In large diesel engines, high-pressure water is direct injected into the combustion 
chamber to reduce nitrogen oxides (NO,). This is necessary because NO, is the main 
pollutant coming from the diesel engines. Recently, both the international and local 
legislation9 have become more restrictive with respect to No, emissions. 

The principle of the injection system is shown in Fig. 13.30. High-pressure 
water is supplied by the power pack and injected via a separate needle to the com- 
bustion chamber. The pressure level is in the range 250-400 bars. The injection 
timing and duration is controlled by a separate rail valve, which controls the needle. 

Under laboratory conditions, the water-injection system was tested and mea- 
sured. The schematic of the hydraulic test system is presented in Fig. 13.3l .  Water 
pressure was generated by a water hydraulic power pack. The pressure level is about 
400 bars. The seal oil pressure was generated by a small oil hydraulic power pack. 
Seal oil was used between the water part and oil part to prohibit mixing of the fluids. 
The control oil pressure was generated by a small oil hydraulic power pack with a 
pump. The orifice in the water line simulated the flow fuse in test measurements. 
The actual flow-fuse design parameters were obtained from the flow characteristics 
in the orifice. The electronic rail valve used was a fast-switching rail valve. The 
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Figure 13.30 Water injection to the combustion chamber. 

pressures from the both sides of the orifice were measured and, in addition, the 
control-oil pressure, seal-oil pressure, and water-injection pressure was measured. 
The needle lift was also measured. 

The system was measured with many different variations of the accumulator 
pipe. The effect of the accumulator pipe between the orifice and injector was dis- 
covered to be essential for injection characteristics. The pressure drop in the accu- 
mulator pipe during the injection depends on the volume, shape, and material of the 
pipe. Also, the pressure pulsation occurring during the injection can be strongly 
affected by the design of the accumulator pipe. 

The test system operation was also computer simulated. The model takes into 
account the dynamic behavior of the accumulator pipe without acoustic character- 
istics. In Fig. 13.32, the simulated and measured orifice flows and accumulator pipe 
pressures during the injection are shown. The flow through the orifice is about 20 
L/min and the pressure drop during the injection is about 100 bars. The simulated 

Figure 13.31 Schematic of the water-injection test system. 
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Figure 13.32 The accumulator pipe pressure and the orifice block flow of the test system. 

curves correlate quite well with the measured curves if the acoustic pressure ripples 
are included. 

In the high-pressure line before the injector, there is a flow fuse, which is a 
safety component that prevents water overflow to the diesel-engine combustion cyl-
inder. The overflow is possible only in some kind of malfunction; for example, in 
the case of a needle sticking in the open position. In this situation, the flow fuse 
prevents the filling of the combustion chamber with water, which could cause failure. 
Normally, flow fuses are switch type, which receive the closing and opening signals 
from pressure difference over the fuse. The pressure difference corresponds to a 
certain flow rate through the flow fuse. Switch-type flow fuses exhibit stability prob-
lems and they are often very sensitive to pressure transients in the system. 
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Figure 13.33 Schematic of the active-type flow fuse. 

An active-type flow fuse (AFF) operates by a different principle than the switch 
type. The prototype of the AFF developed by IHA is provided in Fig. 13.33. AFF 
operates by a displacement principle. This means that in every injection, the piston 
moves and displaces a certain amount of water to the injector. In normal injection 
operation, the injected flow consists of the flow through the metering orifice and the 
flow displaced by the piston. The operation of the flow fuse is active because the 
displacement piston moves actively in every injection. When the injector needle stays 
open, the flow demand in the injector increases and the pressure P , ,  decreases. In 
this situation, the piston moves the whole stroke and the closing element closes the 
fuse. The closing can be observed by the electrical switch. When the fuse closes, it 
also stays closed because the pressure forces are keeping the piston in its close 
position until the reset valve is opened. 

One problem in direct water injection of a diesel engine is the pressure pul- 
sation that occurs in the injector and pipe during the injection. The active-type flow 
fuse reduces the pressure pulsation because it displaces a specific amount of fluid in 
every injection. AFF efficiently reduces high-frequency vibrations and the supply 
pressure drop decreases. Therefore, the active-type flow fuse increases the injection 
volume and smaller piping dimensions can be used, which is an important factor in 
diesel -engine design. 

From the simulation shown in Fig. 13.34, it is apparent that the pressure P I ,  
in volume Vln, is decreasing by about 30 bars and the flow-fuse piston is moving 
about 5 mm. The maximum stroke of the flow fuse is 10 mm. The pressure drop 
without the flow fuse was about 100 bars. The effect of the flow fuse on pressure 
ripple damping can also be shown in Fig. 13.34. 

The situation when the needle is sticking in the open position is illustrated in 
Fig. 13.35. The pressure decreases until the flow-fuse piston reaches the other end 
and the flow fuse is closed and does not reopen until the reset valve is opened. 

4.2 Water Hydraulic Pipe Crawler 

The water hydraulic pipe crawler illustrated in Fig. 13.36 is a novel robot been 
developed for cutting roots from sewer pipes. Roots of trees and plants block sewer 
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Figure 13.34 The pressure P,,,, and the movement of the flow-fuse piston in normal 
injection. 

pipes and without a pipe robot, the only repair possibility is to dig up the pipe. This 
is, of course, expensive. The crawler offers a less expensive and much quicker al- 
ternative for the job. Important characteristics for the crawler are environmentally 
friendly operation and reliability. The first crawler utilized a bio-oil as a power 
transmission medium; however, the newest version uses pure tap water. 

The reliability is a result of the mechanical construction of the crawler. The 
crawler consists of five major components: 

Body with integrated traction control cylinder and gear box 
Water hydraulic motor 
Gear reducer 
Three drive chains 
Cut ting-end mechanism 

The water hydraulic motor rotates the cutting end via a gear reducer. The same power 
is also used to drive the three drive chains for traction. The integrated traction control 
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Figure 13.35 The pressure P,,and the movement of the flow-fuse piston when the needle 
is stuck in the open position. 

cylinder presses the drive chains against the pipe wall so that the crawler centers 
itself automatically in the pipe, as shown in Fig. 13.37. 

Driving with forward traction is allowed when cutting, but reverse movement 
must be done manually or with a hose-reel hydraulic motor. The cutting end is able 
to rotate in both directions. A very important factor for the reliable operation of the 
crawler is the cutting-end mechanism, which is opened by centrifugal force. That 
means that when rotating, the cutting end contracts and sticking is avoided. Also, 
the spring-loaded traction-control cylinder contracts the drive chains and the crawler 
is easy to pull out from the pipe. The pipe crawler is also able to travel through 
overlapped joints because of the flexible traction control mechanism; this is shown 
in Fig. 13.38. 

The technical values of the water hydraulic pipe crawler are as follows: 

Pipe size: 232-310 mm 
Maximum operation pressure: 140 bars 
Maximum water flow: 20 L/min 
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Figure 13.36 Water hydraulic pipe crawler. 
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Figure 13.37 Illustration of automatically centered crawler within the pipe. 
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Figure 13.38 Pipeline joint overlapped. 

Maximum rotation speed of the cutting end: 700 rev./min 
Maximum torque with 110 bars: 35 N m 
Weight: 31 kg 
Length: 79 cm 
Hose length: 100 m 

The water hydraulic system of the crawler consists of a hydraulic pump, hydraulic 
control valves, a hydraulic motor, and a hydraulic cylinder. All the water hydraulic 
components used are commercial components except the traction control cylinder 
and shuttle valve. The hydraulic control valves are illustrated in Fig. 13.39. Direction 
control valve DCVl is acting as a bypass valve when the crawler is in the rest 
position. The operation pressures are adjusted by pressure relief valves PRVl and 

Figure 13.39 The hydraulic control valves of the crawler. 
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PRV2. PRVl represents 100 bars and PRV2 represents 70 bars of operation pressure. 
Different operation pressures are controlled via direction control valves DCV 1 and 
ACV2. Valve DCV3 is a control valve for a hydraulically operated hose reel. The 
direction control valves DCVQ, DCV.5, DCV6, and DCV7 are for the operation of 
the crawler. The restricting valve RV is building back pressure for the crawler’s 
hydraulic motor. When controlling the resisting pressure, the pressing force of the 
drive chains can be adjusted. The pressure for the traction control cylinder is taken 
through the shuttle valve SV presented in Fig. 13.40. As there were no suitable 
commercially cylinder and shuttle valves, they were custom designed and manu- 
factured. 

In the development phase, the water hydraulic pipe crawler was tested and 
measured carefully under laboratory conditions. Also, the behavior of the custom- 
made components were tested separately. The operation was found to be very good 
and now the crawler is a commercial product of a Finnish company. There are also 
many possibilities for widening the application areas of the crawler, such as power 
plants and gas pipes as an inspection robot, cleaning of pipes in oil refinery, water 
supply network inspection, and so forth. In the future, the possibility of utilizing the 
pressure media in a pipe as an energy source of the crawler will be examined. 

Figure 13.40 The operation of the traction control cylinder. 
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4.3 Water-Jet Cutting in the Paper Industry 

Another new development for water hydraulics is a water-jet cutting system for paper 
machinery. The edge of the paper reel is usually trimmed by conventional mechanical 
knives. The problem is that because the knives wear. they must be changed fre- 
quently. An alternative is to use water-jet cutting. Using a high pressure (800- 1000 
bars), the edge can be trimmed quite sharply and without wearing parts. The system 
is presented in Fig. 13.41. 

The critical part in the system is the pump producing the water hydraulic power. 
The lifetime and reliability must be very good because the system operates 24 Wday 
and service is allowed once a year. This provides high demands for the design and 
materials of the pump. A Dynaset pressure converter (Fig. 13.42) is now used as a 
pressure source [7 ] .The converter has a simple design, which makes it quite reliable. 
The converter is driven by oil pressure and the pressure ratio is about 4. 

5 SUMMARY 

Water is a very efficient pressure transmitter in a hydraulic system. Due to low 
compressibility and viscosity, a water hydraulic system contains more intrinsic en- 
ergy than the same sized oil system. Thus, the dynamic properties of water systems 
in principle are faster than in oil hydraulic systems. For example, a servo system 
using tap water as a pressure medium is theoretically a faster system than an oil 
servo system, if only fluid compressibility is considered. However, the compressi- 
bility of component structures are also a major factor in the efficient bulk modulus 
of the servo system and, therefore, the actual difference is smaller. On the other 
hand, poorer lubrication and possible extra seals can make the coulomb friction 
higher, making dynamic properties worse. Internal leakage in the components also 
increases damping in the system, and cavitation and erosion have a more significant 
meaning in water hydraulics than in oil systems. In the future when component 
variety and quality improves along with developing design, material technology, and 

Figure 13.41 The operation of the water-jet cutting system. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



709 Water Hydraulics 

WATER OUT 

WATER IN 

WATER IN 

Figure 13.42 The operation of the Dynaset pressure converter. (From Ref. 7.) 

control technology, the benefits of water as pressure a medium will be far better 
utilized in industrial applications. 

The general component variety in water hydraulics is still quite poor compared 
to oil hydraulics and pneumatics. Due to the more difficult design, more expensive 
materials, and small production series, the prose level of water hydraulic components 
is today quite high. This, of course, affects the willingness to apply water hydraulic 
technology in mechanical engineering. However, the market of water hydraulics is 
expanding slowly and the development of new, more intelligent but inexpensive 
components will probably accelerate the trend. Also, the introduction of low-pressure 
hydraulics in the market will open many new application areas for water hydraulics. 
Therefore, in the future, water hydraulics will offer an environmentally friendly, 
complementary alternative for the traditional power transmission methods: electrical 
drives, oil hydraulics, and pneumatics. 
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1 INTRODUCTION 

Mineral-oil hydraulic fluids as a class are the most common hydraulic fluid used in 
the fluid power industry. In addition to their traditional use in fluid power systems, 
additional contributors to their dominant market position include low cost, availa- 
bility, good viscosity and viscosity -pressure properties, excellent lubricity, suitability 
for high-temperature use, and metal and seal compatibility, and they do not promote 
corrosion. Disadvantages of the use of mineral-oil hydraulic fluids include flamma- 
bility characteristics, potential biodegradability, and ecotoxicity problems where there 
is danger of leakage into underground aquifers, potential leakage into metalworking 
formulations, and generally poor viscosity- temperature properties when used over a 
broad temperature range [13. 

In this chapter, the production, formulation, and properties of mineral-oil 
hydraulic fluids will be discussed. Specific subjects that will be addressed are 
mineral-oil composition and refining, hydraulic-oil classification, physical properties, 
chemical properties, an overview of additive chemistry, performance testing, biode- 
gradability, compatibility, oxidative stability, and recycling. 

2 DISCUSSION 

2.1 Petroleum-Oil Composition 

Crude petroleum oil is a complex mixture of hundreds of compounds, including 
solids, liquids, and gases separated by refining. Solid components include petroleum 
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coke, asphalt bitumen, and inorganics. Liquids of increasing viscosity vary from 
gasoline, kerosene (paraffin oil), diesel oil, engine crankcase oil, light and heavy 
machine oil, and cylinder oils. Also included are methane, ethane, propane, and 
butane, the major components of natural gas, which are gases at room temperature 
[21. 

Crude oils are classified as paraffinic, napthenic, intermediate (mixed), or as- 
phaltic as shown in Table 14.1 [2]. Paraffinic fractions are saturated linear or 
branched alkanes. Naphthenic fractions contain cyclic alkane (alicyclic) structures. 
Generic examples of typical chemical structures of these classes are illustrated in 
Fig. 14.1 [3,4]. Also included in Fig. 14.1 are aromatic (polyunsaturated cyclic) 
c hemic a1 structures. which are derived from benzene. 

C 
H-C’ \c-H 

It I 
H-C\C&C-H 

I 

H 

Aromatic components exhibit a greater tendency to form sludge and varnish than do 
paraffinic or naphthenic derivatives [51. 

Paraffinic base oils contain 45 -60% paraffinic compounds. Naphthenic base 
oils contain 65-75% of naphthenic compounds and aromatic base oils contain 20-
25% aromatic compounds [3]. 

The relationship between molecular carbon content and density for paraffinic, 
naphthenic, and aromatic and density is summarized in Table 14.2 [2]. 

Aromatic asphaltic materials are classified as resins, asphaltines, or carbenes 
depending on their solubility [2]: 

Resins-pentane or heptane soluble 
Asphaltenes-pentane or heptane insoluble, benzene soluble 
Carbenes-benzene insoluble, carbon disulfide soluble 

In addition to paraffinic, naphthenic, and aromatic derivatives, petroleum oils 
also contain heterocyclic (cyclic derivatives of nitrogen, sulfur, and oxygen) and 
other polar compounds such as carboxylic acids, usually saturated aliphatic or cy- 
cloaliphatic (naththenic) acids, and aldehydes. Selected examples of polar derivatives 
that may be found in petroleum oils are illustrated in Fig. 14.2 [2-41. Traces of 
phenolic and furan derivatives may also be present. A summary of the overall effect 
of these different derivatives on physical and chemical properties is provided in Table 
14.3 [3]. 

Yoshida et al. have shown that the pro-oxidant effect of nitrogen heterocyclic 
compounds is a function of the basicity of the nitrogen in the compound. Generally, 
only the more basic nitrogen heterocyclic compounds, pyridine and quinoline deriv- 
atives, exhibit a pro-oxidant effect and this effect is accelerated in the presence of 
copper. The proposed mechanism involved a “ligand effect” through complexation 
with alkyl hydroperoxides [6]. 

The chemical composition of a petroleum base oil may be calculated from 
physical properties [refractive index (ns’)at 20°C, density at 20°C (ay)),percentage 
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Table 14.1 Crude Oil Content and Suitability 

Solvent neutral S a n d N  
Crude type base oil Base oil Specialty oil Wax content content" Asphalt API gravityb 

Paraffinic base Yes Yes No Yes Low No >40 
Naphthenic base No Yes Yes No LOW No <33 
Mixed base No Yes No Yes Low Yes 33-40 
Asphaltic base No Yes No No High Yes -

"S is sulfur and N is nitrogen. 
bAPI gravity is scale in degrees adopted by the American Petroleum Institute where "API = [141.5/specific gravity] - 131.5 
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Viscosity Pour
Nomenclature Structure Index Point 

n-Paraffins Very high High 

iso-Paraffins High Low 

Naphthenes Moderate Low 

Aromatics Low 

Figure 14.1 Qpical organic structures present in a mineral oil. 

sulfur concentration (S), and average molecular weight (M)] by ASTM D 3238, 
which describes the “n-d-M Method” [7]. After determining these physical proper- 
ties, the computations to be performed are as follows: 

Step 1. Calculate the factors U and w 

U = 2.51(n: - 1.4750) - (d;” - 0.8510) 

w = (d? - 0.8510) - l.l(n;’ - 1.4750) 

Step 2. Calculate percent aromatic carbon (CA) 
If v is positive: 

3660 
% C.4= 4 3 0 ~+ -

M 

if v is negative: 

3660 
% C)\= 670u + -

A4 

Step 3. Calculate percent total aromatic + naphthenic carbon (C,) 
If M.’ is positive: 

Table 14.2 Relationship Between Molecular Carbon Type and Density 

Base oil Paraffinic Naphthenic Aromatic Density 
t YPe carbon carbon carbon ( k g m  

Paraffinic 65-70 25-30 3-8 0.800-0.8 12 
Naphthenic 50-60 30-40 8- 13 0.834-0.844 
Mixed 48-57 24-33 17-22 0.850-0.872 
Aromatic 21-35 20-30 40-50 0.943 -1.005 
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Di benzothiophene QJ3 

Q Furan 

N Pyrrole0 

I 

H 

Thiophene 

Figure 14.2 Illustration of heterocyclic derivatives typically present in a mineral oil. 

10,000
% CR = 8 2 0 ~- 35’ + -

M 

If w is negative: 

Step 4. Calculate percent naphthenic carbon (CN)and paraffinic carbon (C,) 

Figures 14.3a-14.3~ illustrate the effect of CA, CR, and CNon the viscosity index, 
aniline point, and volatility (Kuop),respectively [8,9]. This work has shown that base- 
oil properties may be estimated from aromaticity, as aromaticity is primarily depen- 
dent on the degree of refining [8,10]. 

Two parameters that are important relate to polar compound composition and 
are reflective of base-oil quality are sulfur content and aniline point. The sulfur- 
containing polar compounds may exhibit significant antioxidant activity. Base oils 
containing low sulfur contents may require the addition of additional antioxidants. 

The aniline point is determined by mixing the base oil with the polar solvent 
aniline. The mixture is then heated until a homogenous solution is obtained, at which 
point the solution is cooled. The temperature at which the base oil separates from 
the solution is the aniline point. Increasing the paraffinichaphthenic content increases 
the aniline point [3]. 
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Table 14.3 Effect of Composition on Base Stock Properties 

Volatility 
Chemical Viscosity Pour point Response to (high = poor, 
component index (highflow) Oxidative stability antioxidants low = good) 

n-Alkane Very high High Good Good Good 
iso-Alkane High Low Good Good Gowaverage 
Naphthene Low Low Average Good Average 
Aromatic Low Low Averagelpoor Some poor Poor 
Polar compounds Low Low S is antioxidant; N and 0 are Poor Poor 

pro-oxidant 
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Figure 14.3 Effect of (a) aromatic, (b) naphthenic, and (c) paraffinic carbon content on 
viscosity index, aniline point, and volatility of a mineral oil. 

2.2 Petroleum Refining Processes 

Crude petroleum must be refined before it is used for lubricant formulation. In this 
section, distillation, deasphalting, solvent extraction, dewaxing, hydrofinishing, and 
hydrocracking processes will be introduced. Table 14.4 provides a general overview 
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Figure 14.3 Continued. 

Table 14.4 Usual Effect of Processes on Base-Oil Composition and Properties 

Deasphalting Refining Dew axing Finishing 

Constituent 
Asphaltenes 
Resins 
Aromatics 
Naphthenes 
Paraffins 
Wax content 
Nitrogen 
Sulfur 

Properties 
Specific gravity 
Flash point 
Viscosity 

* 
* 
* 

Viscosity index 
Pour point 
Color 
Stability 
Additive response 

+ 
+ 

+ 
+ 

Note: *-decreases; + -increases; V-variable; N-no change. 
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of the impact of deasphalting, refining, dewaxing, and finishing processing on com- 
position and physical properties [ l l ] .  

2.2.1 Distillation 

Distillation of crude oil is conducted in different steps (see Fig. 14.4) [4]. The first 
step is to remove inorganic salts. Then, after heating to approximately 350°C under 
pressure, an atmospheric distillation is conducted, at which point the most volatile 
components are fractionated in the distillation column. Qpically, fractions including 
C1 to C4 hydrocarbons, gasoline, naphtha, and kerosene are removed at this point 
P I .  

The next step is a vacuum distillation process conducted at 10-40 mm Hg or 
20-100 mm Hg in combination with steam up to 450°C. The fractions removed by 
vacuum distillation include light, medium, and heavy neutral lubrication-oil fractions. 

2.2.2 Deasphalting 

A high-viscosity base oil may be removed from the residue remaining after distil- 
lation by a deasphalting process. A volatile, low-molecular-weight hydrocarbon, such 
as liquefied propane, is used to dissolve the bright stock, leaving an asphaltic residue 
(bitumen) be hind. 

2.2.3 Solvent Extraction 

To improve physical properties, such as viscosity index and oxidative stability, sol- 
vent extraction is used to reduce the aromatic content of the base stock obtained 
after distillation, as shown in Fig. 14.5 [2]. Some naphthenic derivatives and other 
undesirable materials are also removed. Solvents used for the extraction process are 
miscible with aromatic derivatives and include phenol, furfural, and N-methylpyr- 

Vacuum (Steam Ejectors) 

..----- I Vacuum (Gas Oil) -. 

.----I.. 

. * - - - - - - Steam .------...-----
Residue 
Feedstock .--.--

Heat Exchangers .-..I--,--.---
>.--

Distillate 1-
.-.-I. 

I) 

Distillate 2 

Steam Steam 

(380 'C, 130 mmHg) Vacuum (Residue) 

Figure 14.4 Vacuum distillation unit for lubrication oils. 
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Vacuum gas oil Solvent Solvent
I-’ extraction dewaxing Hydrofinishing-

.-f SAE10 . 
c
CE 

* - P 
g ,  SAE40 .Residue from 

atmospheric ‘a 
3distillation Bright stock 5a
-v-

I I 

Figure 14.5 Simplified flowchart for solvent-refining process. 

rolidone (NMP). Of these, furfural has traditionally been the more commonly used 
solvent [ 121. 

2.2.4 Clay Treatment 

Base-oil color and thermal stability can be improved by treatment with clay (or 
Fuller’s earth) to remove polar compounds by adsorption [2]. 

2.2.5 Solvent Dewaxing 

Cold-flow properties of paraffinic base oils may be improved by removal of waxy 
fractions in the oil. This is accomplished by the addition of a mixture of methyl 
ethyl ketone (or methyl isobutyl ketone) and toluene solvent, chilling, then removal 
of the insoluble waxes by filtration of the chilled mixture, and subsequent removal 
of the solvent from the remaining base oil [12]. 

2.2.6 Hydrof in ishing (Hy-Fin is hing) 

The remaining polar compounds and further reduction in aromatic content of base 
oils may be accomplished by catalytic hydrogenation at an elevated temperature. 
This will produce a base stock with improved color and oxidative stability. Hydro- 
finishing has largely replaced clay treatment in most modern refineries [2], although 
in some refining processes, both hydrofinishing and clay treatment are performed 
[121. 

2.2.7 Hyd rocracki ng 

Hydrocracking is the most severe part of the base-oil refining process. Hydrocracking 
is conducted by heating a base oilkydrogen mixture to 370°C at 20 MPa pressure 
and passing the mixture over a catalyst bed [2]. The exothermic hydrogenation re- 
actions are cooled by hydrogen. Examples of hydrocracking reactions are provided 
in Fig. 14.6. 
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1. Aromatic Saturation 

2. Ring Opening 

R m R 2 - R 3 0 1 + R7uR9 

I I 
R4 R8 RI0 

3. n-Paraffinto iso-Paraffin lsomerzate - Cl0 -c -ClOc * o - c - c ~ o
I I 

I 

Other Reactions: 
a. Cracking 
b. Desulfurization 
c. Denitrogenation 

Figure 14.6 Illustrative hydrocracking reactions. 

During hydrocracking, large condensed aromatics are converted into more de- 
sirable hydroaromatics, the occurrence of cracking/dealkylation during hydrogenation 
leads to the formation of various carbonyl-containing compound, and significant 
denitrogenation and desulfurization results [131. 

There is increasing interest in the use of hydrocracked base stocks in view of 
their improved viscosity, thermal stability, and biodegradability properties [141. 

2.2.8 Commonly Used Terms in Petroleum for Petroleum Oils 

The following definitions were taken from Ref. 2 

Base stock or base oil. Oil produced in the refining process, before blending 
and without additives. 

Bright stock. Fully refined and dewaxed, very high-viscosity lubricating oil 
produced from the residue (bottoms) of the vacuum-distillation column. 

Cracking. Breaking down of large oil molecules into smaller, lower-viscosity, 
lower-boiling-point molecules. At the same time, some of the more reactive 
molecules combine (polymerize) to give even larger molecules, forming tar 
and coke. 

Cylinder stock. The residue remaining after the lighter portions of the crude 
oil have been removed by evaporation. 

Distillate. Product of oil distillation collected by vapor condensation. 
Finishing. Chemical, solvent, and hydrogen refining processes for removing 

undesirable components and improving quality, stability, and appearance of 
the base oil. 
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Fraction or cut. The portion of a crude oil with a certain boiling-temperature 
range separated out in the distillation process, also applied to the part sep- 
arated by precipitation, crystallization, and so forth. 

Lubricating base oil. A range of hydrocarbons derived from atmospheric dis- 
tillation of petroleum. They have high boiling points between 350" and 
500"C, typically 25-35 carbon atoms per molecule and molecular weights 
between 400 and 550 (bright stocks 750). Corresponding viscosities would 
be 30 and 95 cSt (bright stock 400) at 40°C. A typical base oil would be 
composed of 70% paraffinic, 25% naphthenic, and less than 5% aromatic 
hydrocarbons. There would be traces of organosulfur, organonitrogen com- 
pounds, and oxygen compounds in the form of carboxylic acids. 

Middle distillates. Boiling fractions from vegetable, animal, or synthetic oils. 
Petrolatum (petroleum jelly). A mixture of oil and microcrystalline wax ob- 

tained from petroleum residue by propane precipitation. When purified into 
white petrolatum, the product is known as Vaseline@ and is used in ointments 
and cosmetics. 

Solvent neutral oil. Vacuum-distilled paraffinic base oil refined by solvent 
extraction containing no free acidity and has been dewaxed and finished 
ready for use in blending. Referred to as neutrals or SNO 40, 100, 150, 320, 
850, and so forth, where the number refers to SUS (Saybolt Universal Sec- 
onds at 373°C). SNO 150 oils have viscosities of approximately 33 CS and 
SNO 850 approximately 190 CS at 40°C. 

Wax. High-molecular-weight hydrocarbons that separate from oil when the 
temperature is lowered below the pour point. Paraffinic waxes are crystalline 
(see Fig. 14.7) [145], long, straight-chain, normal parafins with 20-35 car-
bon atoms per molecule, molecular weights of 300-500, and melting points 
between 40°C and 70°C. Microcrystalline waxes with 35-75 carbon atoms 
per molecule and average molecular weights of 600-1000 are primarily 
branched-chain iso-paraffins with some naphthenic hydrocarbons. Melting 
points are between 55°C and 95°C [145]. Wax is the material in an 
asphaltene-resin-free oil which is insoluble in the solvent methyl ethyl ke- 
tone (MEK). 

2.3 Oil Analysis and Characterization Procedures 

There are a number of references concerning standardized testing procedures used 
to characterize petroleum products [15,161. A detailed description of these procedures 
is beyond the scope of this text. There are also numerous references on newer ana- 
lytical techniques that are being employed to both characterize specific chemical 
composition as well as the more traditional approach of characterizing paraffinic, 
naphthenic and aromatic content of the oil. Much of this work is focused on the 
correlation of base oil composition with various physical and chemical properties 
through the use of multiple regression equations. Selected examples will now be 
provided. 
2.3.1 Nuclear Magnetic Resonance Spectroscopy 
Both 'HMR (proton magnetic resonance) and 13CMR (carbon magnetic resonance) 
spectroscopy have been used to examine structure-performance relationships of 
petroleum-oil base stocks [8,13,17]. Although most of this work has focused on the 
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Figure 14.7 Wax crystal-growth pattern (Me = methyl group). 

use of nuclear magnetic resonance (NMR) techniques to generically classify the 
paraffinic, naphthenic, and aromatic contents of oil for subsequent physical property 
studies, some work has been conducted to elucidate various chemical moieties in 
these very complex mixtures. 

2.3.2 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectroscopy may also be used to assist in the 
relatively rapid characterization, compared to I3CMR spectroscopy, of the aromatic 
content of a petroleum base oil [8]. Singh and Swaroop used FTIR to analyze the 
relative impact of aromatic carbon content on base-stock oxidative stability [181. 

2.3.3 Thin-Layer Chromatography 

Thin layer chromatography (TLC) using a flame-ionization detector (TLC -FID) has 
been used to quantitatively determine the ratios of paraffinic, naphthenic, aromatic, 
and polar components in a base oil [19]. It was proposed that this procedure was 
superior to the open-column gel chromatographic procedure of ASTM D 2007 [20]. 

2.3.4 Gel-Permeation Chromatography 

Gel-permeation chromatography (GPC) analysis using a diode-array detector and a 
RI (differential refractance) detector was conducted which permitted fractionation, 
identification, and quantitative characterization of aromatic functionality in a petro- 
leum oil [21]. 

2.3.5 Combination of Chromatography and Spectral Methods 

Recent reports have described the successful use of the use of NMR or FTIR as a 
detector to structurally identify the eluents obtained by chromatographic analysis 
such as high-pressure liquid chromatography (HPLC) and NMR [22], and HPLC and 
mass spectrometrometry [23]. These analytical procedures provide a much finer dis- 
crimination of the chemical structures present in a petroleum base oil andor 
structure-performance interdependence with respect to additive interactions and so 
forth. 
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3 HYDRAULIC OIL CLASSIFICATION 

3.1 Classification by Oil Type 

Mineral-oil base stocks used for hydraulic fluid formulation are either naphthenic or 
paraffinic [24]. Mixed-base fluids are also available [25]. Naphthenic base stocks 
contain a high percentage of ring-containing cycloaliphatic compounds. Typically, 
these fluids exhibit relatively low viscosity indices and, therefore, are not useful for 
applications where wide use-temperatures will be encountered. These oils exhibit 
relatively low pour points. Generally, their maximum use-temperature is 150°C. 
These fluids are available in a full range of viscosities, exhibit good demulsifibility 
characteristics, and are resistant to foaming [24]. 

Paraffinic oils contain a high percentage of straight- and branched-chain ali- 
phatic compounds. These fluids exhibit higher viscosity indices than naphthenic oils 
and, therefore, are more suitable for use at higher temperature. These oils exhibit 
somewhat higher pour points than naphthenic oils. When adequately stabilized, par- 
affinic hydraulic fluids may be used continuously at temperatures up to 140°C [24]. 

Mixed-base oils, also referred to as intermediate-viscosity-index oils, which are 
blends of naphthenic and paraffinic base stocks are also available. They may be used 
at either high or low temperatures, although they do not exhibit the best features of 
either of their component oils [25]. 

3.2 Classification Based on Additives 

Hydraulic oils may also be classified based on the additive protection that they offer 
[25]. These include rust and oxidation (R&O), antiwear (AW), extreme pressure (EP), 
antileak, ashless, and industrial detergent oils. 

R&O hydraulic oils may be formulated with naphthenic, parafinic, or mixed- 
base oils. Additives are added to provide rust and antioxidant protection. 

Antiwear oils may be formulated with naphthenic, paraffinic, or mixed-base 
oils. They may also contain R&O inhibitors. They will contain an antiwear additive 
such as ZDDP (zinc dialkyldithiophosphate),which provides additional antiwear pro- 
tection for metal parts in the hydraulic system. 

Extreme-pressure (EP) fluids are formulated to provide lubrication to both the 
hydraulic system components and the machine-tool ways to prevent stick- slip op- 
eration. Typically, these fluids only offer antirust protection without antileak, anti- 
oxidant, or viscosity-index (VI) improvers [25]. 

Antileak oils are used to reduce fluid leakage by assuring seal pliability. Al- 
though these oils may be suitable for low-temperature start-up, they are not generally 
suitable for high-temperature use. 

Industrial detergent oils are used in mobile equipment and robotic applications 
which are subjected to a dirty environment. These fluids are typically formulated to 
provide R&O protection, to exhibit a high viscosity index, and to be suitable for use 
over a broad range of temperatures. 

Ashless hydraulic oils are typically formulated without a zinc-containing ad- 
ditive and do contain phosphorus-, nitrogen-, and sulfur-containing additives for an- 
tiwear performance. This is an emerging area of hydraulic fluid technology. 

A comparison of the advantages and disadvantages of these oils is provided in 
Table 14.5 [25]. 
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Table 14.5 Selection Chart for Hydraulic Oils and Fluids 
~~~~~~~ ~ ~ ~ ~-~ 

R&O R&O R&O R&O 
R&O less-than- less-than- + quality 

quality turbine turbine antiwear Antileak & + 
+ quality, quality, detergent, Antileak, antiwear, antiwear Combination 

Straight Straight antiwear, paraffinic paraffinic paraffinic naphthenic naphthenic naphthenic way lube & 
System requirements naphthenic paraffinic paraffinic base base base base base base hydraulic oil 

Normal service life X X X X X 

Long service life X X X X X X X X 

Antirust and corrosion X X X X X X X 

Exceptional antiwear X X X 

Antifoam properties X X X X X X X X X X 

High-temperature operation X X X 

Low-temperature start-up X 

Continuous contamination, X X 


extraneous materials 
Continuous contamination, X 


cutting fluids, with 
frequent changes 

Moderate leakage X X X X 

Excessive leakage X X X 

Tight system. little or no X X X X X 


makeup 
Active filter use X X X 

Inactive filter use X X X X X X X X X X 

Way lubrication by X 


hydraulic oil 
High degree of water X X X X 


separation 
Hydraulic system cleaner X 


~~~~~ 

Wil l  handle noncritical way lubricant. 
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3.3 Classification Based on Viscosity 

Hydraulic fluids may also be classified according to ASTM D 2422 “Viscosity Sys- 
tem for Industrial Fluid Lubricants” [2,26]. The viscosity classification system is 
provided in Table 14.6. This classification system only provides information on the 
viscosity at 40°C. Viscosities at other temperatures are dependent on the viscosity- 
index properties of the fluid. 

3.4 IS0 6743/4 Mineral Oil Classification System 

Mineral oils may also be classified according to an I S 0  system which is based on 
the properties exhibited by the fluid [27,28]. The IS0 classification categories are 
provided in Table 14.7. 

3.5 Brief Historical Overview and System Requirements 

Table 14.8 provides a time line for critical developments in hydraulic fluid technol- 
ogy since 1920 [29]. Although past problems have been successfully addressed, from 
this table, it is evident that fluid formulation and performance continue to provide 
significant challenges for the hydraulic fluid industry. 

4 PHYSICAL PROPERTIES 

Knowledge of the physical properties of a hydraulic system is important in the design 
and operation of a hydraulic system. These properties include viscosity, viscosity 

Table 14.6 ASTM D 2422 Viscosity Classification System 

Kinematic viscosity limits [cSt (mm’h)] at 40°C 
IS0 viscosity 
grade Midpoint Minimum Maximum 

IS0 VG 2 2.2 1.98 2.42 
IS0 VG 3 3.2 2.88 3.52 
IS0 VG 5 4.6 4.14 5.06 
IS0  VG 7 6.8 6.12 7.48 
IS0 VG 10 10 9 1 1  
IS0  VG 15 15 13.2 16.5 
IS0  VG 22 22 19.8 24.2 
IS0 VG 32 32 28.8 35.2 
IS0 VG 46 46 41.4 50.6 
I S 0  VG 68 68 61.2 74.8 
IS0 VG 100 1 00 90 110 
IS0 VG 150 150 135 165 
IS0 VG 220 220 198 242 
IS0 VG 320 320 288 352 
I S 0  VG 460 460 414 506 
I S 0  VG 680 680 612 748 
IS0 VG 1O00 1000 900 1100 
IS0 VG 1500 1500 1350 1650 

Note: If 40°C is not the temperature used when measuring the viscosity (as is sometimes the case with 
very viscous fluids), then the related viscosity at 40°C shall be established using ASTM D 341. 
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Table 14.7 IS0 6743/4 Mineral Oil Classification System 

Category Composition typical properties Applications operating temperatures 

HH Noninhibited refined mineral oils -10°C to 90°C 
HL Refined mineral oils with -10°C to 90°C 

improved antirust and 
antioxidant properties 

HM Oils of HL type with improved General hydraulic systems which include 
antiwear properties highly loaded components -20°C to 90°C 

HR Oils of HL type with improved -35°C to 120°C 
viscosity/temperature properties 

HV Oils of HM type with improved Mobile applications, -35°C to 120°C 
viscosity/temperature properties 

HS Synthetic fluids with no specific -35°C to 120°C 
fire-resistant properties 

index, pour point, compressibility, gas solubility, and foaming, in addition to various 
thermal and electrical properties [2,30]. In this section, the specific importance of 
these physical properties will be described. 

4.1 Viscosity 

Viscosity is the single most important physical property exhibited by a hydraulic 
fluid. If the hydraulic fluid viscosity is too high, the following can occur: (1) the 
internal friction will increase, which will increase the flow resistance through the 
clearances in the pump and valves; (2) the system temperature will increase; (3) the 
system operation will become sluggish; (4) there will be an increased pressure drop 
in the system; ( 5 )power consumption will increase. If the fluid viscosity is too low, 
the following can occur: ( 1 )  the internal and external leakage will increase; (2) pump 

Table 14.8 History of Hydraulic Fluids 

Years Type of hydraulic fluid Remarks 

1920 Water based Restricted working temperature, rust/ 
corrosion problems 

1920 Plain mineral oils Gum formation, acidity buildup 
resulting in corrosion 

1 940 R&O oils Wear problems with vane pumps of 
sophisticated design, output of 1000 
psi 

1950 Motor-oil based Excellent wear protection, poor 
demulsibility 

1960 Conventional ZDDP-based oils High wear of bronze piston shoes 
1970 Thermally stable ZDDP-based Meeting all international specifications 

oils 
Latest trends Ashless (S-P-N)-based oils Work continuing 
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slippage will increase reducing efficiency and increasing temperature; (3) the wear 
rate will increase, (4) a loss of pressure will occur; (5) there will be a loss of pressure 
control [3 11. 

The maximum fluid viscosity for proper pump operation is dictated by the 
hydraulic pump design and is therefore manufacturer-specific. Some general guide- 
lines are provided in Table 14.9. Pump manufacturers publish minimum and maxi- 
mum specifications for their pumps [32 -341. These specifications typically include 
minimum, optimum, maximum, and maximum start-up viscosity [321. An illustration 
of a viscosity-recommended viscosity -temperature chart for a hydraulic oil is pro-
vided in Fig. 14.8 [32]. 

4.2 Viscosity Index 

The viscosity will vary with temperature and that variation is dependent on oil com- 
position, which was illustrated in Chapter 4 (Fig. 4.9) for paraffinic and naphthenic 
oils. The magnitude of viscosity-temperature variation is quantified by the use of 
a single number-VI or viscosity index. The calculation of VI from viscosity- 
temperature data is illustrated in Chapter 5. The lower the VI, the greater the variation 
of viscosity with temperature. Most pump manufacturers recommend that the VI of 
a hydraulic oil be at least 78, or greater [33,34]. The VI value of an oil is especially 
important because it determines the temperature range over which the oil may be 
used. 

4.3 Viscosity- Pressure Behavior 

A general property of fluids is that they exhibit an increase in viscosity with increas- 
ing pressure and the viscosity increase will be greater at higher pressures than lower 
pressures [31]. In addition, the viscosity increase with pressure will be greater for 
naphthenic oils than paraffinic oils (see Fig. 4.9). The effect of increasing pressure 
increases as the fluid viscosity increases, and fluid pressure increases will also in- 
crease the VI index of the oil [31]. Although the fluid viscosity increases with in- 
creasing temperature, this effect is usually not significant up to system pressures of 
2000 psi [24]. 

Table 14.9 Recommended 
Maximum Inlet Viscosities 
for Different Types of 
Hydraulic Pumps" 

Maximum inlet 
viscosity 

Pump type (mm2/s, cS)  
~ ~ ~ ~ ~ ~~~ ~ 

Gear pumps 2000 
Piston pumps 1000 
Vane pumps 500-700 

These are only general recommendations. 
They will vary with specific pump design 
and the manufacturer of the pump. 
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FA RA & VANE PUMPS 

55 

-30 -20 -10 0 10 20 30 40 50 60 70 So 90 100 110 120 130 140 1% 16Q 
Temperature (OF) 

-34 -29 -23 -18 -12 -7 -1 4 10 15 21 26 32 38 43 49 54 60 65 71 

Temperature (OC) 

Figure 14.8 Vane-pump viscosity recommendation chart for Racine FA, RA, and K vane 
pumps. 

4.4 Compressibility and Bulk Modulus 

Fluid compressibility (bar-’) is defined by 

where 
f3 = the fluid compressibility 
V = the initial volume 
P = fluid pressure 

Another term, compressibility module (M) or bulk modulus, is occasionally used 
[30]: 


where M is reported in pressure units of bar. The effect of pressure and temperature 
on relative volume of a mineral oil (D.T.D. 585) is illustrated in Fig. 14.9 [35]. 
Comparison of isoentropic and isothermal bulk moduli as a function of temperature 
is illustrated in Fig. 14.10. 

4.5 Estimation of Relative Cavitation Potential from Rho-C Values 

One method that has been used to estimate the potential for cavitation is the “rho- 
c value” or “acoustical impedance.’’ The isoentropic bulk modulus (M,) is related 
to the velocity of sound (c) through the fluid and density ( Q )  by 
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Pressure (Ib/in2) 

Figure 14.9 Effect of temperature and pressure on relative volume. 

Generally, the potential for a fluid to cavitate increases with the rho-c value [30.361. 
Figure 14.11 illustrates the effect of pressure and temperature on sound velocity in 
a hydraulic fluid [30]. 

4.6 Gas Solubility 

The amount of dissolved gas in a fluid is related to the fluid pressure (P) and the 
solubility (Bunsen) coefficient (a)of the gas by 

Vg.1, = V,lq"ldaP 

Table 14.10 provides Bunsen coefficients for a mineral oil at O"C, 50"C, and 100°C 
[30]. Details of the use of Bunsen coefficients and other calculation procedures to 
determine gas solubility are provided in Chapter 4. 

4.7 Foaming 

Foaming, as illustrated in Fig, 14.12, may arise from various sources, including fluid 
contamination, poor reservoir design, and the formation of metallic soaps such as 
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Figure 14.10 Isoentropic and isothermal tangent bulk modulus for a typical Shell Tellus 
oil at 5000 psi. 

might be formed from the corrosive reaction of additives in the fluid with lead 
coatings [35].The propensity for foaming is measured according to ASTM D 892 
[37]. In this test, air is injected into the hydraulic fluid at a constant temperature 
through a gas-diffusion stone at a constant rate, as illustrated in Fig. 14.13. The foam 
height is measured immediately at the conclusion of the fluid aeration period and 

d154.88 

14504 1400-

V' =32mm*1s 
T=30°C 

T=40°C 
T=50°C 

,$1350 - T=60°C 
T=70 O C  

4 s T=80°C 
0 1300-

m ? 
1250-

I I 

0 50 100 150 200 - 250 
Pressure,bar 

Figure 14.11 Sound velocity as a function of temperature and pressure ( IS0  32 mineral 
oil). 
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Table 14.10 Bunsen Coefficients for Different Gases i n  Mineral Oil as a Function 
of Temperature 

Bunsen coefficient" (a) 
~ 

Gas 0°C 50°C 100°C 

Air 0.092 0.091 0.091 
Oxygen 0.150 0.137 0.130 
Nitrogen 0.081 0.0X8 0.090 
Hydrogen 0.047 0.053 0.067 
Carbon dioxide 1.000 - -

"Higher values of 01 are obtained with low-viscosity fluids 

again after 10 min of standing unagitated. The foam retention characteristics, mea- 
sured in millimeters, are proportional to the propensity for foaming. 

4.8 Air Entrainment 

When the concentration of air exceeds the saturation level, the gaseous bubbles are 
suspended in the hydraulic fluid. Air entrainment must be minimized for proper fluid 
performance in the hydraulic pump. Air entrainment properties of a hydraulic fluid 
may be determined according to ASTM D 3427 [147]. In this test, air is blown into 
the fluid through a gas inlet at the bottom of a glass vessel at a constant flow rate 

Figure 14.12 Hydraulic oil foam formation. (Courtesy of CITGO Petroleum Oil Com-
pany.) 
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Figure 14.13 Illustration of ASTM D 892 foam stability test to measure foam formation, 
stability and effectiveness of antifoam addition. (Courtesy of Texaco Inc.) 

and fluid temperature for 7 min. The change in fluid density relative to the starting 
fluid condition is recorded until the total volume of entrained air is equal to 0.20% 
of the original volume. The time required to obtain this volume is the "gas-separation 
time." 

4.9 Density 

Fluid density at a given pressure (p/.) is determined from [30] 

P 
PP = 100 - AV/, 

where p is the density at atmospheric conditions and AV,, is the volumetric change 
with increasing pressure ( P ) .  

The density of mineral oils may also be represented as "API which is defined 
as 1381 

141.s
Degrees API = - 131.5

Sp. Gr. @ 15.6/15.6"C(60/6O0F) 

where Sp. Gr. is the Specific gravity of the fluid. 

4.10 Pour Point 

The pour point is the lowest temperature at which the fluid will flow [2]. Pour points 
are important for mobile equipment operations where the equipment must be started 
after sitting outside in cold weather. The oil used in such operations must have a 
pour point below the lowest start-up temperature anticipated. However, pour points 
must be considered with the fluid viscosity at these temperatures and with the pump 
manufacturer's highest recommended start-up viscosity [39]. 

Pour points may be determined by various standard procedures. both manually 
and automatically. including oil fluidity [40], automatic tilting method 1411. auto- 
pulsing method [42]. and the rotational method [43]. 
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4.11 Thermal Expansion 

Because oil may expand and create a potential overflow condition, it is necessary to 
account for the thermal expansion that may occur when designing a hydraulic system. 
Thermal expansion is expressed as the coefficient of thermal expansion, which is 
ratio of volume change after heating to the initial volume after heating 1°C. It is 
expressed as OC-'. The coefficient of thermal expansion for a mineral-oil hydraulic 
fluid is approximately 6.4 X 10-4"C-' [38]. A procedure for obtaining more accurate 
values for thermal expansion is provided by ASTM D 1250 [44]. 

Figure 14.9 illustrates the change in relative volume of a mineral-oil hydraulic 
fluid as a function of temperature and pressure. Figure 14.14 provides an estimate 
of the effect of pressure on the coefficient of thermal expansion [35]. 

4.1 2 Thermal Conductivity 

Thermal conductivity is the rate of heat transfer through the hydraulic oil. Heat- 
transfer rates increase with thermal conductivity. The thermal conductivity for most 
mineral oils is approximately 0.1 W m-' "C-' [38]. 

4.13 Heat Capacity and Specific Heat 

Heat capacity is the amount of heat required to raise the temperature of a given mass 
one degree of temperature ("C or OF). The units of heat capacity are J kg "C-I. The 
specific heat of oil is the ratio of heat capacity of oil to that of water at 15°C (1 J 
kg "C I ) .  The values of heat capacity and specific heat are numerically equal. Values ~ 

for mineral oil hydraulic fluids have been reported to be approximately 0.444-0.456 

0.0005 
0 5,600 10,000 

Pressure Ib/in2 

Figure 14.14 Effect of pressure on the coefficient of thermal expansion of D.T.D. 585.  
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4.14 Elect r icaI Conduct ivi t y/D ie lec t r ic St re ngt h 

Electrical conductivity is the amount of electricity per unit area transferred through 
the oil at a given voltage [45]. The unit of electrical conductivity is mhokm. The 
unit mho is the reciprocal of resistance (l/ohm = mho). A clean, dry mineral oil 
typically exhibits an electrical conductivity of 10-l4mhokm. Dielectric constants for 
a mineral oil have been reported to be 2.25 at 50”C, 2.21 at 75”C, and 2.17 at 100°C 
W l .  

4.15 Flash Points and Fire Point 

The flash point is defined as “the temperature to which a fluid must be heated to 
give off sufficient vapor to momentarily form a flammable mixture with air when a 
small flame is supplied under specified conditions” [46]. An open-cup flash-point 
test is conducted in the open air [47]. A closed-cup flash-point test is conducted in 
a closed vessel [48]. The fire point is defined as the lowest temperature at which the 
fluid will sustain burning for 5 s in the ASTM D 92 test [48]. 

Although flash points and fire points do not affect the operation of the hydraulic 
fluid in a system, these values should be considered in system design safety, espe- 
cially if there is the possibility of hot spots in the system where the fluid temperature 
may exceed the flash point or fire point of the fluid [46,49,146]. Alternatively, a 
situation may occur where an air pocket may develop when a source of ignition is 
present, such as air accumulation in the housing of a pump seal where the resulting 
air lock may cause oil starvation and a localized temperature rise which may create 
a condition sufficient for an explosion to occur [36]. 

4.16 Seal Compatibility 

The potential for a mineral oil to cause swelling or shrinkage of a seal is important 
if optimal seal strength is to be maintained and system leakage is to be minimized. 
One of the oldest methods of estimating hydraulic seal compatibility is the aniline 
point of the fluid. Generally, low-aniline points cause the highest swelling with ne- 
oprene and BUNA-N nitrile rubber, as shown in Fig. 14.15 [36,50]. Although gen- 
erally true, it has not been possible to calibrate the aniline point of an oil to predict 
the swelling of various elastomeric seal composition with respect to different base 
oils and additive combinations [511. Seal materials most prone to encounter problems 
with mineral-oil hydraulic fluids are usually made from natural rubber. Neoprene 
and nitrile seals, however, are generally acceptable for use with mineral-oil hydraulic 
fluids [52]. 

Another method that was used was the American Hydraulic Equipment Man- 
ufacturers (AHEM) Seal Compatibility Index (SCI) [511. This method involves the 
use of a standard nitrile rubber (AHEM, Standard Nitrile Rubber No. 1) and mea- 
suring the volume uptake of the hydraulic fluid at equilibrium. The test specimens 
may be 0-rings (1 t 0.01 in., 25 +: 0.25 mm) or squares (0.060 2 0.006 in. or 1.5 
2 0.15 mm) [51]. The specimens are immersed into the test oil in a jar and placed 
in an oven at 100°C 5 2°C for 24 h after the initial inner diameter (ID) is measured 
(0,).After cooling in cold oil, excess oil is removed and the ID of the ring is 
measured (0,)using a tapered gauge. The AHEM SCI is the percentage of volume 
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Figure 14.15 Correlation of volumn swell and aniline point for neoprene and BUNA-N 
rubber. 

swelling, to the nearest whole number, obtained from linear swelling (S,) and the 
standard conversion values in Table 14.11 [Sl]: 

The SCI values range from 0 to 50, as shown in Table 14.11. 
The use of SCI values, although an interesting concept, has not gained accep-

tance in the industry. Currently, the testing methodology recommended in Chapter 9 
is being considered as a standard test by ASTM. 

4.17 Demulsibility 

Water contamination of hydraulic fluids may occur when there is a difference in the 
hydraulic fluid in the reservoir and the humid atmosphere above the fluid, constant 
air leakage into the circuit, or seepage of the heat-exchanger coolant into the hy-
draulic fluid [53].The contaminated oil may then form an emulsion with the water 
contaminant due to the churning action of the fluid mixture in the system, which is 
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Table 14.11 Conversion to Linear Swell to Seal 
Compatibility Index 

SD D, - D, SD D2 - D, 
% (in.) SCI 96 (in.) SCI 

0.2 0.002 0.6 8 0.08 26 
0.4 0.004 1.2 8.2 0.08 26.7 
0.6 0.006 1.8 8.4 0.08 27.4 
0.8 0.008 2.4 8.6 0.08 28.1 
1 0.01 3 8.8 0.08 28.8 
1.2 0.012 3.6 9 0.09 29.5 
1.4 0.014 4.3 9.2 0.09 30.3 
1.6 0.0 16 4.9 9.4 0.09 31 
1.8 0.018 5.5 9.6 0.09 31.7 
2 0.02 6.1 9.8 0.09 32.4 
2.2 0.022 6.8 10 0.1 33.1 
2.4 0.024 7.4 10.2 0.1 33.8 
2.6 0.026 8 10.4 0.1 34.6 
2.8 0.028 8.6 10.6 0.1 1 35.3 
3 0.03 9.3 10.8 0.11 36.1 
3.2 0.032 9.9 11 0.1 1 36.8 
3.4 0.034 10.6 11.2 0.1 1 37.5 
3.6 0.036 11.2 11.4 0.11 38.3 
3.8 0.038 11.8 11.6 0.12 39 
4 0.04 12.5 11.8 0.12 39.8 
4.2 0.042 13.2 12 0.12 40.5 
4.4 0.044 13.8 12.2 0.12 41.3 
4.6 0.046 14.4 12.4 0.12 42.1 
4.8 0.048 15.1 12.6 0.13 42.8 
5 0.05 15.8 12.8 0.13 43.5 
5.2 0.05 16.4 13 0.13 44.3 
5.4 0.05 17.1 13.2 0.13 45.1 
5.6 0.05 17.8 13.4 0.13 45.8 
5.8 0.05 18.4 13.6 0.14 46.6 
6 0.06 19.1 13.8 0.14 47.4 
6.2 0.06 19.8 14 0.14 48.2 
6.4 0.06 20.5 14.2 0.14 49 
6.6 0.06 21.2 14.4 0.14 49.7 
6.8 0.06 21.8 14.6 0.15 50.5 
7 0.07 22.5 14.8 0.15 51.3 
7.2 0.07 23.2 15 0.15 52.1 
7.4 0.07 23.9 
7.6 0.07 24.6 
7.8 0.07 25.3 
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a high shear process [11. Water-contaminated hydraulic systems may lead to numer- 
ous potential problems such as formation of “thin and watery” or “thick and pasty” 
fluids, promotion of dirt and dust contamination, improper functioning valves, in- 
crease wear and corrosion, oil oxidation, additive depletion, foaming, and filter plug- 
ging [1,53]. Therefore, water contamination should be avoided, or if it occurs, the 
water contaminant must be removed from the hydraulic oil as soon as possible! 

Although highly refined mineral oil is hydrophobic, additives and oil-oxidation 
by-products such as acids may promote the emulsification of water in the fluid. An 
early test of water contamination from oil oxidation was to measure the surface 
tension of the fluid. As the fluid ages and oxidation occurs, surface tension of the 
fluid decreases, as illustrated in Fig. 14.16 [53]. Oil replacement is recommended 
when the surface tension is 1 1 5  dydcm. 

Currently, the ability to separate water from a hydraulic oil is determined by 
ASTM D 1401 [54,55]. Water-separation ability is determined by mixing 40 mL of 
distilled water and 40 mL in the oil in a 100-mL graduated cylinder at 54°C as 
illustrated in Fig. 14.17. The time for complete separation is measured. Typically, 
oils that exhibit separation times of 5 30 min are suitable for continued use [I]. 
Factors that affect the accuracy of the test include cleanliness of the test equipment, 
speed and position of the stirrer, bath temperature, test duration, and stray vibrations 
Wl. 

4.18 Filterability 

Some hydraulic oils are formulated to contain additives, such as viscosity modifiers 
[56], which exist as very small particles in the fluid. Although these particles may 
not be visible to the naked eye, they may be removed by high-efficiency, fine (3 
pm) filtration [57]. These fine particles will actually cause plugging of the filters. 
Therefore, it is desirable to evaluate the “filterability” of a hydraulic fluid as both 
a measure of potential filter plugging and additive removal. 

Evaluation of fluid filterability may be performed using the “Pall Filterability 
Test” [56,58,59] which involves the use of a pump stand where the time it takes for 
the fluid to pass through a filter under a partial vacuum is determined. An alternative 
test under evaluation is to pass the fluid through a membrane instead of a filter on 
a pump [56]. 

5 CORROSIONPROPERTIES 

5.1 Rusting or Corrosion 

Although the terms “rusting’ ’ and “corrosion’ ’ are often used interchangeably, they 
are fundamentally different processes with different fluid-formulation challenges 
[60]. Rusting is caused by the reaction of water and air with a ferrous surface in the 
hydraulic system [61]. Corrosion is caused by the reaction of organic acids in the 
presence of peroxides, both originating from oxidation of the hydraulic oil [49]. 
Rusting results in the buildup of a film due to the formation of iron oxides [61], 
typically accompanied by an increase in weight, and corrosion results in a weight 
loss and surface pitting [49,61]. 
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Hours, laboratory 

Figure 14.16 Effect of oil oxidation on surface (interfacial) tension. 

Rusting is encountered in systems that are contaminated with water and air 
ingression, resulting in foaming [61]. Water may condense in cooling oil in the 
reservoir during shutdowns. Rusting may occur in the vapor space above the fluid 
level in the reservoir or in piping. This may lead to flaking of the rust into the fluid. 
This effect may be minimized by coating the reservoir with an oil-compatible pre- 
servative paint [60]. In addition to causing abrasive wear, the presence of rust par- 
ticles in the oil may plug passages or damage valves [39,62]. Rust may also catalyze 
oil oxidation [62]. 

Highly refined mineral oils exhibit poor rust-preventative characteristics. How- 
ever, the use of a rust inhibitor is an effective preventative. There are two types of 
rust preventatives. An inhibitor is added to protect ferrous metal surfaces from rusting 
when in contact with water when submerged in the oil; it is “rust inhibited.” Rust- 
inhibited fluids do not prevent rusting when the ferrous surface is covered with a 
thin film or oil or when exposed to air, such as in the head space above the oil in 
the reservoir. Rust protection in this situation requires a “rust preventative’ ’ [57]. 
Rust preventatives typically provide rust inhibition also. 

Corrosion occurs in systems that have undergone significant oil oxidation which 
would typically be enhanced if there are hot spots in the system. Highly refined 
mineral oils that contain an oxidation inhibitor typically do not exhibit corrosion 
problems [49,62].Typically, protection against both corrosion and rusting require the 
use of two inhibitors [61]. 

5.2 Chemical Corrosion 

Chemical corrosion may occur when the hydraulic oil is contaminated with halo- 
carbons such as trichloroethane. When this occurs, components with small orifices, 
such as hydraulic actuators, may fail due to corrosion and deposit formation [63]. 
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Figure 14.17 Illustration of ASTM D 1401 oil demulsibility test. (Courtesy of The Lu-
brizol Corporation.) 

When subjected to water contamination, heat, and pressure, the presence of as 
little as 0.02% of the halocarbon may hydrolyze in the hydraulic oil to yield hy- 
drochloric acid, which will then attack and etch the metal surface forming iron 
chloride (FeC1,). Iron chloride, along with the water contaminant in the oil, will 
catalyze the oxidative degradation of the oil, forming weak organic acids, sludge, 
and varnish, which will form a brown, sticky residue on the metal surface. 

5.3 Testingfor Corrosion and Rusting 

Copper corrosion properties of a mineral-oil hydraulic fluids are usually tested ac- 
cording to ASTM D 130 [64]. The rust-inhibiting properties is usually evaluated 
using ASTM D 665 [65].Although the use of other tests such as “The Fog Cabinet,” 
solubility and colloidal stability test, and the static water drop corrosion test have 
been reported [66], only ASTM D 130 and ASTM D 665 will be discussed here, as 
they are the tests most commonly utilized for mineral-oil qualification [46]. 
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5.3.1 ASTM Rust-Preventing Characteristics Test 

ASTM D 665 is used to evaluate the ability of a mineral-oil hydraulic fluid to inhibit 
rusting of ferrous surfaces if the hydraulic oil were to become contaminated with 
water. There are two variations of this procedure, A and B. Procedure A involves 
stirring 300 mL of the hydraulic oil with 30 mL of distilled water at 60°C (140°F) 
for 24 h with a cylindrical steel rod immersed in the oil, as shown in Figs. 14.18 
and 14.19. After the test is completed, the steel rod is inspected for the presence of 
rust. Procedure B is identical to Procedure A except that synthetic seawater is used 
instead of distilled water. Some of the test variables that must be controlled include 
the pH of the water, the type and age, in addition to grinding and drying of the steel 

Figure 14.18 Illustration of the ASTM Oil Rust Test apparatus. (Courtesy of Falex 
Corporation.) 
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Figure 4.19 (a) Illustration of the oil-rust testing cell showing agitator and steel rod; (b) 
comparison of a good and bad rust testing result. (Courtesy of Texaco, Inc.) 
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rod (spindle), fitting of the rod in the plastic stem, stirring quality and magnitude, 
bath temperature, and, possibly, laboratory temperature and humidity [55]. 

5.3.2 Copper Corrosion by the Copper Strip Tarnish Test 

ASTM D 130 has been recommended for evaluation of the potential of an oil to 
corrode copper [46]. This test is conducted by immersing a polished copper strip 
into 30 mL of the hydraulic oil in a 25 X 150-mm test tube which is then placed in 
a stainless-steel test bomb. After sealing, the test tube-bomb assembly is heated in 
a constant-temperature bath at 100°C for 2 h. The test tube is then removed from 
the bomb after cooling in cold water and the copper strip is removed and the degree 
of corrosion is determined by comparison to ASTM Copper Strip Corrosion Stan- 
dards available from ASTM* and illustrated in Fig. 14.20. Provisions are made in 
the test procedure for higher test temperatures if more rigorous conditions are desired. 

6 OXIDATIONSTABILITY 

Oxidation stability refers to the “ability of an oil to resist polymerization and thermal 
decomposition in the presence of air, water, heat and dissimilar materials” [49]. 
Additional variables affecting oil-oxidation rates include ambient temperatures, at- 
mospheric conditions, contamination, oil viscosity, type of pump, pump pressures, 
and pressure cycling [60,146]. 

Oil-decomposition products are either soluble or insoluble. Soluble oil-degra- 
dation products generally thicken the oil [67]. Insoluble products for sludge deposits 
in the oil which will lead to filter clogging, sticking of valves and pistons, and even 
hydraulic lock [68-701, increased wear, and corrosion [67]. Oil degradation by- 
products (water) and wear and corrosion debris (copper and iron) may catalyze the 
overall oxidative degradation process. This is illustrated in Table 14.12 which shows 
that if properly inhibited, water or the metal (copper or iron) alone had a minimal 
effect in accelerating degradation. However, when both water and the metal are 
present, the oil degradation rate was 10 (iron)-fold to 30 (copper)-fold greater [71]. 

Oxidative stability is a function of the base stock selected. For example, par- 
affinic oils exhibit better oxidative stability than naphthenic oils, but they exhibit 
poorer “solvency” -poorer ability to dissolve additives [72]. The presence of al- 
kylaromatic derivatives and some polar components further increase the susceptibility 
of a petroleum oil to oxidation, and others exhibit a stabilizing effect [73]. Temper- 
ature exhibits the greatest impact on oxidative stability. On the basis of temperature- 
viscosity performance, optimum fluid temperature ranges are often between 90 and 
160°F [49]. Generally, below oil temperatures of 135”F, oil-oxidation rates are rel- 
atively slow. However, above 145”C, the oxidation rate doubles for each 10°C rise 
in temperature [67,74]. Some of the greatest thermal stress on the fluid may occur 
in valves where the fluid is forced through small orifices at high velocities. This will 
produce localized thermal excursions due to fluid friction [60]. It has been shown 
that even at oil temperatures as low as lOO”F, the presence of varnish deposits on 
valves have indicated the presence of localized temperatures in excess of 200°F [60]. 

*The ASTM Copper Strip Corrosion Standards may be obtained from ASTM Headquarters, 100 Barr 
Harbor Drive, West Conshohocken,PA 19428. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



744 McHugh et al. 

Figure 14.20 Illustration of the ASTM Copper Strip corrosion Standards. (Courtesy of 
Koehler Instruments Inc.) 

Table 14.12 Effect of Water and Catalysts on 
Oil Oxidation 

Catalyst Water Hours Final TAN 
~~ ~~ ~~ ~ 

None No 3500 0.17 
None Yes 3500 0.9 
Iron No 3500 0.65 
Iron Yes 400 8.1 
Copper No 3000 0.89 
Copper Yes 100 11.2 

Note: Tests were run at 200°F on a 150 SUS (at 100°F) turbine-grade 
oil according to ASTM D 943 test procedure. 
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Foaming and air entrainment will increase oxygen contact with the fluid and 
accelerate oxidative degradation, especially at high temperatures. Oxidative degra- 
dation rates are dependent on the amount of dissolved and entrained air that is present 
in the fluid. Dissolved gas will be released from the fluid as it flows through orifices 
within the system. Downstream pressure will redissolve the air, which will be ac- 
companied by high localized temperatures because the time interval is too short for 
the bubbles to redissolve before compression. This may facilitate the oxidation pro- 
cess [57]. For example, Table 14.13 presents that bubble compression temperatures, 
starting from an inlet temperature of lOo”F, may be as high as 2100°F for a pump 
pressure of 3000 psi. In fact, in addition to oxidative degradation, thermal cracking 
and nitration of the oil is also possible [75]. 

Back6 and Lipphardt studied the effect of entrained air on mineral-oil oxidation. 
One of the variables that was examined was the effect of entrained air on the amount 
of oxidation as measured from the change in neutralization number and running time. 
Figure 14.21 shows that there is an initial oxidation rate that is controlled by the 
amount of air dissolved in the oil [76]. As the concentration of entrained air increases, 
the number of undissolved air bubbles increases and the rate of increase in neutral-
ization number (oxidation) increases because larger amounts of oxygen necessary 
for the oxidation reaction can be supplied faster [76]. In a hydraulic system, the high 
temperatures produced by compression of the air bubbles will facilitate oil oxidation 
at the air bubble-oil interface, thus accelerating the overall oil-oxidation process. 
This process is retarded when a nitrogen atmosphere is provided or if antioxidants 
are used. 

Back6 and Lipphardt also showed that if the conditions including pressure, rate 
of pressure increase, and bubble size, ignition at the air bubble-oil interface will 
occur. This is called the “microdiesel effect’’ [76]. The conditions required for the 
microdiesel effect to occur are illustrated in Fig. 14.22 [76]. By calculation, it was 
found that for ignition to occur, the temperature on the bubble surface was typically 
340-360°C (when starting from 25°C and compressed at 150,000 bards), which 
corresponded to the “ignition temperature” of the oil when measured by DIN 5 1,794. 

Roberton and Allen performed a detailed analysis of the potential for hydraulic 
system variables such as reservoir size, pump type, and so forth to promote oil 
oxidation, thermal cracking, and nitration; their conclusions were as follows [751: 

Table 14.13 Gas Bubble 
Compression Temperature Variation 
with Pump Pressure 

Pump pressure Air bubble 
(psi) temp.” ( O F )  

10oO 1410 
2000 1820 
3000 2100 

“Calculations based on 100°F inlet tem- 
perature. 
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Figure 14.21 Relative increase in neutralization number with increasing air content. 
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Figure 14.22 Back6 and Lipphardt limiting curve for ignition during the compression of 
single air bubbles in petroleum oil. 
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Fluid aeration was the major factor contributing to accelerated oil-degra- 
dation processes. Constant-volume hydraulic pump systems with short res- 
idence times were the most prone to exhibit oil degradation and servo- 
valve problems. 
It was shown that these problems could be modeled in the laboratory and 
were correlated to fluid air entrainment. 
It is unlikely that laboratory bench tests for oxidation or thermal stability 
can completely assess the capabilities and limitations of a hydraulic fluid 
in the pump. 
To minimize potential oxidative degradation, thermal cracking, and nitra- 
tion problems with respect to hydraulic pump and servo-valve perfor- 
mance, the following are recommended: 
(a) Use variable volume pumps if possible. 
(b) Assure that the reservoir volume is at least 2%times the pump capacity. 

(This is especially important for constant-volume pumps.) 
(c) Design reservoir and return lines to keep turbulence at a minimum and 

allow for oil deaeration. 
(d) Ensure that bulk oil temperature is maintained below 120°F. 
(e) Avoid the use of copper tubing. 

Clearly, it is important that optimal separation of the entrained air be promoted, 
usually by the addition of an air-release additive [61]. 

6.1 Oil Oxidative Degradation Processes 

The oxidative degradation reaction mechanisms for petroleum oils will be reviewed 
here. These will include a discussion of (1) oxidative degradation processes below 
12OoC, (2) metal-catalyzed reactions, and (3) by-products of oxidative degradation. 
This discussion is based on detailed reviews on these subjects available in Refs. 77 
and 78. 

6.1.1 Hydrocarbon Oxidation Below 120°C 

The hydrocarbon degradation mechanism occurs in four steps: 

1. Chain initiation 
2. Chain propagation 
3. Chain branching 
4. Chain termination 

The first step, chain initiation, occurs when the oxygen partial pressure is greater 
than 50 torr. This is the slow or rate-determining step and is catalyzed by trace 
concentrations of transition metals: 
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where R is an alkyl substituent and M"' is a transition metal such as Fe, Cr, and 
Cu. The rate of hydrogen radical abstraction follows the order: 

RCH2-H < 

The second step of the reaction is the irreversible reaction of the alkyl radical 
formed in Step 1 to form a peroxy radical: 

y 3 

R-70 + 
H 

The rate of reaction of the alkyl radical with oxygen follows the order: 

Alkyl radical reactivity increases with increasing alkyl substitution on the carbon 
where the hydrogen abstraction occurred. This is why branched hydrocarbons are 
more susceptible to oxidation than unbranched n-paraffinic hydrocarbons. 

The chain propagation reaction continues with the abstraction of a hydrogen 
radical by the peroxy radical to form a hydroperoxide: 

The relative rate of hydrogen abstraction by a peroxy radical is E781 

Y 9 9 
R-7-H R-7-H R-7-H 

H H R 

Primary secondary tertiary 

Rel. Rate 
% HOAbstraction 1 30 300 

There are numerous possibilities of intramolecular hydrogen abstraction which 
will not be discussed here. One possible intermediate from multiple intramolecular 
abstraction processes is [78] 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



749 

7 

Mineral-Oil Hydraulic Fluids 

a0 
?OH 

R-y-(CH2)rt-R' R-$-(CH2)x-y-R' 

OOH R2 OOH R2 
where x = 1,2 

Hydroperoxides may undergo homolytic cleavage to yield an alkoxy and a 
hydroxy radical: 

ROOH __)_ RO* + *OH 

The third step of this process is chain branching: 

HO* + H3C-R H2O + oH2CR 

HO- + R-CH2-R' __t H 2 0  + R-VH-R' 

RCH2O* + HSC-R * RCHZOH + RcH2 

Secondary and tertiary alkoxy radicals preferentially form aldehydes and ke- 
tones: 

Y f7 
R-C-0. R-C-H + R'. 

9' ? 
R2-F-0* R-C-R2 + R3* 

R3 

The final step of the process is chain termination. There are numerous possible 
radical combinations that will lead to termination of the oxidation process. These 
include 

fi' 9' 
+ R-C-R' + O2 + HO-C-R 

A 
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6.1.2 Metal-Catalyzed Reactions 

Transition metals (0.1-50 ppm) capable of a one-electron transfer process will act 
as a catalyst for hydrocarbon oxidation [78]. However, to be catalytically active, they 
must be in the form of a metal soap which results from the formation of iron oxide 
with organic acids. Homolytic peroxide decomposition is catalyzed by metal soaps: 

Mnfm(n+l)+ 

2 ROOH t ROO* + RO + H,O 

In summary, these free-radical oil-degradation processes, and others not shown, 
are strongly affected by temperature and are catalyzed by metal soaps. They explain 
the formation of volatile by-products, increasing oil viscosity with use, and the for- 
mation of sludge and other condensation by-products. Figure 14.23 summarizes these 
processes [78]. 

6.1.3 By-products of Oxidative Degradation 

Oil-degradation by-products are not only specific to the composition of the base oil, 
and therefore its source, but the specific by-products formed will vary with the 
degradation conditions. However, for illustrative purposes, Table 14.14 provides a 
summary of those by-products identified from an oxidative degradation study of a 
Middle Eastern oil [77]. 

6.2 Fluid-Oxidation Testing Procedures 

The amount of fluid oxidation or remaining useful life of an oil may be determined 
or at least estimated by laboratory analysis. The most commonly encountered oxi- 
dation tests used for petroleum hydraulic fluid characterization are neutralization 
number, TOST (Test for Oxidative Stability of Steam Turbine Oils) and RBOT (Ro- 
tary Bomb Oxidation Tests). The results of these tests are expressed as a titer (mg 
KOWg oil), time required to achieve a predetermined amount of oxygen consumed, 
or amount of antioxidant depletion [72]. Although these tests will be discussed here, 
additional tests that have been utilized for either hydraulic fluid characterization or 
base oil oxidation studies will also be provided. 

6.2.1 Neutralization Number 

The neutralization number or total acid number (TAN) may be determined poten- 
tiometrically (ASTM D 664) [1481 or colorimetrically (ASTM D 974) [1491 and is 
expressed as “mg of potassium hydroxide required to neutralize the acid component 
in 1 gram of oil” [150]. 

An illustration of the variation of TAN with time in use for a hydraulic oil is 
provided in Fig. 14.16 [53].Typically, the TAN number will increase slowly with 
time until it reaches a critical point where there is an exponential increase. This point 
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Figure 14.23 Rasberger model of lubricant degradation under high-temperature conditions. 

Table 14.14 Oxidative Degradation By-products Obtained from a Middle Eastern Oil 

By-product 
type Identity 

Water Water 
Acids Formic, acetic 
Alcohols Ethanol, isopropanol, 1-propanol, 2-butanol, 1-pentanol, hexanol, 2-methyl 

propanol 
Aldehydes Acetaldehyde, butanal, 2-butanal, 2-pentanal, hexanal, 2-butanal, 2-pentenal 
Ketones Acetone, 2-butanone, 2-pentanone, 3-penten-2-one, 4-methyl-2-pentanone, 

cyclopentanone, 2-hexanone, 3-methylcyclohexanone, hexane-2,5-dione 
Esters Methyl acetate, ethyl acetate 
Lactones Dihydro-2-furanone, 2-cyclohexene-2-one, 5-methyl dihydro-2-furanone 
Ethers Tetrahydrofuran, 2-methyl-dihydrofuran, dimethyldihydrofuran, 2- 

form y lfuran 
Aromatics C-9 aromatics 
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is dependent on the oil, hydraulic system, and use conditions. This characteristic 
exponential increase in TAN is the onset of a dangerous use condition. Typically, it 
is recommended that the maximum allowable TAN be 2.0 [61]. 

Mang and Junnemann have reported that the use of TAN values to monitor 
fluid oxidation is the subject to misinterpretation and have recommended that this 
test only be used with oils of similar structure [79]. The reasoning provided was that 
TANS are affected by both oxidation of the base oil and by the reaction mechanism 
of the additives. 

6.2.2 Test for Oxidative Stability of Steam Turbine Oils 

Oxidative stability has been defined as “the ability of a fluid formulation to resist 
reaction with oxygen under a given set of environmental conditions including tem- 
perature and material of construction” [80]. ASTM D 943 [81], Test for Oxidative 
Stability of Steam Turbine Oils (TOST), is an accelerated oxidative stability test used 
to compare the ability of a fresh oil to resist oxidation. The oxidation process is 
catalyzed using a mixture of copper, iron, and water. TOST is conducted by bubbling 
oxygen ( 3  L h )  through 300 mL of oil and 60 mL of water at 95°C in the presence 
of the iron-copper catalyst until a TAN value of 2 mg KOWg oil is obtained. The 
ASTM D 943 TOST apparatus is illustrated in Fig. 14.24. The test results are reported 
in hours. Although ASTM D 943 may be too severe for hydraulic oils operating at 
lower reservoir temperatures, it does provide a useful comparison between the rel- 
ative inhibitory properties offered for hydraulic fluids containing different inhibitor 
additive packages, as illustrated in Fig. 14.25 [60]. 

With the most recent version of DIN 51,587, the German standard for TOST, 
TAN characterization up to 2 mg KOWg oil is not allowed due to potential additive 
interference. Mang and Jiinnemann have suggested an alternative infrared analysis 
technique, which is discussed in Section 6.2.5. An illustrative comparison of TOST 
results for a series of hydraulic oils is provided in Fig. 14.26 [74]. 

TOST was used to evaluate the base-oil components that aggravate color gen- 
eration during use [82]. After chromatographic identification of the by-products of 
the base oils evaluated in this oxidation test, it was found that the greatest contrib- 
utors to color generation were by-products formed by acid-catalyzed oligomerization 
of aromatic sulfur compounds and other base-stock components high in aromatic 
carbon. Color may be reduced by the elimination of strong acids which may act as 
catalysts for these oligomerization reactions. The results of this work is summarized 
in Table 14.15 [82]. 

6.2.3 Rotary Bomb Oxidation Test 

Oxygen tolerance is another very important property for a hydraulic fluid. Oxygen 
tolerance has been defined as “the amount of oxygen that can be reacted with a test 
fluid under a given set of environmental conditions including temperature and ma- 
terials of construction without causing dirtiness or property changes in the fluid” 
[80]. Oxygen tolerance is determined using the Rotary Bomb Oxidation Test (RBOT) 
(ASTM 2272) [83]. 

The RBOT is conducted by heating 50 g of a fresh or used oil, 5 mL of water, 
and a copper catalyst coil in a steel bomb which is pressurized with 620 kPa (90 
psi) of oxygen. The bomb is then heated in a constant temperature bath at 150°C 
while rotating at 100 rpm at a 30” angle from horizontal. The test is completed after 
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Figure 14.24 Illustrations (a and b) of the ASTM TOST apparatus. (Courtesy of Koehler 
Instruments Inc.) 

a pressure drop of more than 175 kPa (25.4 psi) below the maximum pressure, and 
the time to obtain this pressure drop. indicating the onset of oxidation, is recorded. 
The pressure-time plot of two test runs is illustrated in Fig. 14.27 [83]. 
6.2.4 Hot-Panel Coking Test 

One of the earliest tests conducted to determine the tendency of an oil to form lacquer 
deposits at elevated temperatures was the hot-panel coking test [84]. Although this 
test has been used primarily to evaluate engine oils, it may be useful for evaluating 
hydraulic fluids because maintenance of fine tolerances are critical to the proper 
operation of a hydraulic system 1.551. 

In the hot-panel coking test, oil is splashed from a reservoir onto a heated 
aluminum test panel that covers the reservoir. The test apparatus is illustrated in Fig. 
14.28. The data obtained include weight of deposits on the panel, change in TAN 
and oil viscosity, and the weight of insolubles in the oil in the reservoir. 
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Figure 14.24 Continued. 

Figure 14.25 Comparison of oils possessing excellent (left) and poor (right) oxidative 
stability after testing according to ASTM D 943. (Courtesy of The Lubrizol Corporation.) 
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Figure 14.26 Comparison of TOST results for various petroleum oil hydraulic fluids. Note 
the varying induction times for oxidation to occur. 

6.2.5 Infrared Spectroscopy 

Mang and Junnemann described the use of infrared (IR) spectroscopy as a preferred 
alternative to TAN to analyze the oxidation resistance of HL and HL-P hydraulic 
oils. (See Table 14.7 for IS0 hydraulic oil nomenclature.) Hydraulic oils were aged 
according to a TOST (DIN 51,387) and a comparative IR absorbence of the C-0 
stretching vibrations at 1710 cm-', as shown in Fig. 14.29, was used to estimate the 
degree of oxidation of the oil, even in the presence of additives [79]. 

Infrared analysis has also been used to identify and quantify the following [85]. 

Metal carboxylate salts- 1600 and 1400 cm-' 
Carboxylic acids -17 10 cm-
Metal sulfates- 1 1 0 0  and 1600 cm-' 
Esters-1270 and 1735 cm-' 

6.2.6 Cincinnati Milicron Test 

The Cincinnati Milicron Thermal Stability Test Procedure is conducted by heating 
200 mL of an antiwear hydraulic oil at 135°C in the presence of copper and steel 

Table 14.15 Correlation of Base-Stock Aromatic 
Composition and Color Generation During Oxidation 

N S Wt.% ASTM color after 
Lube (ppm) (ppm) aromatics oven treatment 

A 27 6200 26" >8 
B 1 92 4 5.5 
C <0.2 1 1 2.5 

This was an 84/12.5/3.5 mixture of mono/di/tri-nuclear aromatics 
structures as determined by mass spectral analysis. 
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Time (min) 

Figure 14.27 Pressure versus time plots for two RBOT runs. 

Figure 14.28 Hot-panel coking test apparatus. (Courtesy of Koehler Instruments Inc.) 
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Figure 14.29 Aging of mineral oils according to DIN 51,587 (TOST) using IR spectro-
scopic comparison. 

rods (multimetal compatibility) in a 250-mL beaker heated in an aluminum block 
[29]. Upon completion of the test, the used oils are observed for color change, 
filtered, and submitted for elemental analysis. Figure 14.30 provides a comparison 
of good and poor multimetal compatibility. The test is suitable for distinguishing oil 
additive performance. Note: There are three specification for this test: P-68, P-69, 
and P-70. Tests are all conducted in the same manner; the different specifications 
refer to different fluid viscosities at 40°C (104"D). The P-68 test is for 32 CS fluids, 
P-69 is for 68 CS fluids and P-70 for 46 CS fluids. 

6.2.7 Differential Scanning Calorimetry 

Differential scanning colorimetry (DSC) analysis has been used to study the relative 
oxidative stability of different classes of hydrocarbon structures [73]. This was per- 
formed by oxidizing the base oils according to IP-48 [85] over 48 h at 120°C in a 
glass reactor, using an activated copper catalyst and varying levels of ZDDP as an 
antioxidant. Dry oxygen (1 L h )  was passed into the oil. DSC studies were performed 
on 5-mg samples heated at preprogrammed rates of 5 ,  10, and 20"C/min at a constant 
pressure of 100 psi. The characteristic temperature at the onset of degradation and 
the temperature at the maximum rate of degradation was determined [86]. A plot of 
the variation of onset times as a function of heating rate is provided in Fig. 14.31 
and that with the oil structure is provided in Fig. 14.32 [73]. 

6.2.8 Penn State Micro-Oxidation Test 

The Penn State Micro-Oxidation (PMSO) test is a thin-film oxidation test which can 
be calibrated to model various application conditions by varying testing conditions 
such as temperature [87]. The PSMO test apparatus, illustrated in Fig. 14.33, utilizes 
a glass reactor, 13 cm high X 2.5 cm inside diameter with a 24/40 ground-glass 
joint. A low-carbon steel, 19.1 mm (outer diameter) X 7 mm thick with a 1-mm rim 
edge sample container is machined, polished, and washed in tetrahydrofuran. A 40-
pL sample, which forms approximately a 160-pm-thick film, is placed on the coupon 
and weighed. The "reactor" is placed in an aluminum block heater at 225°C (see 
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Figure 14.30 Illustration of good (left) and bad (right) multimetal compatibility according 
to the Cincinnati Milacron thermal stability test. (Courtesy of The Lubrizol Corporation.) 
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Figure 14.31 Illustration of DSC characterization of the oxidative stability of a petroleum 
oil. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



Mineral-OiI HydrauIic FIuids 759 

220 
0 
“U 216 
22 
2 212
E 
% 208 

-E 204 
r a

fj 200 

-f 2
42 43 45 46 

--ff3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6-
-c -

.0’.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

Figure 14.32 Comparison of the start of oxidative degradation by DSC measurement as 
a function of base-oil composition. 

Fig. 16.33b). The system is flushed with nitrogen (20 cm’/min) for 30 min, then air 
(20 cm3/min) for 10 min. The test coupon was inserted into the preheated and purged 
“reactor” and the test was conducted with 20 cm3/min of air purge. At the conclusion 
of the test, the weight loss due to evaporation was determined gravimetrically and 
the residue is characterized chromatographically. A “typical” result is shown in Fig. 
14.34. 

6.2.9 IFP OXYTEST 

A schematic of the IFP OXYTEST is shown in Fig. 14.35 [77]. The test measures 
oxygen uptake throughout the oxidation process to provide oxygen consumption data 
as a function of time. Other variables that are determined include induction period 
and the point of maximum uptake. An additional feature of this test is that the 
gaseous by-products are collected in a cold trap for subsequent identification. 

6.2.10 Thin-Film Oxygen Uptake Test 

The Thin-Film Oxygen Uptake Test (TFOUT), ASTM D 4742 1881, measures the 
oxidative stability of 1-2 g of fluid spread over a glass coupon in a rotating bomb 
under pure oxygen. The oxygen pressure is measured continuously and the induction 
period, the time required before oxygen pressure starts to drop, is recorded. The 
ASTM TFOUT is conducted in the presence of a soluble metal catalyst and water. 

7 ADDITIVES 

Most modern hydraulic fluids contain additives to enhance low-temperature prop- 
erties (pour-point depressants), modify viscosity -temperature properties (VI improv-
ers), oxidative stability, and rust and corrosion resistance. Current emphasis on hy- 
draulic system design for mobile equipment is on smaller reservoirs and higher 
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Figure 14.33 Illustration of the PSMO test apparatus: (a) test cell; (b) heating block. 
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Figure 14.35 Schematic of IFP OXYTEST apparatus. V,: O2 inlet valve to reactor; Vz: 
O2 inlet valve to measurement circuit; C,/S,: control of primary circuit closure and reactor 
opening; C,/S2: control of primary circuit opening and reactor closure. 

pressures. Hydraulic designs to accomplish this significantly increases the severity 
of the operating conditions of the hydraulic oil because mechanical energy is con- 
verted to thermal energy which must be dissipated by the oil. In some cases, these 
conditions may result in a temperature rise that approaches the decomposition limits 
of some of the oil components or of additives such as ZDDP (zinc dialkyldithio- 
phosphate). Additive degradation by-products may then attack component surfaces 
such as copper alloys, which may then lead to failure [89]. Therefore, hydraulic fluid 
additive technology is a critically important consideration in proper fluid selection 
and use. 

Hydraulic fluid additive chemistry, including typical structures and performance 
mechanisms, is discussed in Chapter 15 and such detail will not be provided here. 
In this section, an overview of base-oil effects on additive performance, additive 
classification and function, history and use of ZDDP additives in antiwear hydraulic 
fluid formulation, and ashless fluid technology, and a brief discussion on additive 
analysis will be discussed. 

7.1 Base-Oil Effects 

Base-oil composition exhibits some of the greatest contributions to physical prop- 
erties, such as viscosity-temperature, pour point, and oxidative stability [90-921. 
For example, oxidation characteristics of a base oil are dependent on the base oil 
itself, antioxidant additives such as hindered phenols, alkylated aromatic amines, or 
various synergistic combinations of both, and interactions between the base oil and 
the antioxidant additives [90]. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



762 McHugh et al. 

Paraffinic components of the base oil may improve the synergism between 
antioxidants, thus improving oxidative stability, but they aggravate antiwear and 
detergency properties of the oil [92]. Naphthenic and aromatic base-oil components 
improve antiwear and detergency properties by improving solubility of additives, 
such as ZDDP, in the oil. Multiple linear-regression equations have been developed 
to predict these effects based on oil composition [92]. 

Base-oil composition is dependent on the refining process used. Earlier in this 
chapter, it was shown that processes such as solvent refining, hydrocracking, and 
hydrotreating will reduce the concentration of sulfur-, nitrogen-, and aromatic-con- 
taining components which will exhibit substantial improvements in the base oil [93]. 
The amount of reduction of these components is dependent on the refining process. 
The additive solubility problems in base oils containing increased paraffinic content 
is typically addressed by additive modification [93]. 

Additive response may vary with the type and amount of oil-degradation by- 
products present during use. This has been shown to be particularly notable with the 
presence of aldehyde-degradation by-products which substantially reduced antioxi- 
dant properties of ZDDP, 2,6-di(t-butyl)-4-methylphenol,and N-phenyl- 1 -naphthyl- 
amine [94]. Carboxylic acids, ethers, alcohols, and ketones also exhibited a negative 
effect, but much less notable, on the antioxidant properties of these additives. Inter- 
estingly, ester-containing by-products exhibited almost no effect [94]. 

7.2 Additive Classification and Function 

Although one of the primary functions of the hydraulic fluid is to act as an energy- 
transfer medium, it is also important to realize that the fluid must also provide 
adequate lubrication of the moving surfaces in the hydraulic system. Additives are 
used to provide and enhance the performance of the hydraulic oil, including 
viscosity -temperature properties, antiwear properties, rust inhibition, antioxidant 
performance, gum solvency (to assist in maintaining a clean system by solvating 
“sticky” degradation by-products which cause sticking and hesitation of hydraulic 
system components), and antifoaming/air-release properties [95]. The performance 
characteristics of a petroleum-oil hydraulic fluid is dependent on both the base-oil 
composition and the additives used [96]. Table 14.16 provides a summary of the 
various types of additives, with respect to function and chemical type, that may be 
used in hydraulic oil formulation and also the types [96,97]. 

7.2.1 “Oiliness” Additive Properties 

One of the additive classification terms from Table 14.16, “oiliness,” is seldom 
encountered in the industry today. Oiliness has been defined as “that chemical feature 
of an oil which permits it to wet metallic surfaces and establish a minimum coeffi- 
cient of friction between two rubbing surfaces under condition of boundary friction” 
[98]. Film strength is a property of a lubricant that “enables it to maintain protective 
films on the rubbing surfaces under conditions of boundary lubrication. . .” [99]. 
These terms are not rigorously correct and do not properly define the required lu- 
brication requirements for different wear surfaces in a hydraulic pump. 

Papay has addressed this problem and has provided proper definitions for “fric- 
tion modification,” “antiwear,” and “extreme pressure,” which can all be distinc- 
tively and correctly defined [loo]. Boundary lubrication refers to the use of an ad- 
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Table 14.16 Function and Chemical vpe of Additives Used for Hydraulic Fluid Formulation 

Additive 

Oxidation inhibitors 

Viscosity index improver 

Pour-point depressant 

Antifoamant 

Antiwear agent 

Extreme-pressure (EP) 
additive 

Rust inhibitor 

Corrosion inhibitor 

Detergent 

Dispersant 

Oiliness agent (boundary 
lubrication additive) 

Purpose Function 

Prevent varnish and sludge formation: extcnd Terminates oil oxidation by the formation of 
fluid life 10- 100 times 

Lower the rate of change of viscosity with 
temperature; Ix VI improver 

Lower the pour-point temperature 

Prevent formation of stable foam and 
entrained air which may increase 
compressability 

Reduce wear 

Prevent galling, scoring, and seizure 

Prevent or reduce rusting 

Prevent corrosive attack on alloys or other 
metallic surfaces 

Keep surfaces free of deposits 

Keep insoluhle contaminants dispersed 

Reduce friction under near-boundary 
conditions 

inactive compounds or by oxygen 
scavenging 

Because of the solubility differences, 
viscosity is increased more at high 
temperature than at low temperatures 

Modification of wax crystals to prevent 
growth with accompanying solidification 
at Low temperatures 

Change interfacial tension to permit bubble 
coalescence into larger bubbles which 
separate faster 

F o m  a film on metallic-contacting surfaces 

Formation of low-shear films on metal 
surfaces at point of contact 

Preferential adsorption of polar, surface- 
active materials: neutralize corrosive acids 

lnhibits formation of acidic bodies or forms 
a protective film over metallic parts 

Chemical reaction with sludge and varnish 
precursors to neutralize them and keep 
them soluble 

Contaminants are bonded by polar attraction 
to dispersant molecules, preventing 
agglomeration and kept in suspension due 
to solubility of dispersant 

Adherance of polar materials to metal 
surfaces 

Typical compounds 

Organic compounds containing sulfur, 
phosphorus, or nitrogen such as zinc 
dithiophosphates, organic sulfides, 
thiophosphates, hindered phenols, and 
alkylated aromatic amines 

Polymeriiad olefins for iso-olefins, butylene 
polymers, alkylated styrene polymers, 
polymethacrylate 

Alkylated naphthylene or phenols and their 
polymers, methacrylate polymers 

Silicone polymers, organic polymers 
(acrylate esters) 

Organic phosphates and phosphites, zinc 
dithiophosphate 

Sulfur-, chlorine-, phosphorus-containing 
materials 

Sulfonates, amines. fatty oils, oxidized wax, 
and halogenated ferivatives of some fatty 
acids 

Organic compounds containing sulfur, 
phosphorus, or nitrogen such as 
phosphites, metal salts of thiophosphoric 
acid, and terpenes 

Metallo-organic compounds of barium, 
calcium and magnesium phenolates, 
phosphates, and sulfonates 

Polymeric alkylthiophosphonates and 
alkylsuccinamides 

High-molecular-weight compounds such as 
fatty oils, oxides. waxes, or lead soaps 
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ditive, “friction modifier’ ’ which is chemisorbed, to prevent converging surfaces 
from undergoing asperity contact [15 11. An example of a friction-modifying additive 
is a fatty acid such as stearic acid. Figure 14.36 illustrates a closely packed array of 
stearic acid molecules formed on a surface by chemiadsorption [loo]. Coefficients 
of friction of friction-modified films are typically approximately 0.01 -0.02, relative 
to an unlubricated surface of 0.5. For reference, the coefficients of friction of fluid 
films, hydrodynamic lubrication, are typically 0.001 -0.006. 

Antiwear (AW)/extreme pressure (EP) additives, such as ZDDP, function by a 
different mechanism. AWEP additives form semiplastic films that are difficult to 
remove by the shearing forces present with very close surface asperity contact. The 
coefficient of friction for an AWEP film is approximately 0.1-0.2 [15 11. 

Although hydraulic pumps are designed to be operated hydrodynamically, it 
has been shown that hydraulic pumps operate under conditions of mixed-film (EP) 
[ 1011 or boundary lubrication [1021 during some mode of their operation. Moving 
surfaces within a hydraulic pump that are most susceptible to boundary or mixed- 
film lubrication include (1) the interface between the leading edge of the vanes and 
the cam ring of a vane pump, (2) the line contact between the mating gear teeth of 

Adhesion forces 

Iron oxide 

Iron or steel 

Figure 14.36 Illustration of chemisorption of stearic acid on iron-iron oxide surfaces. 
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a gear pump, (3) the interface between the connecting rod and piston of certain types 
of piston pump, (4) the interface between the piston and swash plate of other types 
of axial piston pump, and (5) the interface between rotary valve plates and housings 
[98]. The lubrication of these controlled clearances demands the use of a lubricant 
that provides effective EP and boundary lubrication along the proper surface finish. 
In addition, the selection of the additive package to provide the required lubrication 
effect is dependent on the surface being lubricated (material pair) and the oil 11031. 

7.3 ZDDP Additives 

An antiwear additive is required to provide the necessary lubrication demanded by 
highly loaded wear contacts. Under these conditions, the protective oil film that is 
formed between the moving surfaces is penetrated by surface aspirates coming into 
contact with each other. Antiwear (AW) additives react with the metal asperities to 
form solid films which reduce wear at the contacting surface [104]. As the moving 
surfaces come into even closer contact, extreme-pressure (EP) additives react with 
the metal surface by a mechanism whereby the heteroatom (S or P) present in the 
EP additive is actually extruded into the metal surface, forming a softer metal- 
heteroatom surface coating which inhibits adhesive failure (microwelding of the sur- 
face aspirates as they come into contact with each other). The primary difference 
between AW and EP lubrication is the interfacial temperatures present within the 
wear contact [1041. 

One of the most common AW additives used in hydraulic oil formulation is 
ZDDP. 

ZDDP 
(Zine Dialkyl Dithiophosphate) 

Some illustrative examples of ZDDP used as AW additives include [1041 

7H3 (7.43 

CH3CHCHZCH-0, / S  

[CH3~HCH2~H-O'p\~ZnCH3 CH3 

Zinc di-4-methylpentyl-dithiophate 

Zinc di-iso-propyl-dithiophate 
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Zinc di-nonylphenyl-propyl-dithiophate 


It has been shown that ZDDP compositions decomposed and reacted with metal 
surfaces to form films containing zinc, phosphorus, and sulfur. The rate of formation 
and thickness of the films was a function of the fluid temperature, additive concen- 
tration and interaction, base-oil composition, atmosphere, and time [1041. In addition, 
decreasing thermal stability of the ZDDP resulted in increased the load-bearing 
capacity. 

Generally, the structures exhibiting the best AW activity exhibit the worst EP 
performance. Thus, different additives must be used such as a sulfurized fatty ester 
and others, if effective EP activity is desired. 

FT 
CH~(CH,)~-CH=CH-~H-(CH,)XCOR 

s, FT 
CH~(CH~)X-CH=CH-CH-(CH~)XCOR 

Sulfurized fatty ester 

Antiwear oils were originally developed for vane pumps which operate at high 
speed and high pressure. R&O (rust and oxidation inhibited) oils were generally used 
with piston pumps which typically utilized a yellow metal for the shoes which rode 
against a steel or ferrous plate [105]. Unfortunately, the antiwear additive ZDDP, 
which was commonly used for formulating AW oils, was susceptible to hydrolysis, 
and the hydrolysis by-products would attack the yellow metals in piston pumps, 
precluding the use of a single oil for the two pumps. 

The Lubrizol Corporation has illustrated the effect of varying the alcohol sub- 
stituent (RO) on the ZDDP molecule on various performance properties, including 
hydrolytic stability, as shown in Table 14.17 [106]. Additives such as detergents and 
dispersants will also affect ZDDP performance [1071. 

7.4 Ashless Fluid Technology 

Currently, there is a great deal of interest in the development and use of a nonmetal- 
containing additive, such as ZDDP, containing hydraulic fluids [97,100]. These 
additives are called “ashless additives.” These fluids typically contain sulfur- and 
phosphorus-containing additives. Recent work has shown that hydraulic fluids for- 
mulated with ashless additives exhibit performance properties that are superior to 
ZDDP-formulated fluids, especially with respect to oxidative stability, protection of 
yellow metals, antiwear, and longer lifetimes. Ashless additive technology offers a 
significant advantage over conventional ZDDP additive technology with respect to 
increasing potential environmental and toxicological concerns with fluid leakage and 
disposal [ 108,109,117]. Fluid development in this area is continuing. 
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Table 14.17 Effect of ZDDP Structure on Thermal Performance 

Extreme Hydrolytic Corrosion of soft Thermal 
Zinc type Antiwear pressure Antioxidant stability metals stability 

Primary Good Good Good Best Low to moderate Good 
Secondary Best Best Good to excellent Average Moderate Poor to average 
Awl Poor Poor Poor Poor Moderate Best 

767 
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7.5 Additive Analysis 

Although there are various methods for analyzing changes in additive concentration 
during use, one of the most common methods is infrared spectroscopy [ 1101. These 
methods are based on the infrared absorbency properties of the additives being uti- 
lized. Infrared absorbance follows Beer’s law, which states 

A = abc 

where 

A = the absorbency 
U = the absorptivity, which is dependent on the molecular structure 
6 =the path length of light through the sample in the spectrometer 
c = the concentration 

Newer infrared spectrometers have subroutines which permit the simultaneous analy- 
sis of various additives based on the solution of simultaneous Beer’s-law equations 
for each additive. Of course, the additive must be infrared active for this method to 
be used. 

8 DETERMINATIONOF LUBRICATION PERFORMANCE 

One of the most common bench tests that has been traditionally employed to evaluate 
the antiwear properties of hydraulic fluids is the 4-ball test. Figure 14.37 illustrates 
the use of a 4-ball test to evaluate the effect of dissolved oxygen on wear behavior 
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Figure 14.37 Effect of dissolved oxygen on wear exhibited by a mineral oil in a 4-ball 
wear scar test. 
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of mineral oil [11 13. Although the 4-ball test (ASTM D 2783) has been proposed as 
a performance specification [46], none of the various attempts that have been made 
to correlate standard 4-ball wear with pump wear obtained with ASTM D 2882, 
which utilizes a Vickers V-104 vane pump, have been successful [112,1131. In fact, 
the only correlation data that have been published were performed at various test 
loads [1141. Poor correlation or no correlation was obtained; however, the best cor- 
relation was obtained with a 30-kg load as shown in Fig. 14.38 [114]. 

Tessmann et al. have developed a modified Falex pin-and-V-block test, which 
was designated as the “gamma wear test,” which reportedly does correlate with 
ASTM D 2882 [1421. However, this test has not gained industry acceptance to date, 
Additional, experimental potential bench-testing options are provided in Chapter 6. 

In view of the general failure of bench performance tests to model pump wear, 
various pump tests have been developed [113,1151. As indicated previously, the most 
commonly encountered test is based on the Vickers V-104 vane pump. Figure 14.39 
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Figure 14.38 Attempted correlation of 4-ball machine wear and Vickers V- 104 vane-pump 
wear. 
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Figure 14.39 Comparison of R&O and antiwear oil performance using a Vickers V-104 
vane-pump test (ASTM D 2882). 

Figure 14.40 Comparison of antiwear performance of various mineral-oil hydraulic fluids 
using a Vickers V-104 vane-pump test (ASTM D 2882). 
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--t RotationalSpeed (V) 

Figure 14.41 Dependence of Vickers V-104 vane pump test results on pump rotational 
speed. 

illustrates the difference in ASTM D 2882 wear test results between a R&O oil and 
an antiwear oil [50].Figure 14.40 illustrates typical differences in wear results ob- 
tained by different antiwear oils [50].Langosch reported that V-104 vane-pump wear 
(AG) is exponentially dependent on the rotational speed (v) as shown in Fig. 14.41 
[116]: 

AG =fi? 

Interestingly, there have been various proposals to couple a bench wear and V-
104 vane-pump test requirements. Table 14.18 provides one illustration of such a 
proposed performance requirement [1 161. 

Although the Vickers V-104 vane pump does permit differentiation of pump 
wear and thus provides a first-stage screening test, it is not a good indicator of 
expected pumpwear under more rigorous operating conditions such as higher pres- 
sure. Table 14.19 provides the requirements of four common pump performance tests 
and the required “pass” criteria [117]. Table 14.20 provides a recent recommenda- 
tion for overall hydraulic fluid testing requirements which includes physical prop- 
erties, rust and corrosion testing, oxidative stability, and pump lubrication perfor- 
mance [1 171. 

In addition to the pump wear tests shown in Tables 14.19 and 14.20, additional 
tests have been developed to evaluate the effect of potential additive hydrolysis on 
yellow metal wear. One such test has been developed by Denison and is designated 

Table 14.18 Hydraulic Fluid Wear Classification Tests 

FZG Test 
4-Ball test, N8.3190 

40-kg Timken test 15 number 
Hydraulic oil V- 104 vane-pump load, wear lbs., 1 h, wear of stages 
classification total wear (mg) scar (mm) scar (mm) passed 

HLP I 4 0  c0.6 cO.8 M10 
HLP I1 <250 <1.0 <1.2 M10 
HL <1000 <1.3 <2.0 M6 
H >1 000 >1.3 >2.0 <6 
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Table 14.19 Criteria for Common Pump Performance Tests 

Denison Denison Vickers DIN 5 I524 
Test HF-0 HF-2 M-2950-S Part 2 

Viscosity index 90 min 90 min 
Viscosity (cSt) at 40°C 

Rust test (IPL35/ASTM D665) 
Method A Pass Pass Pass Pass 
Method B Pass Pass Pass 

Foam test (IP/ASTM D892) 
S e q  I (stability/tendency) No foam after 10 min No foam after 10 min 150/0 max. 
Seq I1 (stability/tendency) No foam after 10 min No foam after 10 min 75/0 max. 
Seq 111 (stability/tendency) No foam after 10 min No foam after 10 min 150/0 max. 
Air Release (IP 313), min. No foam after 10 min No foam after 10 min 5 max. for 32 grade 
Demulsibility (ASTM D1401). min. Report 40 max. for 32 grade 

Oxidation at loo0 h (ASTM D4610) 
Neutralization value (mg KOWg) 2.0 max. 2.0 max. Report 2.0 max 
Insoluble sludge (mg) 200 max. 400 max. 

Thermal Stability Test (135"C, 168 h, Cu + Fe Rod) 
Sludge (mg) 100 max 
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Hydrolytic stability (ASTM D2619) 
Cu specimen weight loss (mgkm') 0.20 max. 0.50 max. 
Acidity of water layer (mg) 4 6 

Filterability test (TP 02100) 
(A} Max. filtration time without 600 

water (s) 
(B) Max. filtration time with 2% 2 X A  

water (s) 

FZG test load stage (IP334) 
Fail 10 min. 

Pump tests 
ASTM D2882 

Ring wt. loss (mg) 120 max 
Vane wt. loss (mg) 30 max 

Vickers 35VQ25 Pass 
Vane pump test (Denison T5D) Pass Pass 
Piston pump test (Denison P46) Pass 
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Table 14.20 Hydraulic Fluid State-of-the-Art Performance Plus Enhanced 
Load-Carrying Capabilities 

Typical fluid 
Specification or procedure performance 

Pump Performance 
Denison T5D vane HF-0 Approved 
Denison T-46 piston HF-0 Approved 
Vickers 35VQ-25 pump M-2950-S Pass 
V-104C ring & vane wt. loss, mg ASTM D2282 9.0 

@ 250 h 
Racine, vane S series variable Approved 

Oxidation and Corrosion 
Turbine oil oxidation, hours to 2.0 ASTM D943 2856 ( 17 weeks) 

NNA 
Sludge & metal corrosion ASTM D4610 ( 1000 h) 

HF-2 HF-0 

NNA 2.0 max 2.0 max 
Insoluble sludge (mg) 400 max. 200 max. 0.64 
Total copper (mg) 200 max. 50 max. 85.2 
Total iron (mg) 100 max. 50 max. 46.5 
Hydrolytic stability 1.9 
Copper wt. loss (mg/cm') 0.5 max. 0.2 max. 
Copper appearance ASTM D130 1B 0.14 
Acidity of water layer (mg KOH) 6.0 max. 4.0 max. 
Cincinnati Milacron thermal Basic 

stability (168 h, 275°F 
(135"C), copper-steel cat.) 

Sludge (mg/100 mL) 25 max. 7.8 
Condition of copper rod, 5 max. 2 

appearance (CM color class) 
Condition of steel rod, appearance 5 max. 2 

(CM color class) 
Assessment Approved 
Turbine oil rust 

A-Distilled water ASTM D665 Pass 
B-Syn. seawater Pass 

Miscellaneous 
Turbine oil demulsibility ASTM D1401 
135"F, 54.4"C, mL: oil-water cuff 40-40-0 (15) 

(min) 
Denison filterability, 1.2-pm filter HF-0 

A-No water (s) 600 max. 166 
B -2% water (s) 2 X A m a x .  219 

Foam (tendency -stability) ASTM D892 
Sequence I 0-0 
Sequence I1 20-0 
Sequence 111 0-0 
FZG (failure load stage) DIN 51534 Part 2 13/12 
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the “T6C test” [105,115]. This test is based on the Denison T6C vane pump and is 
conducted for 300 h “dry” and then 300 h “wet,” which is accomplished by the 
addition of 1 %  water to the hydraulic oil. The test is conducted under 250 bars 
variable pressure for both dry and wet stages. The test temperature is 85°C. A 6-pm 
filter is used to determine if hydrolysis by-products cause filter plugging. 

9 FLUID MAINTENANCE PROCEDURES 

Periodic analysis of used hydraulic oils is a necessary part of any plant maintenance 
program in order to assure optimal performance with minimal downtime. There are 
two primary reasons for conducting an oil-analysis program (1) to determine if the 
oil quality is acceptable for continued use and (2) to assist in determining the root 
cause of a problem with the hydraulic system or one of its components [1181. 

Various factors may affect the useful lifetime of a hydraulic oil. Some of the 
most common factors are summarized in Table 14.21 [118]. Of those factors cited, 
the most common factor is excessive operating temperatures or system hot spots 
[118-1211. Optimal hydraulic oil temperature is 130- 140°F (5540°C) .  Excessive 
operating temperatures will result in significant reduction in the operating lifetime 
of the oil from years to hours. Therefore, a well-maintained hydraulic system is 
essential for minimizing downtime and equipment loss and malfunction. Periodic 
fluid analysis is an integral part of the maintenance program. 

In this section, a series of recommended tests that should be performed peri- 
odically on a used hydraulic oil and their meaning will be outlined. This discussion 
will be supplemented with additional tests that may be conducted to gain further 
insight into fluid performance or system failure. 

Table 14.21 Major Factors Influencing Useful Hydraulic Oil Lifetime 
~~~~~~~~~~~ 

Problem Fluid response 

Excessive operating temperature Viscosity increase due to fluid degradation 
and system hot spots accompanied by presence of acidic by-products 

that promote corrosion. Sludge and varnish is 
also formed, which reduces heat transfer and 
causes actuator malfunction 

Contaminants 
Water Catalyzes fluid oxidation, promotes rusting, and 

may lead to emulsification of the fluid which will 
lead to a reduction of lubrication effectiveness. 

Airborne dirt and debris Increase wear due to abrasion 
Metalworking fluids May promote sludging or corrosion. 
Foaming and aeration Causes poor lubrication and sluggish hydraulic 

system response. 
Wear metals Promotes fluid oxidation, causes abrasive wear, and 

may stabilize the potential formation of oil- 
water emulsions form by water contaminants. 
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9.1 FluidSampling 

Fluid sampling should be taken from an operating system at operating temperature. 
The sample should be taken from the middle of the reservoir using a hand pump 
such as a large syringe (50 cc) with tubing of sufficient length attached. Routine 
sampling should not be taken from drains, low spots, or after the system is shut 
down for more than 2 h [122]. If a sample is taken from the pressure line, at least 
1 quart of fluid should be removed before the sample is taken. Do not close the 
opening until the sample is taken. It is critical that all sampling equipment and bottles 
be scrupulously cleaned [1221. 

The necessary fluid sampling frequency will vary with the system operating 
conditions and the fluid. To determine the appropriate frequency, sampling could be 
weekly initially and the frequency decreased to an appropriate level based on the 
test results. Also, routine testing such as fluid cleanliness, water content, and viscosity 
could be more frequent and detailed analyses performed at less frequent intervals or 
as needed [1221. 

9.2 Basic Fluid-AnalysisTests 

The basic tests that are conducted on used hydraulic oils are clarity, color, odor, 
water, viscosity, specific gravity, neutralization number or differential infrared analy- 
sis, sediment, ash, elemental analysis, and foaming/air entrainment [ 1181. 

9.2.1 Clarity, Color, and Odor 

Fluid clarity is the first observation that is made in hydraulic fluid sampling. Un- 
contaminated or thermally abused fluid should be clear. Haziness or cloudiness is 
indicative of contamination, often by water or a water-containing source. 

Color is perhaps the second observation. A sudden change in fluid darkness is 
indicative of oil oxidation, as illustrated in Fig. 14.42. This is typically accompanied 
by a rancid or pungent odor (burned fluid odor) and an opaque appearance due to 
water contamination and possibly also due to sediment, sludge, and so forth 
[118,1193. If fluid potential oxidation is evident, the TAN should be determined on 
the fluid. 

Other sources of odor may be contaminants such as flushing fluids or a strong 
sulfur odor which may arise from contamination by other fluids such as flushing 
fluids [1181. 

9.2.2 Water 

Hydraulic oils may absorb significant quantities of water through the reservoir 
breather pipe and also from other sources. As illustrated in Fig. 14.43, one of the 
determining factors for the amount of water absorbed is the base-oil composition 
[1431. Water contamination of a hydraulic oil may cause corrosion, enhance bearing 
wear, catalyze fluid oxidation resulting in reduced lifetime by as much as 70%, and 
affect component operation [1231. One common source of water contamination is 
ingression through the breather pipe in the reservoir. Generally, water concentrations 
should not exceed 200-300 ppm [123]. The effect of water concentration on fluid 
clarity is illustrated in Fig. 14.44. 

There are a number of tests for the presence of water in a hydraulic oil. These 
include the following: 
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Figure 14.42 Comparison of color and TAN of ncw and oxidized oils from ASTM TOST. 
From the left: New inhibited hydraulic oil, same oil after 1000-h TOST test (TAN is approx- 
imately O , l ) ,  new straight mineral oil, and same oil after a 100-h TOST (TAN is > 2.0, the 
maximum allowable value). (Courtesy of Texaco, Inc.) 

Temperature ("C) 

Figure 14.43 Effect of base-oil composition and temperature on maximum water solubility 
concentration. Curve A is a transformer oil and curve B is a high aromatic content oil. 
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Figure 14.44 Illustration of hydraulic fluid clarity and water concentration. Also illustrated 
is the effectiveness of the use of an oil purifier in reducing water and solids contamination, 
(Courtesy of Pall Industrial Hydraulics Company.) 

Crackle test. This is a qualitative test for the presence of water that may 
be performed tankside. The crackle test is conducted by placing the fluid 
on a hot plate or even in a small piece of aluminum foil which is heated 
with a match using appropriate eye and face protection, as the fluid will 
make a "crackling" sound and spatter if it contains water [118]. 
Distillation method. A sample of hydraulic fluid is heated with a solvent 
such as toluene or xylene in a round-bottomed flask equipped with a Dean-
Stark trap and condenser as described in ASTM D 95 [ 1241. The mixture 
is heated until condensation of water into the trap ceases. The volume per- 
centage of water in the oil is then calculated. 
Karl Fischer method. This test is conducted according to ASTM D 1744 
and is suitable for water concentrations of 50- 1000 ppm [1251. 
Centrifugation. This test may be performed according to ASTM D 1796 
if the hydraulic oil is hazy or cloudy [ 1261. It is performed by centrifuging 
a sample of the used oil at 6000 rpm to clarify the oil. After centrifuging, 
the clarified oil is at the top, metallic contaminants at the bottom, carbo- 
naceous materials are above the metal contaminants, and the water, if pres- 
ent, forms an intermediate layer [1181. 

9.2.3 Viscosity 

Fluid viscosity may be determined by ASTM D 445 [lunernatic viscosity in centi-
stokes (cS)] or in Saybolt Universal Seconds (SUS) according to ASTM D 2161 
[1281, Viscosity may also be readily determined in the field using an instrument such 
as that shown in Fig. 16.45. 
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Figure 14.45 Illustration of the Kleentek patch test to quantify the presence of oil oxi-
dation by-products. (Courtesy of Kleentek-A CLARCOR Company.) 

Low viscosity values usually indicate contamination with a lower-viscosity oil, 
solvent contamination, or additive deterioration [1221. Higher viscosity values indi- 
cate oxidative degradation, contamination by a higher-viscosity oil, or water contam-
ination [ 1221. If oxidative degradation had occurred to a sufficient extent to lead to 
increased viscosity, a corresponding increase in TAN (total acid number) should be 
observed [ l l S J .  It is essential that the fluid viscosity be maintained within the hy-
draulic pump manufacturer’s limits. 

Figure 14.46 Illustration of a viscosity measurement gauge suitable for tankside use. 
(Courtesy of Visgauge Inc.) 
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9.2.4 Specific Gravity 

Specific gravity determination by ASTM D 4052 [129] may also be an important 
indicator of variations in fluid composition which may occur with oxidative and 
other degradation and contamination processes [12 11. 

9.2.5 Oil Degradation 

Oil degradation by-products may cause rusting or the “gummy” sludge deposits 
may cause sticking and malfunctioning of hydraulic actuators [119,1201. Oil oxida- 
tion may be detected by more traditional testing methods such as TOST, RBOT, and 
TAN. These procedures were discussed in Sections 6.2.1, 6.2.2, and 6.2.3, respec- 
tively, and will not be detailed here. 

The presence of oil-oxidation products may be detected by various techniques 
such as the patch test illustrated in Fig. 14.46 [120,122]. In this case, the oil is 
diluted and then filtered through a 0.8-km patch filter. A predominantly yellow color 
indicates varnishlike by-products. Gray color residues indicate dust and other debris 
[1201. Whirlpool corporation has reported the use of a colorimetric test based on a 
spectrophotometric analytical procedure which provides a numerical rating (1 -10) 
of the amount of oxidation by-products present [120]. 

An alternative to these tests for the detection of oil oxidation is differential 
infrared spectrometry [1 18,124,1301. This analysis procedure may be conducted off- 
line [118,1311 or on-line as a continuous monitoring process [1311. Differential re- 
fractance will provide information on oil type, additives, contaminants, and degra- 
dation by-products [1 181. 

9.2.6 Ash 

Analysis of used hydraulic fluids for ash content may be helpful in determining 
additive depletion (for zinc-containing antiwear oils) or the presence of wear metals, 
dirt, coolants, and other contaminants [1 181. ASTM D 482 [1321 is used for deter- 
mining the ash content of R&O hydraulic oils that do not contain ash-forming ad- 
ditives [1181. ASTM D 874 [1331 is used to determine the ash content of antiwear 
hydraulic oils formulated with ash-containing additives. 

9.2.7 Elemental Analysis 

The ash residue obtained from ASTM D 482 or ASTM D 874 may be further ana- 
lyzed for elemental content using emission, atomic absorption (AA), or induction- 
coupled plasma (ICP) spectroscopy. The elemental content may provide insight into 
the source of the ash-containing residue as shown in Table 14.22 [118]. 

X-ray diffraction may be used to assist in identifying the source of crystalline 
solid residues that may be present in a hydraulic fluid. A selected listing of crystalline 
solids potentially identifiable by x-ray diffraction was presented previously by Young 
and is given in Table 14.23. 

9.2.8 Foaming/Air Release 

Hydraulic oils that are either contaminated or that have undergone oxidation are 
more susceptible to foaming and air entrainment. Foaming and air entrainment not 
only lead to “spongy’ ’ hydraulic control due to increased fluid compressibility but 
also to increased susceptibility to sludge and varnish formation due to accelerated 
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Table 14.22 Sources of Possible Mineral Elements That May Be Present in Ash Residue 
of Hydraulic Fluids 

~~~~~~~ 

Element Sources 

Aluminum, silicon Dust and airborne dirst 
Boron, potassium, sodium Coolant inhibitor residues 
Calcium, magnesium Hard water 
Calcium, sodium Salt water (brine) 
Chromium, copper, iron, zinc, lead, tin Wear, corrosion, or assembly debris 
Barium, calcium, magnesium, phosphorus, zinc Engine-oil additives 

oxidation rates, as discussed in Section 6.  Description of tests for foaming and air 
entrainment were provided earlier in Sections 4.7 and 4.8, respectively, and will not 
be discussed further here. 

9.3 Fluid Cleanliness 

It is generally accepted that control of fluid cleanliness is vitally important for the 
proper operation and maintenance of hydraulic systems [119,1341. One form of 
analysis of fluid cleanliness is particle counting. Particle-counting procedures for 
determining fluid cleanliness are described in detail in Chapter 12. However, a di- 
agnostic procedure is to determine the source of the particles. Spectrophotometric 

Table 14.23 Compounds Identifiable by Elemental Composition and X-Ray 
Diffraction Spectroscopy 

Element Chemical formula Examples 

Chromium Cr Wear metal 
Copper c u  Wear metal or corrosion 
Copper oxides CuO and Cu,O Wear metal or corrosion 
Iron Fe Wear metal 
Iron oxide Fe0  (Wustite) Fretting corrosion at high 

temperature 
Iron oxide cxFe,O, (Hematite) Fretting corrosion 
Iron oxide Fe,O, (Magnetite) Corrosion of iron with limited 

supply of oxygen (under oil layer) 
Iron oxide hydrate yFe,O, H20  (Lepidocrocite) Light surface rusting 
Iron oxide hydrate aFez03 H20  (goethite) Bulk or heavy rusting 
Iron oxide hydrate PFe,O, H,O (beta iron Halide corrosion or paint pigment 

oxide hydrate) residue 
Silicon dioxide SiO, 
Sodium chloride NaCl (salt) 
Tin Sn 
Tin oxides SnO and SnO, 
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procedures may be used as described in Section 9.2.7 or ferrographic analysis may 
be used. Analytical ferrography may be used to identify the source of larger particu- 
late debris in a hydraulic fluid. Figure 14.47 provides a comparison of the differences 
in the sizes of particles analyzed by these different procedures [130]. 

10 SYSTEM FLUID REPLACEMENT 

During use, there is a buildup of oil-oxidation films and deposits in the hydraulic 
system. It is therefore necessary to clean the system and replace the hydraulic oil 
periodically. If the deposits are films or light emulsion coatings on the metal surfaces, 
the system can usually be cleaned by flushing [135]; however, if there is a substan- 
tial buildup of these deposits, manual cleaning of the dismantled system is often 
necessary. 

10.1 Flushing Fluid 

The flushing fluid should have the following qualities [1351: 

Possess a viscosity high enough, typically 70- 110 SUS at 100°F, to lubri- 
cate moving parts and to keep solid contaminants suspended. The flushing 
fluid may be the system operating fluid or a special flushing fluid. 
Exhibit sufficient solvency to remove oily deposits. Usually naphthenic oils 
are better in this regards. It is not recommended that “gum or varnish 
solvents” be used. 
Contain rust and oxidation inhibition in order to maintain these properties 
when blended with the final charge of hydraulic oil. 
Solvents and chemical cleaners are not recommended; for example, halo- 
genated petroleum solvents, caustic compounds, and so forth must not be 
used [136]. 
Steam cleaning is not recommended. It is not possible to remove all traces 
of water and system rusting and oil contamination will result. 
The flushing fluid must be compatible with all components of the hydraulic 
system, including seals, hoses, components, rust-preventative paints, and 
preservatives in pipes or tubes that are normally not removed. 

10.2 Flushing Procedure [136] 

The following procedure was excerpted from ASTM D 4174. The reader is encour- 
aged to obtain and follow this, or an equivalent standard, prior to flushing his hy- 
draulic system. 

Prior to flushing, all accessible areas of the system should be inspected. 
Do not flush through valves; use bypasses. All leads to cylinders and motors 
should be blanked off using jumpers. 
External pumps must be used, if necessary, to assure turbulent flow (Reyn- 
olds numbers > 20,000) through the system. Fluid flow should be at least 
three times the normal flow velocity. 
Temporary humidity control devices that have been placed in the system 
before flushing should be removed. 
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Figure 14.47 Graphic illustration of estimated particle size operating range for various 
particulate characterization methods. (Courtesy of Lubricant Consultants, Inc.) 

Solid contamination in the lines can be loosened by hammering and 
vibration. 
The fluid used for flushing should be preheated to 140-180°F (60-80°C) 
prior to the flushing operation. 
Flushing times may vary from 12 h to several days. The flow capacity 
should be 10-20% of the total volume of the fluid during flushing. 
System pump discharge pressures should be reduced during flushing by 
lowering relief valve or compensator pressures. 
When flushing is completed, the flushing fluid should be completely drained 
from the system, coolers, and strainers. 
After flushing, the system is charged with operating fluid. If significant 
quantities of the flushing fluid remain, the system should be flushed again 
with the operating fluid. All fluids entering the hydraulic system should be 
prefiltered to at least 3- 10 p m  absolute. 
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11 HYDRAULIC FLUID RECYCLING AND RECLAMATION 

There is increasing interest in extending the lifetime of hydraulic oils. The reasons 
for this interest include reduced environmental liability, reduced disposal costs, sav- 
ing in oil purchases, relatively low cost of reclamation, and excellent quality control 
procedures available [1371. The four primary processes for reclaiming used hydraulic 
oil include (1) recovery as fuel, (2) re-refining, (3) oil laundering, and (4) recondi- 
tioning on-site [138]. Brief overviews of these processes will be provided here. 

11 .I Recovery as Fuel 

Recovery and use as a fuel source is perhaps the most common reclamation proce- 
dure in the industry at the present time [138]. This procedure involves emulsification 
and solids removal by filtration. The oil is then blended to the desired viscosity and 
used as fuel. This process, although still widely practiced, is coming under increasing 
scrutiny because of potential toxic emissions problems [1381. 

11.2 Re-refining 

Re-refining of used hydraulic oil refers to treatment by one of a number of processes 
to remove contaminants such as dust, moisture, combustion by-products, corrosion 
products, and metal wear debris [139]. One common re-refining process involves 
vacuum dehydration of the used oil at 650 mm Hg and 150°C. The oil is cooled to 
approximately 40°C and then treated with sulfuric acid to facilitate sludge separation 
and removal. After the sludge is removed, approximately 6% of clay is added to 
form a clay-oil slurry. After heating at 300°C for 2-3 h, the vapors are condensed 
and the hot slurry is filtered. The re-refined oil is then treated with additives at 40- 
60°C before reuse [ 1391. This process, however, is only applicable for large-volume 
reclamation; due to environmental concerns, it is not normally used. Re-refining is 
more commonly done by vacuum distillation followed by severe hydrotreating . Large 
volumes of oils are processed by this method and are used as base stock for many 
hydraulic oils. 

11.3 Oil Laundering 

Oil laundering refers to recovery and cleaning of bulk loads of hydraulic oil and 
then returning them to the same company for reuse [138,140]. In this process, water 
vapor, solids, and oil-oxidation by-products must be removed. Various processes may 
be used in oil reclamation, typically classified as mechanical separation, chemical 
separation, and electrostatic filtration [1411. Mechanical separation methods of dirt 
and debris removal most commonly include filtration and centrifugation, which is 
most applicable for large-volume processing. Water vapor is removed by various 
processes, including distillation or vacuum dehydration [142,1431. A combination 
process illustrated in Fig. 14.48 may also be used. Chemical separation processes 
include the use of adsorption and filtration of acidic oxidation by-products or chem- 
ical conversion to less harmful components by chemical reduction. Electrostatic fil-
tration is used to remove charged oil-soluble oxidation by-products. 
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Figure 14.48 Illustration of a stationary (a) and portable (b) Pall oil purifier for removal 
of water, dirt, and air contaminants from a hydraulic oil. The system operates under low (24 
in. Hg) vacuum and employs a spinning disk (c) which facilitates contaminant separation by 
increasing surface area of the oil by formation of oil droplets during the separation process. 
(Courtesy of Pall Industrial Hydraulics Inc.) 
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Table 14.24 New Hydraulic Oil Specification and Typical Results from Recycling Trials in the Cold Mill 

Test Reference Specification Waste oil Reclaimed oil 

Particle count I S 0  4406 16/13 (Report) Too contaminated 16.13 
Appearance Visual Clear and bright Black and hazy Clear and bright 
Water (pprn) Karl Fischer 100 max. 214.000 62.000 
Viscosity (cSt @ 40°C) ASTh4 D445 41.4-50.6 46.700 44.000 
Flash point ("C) ASTM D92 204 min. Not tested" 209.000 
Total acid no. ASTM D974 1.0 max. 0.290 0.500 
Demulsibility @ 54°C ASTM D1401 37 mL in 30 min Not tested" 37 mL in 30 min 
Zinc (%) ICP 0.04-0.06 0.029 0.050 
Phosphorus (%) ICP 0.04min. 0.029 0.046 
Sulfur (%) ICP 0.15 rnax. 0.15 0.15 
Copper corrosion 3 h @ 100°C ASTM D130 1B max. Not tested" la  
Foam sequence 2 
Foam sequence 3 

ASTM D892 
ASTM D892 

100/0 max. 
150/0 max. 

Not tested" 
Not tested" 

7510 
100/0 

"These tests are not normally conducted on waste oil, but should the sulfur content be greatly off-spec, the oil recycler may, at his discretion, choose to do so. 
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COLD MILL WASTE HYDRAULIC OIL RECYCLING PROCESS FLOW DIAGRAM 
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Figure 14.49 Schematic of a waste hydraulic oil reclamation process. 

11.4 On-Site Reclamation 

Oil may also be reconditioned on-site [137,138,1441. This is usually performed using 
processes such as vacuum dehydration, filtration, and adsorption methods [ 137,1441. 
Table 14.24 illustrates the successful recondition of used hydraulic oil following the 
process illustrated in Fig. 14.49 [137]. Although this is a relatively large on-site 
recondition process, it does provide an example of a successful process. 
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1 INTRODUCTION 

The primary function of an oil in a hydraulic system is to serve as the working fluid. 
As such, only one property of the oil is important in determining the response and 
control characteristics of the hydraulic system: the bulk modulus [ 11. Methods of 
determining the bulk moduli of liquids are well known [2,3]. Response characteristics 
of hydraulic systems are well understood and have been discussed at length [2]. 
However, providing a value for the bulk modulus does not suffice to specify a hy- 
draulic oil. 

Hydraulic oil functions not only as the working fluid but also as the lubricant 
for the mechanical parts of the hydraulic system. Thus, in addition to the bulk mod- 
ulus, lubrication properties must also be specified for a hydraulic oil. Hydraulic 
systems typically include pumps, valves, pistons sliding in cylinders, bearings, filters, 
and both moving and stationary seals. Not uncommonly, more than one metal is used 
in a hydraulic system. 

Lubricants, wherever used, serve several functions. Most importantly, they must 
adequately lubricate the mechanical device in which they are used. Additionally, 
lubricants control contaminant formation, protect metal surfaces, and transfer heat. 
The performance characteristics of a premium mineral hydraulic oil are shown in 
Table 15.1. Virtually any liquid may serve as the base fluid for a hydraulic lubricant. 
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Table 15.1 Examples of Hydraulic Lubricant Test Procedures and Requirements 

U.S. Cincinnati Vickers 
Denison Steel U.S. Navy Milacron M-2952-Sl 

HF-0 126/127 MIL-H-24450 P-68 I-286-S 

Hydrolytic stability X X X 
Thermal stability X X X X 
Oxidation stability X X X X 
Water separability X X X 
Rust protection Am" A" B" A An3 
Wear protection 

Vickers 35VQ25 X 
ASTM D2882 X X X X 
Denison pump tests X 
4-Ball wear X 

Filterability X 

"A = distilled water; B = synthetic seawater. 

Additives are used to modify physical properties of the oil, to reduce friction and 
wear, to control contaminant formation, and to extend the life of the lubricant. This 
chapter will discuss various types of the most common additives for mineral-oil- 
based hydraulic fluids. The discussion will exclude tractor hydraulic fluids, which 
must also lubricate gears, clutches, and wet brakes, and so require more and sub- 
stantially different compounding from simple antiwear hydraulic oils. 

2 DISCUSSION 

2.1 Lubricant Functions 

2.1 . I  Reduction of Friction and Wear 

By definition, a lubricant is a material interposed between two surfaces that are in 
relative motion to reduce friction and wear. Although not explicitly stated in this 
definition, a force is exerted on the surfaces perpendicular to the direction of motion. 
As a result, the lubricant layer is under pressure. Although lubricants may be gases, 
liquids, or solids, for most industrial hydraulic applications, a liquid, most often a 
mineral oil, is used. 

Oil-lubricated contacts may operate in any of three lubrication regimes known 
as hydrodynamic, elastohydrodynamic, and boundary lubrication. An overview will 
be provided here. These lubrication regimes will be discussed in more detail in 
Chapter 6. 

In hydrodynamic lubrication [4], contacts are most often conformal, loads are 
relatively light, and the surfaces are completely separated by an oil film. Common 
examples are rotating journal bearings and pistons sliding in cylinders at the mid-
stroke position. The oil film that supports the load is sustained by the motion of the 
moving part. 

In elastohydrodynamic lubrication [ 5 ] ,contacts are nonconformal, contact areas 
are small, and pressures are high. Common examples are rolling element bearings, 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



797 Additives for Mineral-Oil -Based Hydraulic Fluids 

gears, and engine valve trains. However, the contacting surfaces are separated by an 
oil film. The pressures are sufficiently high that the contacting surfaces are elastically 
deformed. Oil-film thicknesses in elastohydrodynamic lubrication are much thinner 
than oil films in hydrodynamic lubrication (about 1/1000 times as thick). 

At still higher loads, the oil film is squeezed out of the contact, and metal- 
metal contact would occur without a boundary lubrication additive [6 ] .Boundary 
lubricants are materials added to an oil that absorb on the surface of the contact and 
react with the material of the contact to form solid or semisolid films that prevent 
metal-metal contact (see Subsections of Section 2.3.1). Such films are thinner than 
the oil films formed in elasto-hydrodynamic lubrication. 

In practice, surfaces are neither perfectly smooth nor perfectly aligned, and 
mixed lubrication occurs, usually a combination of elasto-hydrodynamic lubrica- 
tion and boundary lubrication. Even in a system designed to operate in the elasto- 
hydrodynamic regime, asperities come into contact. Provided that the lubricant con- 
tains a boundary lubrication additive, asperity -asperity contacts develop boundary 
lubricant films, and high friction and unacceptable wear do not occur. Lubricating 
fluids formulated with the appropriate additives will ensure that machinery will be 
long-lived and economically viable. 

Considerable reduction in friction and wear is achieved by lubricants. For un- 
lubricated sliding metal contacts, coefficients of friction are in range of 0.5-0.7 [7]. 
Surfaces separated by oil films in hydrodynamic lubrication have coefficients of 
friction in the neighborhood of 0.001 -0.01 [8]. Under elasto-hydrodynamic condi- 
tions for pure rolling contact, coefficients of friction are in the range of 0.0005-
0.003 [8]. Boundary lubricant films provide coefficients of friction in the range of 
0.02-0.3 [8]. Under mixed-lubrication conditions, coefficients of friction may range 
from 0.02 to 0.10 [9], depending on conditions of load, speed, and temperature. 
Lubricants reduce wear by 1000- to 10,000-fold [7]. 

Hydrodynamic, elasto-hydrodynamic, and boundary lubrication regimes are all 
found in hydraulic systems. Table 15.2 presents selected data comparing lubricant- 
film thicknesses in hydraulic pumps and commonly encountered contacts. Although 
the normal pressures are relatively low, a sliding seal-cylinder contact operates in 
the elasto-hydrodynamic regime because of the relatively small elastic modulus of 

Table 15.2 Comparison of Lubricant Film Thicknesses in Hydraulic System Components 
and Other Contacts 

Film thickness 
Components Lubrication regimes (pm) 

Journal bearings Hydrodynamic 0.5- 100 
Piston pump: piston Hydrodynamic 5 -40 

bore 
Rolling element bearings Elasto-hydrodynamic 0.1-1 
Gears Mixed (elasto-hydrodynamic and boundary) 0.1-1 
Vane pump: vane side Hydrodynamic 5- 13 
Vane pump: vane tip Mixed (elasto-hydrodynamic and boundary) 0.5 -1 

Source: Adapted from Ref. 10. 
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the O-ring seal. Thus, merely to accommodate the lubrication requirements of a 
hydraulic system (not considering the other functions a lubricant must serve), a 
hydraulic oil must be properly formulated to function optimally in all the lubrication 
regimes. 

Among the boundary lubricants, distinctions are made among friction modifi- 
ers, antiwear agents, and extreme pressure agents. Generally speaking, this order is 
also the order of decreasing chemical reactivity. Increasing load or lowering sliding 
speeds results in higher temperatures in the contact and, correspondingly, films will 
be formed under these more severe conditions by the less reactive additives [111. 
Choice of an antiwear agent may depend on the metals used in the hydraulic system. 
For example, if both copper alloy and steel components are present, then an antiwear 
agent such as zinc dialkyldithiophosphate (ZDDP) may protect the ferrous alloy but 
may corrode the copper-based component [121. Sliding silver-iron contacts require 
a lubricant free of ZDDP [131. Antiwear agents and their uses will be discussed in 
a Subsection of Section 2.3.1. 

2.1.2 Contaminant Control 

Contaminants pose serious threats to the useful life of a hydraulic system. Oil- 
insoluble particles may clog valves and prevent action [14,15]. Sludge and varnish 
deposits interrupt the efficient transfer of heat away from the lubricated system by 
coating metal surfaces and slowing the transfer of heat from the oil to the environ- 
ment. Oil-suspended sludge also thickens the lubricant, increases the viscosity, and 
makes efficient oil circulation more difficult, further slowing heat transfer. Dirt and 
wear debris can be extremely abrasive, damaging moving parts and increasing the 
machined tolerances, hence reducing the efficiency of the hydraulic system. Hydrau- 
lic fluids are formulated with a number of chemical additives designed to reduce 
wear, control oxidation, and suspend sludge and varnish. These additives are slowly 
consumed during system operation. If additives are depleted, wear, oxidation, and 
deposit formation can proceed very quickly. Hydraulic fluids must be carefully mon- 
itored to ensure that sufficient additive remains to protect the lubricant and are re- 
placed before excessive wear and oxidation can occur to damage the machinery. 

Higbee [16] suggests that for hydraulic equipment “70 to 90% of equipment 
wear and failure is attributable to contamination.’ ’ Although the properly formulated 
lubricant can minimize wear rates and deposit formation, modern hydraulic systems 
include filters to remove particulate debris and suspended insolubles that would oth- 
erwise damage, clog, or jam key components [ lO].  Mills and Davis [12] and Nee- 
delman [ 101 have demonstrated the effects of external contamination and filter mal- 
function on increasing wear in hydraulic systems: proper maintenance of hydraulic 
systems including the lubricant or working fluid; the system components including 
valves, servos, and pumps; and the filtration system, which is critical to optimum 
performance [ 161. Chapter 3 offers suggestions for hydraulic system filtration prac- 
tices. References 10 and 16 contain discussions on filtration theory plus filter design 
and testing. 

Wear debris and oil-derived oxidation products are the most common contam- 
inants generated within a hydraulic system. Wear is controlled by additives that 
include antiwear, extreme pressure, and friction-modifying agents. Oil-derived oxi- 
dation products can be controlled in several ways. First, oxidation inhibitors are 
added to an oil to slow oxidation rates and minimize insolubles formation. Second, 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



Additives for Mineral-Oil- Based Hydraulic Fluids 799 

dispersants can be used to suspend oxidized material in the oil and to prevent it from 
separating from the continuous oil phase. Finally, detergents can be added that can 
remove deposits from surfaces and solubilize them in the oil phase. These additives 
and their functions will be more fully discussed in Section 2.3. 

2.2 Lubricant Base Stocks 

Most hydrocarbon-type lubricants are formulated from refined mineral oil [191. Re-
fined mineral oil results from distilling, dewaxing, and, frequently, hydrotreating 
crude oil fractions to improve oxidation stability, wax content, and fluidity. Mineral- 
oil base stocks are usually the most cost-effective approach. Mineral-oil refining 
processes are discussed in Chapter 14. 

Other lubricant base stocks, commonly called synthetic base stocks, are de- 
signed to have specific desirable chemical and physical properties [20]. Synthetic 
base stocks may be used when low-temperature properties, oxidation resistance, or 
thermal stability are critical to performance. Common synthetic base stocks include 
the following types: 

Alkylated aromatics 
Olefin oligomers (e.g., polyalphaolefins or PAOs, and polybutylenes) 
Esters (see Chapter 19) 
Polyglycols (see Chapter 18) 
Phosphate esters (see Chapter 20) 

Other, less common types of hydraulic fluid base stocks for very special applications 
include the following: 

Silicones 
Silicate esters 
Polyphenyl ethers 

These special-purpose fluids are discussed in Chapter 16. 
Synthetic base stocks range in cost from 2 to 100 times that of conventional 

mineral oil. 
Water-based hydraulic fluids are increasingly common, having first been intro- 

duced in 1947 following onboard fire problems in World War I1 [21]. These fluids 
are generally oil-in-water or water-in-oil emulsions and are used when fire hazards 
are high [ 2 2 ] .These fluids exhibit the following order of fire resistance: water- 
glycol > phosphate ester > polyol ester > mineral oil [22]. Water-based hydraulic 
fluids are discussed in Chapter 17. 

Biodegradable hydraulic fluids represent a small portion of the market. Ex-
amples of biodegradable hydraulic base fluids include polyglycerols, vegetable oils, 
polyolesters, and diesters. The fatty acid content of a vegetable oil may include 
palmitic, steric, oleic, and linoleic acid and others [23]. Biodegradable hydraulic 
fluids are discussed in Chapter 21. 

2.3 Lubricant Additives [24-291 

2.3.1 General Function 
An additive is a material that provides or enhances a desirable property of the lu- 
bricant, such as oxidation stability or low-temperature fluidity 1261. Frequently, ad- 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



800 Roby et al. 

ditives are multipurpose, meeting several requirements of a lubricant simultaneously. 
Classes of the most common mineral-oil additives and their functions are shown in 
Table 15.3. (References 24-29 will give the interested reader a more detailed account 
of additive mechanisms, syntheses, and the historical development of this industry.) 
Specific additive structures and functions will be addressed in the following sections. 

A typical mineral-oil- based hydraulic oil may contain detergent, antioxidant, 
antiwear, rust inhibitor, corrosion inhibitor, metal deactivator, dispersant, viscosity 
improver, pour point depressant, demulsifier, and antifoam additives [13,261. Fre-
quently, more than one type of a specific additive may be used to attain the required 
performance across a range of operating conditions. For example, two or more types 
of antioxidants may be included in a formulation: a peroxide decomposer to inhibit 
the onset of an oxidation chain reaction and a more specific radical trap to safely 
eliminate reactive species that do form. Illustrative compositions of two fully for- 
mulated mineral-oil-based antiwear hydraulic fluids are shown in Table 15.4 

Rust and oxidation (R&O) oils form a separate class of hydraulic fluids for-
mulated to provide rust and oxidation protection and foam suppression in light-duty 

Table 15.3 Additive v p e s  and Functions 

Lubricant function Additive type Additive purpose 

Heat transfer Antioxidants Prevent oil thickening due to oxidative 
processes 

Viscosity improvers Reduce viscosity loss at higher 
temperatures 

Contaminant control Dispersants and detergents Solubilize oxidation products and 
neutralize acidic oxidation products 

Antiwear agents Reduce wear rates to control wear debris 
Antirust agents Prevent oxidation of ferrous metals to 

control corrosion debris 
Antioxidants Slow oxidation processes to prevent 

accumulation of oil-insoluble products 
Corrosion inhibitors Prevent oxidation of nonferrous metals to 

control corrosion debris 
Demulsifiers Promote rapid separation of bulk water 

from oil 
Friction and wear Antiwear agents Reduce wear rates 

control 
Extreme-pressure agents Reduce wear rates and prevent seizure 
Viscosity improvers Reduce viscosity loss at higher 

temperatures to maintain hydrodynamic 
lubrication 

Pour point depressants Prevent low-temperature thickening from 
wax in mineral oil 

Antifoam agents Prevent foaming and maintain 
pumpability of lubricant 

Friction modifiers Reduce wear rates and friction 
coefficients 
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Table 15.4 Hydraulic Fluid Composition 

Formulation A 

Zinc dialkyldithiophosphate 
Neutral calcium sulfonate 
Low-molecular-weight polymethacrylate 
Triazole 
Detergenudispersant 

Formulation B 

Zinc dialkyldithiophosphate 
Neutral calcium sulfonate 
Low-molecular-weight polymethacrylate 
Triazole 
DetergenVdispersant 
Hindered phenol 
Ethoxylated alcohol 
Poly(acry1ate) 
High-molecular-weight polymethacrylate 

Function 
~ 

Antiwear, antioxidant 
Rust inhibitor 
Pour point depressant 
Metal deactivator 
ZDDP stabilizer 
Antioxidant 
Demulsifier 
Foam inhibitor 
Viscosity index improver 

801 

% Weight 
treatment 

0.50 
0.05 
0.20 
0.003 
0.10 
0.20 
0.01 
0.01 
2- 10 
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hydraulic systems. R&O oils contain no antiwear additives and are not recommended 
for heavy-duty systems [131. 

Lubricant additives may be divided into two groups. One group serves to pro- 
long the service life of the lubricant and to enhance certain physical properties of 
the lubricant not directly related to the lubricant function. The other group contributes 
directly to lubrication functions. Examples of the first group are additives such as 
antioxidants, detergents, dispersants, pour point depressants, and antifoam agents. 
Viscosity improvers, friction modifiers, antiwear additives, and extreme-pressure 
(EP) additives exemplify the second group. In both groups, some of the additives 
are consumed in service and some are not. Oxidation inhibitors, for example, act by 
reacting with oxidation intermediates, thus reducing the rate of oil oxidation and 
lengthening the service life of the oil. Dispersants bind with oxidation products and 
polar contaminants, suspending these materials in the oil and preventing sludge for- 
mation. Although not destroyed, the bound dispersant becomes unavailable to bind 
with additional polar material. Detergents also bind polar materials and suspend them 
in the oil. Detergents are strongly attracted to surfaces and may displace polar ma- 
terials already bound to a metal surface. Like dispersants, detergents help maintain 
the cleanliness of internal parts of the hydraulic system. 

In an operating journal bearing, the oil film is mechanically sheared between 
the stationary bearing shell and the rotating journal. Viscosity index (VI) improvers 
are of sufficiently high molecular weight that part of a single molecule may be in a 
layer of oil that is moving rapidly and another portion of the same molecule in an 
adjacent layer that is moving more slowly. Drag of the oil on the polymer molecule 
varies by position on the VI improver molecule. As a result, the polymer’s chemical 
bonds are broken by the mechanical shearing stress imposed by the lubricant flow. 
Breaking the VI’s chemical bonds results in lower-molecular-weight fragments that 
are less effective in maintaining the viscosity of the oil. The lower thickening power 
of the polymer arising from mechanical degradation is often termed permanent shear 
loss. Thus, VI improvers have a finite service life. Pour point depressants are also 
often polymeric materials, but of lower molecular weight than VI improvers. Thus 
they are less subject to mechanical shear degradation. 

Antifoam agents may also be polymeric materials of lower molecular weight 
than VI improvers. Although both pour point depressants and antifoam agents are 
normally considered to be relatively chemically inert, they may be adsorbed on oil 
filters and, thus, removed from the lubricant. 

Friction modifiers, antiwear additives, and EP additives are strongly attracted 
to surfaces and adsorb on metal surfaces to some extent. Once adsorbed, they react 
with the surface, and in the case of antiwear and EP additives, they react with the 
surface to form antiwear and EP films. These additives are thereby removed from 
the oil during use, slowly, but steadily, as will be discussed in Subsections of Section 
2.3.1. 

Some members of both groups of additives function in the bulk oil, and some 
members function on the internal surfaces of the hydraulic system. Antioxidant, VI 
improvers, and pour point depressants exert their effects in the bulk oil. Antiwear 
additives and EP additives act on the contacting metal surfaces. Detergents solubilize 
polar materials both in the bulk oil and at the metal surfaces. Antifoam agents work 
at the oil-air interface. 
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All additives interact with one another to a greater or lesser extent. Generally, 
those that function principally in the bulk oil interact with each other to a smaller 
extent than those that function on the surface. In particular, the interaction of deter- 
gents and antiwear agents may lessen the effectiveness of the antiwear agent. A very 
important part of the formulator’s task is to select combinations of additives that 
result in an oil that meets the specifications, passes the required laboratory tests, and 
performs well in the field. Even so, a properly balanced formulation undergoes 
changes in service and must be replenished with fresh oil. 

Chemical additives may also be classified by where they function. For example, 
antiwear agents must migrate to wear sites, absorb on the wear sites, and then react 
to produce the films necessary to maintain low wear rates in the mixed or boundary 
lubrication regimes. To do this, antiwear agents must be soluble in the carrier fluid 
but also have some affinity for the wear surface [30]. Too much solubility in the 
carrier and the antiwear agent will not adsorb sufficiently. This affinity for the wear 
sites is termed surface activity. The surface activity of the various chemical additives 
must be carefully balanced to optimize performance. Table 15.5 summarizes the type 
of activity of some common mineral-oil lubricant additives. 

Besides performance requirements, lubricants must meet a variety of other qual- 
ifications. Compatibility with other lubricants is a major consideration for many 
applications because complete flushing of the system is often impossible. Customers 
frequently specify the color of the fully formulated oil because color changes are 
used to indicate the end of the useful lubricant life. Odor and toxicity are primary 
considerations in environments where people may be exposed to the lubricant. Fi- 
nally, economics is a consideration. If a lubricant is overformulated for a given 
application, it may be too costly for a customer to use. 

Dispersants [28,391 
Dispersants are designed to control contamination and deposit formation. Dispersants 
are made of an oil-soluble hydrocarbon tail attached to a polar head. Like the base 
oil itself, the oil-soluble hydrocarbon tail is composed of carbon and hydrogen only 
and is therefore nonpolar. The dispersant’s polar head group is usually composed of 
carbon, hydrogen, nitrogen, and oxygen. 

Sludge precursors are quite polar and are composed of oxidized oil, decom- 
posed additives, and other debris. Sludge and sludge precursors are oil insoluble 

Table 15.5 Surface Activity of Some Common Classes of Lubricant Additives 

Additive type Surface active Bulk solution active Refs. 

Dispersants X X 3 1-35 
Detergents X X 36, 37 
Antiwear agents X 36 
Antioxidants X 29 
Corrosion inhibitors X 38 
Viscosity modifiers X 28 
Pour point depressants X 26, 27 
Foam inhibitors X 26, 27 
Friction modifiers X 26, 27 
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because their high oxygen and nitrogen content makes them very polar, hence dis- 
similar to the nonpolar oil. The dispersant’s very long nonpolar, hydrocarbon tail 
ensures that the dispersant molecule and the highly polar sludge it interacts with are 
soluble in the oil phase. A stylized description of the interaction of a dispersant with 
a polar contaminant particle is shown in Fig. 15.1. 

Dispersants are typically neutral or slightly basic. The polar end of the molecule 
is most often an ester or amine group. The most common dispersants are based on 
either succinimide, succinate ester, or Mannich functional groups with a poly 
(isobutylene) tail. They function by interaction with the acidic products of oxidation, 
in the oil phase, and solubilizing them into the bulk solution. 

Most dispersants have a hydrocarbon tail consisting of 50-200 carbon atoms 
and a polar head group consisting of various combinations of carbon plus oxygen 
and/or nitrogen. The (usually) basic polar head group of the dispersant attaches itself 
to the acidic sludge or varnish molecules present in the used oil. Several studies 
have shown the importance of the dispersant’s nonpolar tail in preventing the growth 
of sludge molecules and preventing agglomeration of particles [31-331. Forbes and 
Neustadter [34] have studied the effects of various polar head groups and poly 

POURHEAD SLUDGE 
PRECURSOR 

LINKING GROUP 100 A > 

Figure 15.1 Schematic dispersancy mechanism. 
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Table 15.6 Dispersant Components 

Oil-solubilizing tail Linking group Polar group 
~~ ~~ 

Polyisobutylene, or polypropylene None, succinoyl, or phenol Polyamine, or polyol 

(isobutylene) alkyl groups on the dispersing ability of succinimide-type compounds. 
He found that succinimide-type dispersants stabilize sludge through a steric mech- 
anism, the long nonpolar alkyl tails acting to keep suspended sludge separate. End0 
and Inoue [35] have also studied sludge dispersancy and found that higher total base 
number (TBN) and longer alkyl chain length improved the dispersing ability of 
succinimide dispersants. The fundamental chemical components of commercially im- 
portant dispersants are summarized in Table 15.6. 

Detergents [25,28,39] 
Detergents and dispersants have a complementary function. Detergents are designed 
to control contamination, but more specifically to neutralize acidic by-products of 
oxidation and to inhibit rust formation. Detergents are composed of an oil-soluble 
hydrocarbon tail of between C , ,  and Cz0,or higher, attached to a very polar group. 
The polar functionality is most often a sulfonate, a phenate, or a salicylate group. 

Some detergents are overbased; that is, they contain a high proportion of a 
carbonate salt. In hydraulic lubricants, the overbased detergent is usually a phenate 
or salicylate. Overbasing is accomplished by slowly adding a metal oxide to an 
appropriate acid, then bubbling carbon dioxide through the mixture [46]. As the 
reaction proceeds, colloidal dispersions of the alkaline earth carbonates form as small 
particles stablilized by the detergent. In a lubricating oil, the carbonate is slowly 
depleted as the detergent neutralizes acids. The carbonate is most often a calcium, 
magnesium, or sodium salt. Preparation of an overbased sulfonate detergent is shown 
in Fig. 15.2. Detergent basicity is measured by TBN, a number equivalent to the 
milligrams of potassium hydroxide (a very powerful alkali) per gram of oil. The 
higher the TBN of the oil, the more acid can be neutralized before the basic com- 
ponent is depleted (Table 15.7). 

Detergents function at surfaces and in solution to solubilize polar materials. 
Detergents are quite surface active and can compete for surface sites with antiwear 
agents. This was recently shown in a series of electrical contact resistance studies 
using combinations of detergents and zinc dialkyldithiophosphates in an iron-iron 
tribocouple. Specifically, this study showed that the rate of antiwear film formation 
by ZDDP was slowed more by phenates than by sulfonates [36]. Apparently, the 
overall rate of film formation for the ZDDP + sulfonates was greater than that of 
ZDDP + phenates; that is, despite the inherent film-removal proceses in the exper- 
iment, the ZDDP + sulfonate combination was able to establish an insulating film 

Figure 15.2 Preparation of overbased sulfonate detergent. 
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Table 15.7 Detergent Comparison 

High-base-number detergent Low-base-number detergent 

150-400 TBN" 0-80 TBN 
High-base content Low-base content 
Lower detergency High detergency 
Low cost (on metal-content basis) High cost (on metal-content basis) 

"TBN equals total base number, defined as milligrams of KOH per gram of oil. 

faster than the ZDDP + phenate combination. Fox et al. [41] has studied the solu- 
bilizing mechanism of detergents in nonpolar media and has described the interaction 
of detergents with other common lubricant additives. Papke [37] has explored the 
solubilization of low -molecular-weight acids by sulfonate detergents. He found that 
the neutralized acid salts are held in solution by micelle formation with the deter- 
gents, even after complete depletion of the detergent TBN. 

Detergents are most often based on sulfonate, phenate, salicylate, or phos- 
phonate substrates. Neutral dinonyl naphthalene is a popular sulfonate substrate used 
for rust inhibition or demulsification in hydraulic lubricants. Some characteristics of 
detergents are given in Table 15.7. 

Antiwear Agents [42] 
Antiwear agents are designed to absorb onto and react with wear surfaces to reduce 
friction and wear rates under mixed-lubrication and boundary lubrication conditions. 
A schematic illustration of the formation of an antiwear film is shown in Fig. 15.3. 
An asperity-to-asperity contact collision is depicted, in which metal-to-metal contact 
is occurring. Both surfaces are immersed in an oil containing ZDDP. (The typical 

- Fe++ 
Reaction: 0 0 0 

II I II
ZDDP +[ Metal + ] Several Steps -p-o--p-o--p - . . .  + FeSMetal Oxide ----e . . . 

II I II 
0 -0 0 


Zn++ 

Zn Polyphosphate Iron Sulfide 

Figure 15.3 Schematic of antiwear film formation in an asperity collision (metal-to-metal 
contact). 
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concentration of ZDDP in a hydraulic fluid is around 0.5% by weight.) As a con- 
sequence, both surfaces bear a film of adsorbed ZDDP. Upon collision, the temper- 
ature rises to approximately 120-157°C and the adsorbed ZDDP reacts with the 
metal surface to form polyphosphates admixed with metal sulfides [43].The specific 
reaction pathway has not been elucidated. Nascent metal resulting from the collision 
of asperities rapidly adsorbs ZDDP from the surrounding lubricant, and subsequent 
collisions may generate more antiwear film if the temperatures are sufficiently high 
to promote the reactions. The antiwear film is more easily sheared than is the metal, 
but it is sufficiently strong to resist flow under load and, thus, remains interposed 
between the metal surfaces and serves as an efficient lubricant under high-load con- 
ditions. For hydraulic fluids, the need for these additives is critical in the vane pump 
[44]. However, the surface activity of the antiwear or extreme pressure agents must 
be carefully balanced against that of the detergents: if the antiwear agents are insuf- 
ficiently surface active (or too soluble in the lubricant) or the detergents are too 
surface active, the antiwear function may be insufficient. 

Surface activity is quantitatively described by the adsorption isotherm. Adsorp- 
tion isotherms are curves showing the amount of a surface-active agent adsorbed on 
a surface for a given concentration of that agent dissolved in the fluid (in this case, 
mineral oil) in contact with the surface. The relationship is for equilibrium conditions. 
Determination of adsorption isotherms is tedious. Different oils or surfaces result in 
different isotherms for a given surface-active agent. Furthermore, the question of 
impurities dominating the result is a serious issue. A detailed discussion of adsorption 
isotherms is outside the scope of this chapter. 

Measuring the adsorption isotherms for all possible combinations of surface- 
active agents, base oils, and metal surfaces would be an enormously impractical task. 
Detailed studies of adsorption isotherms are confined to selected specific combina- 
tions. For example, Tamura has studied the adsorption of calcium sulfonate detergent, 
barium sulfonate detergent, and ZDDP on metal surfaces [45,46].Baldwin attempted 
to relate wear to the predicted ability to adsorb on a metal surface [47]. He found 
that the polarity of the adsorbed species and the sulfur content, even if unreactive 
sulfur, were key factors in reducing wear. He also found that the steric hindrance of 
the alkyl group could reduce adsorption, hence wear resistance. Jahanmir developed 
a simple model to relate the friction coefficient to adsorption parameters and ex- 
plained the correlation in terms of the adsorbed molecule’s structure [48]. In a sub- 
sequent article [49], he expanded his study to include the effects of an increasingly 
polar end group through the use of model compounds. See References 50 and 51 
for further examples of ZDDP adsorption isotherms. In practice, experience provides 
examples of antiwear agent -detergent combinations effective in various classes of 
base oils and kinds of service. From these examples, reasonable candidate formu- 
lations can be specified, tested, and modified as required to satisfy new needs arising 
from equipment modifications or base-oil changes. The effect of antiwear agents is 
illustrated in Table 15.8 for a hydraulic oil application [13]. 

Antiwear agents are activated by the higher temperatures and pressures found 
in the contact area between sliding surfaces. During mixed or boundary lubrication, 
asperities of the surfaces come into intermittent contact. The friction-generated tem- 
peratures cause the adsorbed antiwear or extreme-pressure agents to react with the 
metal surfaces and produce a chemically bonded film. As an example of the tem- 
peratures and pressures necessary to activate antiwear agents, consider ZDDP in an 
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Table 15.8 Comparison of Hydraulic Oils in Wear Tests 

Fluid-type ZDDP 
TCP antiwear antiwear 

Test Procedure R&O agent agent 

Vane pump wear ASTM D2882 69 1 240 19 
100 h, rng weight 
loss 

FZG (load stage fail) U.S. Steel DIN 6 8 12 
5 1354, Part 2 

Ryder gear, N ASTM D1947 8,896 9,408 13,789 
4-Ball wear, scar ASTM 4172 

diameter (mm) 
20-kg load 0.60 0.30 0.30 
40-kg load Score Score 0.39 

Source: Ref. 13. 

automotive engine oil application. Camshaft lubrication is critical to ensure proper 
functioning of the engine. Camshaft surface temperatures in a Ford in-line four- 
cylinder 2.3-L overhead camshaft engine and an Oldsmobile V-8 5.7-L engine were 
determined to be approximately 200°C. Not surprisingly, similiar ZDDP structure-
reactivity effects are observed in the two engines; that is, secondary ZDDP performs 
better than primary ZDDP or an aryl ZDDP [52]. 

Although the exact nature of the antiwear film has not been determined for all 
hydraulic pump tribocouples (brass against iron, for instance), work has shown con- 
clusively that in iron-iron tribocouples, zinc dialkyldithiophosphate (ZDDP), the 
most common antiwear additive used in these hydrocarbon based lubricants, is ad- 
sorbed on metal (ferrous) surfaces [50,53], among others [51]. The adsorbed ZDDP 
forms antiwear films on rubbing, whose structure consists of polyphosphate films as 
determined by different spectroscopic techniques [54-561. Interestingly, the length 
of the polyphosphate chain is dependent on the ZDDP structure, with the neutral 
ZDDP structure forming a longer polyphosphate chain than the corresponding basic 
ZDDP structure (see Fig. 15.3) [55] .This film prevents direct metal-to-metal contact, 
albeit with a relatively high coefficient of friction of about 0.13, typical of an anti- 
wear film. Table 15.9 summarizes the strengths and weaknesses of various commer- 
cially important ZDDPs. 

A possible mechanism of antiwear film formatim based on the oxidative de- 
composition of ZDDP has been proposed by Willermet and co-workers [57]. Based 
on extensive surface analytical studies, they suggest that it is the antioxidant reactions 
of the ZDDP products that lead to polyphosphate film formation. They also suggest 
that overbased detergents can interfere with the polyphosphate chain growth and, 
hence, inhibit antiwear protection. 

In these cited studies, the films were not significantly depleted; however, under 
severe conditions, less robust ZDDP films will not hold up to environmental factors 
[58]. Hydraulic fluids do not experience such harsh conditions, resulting in lower 
overall requirements for ZDDP. The preparation and solid-state structure of ZDDP, 
the most common antiwear additive in hydrocarbon based lubricants, is shown in 
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Table 15.9 Zinc Dialkyldithiophosphate Study 

Primary 
Secondary alkyl Primary alkyl Alkyl 

ZDDP type alkyl (type 1) (type 2) aryl 

Oxidation inhibition Excellent Excellent Excellent Excellent 
EP/wear protection Excellent Excellent Excellent Goodfair 
Thermal stability 
Hydrolytic stability 

Fair 
Excellent 

Good 
Excellent 

Good/excellent 
Excellent 

Good 
Good 

Source: Ref. 26. 

Fig. 15.4. There are two structures termed neutral and basic ZDDP that comprise the 
commercial products. 

Extreme-Pressu re Agents [42] 
Extreme-pressure (EP) agents generally require more strenuous reaction conditions 
(i.e., higher surface temperatures) to produce EP films. The EP films prevent direct 
metal-to-metal contact as in the case of the antiwear films, thus reducing wear and 
preventing seizure. Detailed surface studies have been done for some EP agents 
[42,59]. EP film formation is analogous to antiwear film formation. Adsorbed EP 
agent enters the contact zone, and under the high sliding temperatures and pressures, 
it is converted to an EP film (Fig. 15.4). Sulfur-containing EP additives require 
temperatures in the range of 490°C to react with iron and form a lubricious iron 
sulfide layer [60]. Other common EP agents contain chlorine that react with ferrous 
alloys to produce an iron chloride film [59].Figure 15.5 illustrates the progressively 
higher load-carrying abilities of mineral-oil, mild antiwear, mild EP, and strong EP 
agents. 

Acid Reaction 
S 

RO, I I  
4ROH+P2S5 + 2 

R d P - S H  + H2S 

R = C3-10Alkyl A l ~ h o l  Dithiophosphoric 
plus Acid 

Phosphorus Pentasulfide 

Neutralization Reaction 

S 
RO, It 

P-SH + ZnO +Zn2 
R d  

Dithiophosphoric Zinc Oxide Neutral Zinc Basic Zinc 
Acid Dithiophosphate Dithiophosphate (ZDDP) 

Figure 15.4 Zinc dialkyldithiophosphate production. 
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Load Stage : -9+10 ! 11 ! 12 I 

Pure Mlneral Oil, SAE 80 
Failure: Load Stage 5 

Mild Antiwear 011, SAE 90 
Failure: Load Stage 9 

Extreme Pressure 011, SA€ 80190 
Failure Load greater than Load 
Stage 12 
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2c 
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Figure 15.5 Load-carrying abilities of antiwear and EP agents. (Adapted from G. Niemann 
and H. Rettig, “Eigenschaften von Schmierstoffen fur Zahnrader,” Erdol Kohle-Erdgas- 
Petrochem., 1966, 19, 809-817). 

Whereas antiwear films are effective in sustaining loads that result in pressures 
in the range 100,000-350,000 psi, EP films must sustain loads in the range 200,000-
500,000 psi. There is not a sharp distinction between antiwear and EP ranges. A 
complete description of the formation and action of antiwear and EP films thus 
encompasses topics from adsorption isotherms and solid- solid reactions to the de- 
tailed mechanical properties of thin films. Most of this information is unavailable. 
Therefore, the selection of an appropriate EP agent is largely empirical. 

Common EP agents for hydraulic system applications include sulfurized olefins, 
sulfurized fats, and thiophosphate esters. 

Care needs to be exercised in recognizing that certain hydraulic fluids can 
attack bronze surfaces, especially those formulations containing thermally unstable 
ZDDPs. Indeed, as the severity of pump operations has increased over the years, 
two distinct additive systems have developed: one based on sulfur-phosphorus 
chemistry (ashless, i.e., metal-free), and the other on stabilized ZDDP. Both ap- 
proaches aim to provide the user with the option of using a single fluid for both 
piston and vane pumps. Stabilizers commonly used include highly basic detergents, 
such as a high-TBN calcium phenate, or basic dispersants. It is hypothesized that 
such stabilizers, when added, improve the thermal stability of the ZDDP, but the 
exact mechanism is not worked out [61]. 
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Oxidation Inhibitors [29] 
Oxidation of a lubricant occurs whenever air is present in a lubricated system, re- 
sulting in thickening and degradation of the lubricant. Higher temperatures generated 
by frictional heating or compression processes accelerate oxidation. Oxidation is self- 
accelerating (e.g., autocatalytic): if not controlled by the addition of the appropriate 
type and amount of oxidation inhibitors, the rate of oxidation will continuously 
increase, and the lubricant will rapidly thicken and form acids plus oil-insoluble 
materials. Deposits may plug valves and damage oil-delivery systems. 

Oxidation of lubricants eventually forms sludge. As the oxidation reactions 
progress, the suspended sludge thickens the oil. As discussed earlier in this chapter, 
these oxidation by-products impede efficient lubrication and can actually damage the 
lubricated equipment. Prevention or retardation of lubricant oxidation has been the 
subject of much research, which was recently summarized by Rasberger [62]. 

Klaus et al. 163,641, Lahijani and Lockwood [65], and Colclough [66] have 
modeled sludge formation, Their studies have investigated both the inhibition of 
oxidation by various common antioxidants and the catalysis of oxidation by soluble 
metals. These studies of soluble metal-induced oxidation catalysis emphasize the 
necessity to strictly control wear and corrosion processes in a lubricated system. 

Hydrocarbon oxidation proceeds by a complex free-radical mechanism. In the 
early stages of the oxidation, an oxygen molecule abstracts a hydrogen atom from 
a hydrocarbon molecule. This results in the formation of a chemically reactive alkyl 
free radical (an unpaired electron on a carbon atom) and a hydroperoxy radical (the 
oxygen molecule with a hydrogen attached). The alkyl radical can react with another 
oxygen molecule in a fast step to yield an alkyl peroxy radical. 

The alkyl peroxy and hydroperoxy radicals then abstract hydrogens from other 
hydrocarbon molecules (note that the concentration of hydrocarbons in the lubricant 
is very high relative to that of the peroxyl radicals or oxygen molecules). The re- 
sulting hydroperoxides can cleave to form two free radicals from each hydroperoxide 
molecule, thus acclerating the reaction. If left unchecked, this chain reaction rapidly 
accelerates. Metal ions, particularly iron and copper ions, catalyze the oxidation 
processes by a complex sequence of reactions. A simplified reaction scheme is shown 
in Fig. 15.6. Metal-catalyzed oxidation mechanisms are more complex and are out- 
side the scope of this chapter. 

As the reaction progresses, the oxidized hydrocarbon molecules will begin to 
link together into increasingly polar, polymerlike chains. These polymerlike materials 
are sludge and varnish precursors that thicken the oil much as a viscosity index 
improver might. Eventually, the sludge precursors become too large and too polar 
to remain soluble in the oil and precipitate out of solution. 

Oxidation inhibitors are added to lubricants to slow the rate of oxidation. The 
most common oxidation inhibitors are radical scavengers and hydroperoxide decom- 
posers. Most lubricants usually contain a mixture of both types of oxidation inhibitor. 

Radical scavengers work by reacting with peroxy radicals. In general, one 
radical scavenger can sequester two peroxy radicals before the inhibitor itself is 
consumed. The most common radical scavengers include phenolic and amine 
antioxidants. 

Hydroperoxide decomposers react with the hydroperoxide or dialkyl peroxides 
to form nonradical products. The most common hydroperoxide decomposers include 
organosulfur compounds, zinc dialkyldithiophosphate (ZDDP), zinc dialkyldithio- 
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Initiation 
Initiator

RH -Re 

R O2 *RO2. 

Propagation RO2*+ RH __* R02H + R-

R + 0 2  -+ R02* 

R O  + RH ROH + R02* 
0 2.OH+ RH -H20 + R02. 

Branching RO2H -RO. + *OH 

Termination R02-+ R02. -Neutral Nonradical Products 

R +  R. -R -R 

R02H + R02. -Acids, Aldehydes, and Ketones 

RH = Hydrocarbon 

R02H = Hydroperoxide 

R = Hydrocarbon Free Radical 

R02. = Peroxy Free Radical 

Figure 15.6 Simplified oxidation mechanism of hydrocarbons. 

carbamate (ZDTC), organophosphates, organomolybdenum compounds, and over- 
based phenates or salicylates. The key species causing oxidation of lubricants and 
the appropriate antioxidants to control them are listed in Table 15.10. Structures of 
commercially important examples are given in Fig, 15.7. Because the various types 
of oxidation inhibitors function quite differently, combinations of inhibitors are used 
for optimum results, as exemplified by Formulation B in Table 15.4. In this for- 
mulation, the ZDDP serves as an antiwear agent and as a peroxide-decomposing 

Table 15.10 Oxidation Intermediates and Appropriate Antioxidant Types 

Reactive species Mechanism of oxidation control 

RO; (alkyl peroxy radical) Chain breaking 
Hindered phenolics 
Aromatic amines 
ZDDP 
Copper salts 

ROOH (alkyl hydroperoxide) Peroxide decomposition to nonradical products 
ZDDP 
Sulfur components 
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Figure 15.7 Some classes of oxidation inhibitors. 
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antioxidant. The other antioxidant in Formulation B is a hindered phenol, a chain- 
breaking antioxidant. 

Aromatic amines are effective at high temperatures but offer little protection 
at low temperatures. Alkylated phenols function well at low temperatures, but some 
are volatile at higher temperature. Hard and fast rules for the selection of antioxidants 
singly or in combination cannot be given. Every base-oil blend will be different. 

Rust and Corrosion Inhibitors [26] 
Corrosion inhibitors adsorb on the metal surfaces, blocking the surfaces from acids, 
water, or other potentially corrosive substances. Because corrosion inhibitors are 
surface active with limited solubility in hydrocarbon solution, they compete with 
detergents, dispersants, and antiwear agents for metal surfaces. 

Rust or ferrous corrosion inhibitors are generally low-molecular-weight alkyl 
amines or acids. Metal deactivators or nonferrous corrosion inhibitors are usually 
sulfur, nitrogen, or sulfur- and nitrogen-containing heterocyclic carbon rings. A rust 
or corrosion inhibitor acts by adsorbing onto the metal or metal oxide surface and 
blocking the surface from corrosion-producing acids. Hamblin et al. have prepared 
a discussion of corrosion inhibitors, corrosion-inhibition mechanisms, and corrosion 
tests [38]. 

Typical hydraulic oil rust inhibitors include barium or calcium sulfonates, al- 
kenyl succinic acid, substituted imidazolines, and substituted oxazolines. Metal deac- 
tivators include triazoles, benzotriazoles, and mercaptothiadiazoles. 

An interesting study of the mechanism of copper-corrosion inhibition by mer- 
captothiadiazole derivatives has been carried out by Luo and co-workers [67]. They 
reacted several mercaptothiadiazole bisdisulfide derivatives shown in Table 15. I I 
with active sulfur to give trissulfides as determined by Raman spectroscopy and mass 
spectroscopy. The thiadiazole bisdisulfides were shown to inhibit copper corrosion 
by scavenging the active sulfur and forming a protective film containing the thia- 
diazole ring on the copper surface. 

Viscosity Index Improvers [27] 
Viscosity index improvers (VII) or viscosity modifiers (VM) are polymeric materials 
of molecular weights between 50,000 and 1,000,000that increase the resistance to 
flow, or viscosity, of a lubricant. They are designed to thicken oil more at high 

Table 15.11 Dimercaptothiadiazole Derivatives 

Compound Structure 

~ ~ ~ ~ 

Note: T = N - N  
I1 I1 

-c c-
\ I  

S 
Source: Ref. 67. 
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Figure 15.8 Viscosity improvers and the mechanism of thickening. 

temperatures than at low temperatures (Fig. 15.8). Viscosity modifiers function by 
gradually uncoiling in solution as the temperature of the lubricant increases. The 
large volume occupied by the polymer blocks easy flow of the lubricant and increases 
the viscosity. If the polymer chain is damaged or broken by oxidation or by shear, 
the uncoiled polymer occupies less volume and is less effective at impeding oil flow. 
Therefore, the viscosity of the oil solution decreases. Common types of viscosity 
index improvers are shown in Table 15.12. 

Hydraulic fluid viscosity modifiers are one route to a high-viscosity-index 
lubricant; the proper choice of base stock is another. Hydraulic VIIs have varying 
shear stability, so the polymer chosen must be carefully matched to the application. 
Hydraulic VIIs have generally good low-temperature properties but must be matched 
to the base stock. Other desirable properties include filterability to avoid clogging 
hydraulic mechanisms and filters, easy demulsification, good foam performance, and 
adequate viscosity at high temperature. Hydraulic lubricant specifications are sum- 
marized in Table 15.1. As of this writing, there are no shear stability requirements 
for hydraulic fluids; however, Fig. 15.9 clearly shows that different applications 
require viscosity-modifying polymers with a range of shear stability. Chapter 9 pro-
vides more discussion of viscosity index improvers’ structural relationship to oil 
thickening. 

Table 15.12 Viscosity Index Improver Types 

Dispersant 
type

General class available Monomers used 

Hydrocarbon Type 
PIB (Polyisobutylene) No Isobutylene 
OCP (Olefin copolymer) Yes Ethylene and propylene 
SB or SI (Olefin copolymers) No Styrene with butadiene or isoprene 

Ester Type 
Styrene ester Yes Styrene and maleic ester 
Polymethacry late Yes Methacrylic acid and alcohol 
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Gear Oils 
90 Hydraulic Oils 

(Vane) 

105 3x105 106 

Weight Average Molecular Weight 

Figure 15.9 Relationship of molecular weight to SSI for various applications. (For details, 
see the brochure “Acryloid Hydraulic Fluid Viscosity Index Improvers,’ ’ from RohMax Ad- 
ditives GmbH, Philadelphia, 1995. 

Pour Point Depressants [27] 
The pour point of an oil is the lowest temperature at which the oil will flow. Mineral 
oils contain waxes that precipitate from solution at temperatures around 0°C as crys- 
tals, forming a substantial network. If wax is allowed to form unimpeded, many 
mineral oils will become highly viscous or even solids at low temperatures. If the 
lubricating oil becomes too viscous, mobile hydraulic systems may not function 
because the oil cannot be pumped efficiently. In the worst case, equipment may fail 
from oil starvation. 

Pour point depressants (PPD) are materials that cocrystallize with or adsorb 
onto waxes, preventing growth and limiting network growth. The most common 
types of PPDs are polymethacrylate polymers, styrene esters, poly(viny1 acetate) or 
alkylfumarates, alkyl naphthalenes, coupled alkylphenols, and poly(ethylenehiny1 
acetates). The typical response of a base oil to a pour point depressant is shown in 
Fig. 15.10. 

To understand the shape of the curve shown in Fig. 15.10, it is important to 
recall that the pour point depressant (PPD) itself is a waxy material and that care is 
necessary in adding the proper type and amount of PPD for the best response. In 
Fig. 15.10, the selected PPD has a large effect on the ASTM D97 at low concentra- 
tions. At higher concentrations, the same PPD has lesser effect and, at high concen- 
trations, can promote wax formation in the oil [68]. 
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Figure 15.10 Effect of treat rate on ASTM D 97 pour point. 

Common tests used to assess low-temperature properties of mineral-oil- based 
lubricants are given in Table 15.13. 

Foam Inhibitors 
Foams are often formed when a liquid is mechanically agitated in the presence of a 
gas. For hydraulic systems, that gas is usually air. Much more compressible than a 
liquid, a foam is undesirable in a hydraulic system, for it decreases pumping effi- 
ciency and increases system response times. Commonly, foam inhibitors are used to 
reduce or to eliminate the tendency of a lubricant to foam. For nonaqueous systems, 
certain requirements are agreed upon as essential for an effective foam inhibitor [69]. 
These include the following: 

Insolubility in the lubricant under use conditions 
A surface tension lower than that of the lubricant 
Dispersability in the lubricant 
Chemical inertness under use conditions to assure its continued presence 

Table 15.13 Standard Tests for Determining the Low-Temperature Properties of 
Mineral-Oil-Based Lubricants 

Test procedure Title 

ASTM D 97 Pour Point 
SAE 5300, Appendix B, or FTM 791b, Stable Pour Point 

Method 203, Cycle 3 
ASTM D 3829 Borderline Pumping Temperature 
ASTM D 4684 Pumping Viscosity 
ASTM D 2983 Brookfield Viscosity 
ASTM D 5133 Scanning Brookfield Viscosity 
Modified ASTM D 5 133 Gelation Index 
JDQ 73 John Deere Cold Soak 
JDQ 74 John Deere Slow Cool 
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Typical foam inhibitors used in mineral oils are shown in Fig. 15.11. 
Siloxane foam inhibitors in hydraulic oils are typically present in the range of 

I -10 ppm [70]. To be effective, they must be highly dispersed in droplet form with 
a droplet diameter between 0.001 and 1.0 pm, preferably submicron size [71]. The 
polyacrylates are effective at concentrations less than 0.06% [72]. Dispersions of 
foam inhibitors in oil-soluble carriers are available. The neat foam inhibitors are also 
available but must be dispersed in the lubricant to be effective. Thorough mixing of 
the dispersed foam inhibitor with the lubricant is essential. 

The exact mechanisms by which foam inhibitors function are in dispute (see 
Ref. 71). It has been hypothesized that droplets of foam inhibitor (insoluble in the 
oil) are surface active and spread over the surfaces of films of oil in foam bubbles, 
and that the duplex films so formed have lower stability than the oil film itself, 
resulting in enhanced oil-film rupture. However, it has been shown that nonspreading 
antifoam agents are also effective [71]. Spreading of an antifoam agent film on an 
oil film to form a duplex film alters the surface tension properties of the oil film. 
There is no agreement on how the surface tension changes are related to foam 
stability [7 11. 

Agitation of a liquid in the presence of a gas may result not only in foaming 
but also entrainment of the gas in the liquid. Entrained air is undesirable in hydraulic 
system liquids [73]. Entrained air differs from foam in that the air bubbles are small 
and separated from each other by relatively thick layers of oil. Oil containing air 
bubbles is more compressible than oil alone, with resulting decreases in pumping 
efficiency and increases in system response times. Air-release times (or more gen- 
erally, gas-bubble-release times) are therefore important. Air-release time is defined 
as “the time taken for the volume of dispersed air in the oil to reduce to 0.2%” 
[74]. Various procedures have been adopted to determine air-release- time values, all 
using the same apparatus [75]. 

The significance of air-release-time values of additives in hydraulic oils is that 
additives (and the base oils themselves) affect air-release times [75]. In particular, 

CH3
I 

(CH3), Si 0- (Si -0 -)” Si (CH3),
I 

CH3 

polydimethylsiloxanes(60,000 cp, 30,000 cp, 12,500 cp) [66] 

CH3 CH3I I 
and ... -CH2-C-CH2-C-...  mwc10,OOO 

I I 
c=o c=o 
I I 

OR1 OR2 

RI-Alkyl Group With 1 to 18 C Atoms; R2- Alkyl Group With 3 to 7 C Atoms 
polyacrylates [67] 

Figure 15.11 Chemical structures of common foam inhibitors for mineral-oil-based 
lubricants. 
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antifoam agents may increase air-release times [75]. Adding more antifoam agent 
than needed may adversely affect oil performance. Foam stability and dispersed air 
bubble size are strongly affected by small concentrations of surface active materials 
in the oil. Changes in hydraulic oil foaming tendencies during service may result 
from contamination. 

In practice, foam-inhibitor selection proceeds by testing candidate formulations 
in foaming tendency (ASTM D892-92) and gas bubble separation time (ASTM 
D3427-93) tests. Selection of the foam inhibitor is usually the last step in formulation 
development. Examples of passing limits are provided in the AAMA Hydraulic Stan- 
dard [76] and in Ref. 75. 

Demulsifiers 
Demulsifiers are used to cause rapid separation of water from oil. Water in hydraulic 
fluids can cause rust, cavitation, deterioration of the fatigue life of components, an 
increase in the oxidation rate of the hydrocarbon carrier, and formation of emulsions 
or sludge. Both ZDDPs and detergents, particularly overbased detergents, are hydro- 
lyzed by water. Not only does this hydrolysis deplete these additives, but the products 
of hydrolysis are typically voluminous hydrous oxides. For example, hydrated cal- 
cium hydroxide (an oil-insoluble inorganic salt derived from the detergent) could 
block filters if present in sufficient quantities. If used at improper levels, demulsifiers 
can promote emulsification and antagonize the problems caused by water. Typical 
mineral-oil- based hydraulic fluid demulsifiers include polyethylene glycols, metal 
salts of dinonyl naphthalene sulfonates, and polyoxy-alkylated phenols. 

Friction Modifiers [77] 
Friction modifiers are used to reduce friction and wear between surfaces when mild 
sliding occurs. The best of these materials consist of a long, linear hydrocarbon chain 
and a small polar functional group. One example is oleic acid, an 18-carbon car- 
boxylic acid. Friction modifiers function by adsorbing onto a metal surface in a 
regular assembly and producing a low-friction, boundary film that is easily sheared, 
preventing metal-to-metal contact, but only under a light load. Hydraulic fluid friction 
modifiers are generally sulfurized fats, but other common types include fatty amines, 
fatty acids, fatty amides, and fatty phosphates. 

As with most lubricant additives, friction modifiers cannot be used indiscrim- 
inately under all operating conditions without encountering problems [78]. Hercamp 
[79] has reported rapid corrosion of copper-alloy bearings in some heavy-duty diesel 
engines due to the presence of a molybdenum-containing friction modifier. Hu et al. 
[80] have studied the corrosion of copper by stearic acid, an oft-suggested antiwearl 
friction-modifying agent. They found that stearic acid in hydrocarbon solution ad- 
sorbs strongly on copper surfaces and forms copper stearate but can become corro- 
sive at temperature above 140°C. 

As is usual in the development of many lubricants, including hydraulic oils, 
the selection of a friction modifier or antiwear agent for a formulation is an empirical 
process. The formulator, calling upon accumulated experience, tests a number of 
possible additive combinations (candidate oils) in appropriate bench tests, known to 
provide insight into actual field performance. Based on the results, a new round of 
candidate oils is blended, and the screening tests repeated. Finally, with all the results 
known, a few candidate oils are subjected to the full array of tests shown in Table 
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15.1. Hopefully, one of the candidates proves to be satisfactory. If not, more modi- 
fications must be made to the most promising formulation, and the battery of tests 
repeated. Adequate performance in bench tests does not guarantee that the oil will 
be a success under actual field conditions. Lubricants must be subjected to field 
testing, a process that can literally take years to complete, depending on the ap- 
plication. 
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Polyalphaolefins and Other Synthetic 
Hydrocarbon Fluids 
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Albemarle Corporation, Baton Rouge, Louisiana 

LOlS J. GSCHWENDER and CARL E. SNYDER, JR. 
U.S. Air Force, Wright-Patterson Air Force Base, Ohio 

1 INTRODUCTION 

Synthetic hydrocarbon fluids are fluid compounds or mixtures of compounds that are 
characterized as having specific molecular compositions containing only carbon and 
hydrogen atoms. Synthetic hydrocarbons may be distinguished from highly refined 
mineral oils because they are manufactured from specific raw materials by known 
chemical transformations. Mineral oils, on the other hand, are produced from petro- 
leum base stocks by a variety of refining processes which may include cracking, 
extraction, dewaxing, distillation, isomerization, hydrocracking, and hydrorefining 
[U. 

Although many synthetic hydrocarbon fluids have physical and chemical prop- 
erties that are superior to those of equiviscous petroleum-based mineral oils, they 
also tend to be totally miscible in mineral oils and compatible with systems designed 
for mineral oils. This characteristic sets synthetic hydrocarbons apart from many 
other classes of synthetic fluids in that they may often be used to replace mineral 
oils (fully or partially) without the need to retrofit equipment. 

There are five families of fluids classified as synthetic hydrocarbons: 

1. Polyalphaolefin (PAO) Fluids. First and foremost in commercial impor- 
tance among the synthetic hydrocarbons are the polyalphaolefin (PAO) 
fluids [2]. These fluids are enjoying a rapidly growing market for a wide 
variety of applications, including hydraulics. 

825 
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2. Alkyl Aromatic (AA) Fluids. Second in importance are a class of fluids 
manufactured by attaching hydrocarbon chains (alkyl groups) to aromatic 
rings [3]. Alkyl aromatic (AA) fluids gained a degree of prominence in the 
1970s during the building of the Alyeska pipeline in Alaska. Although still 
an important class of commercial fluids, AAs have not undergone the rapid 
growth of the PAO fluids. 

3. Silahydrocarbon (SiHC) Fluids. Silahydrocarbon (SiHC) fluids are not hy- 
drocarbons in the strict sense of the word, but are often classified as such 
because their chemical and physical properties are so similar to hydrocar- 
bon fluids [4]. SiHCs have never been manufactured on a commercial 
scale, but their superior performance, especially in aeronautic hydraulic 
fluid applications, makes it worthwhile to include them in this chapter. 

4. Polybutene (PB or PIB) Fluids. Polybutenes fluids are important commer- 
cially [ 5 ] , but they are not used in hydraulic applications and will not be 
discussed in this chapter. 

5. Cycloaliphatic Fluids. Cycloaliphatic fluids are the fifth class of hydrocar- 
bon fluids [6]. A wide variety of cycloaliphatic fluids have been synthesized 
and evaluated, and many have excellent properties. Only one, however, 
has been commercialized, and that low-volume application is as a bearing 
lubricant in spacecraft. Cycloaliphatic fluids will not be further considered 
in this chapter. 

2 HISTORY 

Synthetic hydrocarbon compounds were being developed and patented for use as 
lubricating fluids as early as 1928 in Germany [7,8] and in the United States [9,10]. 
The first attempt to commercialize a synthetic hydrocarbon oil was made by Standard 
Oil Company of Indiana in 1929. The project was unsuccessful because of a lack of 
demand. 

The onset of World War I1 and the subsequent shortages of petroleum feed- 
stocks in Germany, France, and Japan revitalized interest in synthetic lubricants. 
Moreover, the German disaster at the Battle of Stalingrad in 1942 demonstrated the 
inadequacy of then current petroleum products to perform satisfactorily in extremely 
cold weather. During the winter of 1942, the lubricants used in tanks, aircraft, and 
other military vehicles gelled, and the engines used in the vehicles could not be 
started. An intense German research effort to find alternative lubricants followed the 
Stalingrad debacle and led to the first manufacture of synthetic products derived by 
olefin polymerization. 

Alkylaromatic fluids were also produced in Germany during World War 11, and 
they later became important as low-temperature lubricants during the Alaskan oil 
explorations in the 1960s and the building of the Alyeska pipeline in the 1970s. A 
dialkylbenzene product was used as an engine crankcase oil and as a hydraulic fluid. 

During the Southeast Asia war in the 1960s, the need was recognized for a less 
flammable hydraulic fluid for military aircraft [ 1 I]. Although commercial aircraft 
had switched to hydraulic fluids based on phosphate esters, the military felt it was 
necessary to develop a fluid that was completely compatible with mineral-oil-based 
MIL-H-5606 [121 and which would require no retrofit of equipment. A PAO-based 
fluid was developed at the Wright Materials Laboratory, Wright-Patterson Air Force 
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Base, which was eventually designated as MIL-H-83282 [131. MIL-H-83282 re- 
placed MIL-H-5606 in most Air Force applications except those requiring operation 
at very low temperatures. More recently, MIL-H-87257 [14], also PAO based, has 
been approved for low-temperature hydraulic applications. 

As in the case of PAO fluids, the U.S. Air Force Materials Laboratory, starting 
in the 1950s, played a pivotal role in the development of silahydrocarbon fluids [15-
171. Again, the driving force for this program was the recognition by the Air Force 
that fluids operating in high-temperaturehigh-load environments would be required 
in the high-performance military weapons systems under development. 

3 POLYALPHAOLEFIN FLUIDS 

Polyalphaolefin fluids are gaining rapid acceptance as high-performance lubricants 
and functional fluids because they have certain inherent, and highly desirable, char- 
acteristics relative to mineral oils. Among these favorable properties are the fol- 
lowing: 

A wide operational temperature range 
Good viscometrics (high viscosity index) 
Thermal stability 
Excellent response to conventional antioxidants 
Hydrolytic stability 
Shear stability 
Low corrosivity 
Compatibility with mineral oils 
Compatibility with various materials of construction 
Low toxicity 
Good to moderate relative biodegradability 
Low deposit formation 
Ability to be “tailored’ ’ to specific end-use application requirements 

3.1 Historical Development 

In 1931, Standard Oil, in an article by Sullivan et al. [18] disclosed a process for 
the polymerization of olefins to form liquid products. These workers employed cat- 
ionic polymerization catalysts such as AlCl, to polymerize olefin mixtures obtained 
from the thermal cracking of wax. At about the same time that the work at Standard 
Oil was being carried out, Zorn of I.G. Farben Industries independently discovered 
the same process [191. 

The first use of a linear a-olefin to synthesize an oil was disclosed by Mont- 
gomery et al. in a patent issued to Gulf Oil Company in 1951 1201. AlCl, was used 
in these experiments as it was in the earlier work with olefins from cracked wax. 

The use of free-radical initiators as a-olefin oligomerization catalysts was first 
patented by Garwood of Socony-Mobil in 1960 [2 11. Coordination complex catalysts, 
such as the ethylaluminum sesquichloride -titanium tetrachloride system, were dis- 
closed in a patent issued to Southern et al. at Shell Research in 1961 [22]. 

The fluids produced by the various catalyst systems described above contained 
oligomers with a wide range of molecular weights. The compositions and internal 
structures of these fluids resulted in viscosity- temperature characteristics that gave 
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them no particular advantage over the readily available and significantly less expen- 
sive mineral oils of the day. 

A patent describing the use of boron trifluoride (BF,) as a catalyst for the 
oligomerization of linear a-olefins to make fluids suitable for use in lubricating oils 
was issued to Hamilton et al. of Socony Mobil in 1964 [23]. This patent describes 
a variety of oligomerization catalysts and gives only one example of the use of BF,. 
There is no mention in the patent regarding the unique properties of the product 
prepared using the BF, catalyst. In 1968, Brennan, also at Socony Mobil, patented 
a process for the oligomerization of a-olefins using a BF, catalyst system [24]. Prior 
to that time, BF, catalysis had given irreproducible results. Brennan showed that the 
reaction could be controlled if two streams of olefins were mixed in the reactor. The 
first stream contained the olefin plus a BF, * ROH complex, where ROH is an alcohol. 
The second stream contained the olefin saturated with gaseous BF,. Of particular 
interest was the fact that this catalyst system produced a product consisting of a 
mixture of oligomers that was markedly peaked at the trimer. There was no mention 
of a lubricating oil application in this patent. 

Shubkin of the Chemicals Group of Ethyl Corporation (spun off as Albemarle 
Corporation on March 1 ,  1994) showed that H,O [25], as well as other protic co- 
catalysts such as alcohols and carboxylic acids [26], could be used in conjunction 
with BF, to produce oligomers of uniform quality. The experimental technique em- 
ployed a molar excess of BF, in relation to the cocatalyst. The excess was achieved 
by sparging the reaction medium with BF, gas throughout the course of the reaction 
or by conducting the reaction under a slight pressure of BF,. These studies showed 
that the oligomerization products exhibited pour points that were well below those 
anticipated for such compounds, even when dimeric products were allowed to remain 
in the final mixture. Until then, the molecular structure of the dimer was believed 
to consist of a straight carbon chain containing a single methyl group near the middle. 
Such branched structures were known to exhibit relatively high pour points. These 
patents were the first to address the unique qualities, and thus the potential impor- 
tance as synthetic lubricants, of PAOs derived from BF,.ROH catalyst systems. 
Shubkin et al. later showed that the unique low-temperature properties could be 
attributed to a high degree of branching in the molecular structure [27]. 

3.2 Manufacture 

Polyalphaolefins are manufactured by a two-step process from linear a-olefins, which 
are themselves manufactured from ethylene. The first synthesis step entails oligo- 
merization, which simply means a polymerization to relatively low-molecular-weight 
products: 

a-Olefin -+ Dimer + Trimer + Tetramer + Pentamer, etc. 

For the production of low viscosity (2-10 cSt), PAOs, the catalyst for the 
oligomerization reaction is usually boron trifluoride. (Note: PAOs are commonly 
classified by their approximate kinematic viscosity at 100°C. That convention will 
be used throughout this chapter. Thus, a fluid referred to as PAO 4 has a viscosity 
at 100°C of -4 cSt.) The BF, catalyst is used in conjunction with a protic cocatalyst 
such as water, an alcohol, or a weak carboxylic acid. The BF, - ROH catalyst system 
is unique because of its ability to form highly branched products with the oligomer 
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distribution peaking at the trimer. Figure 16.1 shows a gas chromatography (GC) 
trace indicating the oligomer distribution of a typical reaction product from 1-decene 
and BF,-C,H,OH as the catalyst system [26]. Higher-viscosity (40 and 100 cSt) PAO 
fluids are manufactured using alkylaluminum catalysts in conjunction with an organic 
halide [28] or by the use of AlCl,. 

The second step in the manufacturing process entails hydrogenation of the 
unsaturated oligomer. The reaction is carried out over a metal catalyst such as nickel 
or palladium. Hydrogenation gives the final product enhanced chemical inertness and 
added oxidative stability. Distillation, either before or after hydrogenation, is usually 
employed to separate the total product into different viscosity grades. 

One of the distinct advantages in the manufacture of PAO fluids is that they 
can be “tailor-made” to fit the requirements of the end-use application [29]. This 
customizing is done by manipulation of the reaction variables which include the 
following: 

Temperature 
Time 
Pressure 
Cocatalyst type 
Cocatalyst concentration 
Distillation of final product 
Chain length of olefin raw material 

Today, the commercial PAO market is dominated by decene-derived material 
because these products have the broadest temperature range of desirable properties. 
Manipulation of the first six variables (see above) are the common practice for man- 
ufacturing the usual grades of PAO (PAO 2, PAO 4, PAO 6, PAO 8, and PAO 10). 

Tetramers 
Dimers I / Pentamers 

A d / Hexamers 

5 10 15 20 
Time (min) 

Figure 16.1 Gas chromatography trace of total product from the oligomerization of 1-
decene using a BF,.ROH catalyst. 
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Figure 16.2 Gas chromatography comparison of PAO 4 and a VHVI mineral oil. 

Some PAO fluids manufactured from other olefin streams (mainly 1-octene and 1-
dodecenej are being offered to fill the needs of certain niche markets. 

Figure 16.2 compares the gas chromatography (GC) trace of a commercial 4.0-
cSt PAO (PAO 4) with that of a hydrotreated VHVI (very high-viscosity index) 
mineral-oil base stock having the same approximate viscosity at 100°C. The trace 
from the mineral oil shows that it consists of a broad range of different kinds of 
molecules. Included in the mineral oil are low-molecular-weight material that ad- 
versely affect volatility and high-molecular-weight components which adversely af- 
fect low-temperature properties. By comparison, the PAO 4 is primarily decene tri- 
mer, with small amounts of decene tetramer and pentamer present. 

The fine structure in the trace on Fig. 16.2 is attributable to isomers of the 
different oligomers. (Note: Oligomers are low-molecular-weight polymers such as 
dimers, trimers, and so forth. Isomers are molecules with identical formulas and 
molecular weights, but with different skeletal structures.). A knowledge of reaction 
variables can be used to control the relative abundance of the various isomers and 
provides the producer another method to influence the physical properties of the final 
product [301. 

3.3 Physical Properties 

Table 16.1 lists the physical properties of various grades of PAO base fluids. These 
products are produced from decene, and the differences in properties illustrate what 
can be accomplished by manipulation of the reaction parameters. Some of these 
products are coproduced and separated by distillation. The properties are typical of 
what is currently available and do not represent the specifications of any particular 
producer. It should be noted that the data represent typical values collected over 
time. Because of this, the listed viscosity index (VI), which is calculated from the 
kinematic viscosities (KVs) at 40°C and 100°C by a very complex relationship, is 
not the same as would be calculated from the viscosities shown. 

Table 16.2 is a brief listing of the physical properties of PAO fluids prepared 
from different olefin raw materials. Each of these fluids was prepared in the labo- 
ratory using the same recipe, which included distilling off the dimer product and 
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Table 16.1 Typical Physical Properties of Commercial PAO Fluids 

PAO PAO PAO PAO PAO PAO PAO 
2 4 6 8 10 40 100 

KV at 100°C (cSt) 1.80 3.90 5.90 7.80 9.60 40.0 100 

KV at -40°C (cst) 
KV at 40°C (cSt) 

Viscosity index" 
310 

5.54 

-
2,460 

16.8 

129 
7,890 

31.0 

138 
18,160 

45.8 

140 
32,650 

62.9 

134 
-
395 

151 
-

1,250 

168 
Pour point ("C) <-63 -70 -68 -63 -53 -34 -20 
Flash point ("C)b >155 215 235 252 264 272 288 
NOACK (% loss)' 99 12 7.O 3.0 2.0 0.8 0.6 

"V1 is the average of samples. It is not calculated from viscosities given. 
"Cleveland Open Cup, ASTM D92. 
'Volatility at 250°C. 1.0 h, DIN51581. 

hydrogenating the final fluid [31]. None of the fluids in Table 16.2 are offered 
commercially. 

Table 16.3 compares the physical properties of a commercial 4.0-cSt PAO with 
those of two lOON (neutral) mineral oils, a lOONLP (low pour) mineral oil, and a 
hydrotreated VHVI mineral oil. The PAO shows markedly better properties at both 
high and low temperatures. At high temperatures, the PAO has lower volatility and 
a correspondingly higher flash point. Low volatility is an important property in order 
for a fluid to "stay in grade" (i.e., retain original viscosity) during its working life. 
At the low end of the temperature scale, the differences are equally dramatic. The 
pour point of the PAO is less than -65OC, and pour points for the three lOON mineral 
oils and the VHVI oil are -15"C, -12OC, -15*C, and -27"C, respectively. 

Table 16.4 compares a commercial 6.0-cSt PAO with a 160HT (hydro-treated) 
mineral oil, a 240N oil, a 200SN (solvent neutral) mineral oil, and a UHVI (ultrahigh-
viscosity index) fluid. The broader temperature range of the PAO is again apparent. 
Table 16.5 makes similar comparisons for 8.0-cSt fluids. 

Table 16.2 Physical Properties of PAO Fluids from Various Olefins 

C8" Clo" C12" c14" 

KV at 100°C (cSt) 2.77 4.10 5.70 7.59 
KV at 40°C (cSt) 11.2 18.7 27.8 41.3 
KV at - 18°C (cSt) 195 409 703 1150 
Viscosity index 82 121 152 154 
Pour point ("C) <-65 <-65 -45 -18 
Flash point ("C)b 190 228 256 272 
NOACK volatility (9%)' 55.7 11.5 3.5 2.3 

"Not a commercial product. 
"Cleveland Open Cup, ASTM D 92. 
"Volatility at 25OoC, 1.O h, DIN 5 1581. 
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Table 16.3 PAO 4 Compared to Equiviscous Mineral Oils 

PAO lOON 1 OON lOONLP VHVI 

KV at 100°C (cSt) 3.90 3.81 4.06 4.02 3.75 
KV at 40" C (cst) 16.8 18.6 20.2 20.1 16.2 
KV at -40°C (cSt) 2460 Solid Solid Solid Solid 
Viscosity index 137 89 98 94 121 
Pour point ("C) -70 -15 -12 -15 -27 
Flash point ("C)' 215 200 212 197 206 
NOACK (% loss)b 12.0 37.2 30.0 29.5 22.2 

"Cleveland Open Cup, ASTM D 92. 
'Volatility at 250°C. 1.0h, DIN 51581. 

Table 16.4 PAO 6 Compared to Equiviscous Mineral Oils 

PAO 160HT 240N 200SN UHVI 

KV at 100°C (cSt) 5.90 5.77 6.96 6.3 1 5.49 
KV at 40°C (cSt) 31.0 33.1 47.4 40.8 25.9 
KV at -40°C (cSt) 7890 Solid Solid Solid Solid 
Viscosity index 135 116 103 102 156 
Pour point ("C) -68 -15 -12 -6 -9 
Flash point ("C)' 235 220 235 212 226 
NOACK (% loss)b 7.0 16.6 10.3 18.8 14.3 

"Cleveland Open Cup, ASTM D 92. 
hVolatilityat 250°C. 1.0h, DIN 51581. 

Table 16.5 PAO 8 Compared to Equiviscous Mineral Oils 

PAO 325SN 325N 

KV at 100°C (cSt) 7.80 8.30 8.20 
KV at 40°C (cst) 45.8 63.7 58.0 
KV at -40°C (cSt) 18,160 Solid Solid 
Viscosity index 136 99 110 
Pour point ("C) -63 -12 -12 
Flash point ("C)" 252 236 250 
NOACK (% loss)b 3.0 7.2 5.1 

"Cleveland Open Cup, ASTM D 92. 
'Volatility at 250°C, 1.0 h, DIN 51581. 
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3.4 Environmental Impact 

The use of environmentally friendly fluids has become an important issue in a num-
ber of hydraulic fluid applications. Particularly important are those applications 
where there is a potential for large-scale contamination of either soil or water by the 
accidental rupture of hydraulic lines, Off-road construction and mining are examples 
where very large hydraulic machinery are used. Contamination by oil spills can result 
in serious long-term damage to the environment. 

Polyalphaolefin fluids are exceptional in their low toxicity. They have Food 
and Drug Administration approval for both indirect and incidental food contact, and 
they are used in a number of personal-care products. In addition, PAO fluids do 
not bioaccumulate and. depending on viscosity, biodegrade readily [32]. These 
characteristics, combined with excellent viscometrics and lubricity, have made low- 
viscosity PAO fluids a \ignificant player in off-shore drilling mud formulations. Fig- 
ure 16.3 shows the biodegradability by the CEC-L-33-A-94 test. The range of results 
shown on the graph indicates the range of data obtained from three independent 
laboratories on multiple samples over a period of time. PAO 2 and PAO 4 show very 
good biodegradability under these test conditions, but the higher-viscosity fluids do 
not. 

Demonstration formulations have indicated that high-performance, biodegrad- 
able hydraulic fluids can be prepared using PAO 2, a styrenehoprene comonomer 
viscosity index improver (8.0- 18.5%), an ashless antiwear agent (1.0%),and an ester 
(10%). Three grades were formulated: IS0 15, I S 0  32, and IS0  46. Biodegradability 

Figure 16.3 Biodegradability of PAO fluids by the CEC-L33-A94 test. 
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by the CEC-L-33-A-94 test ranged from 76% to 79% for the fully formulated fluids. 
Excellent performance was found in the Turbine Oil Stability Test (TOST), the Kurt 
Orbahn Shear Stability Test, and the FZG Anti-Wear Gear Test. Finally, unlike many 
ester-based fluids, the PAO is hydrolytically stable [33]. 

4 ALKYLATED AROMATIC FLUIDS 

The class of fluids commonly referred to as alkylated aromatics (AAs) includes 
several different, but related, chemical types. The class may conveniently be broken 
down into three categories or subclasses, which are the alkylbenzenes, the alkyl- 
naphthalenes, and the alkylated multiring aromatics other than naphthalenes [31. 

Alkylated aromatic fluid first gained prominence because of the following 
qualities: 

Exceptionally good low-temperature performance 
Excellent thermal stability 
Excellent oxidative stability 
Hydrolytic stability 
Miscibility with mineral oils 
Ability to solubilize additives 
Seal compatibility 

4.1 Historical Development 

The early development of AA fluids for use as functional fluids dates back to 1928- 
1936 [7-101. The first commercial production of AA fluids for use as lubricants 
appears to have been at the Chemische Werke Rheinpreussen, where alkynaphthalene 
oils were produced on a 7.2 MM lb./year scale from 1942 to 1946 [34]. These 
products were made by the alkylation of naphthalene with chlorinated aliphatic hy- 
drocarbons in the presence of aluminum chloride catalysts. 

In the period following World War 11, relatively low-cost dialkylbenzenes be- 
came available as by-products of the manufacture of sodium alkylbenzenesulfonate 
detergents. In the 1950s, these were branched-chain alkylbenzenes made by the al- 
kylation of benzene with propylene oligomers (trimers to pentamers). In the 1960s, 
the detergent industry turned to longer, linear alkyl chains, and the types of dialkyl-
benzene available for functional fluid use changed accordingly. 

In the 1980s, AA fluids began to lose ground to PAO fluids, which were found 
to be more cost-effective and less toxic and to operate over a wider temperature 
range in many applications. Nevertheless, a good deal of research has been published 
on improved products and processes in recent years, and AA fluids remain the prod- 
uct of choice for a variety of applications. Unimolecular 1,3,5-tri-n-alkyl substituted 
alkyl benzenes were found to uniquely possess exceptional thermal stability, ac- 
ceptable oxidative stability, and adequate low-temperature viscosities to provide ac- 
ceptable temperature range capability for military applications. However, commer- 
cially feasible synthetic routes have not yet been developed to produce the 
1,3,5-tri-n-alkyl substituted alkyl benzenes [35]. 
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4.2 Manufacture 

In general, the manufacture of alkyl aromatic fluids may be described as the alkyl- 
ation of aromatic compounds with haloalkanes, alcohols or olefins in the presence 
of a Lewis or Bronsted acid catalyst. The nature of the resulting fluid, however, is 
very dependent on the type of aromatic nucleus, the nature of the alkylating agent, 
the degree of alkylation, the position of the alkyl groups on the aromatic ring, the 
position of the aromatic ring on the alkyl chain and the mixture of molecules in the 
final product. The degree of alkylation and the molecular structure are, in turn, 
determined by the type of catalyst and the reaction conditions. 

As mentioned earlier, branched-chain alkyl benzenes are the by-product of 
detergent manufacture. Excess benzene is alkylated with propylene tetramer at 20-
50°C in the presence of hydrofluoric acid or aluminum chloride as the catalyst. The 
monoalkylate is obtained in about 75% yield and is used as a precursor for the 
sulfonated detergent [36]. The remaining 25% is available as lubricant base stock. 

Dialkyl benzenes incorporating linear alkyl chains are also by-products of de- 
tergent manufacture [37]. A C,,, to C,, paraffin feed is chlorinated and then used to 
alkylate benzene. A variety of products are formed in this process, including the 
monoalkyl benzenes, the dialkyl benzenes, diphenylalkanes, tetralin, and indane de- 
rivatives. The benzene ring is not attached to the linear alkyl chain at the chain’s 
terminal carbon atom. Rather, it is attached randomly to carbon atoms located along 
the chain. The process can be tailored to give relatively less or more dialkylbenzenes 
for the lube base-stock market. 

An alternative process for the manufacture of dialkylbenzenes is by alkylation 
of the benzene with linear olefins. A great deal of progress has been made in recent 
years in accomplishing this reaction over solid catalysts [38]. 

A great many patents and papers have been published on alternative methods 
for the production of AA fluids. A good review of the literature from the mid- 1970s 
to 1990 is available and recommended for those interested in more detail [3]. 

4.3 Physical Properties 

The physical properties of AA fluids vary widely, depending on structure and purity. 
In 1969, Conoco began production of a series of formulated products based on a 
dialkyl benzene base stock which was designated DN-600 Stock. From this material, 
Conoco produced CN-600 Synthetic Motor Oil, DN-600 Antiwear Hydraulic Oil, 
DN-600 Gear Oil, and Polar Start DN-600 SRI Grease. 

Table 16.6 shows the specifications and composition for Conoco’s DN-600 
Base Stock and Table 16.7 gives the specifications for DN-600 Antiwear Hydraulic 
Fluid. 

In 1981, Conoco was acquired by Du Pont, and the alkylbenzene business was 
spun off to Vista Chemical. Vista was acquired by RWE-DWE Co. of Germany in 
1991 [39]. Table 16.8 gives typical values for the Vista dialkylbenzene (DAB) base 
oil. 

4.4 Environmental Impact 

The toxicity of aromatic compounds varies, depending on structure. In general, how- 
ever they cannot compete in applications where extremely low toxicity is important. 
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Table 16.6 Conoco DN-600 Base-Oil Properties and Specifications 

Specification Test method 
~~ ~ 

Specific gravity 0.8628 -0.8576 ASTM D-2422 
Gravity ("API) 32.5 -33.5 ASTM D-287 
Lbs./gal, Typical 7.16 
Flash point (COC) ("C) 2224 ASTM D-92 
Pour point ("C) 5 -65 ASTM D-97 
KV at 100°C (cSt) 1 4 . 9  ASTM D-445 
KV at 40°C (cst) 26-27 typical 
KV at -40°C (cSt) 19500 ASTM D-2602 
VI I 00 ASTM D-2270 
Composition (wt %) 

Monoalky lbenzenes 51 .5  
Diphenylalkanes 5 12.5 
Dialkylbenzenes 180.0 
Poly alkylbenzenes 56.0 
Chlorine 50.0 I 

Source: Data from Ref. 3. 

Table 16.7 Conoco DN-600 Antiwear 
Hydraulic Oil 

Specification Typical 
~~ ~ 

Gravity ("API) 31 
Flash point (OF) 1300 325 
KV at -40°C (cSt) 13000 2600 
KV at 100°C (cst) 3.3 
VI 160 
Pour point ( O F )  5 -70 -80 
ASTM rust, A&B Pass 
Foam test Pass 
Vickers vane pump Pass 

~~~ ~ 

Source: Data from Ref. 3. 

Table 16.8 Comparison of Dialkylbenzene to 
Mineral Oils 
~~ ~ 

DAB Paraffinic Naphthenic 

KV at 250°F 2.42 2.40 2.05 
KV at 2 10°F 5.10 5.10 5.10 
KV at 100°F 29.7 32.9 45. I 
KV at 0°F 9 10 No flow No flow 
KV at -40°F 9540 No flow No flow 
Pour point (OF) -70 0 -30 

Source: Data from Ref. 3. 
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The same may be said for biodegradability, where micro-organisms normally found 
in soil or water cannot digest the aromatic ring. 

5 SILAHYDROCARBON FLUIDS 

Silahydrocarbons (SiHCs), or tetraalkylsilanes, may be characterized as having a 
central silicon atom to which four hydrocarbon chains are attached. The silicon atom 
provides a thermally more stable center than would a smaller, isovalent carbon atom. 
The resultant SiHC molecule has lower-temperature fluidity that is associated with 
hydrocarbon branching combined with higher thermal stability than would be antic- 
ipated from hydrocarbon branching on a carbon atom. Although SiHC fluids have 
never been produced on a commercial scale, they have been extensively studied by 
the U.S. Air Force for aerospace hydraulic fluid applications. 

5.1 Historical Development 

The first syntheses of tetraalkylsilane molecules were reported more than 130 years 
ago by the distinguished chemists Charles Friedel and James Mason Crafts [40,41]. 
There appears to have been little practical interest in these chemically inert curiosities 
until the U.S. Air Force Materials Laboratories (Wright-Patterson Air Force Base, 
OH) began to take an interest in the 1950s [15-171. Researchers at Wright-Patterson 
first coined the term “silahydrocarbons” to reflect the similarity in behavior between 
these compounds and branched, aliphatic hydrocarbons of similar molecular weight 
[421. 

The interest by the Air Force in the development of SiHC fluids was largely 
the same as their interest in PAO fluids. There was a general recognition that new 
high-performance aircraft would require lubricants and fluids capable of operating 
in a high-temperature/wide-liquid-rangeenvironment. Specifically, the Air Force was 
interested in developing a hydraulic fluid for a -54°C to 315°C missile application. 
Later, the Air Force was interested in developing a hydraulic fluid incorporating 
the low-temperature requirements of MIL-H-5606 (mineral-oil based) and the high- 
temperature requirements of MIL-H-83282 (PAO based). By the late 1970s, the Air 
Force had developed SiHC-based formulated fluids which very nearly met the target 
properties [42,43]. The particular tetraalkylsilane that allowed the properties of both 
applications to be met was a random mixture of compounds containing a 50 : 50 
composition of octyl (C8HI7-) and decyl (CIoH2,-) groups on the silicon. 

5.2 Synthesis 

A variety of synthetic routes have been developed for their preparation. 
The earliest preparation of SiHCs by Friedel and Crafts employed the reaction 

of an alkyl magnesium halide (Grignard reagent) with silicon tetrachloride [40,41]: 

4 RMgX + SiCl, + %Si + 4 MgXCl. 

In 1946, Gilman and Clark studied the reaction of Grignard reagents with alkyl 
trichlorosilanes [44]: 

3 R‘MgX + RSiC13 + RSiRS + 3 MgXCl 

The Air Force developed a route based on the reaction of mixed alkyl mag- 
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nesium halides or mixed alkyl lithium reagents with tetrachlorosilane or methyltri- 
chlorosilane [45]. The development of these SiHCs with mixed alkyl groups was 
important in obtaining low melting points. 

Similar preparations based on the use of alkyl lithium, alkyl zinc, and alkyl 
aluminum compounds have been reported. A more detailed discussion with refer- 
ences may be found in Ref. 4. 

A different approach to the preparation of silahydrocarbon fluids is the cata- 
Iyzed hydrosilation of alkenes with alkylsilanes. This was first demonstrated by Aus- 
tin et al., who studied the photocatalyzed addition of alkenes to trialkylsilanes in the 
presence of trinuclear metal carbonyl catalyst precursors [46]. Onopchenko and Sa- 
bourin at Gulf Research and Development (now part of Chevron) later used platinum- 
based catalysts for hydrosilation [47,48]. Finally, researchers at Ethyl Corporation 
(now Albemarle Corporation) developed a route to ethyltrialkylsilanes starting from 
silane itself [49,50]: 

SiH, + I - R’ + NaAIR,LiCI (cat.) + R,SiH, + R,SiH 

R,SiH, + R,SiH + 1 - R’ + Co,(CO), (cat.) + R,SiH 

R,SiH + CH2=CH, + H,PtCI, (cat.) -+ R,SiCH,CH, 

5.3 Physical Properties 

The physical properties of SiHC fluids show that they are suitable for applications 
over a wide temperature range. The properties depend, of course, on the four alkyl 
groups attached to the central silicon atom. Because there are no commercially avail- 
able SiHC fluids, Table 16.9 is a listing of properties for laboratory-produced fluids 
[5I]. Table 16.9 lists only methyltrialkylsilanes, CHJiRR’R”, where R, R’, and R” 
are linear alkyl chains that may be the same carbon number or a mixture of two 
carbon numbers as indicated. It may be noted from the data in the table that SiHCs 
have, in general, high VIs, low pour points, high flash points, and good thermal and 
oxidative stability. 

Table 16.9 Physical Properties of Methyltrialkylsilane Fluids 

Carbon nos. of alkyl groups 

C6/C8 C8/C10 C10 C12/C14 
~ 

KV at -54°C (cSt) 906 2550 Solid Solid 
KV at -40°C (cSt) 256 627 1020 Solid 
KV at 40°C (cSt) 5.84 9.84 12.7 25.1 
KV at 100°C (cSt) I .92 2.82 3.41 5.82 
Viscosity index Undefined 139 151 186 
Pour point (“C) <-65 <-65 -54 - 9  
Oxidation onset (“C) 197.6 197.7 198.0 197.8 
Flash point (COC) (“C) 186 2 14 234 274 
Fire point (COC) (“C) 188 232 254 >283 

Note: Fluids are laboratory samples, not commercial fluids. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



PAOs and Other Synthetic Hydrocarbon Fluids 839 

5.4 Environmental Impact 

Silahydrocarbons, like PAO, have very low toxicity. Oral and dermal LD,,, values 
for octyl/decyl silahydrocarbons have been reported to be >5.0 g k g  and > 2.0 gkg,  
respectively, and the inhalation LC,,, was >4.8 mg/L [52]. Little or no information 
is available on the biodegradability of SiHC compounds, but they would be expected 
to biodegrade in a fashion similar to PAO fluids-with better biodegradability for 
the lower-viscosity products. 

6 APPLICATIONS 

6.1 Background 

The major outlet for synthetic hydrocarbon hydraulic oils as fire-resistant fluids has 
been in U.S. military hydraulic applications. Since the 1940s, aircraft used mineral 
oil for hydraulic fluid, but the industry was plagued from the beginning with fire 
hazards. The mineral oils were required to operate in extreme cold conditions, which 
require a relatively low-flash-point oil. In the 1950s, the commercial aircraft switched 
to fire-resistant phosphate ester hydraulic fluids, but the U.S. military remained with 
mineral oils mainly because of high- and low-temperature operational requirements 
and the reluctance to switch seals, paints, and other materials to phosphate ester- 
compatible materials. 

For many years, MIL-H-5606 hydraulic fluid was the military standard hy- 
draulic fluid for aircraft and MIL-H-6083 [53], the rust-inhibited version, was the 
standard tank hydraulic fluid. Table 16.10 shows comparative properties of military 
hydraulic fluids. These fluids were comprised of a very low-molecular-weight base 
fluid, in order to meet -54°C (-65°F) low-temperature operational requirements. 
These base fluids were thickened with approximately 17% viscosity index improver, 
typically a poly(methy methacrylate), allowing the fluid to meet 135°C (275°F) high- 
temperature viscosity requirements for a Q p e  I1 MIL-H-5440 military hydraulic 
system. The inherent danger of this fluid is obvious in that the flash point of this oil 
is 100°C (212"F), by the Cleveland Open Cup method [54], well below the upper 
operational temperature for the aircraft of 135°C (275°F). For the Air Force alone, 
noncombat fire damage was costing over a $20 million per year. 

6.2 Polyalphaolefins 

In the 1960s, both the Air Force and the Navy embarked on research programs to 
develop fire-resistant hydraulic fluids as drop-in replacements for MIL-H-5606, the 
standard mineral-oil-based DoD hydraulic fluid. This was a very difficult task be- 
cause the replacement fluid had to be completely compatible with MIL-H-5606 as 
well as all of the other hydraulic system materials. The replacement fluid also had 
to provide equivalent hydraulic system performance. The Navy developed exten- 
sively fluids called MS5 and MS6, which were chlorophenylsilicone based [55]. 
These fluids were exceptionally fire resistant but did not have sufficient bulk modulus 
for the flight controls of operational aircraft. In F-4 iron bird testing with MS-6, the 
hydraulic controls experienced excessive flutter and the fluids were deemed unsafe 
for use in existing aircraft. No further development was performed with these fluids. 
The Air Force program led to the development of MIL-H-83282, based on the newly 
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Table 16.10 Selected Typical Physical Properties of Military Hydraulic Fluids 
~~ ~ 

Property MIL-H-5606 ME-H-83282 MIL-H-6083 MIL-H-46170 ME-H-87257 MIL-H-27601 Army SHF” 

Kinematic viscosity 
(mm/s), ASTM D445 
at -54°C 2,450 20,000 3,480 25,000 2,480 20,000 3.450 

-40°C 490 2,140 800 2,500 520 3,950 650 
38°C 14.2 14.2 13.2 19.3 9.0 14.0 9.0 
99°C 5.1 3.6 5.0 3.5 2.6 3.5 2.5 

Pour point (“C) 
ASTM D97 <-59 <-59 <-59 <-54 <-59 <-40 <-60 

Elastomer compatibility 
NBR-Lb Rubber Swell 
(vol %), ASTM D4289 24 18 23 21 20 N f A  22 

~ ~~~ ~~~ 

‘SHF = single hydraulic fluid 
hNBR-L IS the designation for Buna N rubber 
“/A indicates that there is no elastomer compatibility requlrement for this hydraulic fluid 
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emerging commercialization of polyalphaolefins [56]. The U.S. Army developed a 
rust-inhibited version, MIL-H-46 170, for ground vehicle applications [57]. Table 
16.11 shows the comparative flammability properties of MIL-H-5606 and MIL-H- 
83282 and other DoD hydraulic fluids. MIL-H-83282 has a Cleveland Open Cup 
flash point of 224°C (435"F), well above the upper use temperature of 135°C (275°F). 
Considerable controversy over the flammability tests and their interpretation delayed 
the use of MIL-H-83282 in the Navy until 1976, in the Army until 1977, and in the 
Air Force until 1980. Even then, the Air Force did not convert all of their aircraft 
for many years based on the higher viscosity of MIL-H-83282 at low temperature, 
versus MIL-H-5606. [Even today, in extreme cold climates, MIL-H-5606 and MIL- 
H-6083 are used because they are -54°C (-65°F) lower-temperature-use fluids com- 
pared to MIL-H-83282 and MIL-H-46170, which are a -40°C (-40°F) low-tem-
perature-use fluids.] Significant decrease in Air Force fire damage, from an average 
of $20 million per year to an average of approximately $600,000 per year, even with 
some of the aircraft still using MIL-H-5606, has borne out the predictions for savings 
with MIL-H- 83 282. 

MIL-H-83282 is composed of 4-cSt PAO hydrogenated decene trimer with 
approximately 30% diester as a rubber swell agent. Smaller amounts of other 
performance-improving additives are used as required. 

As mentioned earlier, some aircraft and tanks did not convert to MIL-H-83282 
or to the rust-inhibited counterpart, MIL-H-46170, used in most U.S. Army tank 
applications. In response to the need for a low-temperature verson of a fire-resistant 
fluid, the Air Force developed MIL-H-87257 hydraulic fluid in the 1980s [43,58]. 
As of this writing, MIL-H-87257 has successfully completed flight tests in a KC-
135 and further testing is scheduled. MIL-H-87257 hydraulic fluid is composed of 
a blend of 2-cSt PAO and 4-cSt PAO along with the needed rubber swell ester and 
other additives. The low-temperature viscosity requirement in the military specifi- 
cation is less than or equal to 2500 cSt at -54°C (-65°F). 

The U.S. Army embarked on development of a low-temperature fire-resistant 
hydraulic fluid for tank use based on somewhat different flammability and low- 
temperature limits and also containing the required rust inhibition for tank and other 
ground vehicle applications. This fluid, like ME-H-87257, is also based on a blend 
of PAO hydrogenated decene dimer and trimer blends, but formulated with a rust 
inhibitor in addition to the other performance-improving additives. The intent of the 
development of this new fluid is to replace both MIL-H-6083 and MIL-H-46170 
with one hydraulic fluid for logistic reasons. It is therefore called the Army single 
hydraulic fluid (SHF). This new fluid is currently in field tests [59,60]. 

Another military hydraulic fluid based on PAOs is MIL-H-27601B [61]. This 
fluid specification in previous versions was based on a highly refined, deep dewaxed 
paraffinic mineral oil and the fluid was only used in the once classified SR-71 aircraft. 
A PAO was developed by the Air Force as a no-retrofit, direct drop-in replacement 
for the mineral oil but has yet to be fielded because the aircraft was decommissioned. 
MIL-H-27601B is based on the 4-cSt PAO with some performance-improving ad- 
ditives, but with no rubber swell ester. Because of the imposed mission of the SR- 
71, the MIL-H-27601 temperature range was -40°C (-40°F) to 288°C (550°F). At 
that high upper temperature, no elastomeric seals were used in the aircraft, so no 
rubber swell ester was needed nor could it be used at that upper temperature. With 
the military emphasis on higher temperatures and increased performance, MIL-H- 
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Table 16.11 Flammability Properties of Military Hydraulic Fluids 

property ha-H-5606 MIL-H-83282 ME-H-6083 MIL-H-46 170 MIL-H-87257 MIL-H-27601 Army SHF* 
~~~~~ ~~~~ 

Use temperature ("C) -54 to 135 -40 to 200 -54 to 110 -40 to 135 -54 to 135 -40 to 290 -54 to 135 
Flash point, D92 ("C) 
AIT E659 ("C) 

102 
235 

224 
365 

126 
243 

220 
363 

I66 
235 

224 
365 

182 
356 

Linear flame propagation 
rate, D5306 ( c d s )  0.73 0.20 0.95 0.23 0.30 0.20 0.25 

~ 

"SHF= single hydraulic fluid. 
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2760 1 and other high-temperature hydraulic fluids continue to be considered for 
future applications [62]. 

6.3 AIkyI a romat ics and Sila hydrocar bons 

Both alkylaromatics [35] and silahydrocarbons [46,47,49], as previously described, 
have been investigated by the Air Force as high-temperature, fire-resistant hydraulic 
fluids in the past. The silahydrocarbon was extensively developed as a -54°C 
(-65°F) to 316°C (600°F) Advanced Strategic Air Launched Missile fluid, but the 
missile was never fielded because of demilitarization agreements between the United 
States and the Soviet Union in the 1970s. 

Silahydrocarbon-based candidates were considered for both the MIL-H-87257 
and the MIL-H-27601B applications and showed superior properties to the PAO- 
based replacements [61], but they could not compete with the PAO in cost, com- 
mercial availability, and use history. In addition to the excellent thermal stability 
exhibited by the n-alkyl-substituted silahydrocarbons, they also demonstrate excellent 
viscosity indices. If either alkylated aromatics or silahydrocarbons are used in the 
near future, it will likely be in a niche application where PAOs are unacceptable for 
some reason. However, as requirements become increasingly stringent, silahydrocar- 
bons would be a natural candidate replacement base stock for the PAOs when the 
PAOs can no longer meet the requirements. 
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Emulsions 

YINGHUA SUN and GEORGE E. TOTTEN 
Union Carbide Corporation, Tarrytown, New York 

1 INTRODUCTION 

Although petroleum-oil hydraulic fluids provide outstanding performance, there are 
a number of application areas in which their high fire-risk potential with respect to 
equipment damage and loss of lives precludes their use. For example, in a 1956 
underground mine fire in Marcinelle, Belgium, 267 miners lost their lives [I]. This 
fire was caused by damage to a hydraulic line containing mineral oil in the mine 
shaft. When the mineral-oil spray contacted a nearby electrical cable, an electric arc 
ignited the oil. As a result of this and other disastrous fires, government regulations 
in Europe, the United States, and other countries mandated that fire-resistant fluids 
be used. 

Fire resistance is imparted to hydraulic fluids in one of two ways. One method 
is in a fluid molecular structure which would include fluids such as phosphate esters. 
The second common method of imparting fire resistance is by the use of water in 
the hydraulic fluid formulation. In this case, water has been called a “snuffer” [2] 
and water-containing fluids have been called “snuffer fluids” [33 .  Water may be 
emulsified in oil (water-in-oil or w/o emulsions) or oil may be emulsified in water 
(oil-in-water or o/w emulsions) to provide fire-resistant emulsion-oil hydraulic fluids. 
In addition, water may be freely soluble when water-soluble components are used 
or it may be part of a microemulsion. 

Since the 1956 Marcinelle fire, various water-containing emulsions have been 
among the most common types of fire-resistant fluids used in the coal mining industry 
[4-71. Other industries that utilize emulsion hydraulic fluids include zinc and alu- 
minum die casting [5], plastic injection molding [5], steel rolling [8], and continuous 
steel casting [9]. 

In this chapter, the formulation, properties, and use of emulsion hydraulic fluids 
will be discussed. This discussion will include the following: 

047 
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Flu id classification 
Fluid chemistry/formulation 
Fluid properties 
Fluid maintenance 
Fluid conversion 

2 DISCUSSION 

2.1 Fluid Classification 

Emulsion hydraulic fluids are part of a larger I S 0  classification of fire-resistant fluids 
summarized in Table 20.1 (see Chapter 20) which include HFA, HFB, HFC, and 
HFD fluids [10,111. The fluids designated as HFC (water-glycol hydraulic fluids) 
were discussed in detail in Chapter 18 and HFD fluids, polyol esters and phosphate 
esters were discussed in Chapters 19 and 20, respectively. Fluids classified as HFA 
and HFB will be discussed in detail in this chapter. 

2.1.1 HFA Fire-Resistant Hydraulic Fluids 

There are two subclassifications of HFA fluids. One is HFA-E, which is an emulsion 
(E) typically formed on-site by the user by mixing 1-5% oil and additives into water 
(95%) [ 11,121. These fluids are often called “soluble oils” where water is the con- 
tinuous phase. The oil is solubilized into water by a comicellization process depicted 
in Figs. 17. l a  and 17.1 b. A surfactant possesses a polar (either ionic or water-soluble 
polyether) and a nonpolar (often hydrocarbon) end. One method of hydraulic emul- 
sion formation is to add the surfactant to the oil which upon dilution with water, the 
nonpolar end will penetrate into the nonpolar oil droplet, producing a water-soluble 
polyether or ionic functionalized surface as illustrated in Fig. 17. l a  [131. The func- 
tionalized droplet (comicelle) will be water dispersible (emulsion) or soluble (mi- 
croemulsion). The amount of the “soluble” oil used will vary with the type of oil, 
fluid power application, and water hardness (in terms of calcium carbonate and chlo- 
rides) [4]. These fluids may exhibit viscosities as low as 1 cps. Fluid viscosity is 
increased by substantially decreasing water content [ 141. 

The second subclassification of HFA-S is an emulsion or microemulsion of up 
to 20% of a synthetic polymer (S), additives, and water (>80%).These fluids are 
also known as high-water-base fluids (HWBF) [ 141. Thickened or “viscous” versions 
of these fluids (VHWBF) are also available which contain approximately 6% of a 
synthetic polymer thickener, 4% additives, and up to 90% water [9,14]. The poly- 
meric thickeners used typically employ an associative thickening mechanism depen- 
dent on surfactantlike hydrophobic interactions between either terminal or pendant 
hydrocarbon functional groups on the water-soluble polymer with itself as illustrated 
in Fig. 17.2 [ 141 or with an emulsifier. The polymer-polymer or polymer-surfactant 
complex behaves as a much larger molecule which exhibits a significant increase in 
thickening efficiency. These associative complexes may be large and opaque (emul- 
sions) or small and clear (microemulsions). Some polymers used for HFA-S for- 
mulations are water soluble and do not employ associative thickening mechanisms. 
Solutions formed with these polymers are clear. 

Therefore, HFA hydraulic fluids may be formulated as true solutions micro- 
emulsions (transparent appearance) and macroemulsions (opaque or white appear- 
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n 

W
Polar hydrophilic 
head Nonpolar hydrophobic tail 

’ 
Polar hydrophilic 
head Nonpolar hydrophobic tail 

-O_r 
(b) 

Figure 17.1 (a) Micelle-solubilized oil droplet with surfactant hydrophobe interpenetration 
into a hydrocarbon oil droplet and water solubilization by interaction of the water with the 
polar head of the surfactant. (b) Illustration of a “reverse micelle,” where water is solubilized 
in oil by adsorption of the polar head of the surfactant with the water droplet surface and oil 
solubilization is achieved by interaction of the hydrophobic tail of the surfactant with the oil. 

ance) [ l l ] .  (Spikes reports macroemulsion particle sizes of 0.5-10 pm for these 
fluids [15].)Table 17.1 provides a summary of emulsion particle size and appearance 
~251. 

In general, HFA macroemulsions may not be thermally stable and they may 
exhibit relatively poor antiwear properties in the hydraulic pump [1 1,161. However, 
HFA microemulsions may exhibit improved thermal and viscosity stability relative 
to the macroemulsions in use [1 11. 

2.1.2 HFB Fire-Resistant Hydraulic Fluids 

HFB fluids are formulated by emulsifying 35-40% water into the oil, which is the 
continuous phase [12], as opposed to soluble oils (HFA-E). HFB emulsions are des- 
ignated as “invert” emulsions. These fluids are supplied in ready-to-use form and 
are not mixed by the user on-site [15]. The colloidal particle size has been reported 
to be 3-8 pm [4]. 
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- 0 -0-0 -0 - = hydrophilic chain of base thickener 
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0 -0 -0 -H = emulsifier with hydrophilic end 

Figure 17.2 Illustration of an emulsifier with a thickener. The interaction occurs through 
interaction of the hydrophobic portion of the surfactant emulsifier with hydrophobic regions 
of the polymeric thickener. This interaction produces an “associative thickening” effect. 

2.2 Fluid Formulation 

An HFA-E or HFB emulsion hydraulic fluid is typically composed of mineral oil, 
surfactant, water, and additives. The surfactant that is selected is dependent on 
whether the final fluid will be an HFA-E or HFB. HFA-S fluids typically contain 
components similar to an HFA-E fluid with the exception that the mineral oil is 
replaced by a synthetic polymer. The additive package is selected to provide the 
desired emulsification, corrosion protection, antifoam, dyes for leak detection, and 
antiwear protection. A list of additive performance requirements is provided in Table 
17.2 19,101. 

Because the lubrication mechanisms are different for aqueous fluids, including 
emulsions such as HFA and HFB hydraulic fluids, some of the additives utilized are 
different than those used for mineral oils [9,17]. Additives that may be used in the 
formulation of HFA and HFB fluids may include alkyl sulphonates, fatty esters and 
carboxylates, alkylated phenolic derivatives, and nonionic surface-active polymers 
for use as emulsifiers. Silicone polymers have been used as antifoam additives 
[18,191. Antiwear properties have been provided by sulfurized sperm oil, metal di- 

Table 17.1 Effect of Dispersed Phase Size on 
Emulsion Appearance 

Particle size ((um) Appearance 

Greater than 1 (urn Milky white 
1.0 to 0.1 k m  Blue-white emulsion 
0.1 to 0.05 (urn Grey semitransparent 
Less than 0.05 p m  Transparent 

1-1 
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Table 17.2 Development of an Advanced Emulsion HFA Hydraulic Fluid 

Performance requirement Solution to problem 

Emulsion stability Emulsifier chemistry 
High volumetric Viscosity >I mm’s-’ 
Shear stability Emulsifier and polymer chemistry 
Corrosion protection Compatible corrosion inhibitor 
Wear protection Chemistry of base oil, emulsifier, antipitter, antiwear, and 

polymer 
Seal compatibility/wear Emulsion in preference to solution 
Low foaming Compatible antifoam 
Bacterial resistance High pH, stable emulsion* 

~~~~~~ ~ 

*Availability of compatible biocides for use if required. 

thiocarbamates, metal dithiophosphates, polychloronaptha alkyl xanthates, dibenzyl 
sulfides, or other derivatives [191. Possible antioxidants include di-tertiarybutyl-para- 
cresol and phenyl-alpha-naphthylamine. Corrosion inhibitors, typically amine salts 
of acids and yellow metal passivators such as 2-mercaptobenzothiazole are also used 
[18,191. An illustrative additive formulation and recommended concentration ranges 
that may be used in fluid formulation is provided in Table 17.3 [ I  11. 

2.3 Emulsification Technology 

2.3.1 Surfactants 

Surfactants are surface-active molecules or polymers that typically exhibit a water- 
loving end (hydrophilic) and a water-disliking end (lipophilic). Figure 17.1 sche-
matically illustrates the use of a surfactant to solubilize oil in water or water in oil. 

Table 17.3 Selected Additives for Improving Physical, Chemical, Rheological, and 
Tribological Properties of Hydraulic Fluids 

Recommended 
concentration 

Additive name Functional application ranges (wt.%) 

Alkylbenzotriazole Copper passivator 0.1-1 .o 
Ethoxylated ethanolamide Corrosion inhibitor 0.1-1.o 
Pol yal kylmethacrylate Pour-point depressant and 1 .o-2.0 

viscosity index improver 
Tetraethylene glycol Antifoam and pour-point 0.1-1.o 

depressant 
ZDDP* Antiwear agent 0.1- 1 .o 
Nitroalkylmorpholine derivative** Biocide 0.001-2.0 
1-Phenyldodecane Antiswelling agent 0.001-0.2 

*For chemical formula. 
**This additive consists of a mixture of 4-(2-nitrobutyl)morpholine and 4,4’-(2-ethyl-2-nitrotrimethy-
1ene)-dimorpholine. 
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Illustrative surface-active (surfactant) molecules are depicted in Fig. 17.3. These 
include stearic acid which has a heptadecyl, CH,(CH,),,-, a lipophilic end (hydro- 
phobe), and a polar carboxyl, COOH, lyophylic end (hydrophile). Another example 
is sodium oleate, where the hydrophobe (water-disliking end) is CH,(CH,),CH= 
CHCH,CH=CH(CH,),-, and the hydrophile (water-loving end) is the sodium salt 
of the carboxylic acid COONa. Both are examples of ionic surfactants. 

Examples of nonionic surfactants in Fig. 17.3 are ethoxylated oleyl alcohol 
where the oleyl group is the hydrophobe and the poly(ethoxy), -(CH,CH,O),-, is 
the hydrophile. The larger the value of n, the more hydrophylic the poly(ethoxy) 
functionality. The other example shown is ethoxylated nonylphenol, where the hy- 
drophobe is the nonylphenyl group and the poly(ethoxy) group is the hydrophile. 

When a surfactant is first added to solvent (in this case, water), it exists as a 
random, unordered solution. As the surfactant concentration increases, a monolayer 
of oriented surfactant molecules is formed such as shown in Fig. 17.4. At this point, 
the critical micelle concentration, the surfactant molecules aggregate to form mi-
celles. Experimental work has been done to characterize the surface coverage of 
water by stearic acid, as shown in Fig. 17.5 [20]. 

Surfactant HLB Characterization 
The numerical expression of the balance and strength of the hydrophilic (water loving 
or polar) and the lipophilic (oil loving or nonpolar) groups of a surfactant is the 

X -Hydrophile 
Hydrophobe /I 

Molecule Hydrophobe Hydrophile (X) 

Stearic Acid Heptadecyl (CH,(CH,),& -COOH 

Sodium Oleate Oleyl( CH,(CH,),=CHCH,CH=CH( CH,),) -COONa 

(C1g:l) 

Cls:l(E0)ZH 
Ethoxylated Oleyl Alcohols 

Ethoxylated Nonylphenol 

c g H I g eOfEO),H 

Where: E 0  is ethyleneoxy: (CH2CH20 j -

Figure 17.3 Illustration of the hydrophobic and hydrophilic portions of commonly en- 
countered surfactants. 
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increase 
surfactant’ 
concentration 1 %  I 

Below Critical > CMC 
Micelle Concentration(CMC) Micelle Formation 

Figure 17.4 Micelle formation occurs only above a characteristic point called the critical 
micelle concentration. 

HLB (hydrophile-lipophile balance) value of a surfactant. HLB values below 9.0 
indicate that the surfactant is lipophilic in character. Hydrophilic surfactants exhibit 
HLB values >11 .O. HLB values in the range 9- 11 are considered intermediate be- 
tween hydrophobic and hydrophilic. 

Figure 17.5 (a) Film pressure-area isotherm and molecular orientation of stearic acid. (b) 
The dimensions of a monomolecular surface film of stearic acid on water. 
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Figure 17.5 Continued 

A wide range of HLB values may be obtained by blending emulsifiers. The 
HLB value of a blend may be calculated by multiplying the fraction of the emulsifier 
in the blend times its HLB value. For example, if an emulsifier blend contains 70% 
of Emulsifier A with an HLB of 15.0 and 30% of Emulsifier B with an HLB of 4.3, 
the HLB of the blend will be 

Emulsifier A 0.7 X 15.0 = 10.5 
Emulsifier B 0.3 X 4.3 = -1.3 

HLB of the blend = 11.8 

The ability of an emulsifier to form an oil-in-water ( O N ) or a water-in-oil 
(W/O) emulsion is dependent on the HLB value of the emulsifier system, as shown 
in Table 17.4 [21]. For example, to prepare an O N emulsion, a water-soluble emul- 
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Table 17.4 Classification of 
Emulsifiers According to HLB Values 

Range of HLB 
values Application 

3.5-6 W/O emulsifier 
7-9 Wetting agent 
8-18 O N emulsifier 

13-15 Detergent 
15-18 Solubilizing agent 

sifier (HLB 8-18) will be selected. Conversely, to prepare a W/O emulsion, an oil- 
soluble emulsifier (HLB 4-6) will be selected. The proper selection of the HLB 
value will affect the character of the dispersion as shown in Table 17.5 [22]. Also, 
it must be noted that HLB values do not reflect the stability of the emulsion, only 
the ability to form it [23]. 

It should be noted that HLB values of different chemical structures should not 
be used to compare the emulsification ability of one class of emulsifiers with respect 
to another. Instead, only the HLB values of similar structures should be directly 
compared [23]. 
Calculation of HLB Values 
There are various methods for calculation of HLB values. One method is to calculate 
the HLB value from the chemical structure by summing a group’s contributing num- 
ber [21]: HLB = Z(hydrophi1ic numbers) - in (group number per -CH2- group)
+ 7. Table 17.6 provides a summary of illustrative HLB group numbers. A com-
parison of the HLB values calculated by this methods versus experimentally deter- 
mined values is provided in Table 17.7. 

In many cases, however, the chemical name of the emulsifier is only represen- 
tative of the structure, which is actually a blend. This is true of many emulsifiers 
derived from natural products. In such cases, if possible, it is preferable to determine 
the HLB value experientially. For polyol fatty acid esters, the HLB value can be 
calculated from [23] 

H L B = 2 O ( I  -:) (17.1) 

where S is the saponification number of the ester and A is the acid number of the 
recovered ester. 

Table 17.5 The Effect of HLB Rating of 
an Emulsifier on the Emulsion Produced 

HLB range Form of solutioddispersion 

1-4 No dispersion in water 
9-10 Stable milky dispersion 
>13 A clear solution 
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Table 17.6 HLB Group Numbers 

Hydrophilic groups Group number 

-SO,NA' 38.7 
-COO-K' 21.1 
-COO-Na' 19.1 
Sulphonate about 1 1  
Ester (sorbitan ring) 6.8 
Ester (free) 2.4 
-COOH 2.I 
Hydroxyl (free) 1.9 
-0- 1.3 
Hydroxyl (sorbitan ring) 0.5 

Lipophilic groups 

-CH- 0.475 
-CH2- 0.475 
-CH3- 0.475 
-CH- 0.475 

Derived group 

If the emulsifier is a fatty ester of a polyol, the following equation may be 
used to calculate HLB [23]: 

E + P  
HLB = - (17.2)

5 

where E is the weight percent of oxyethylene content and P is the weight percent 
of the polyol. The total value of the hydrophilic component is E + P. 

In the case of nonionic emulsifiers containing a polyethyleneoxy as the hydro- 
philic nonionic moiety, such as polyoxyethylene stearate, the HLB value can be 
calculated from [23] 

E
HLB = - (17.3)

5 

2.3.2 Emulsification 

Emulsions are dispersions of one liquid that is insoluble in the other. An emulsion 
is composed of an internal phase, external phase, and an interphase. For an HFA 
hydraulic fluid, the internal phase is oil, the external phase is the continuous phase 
(in this case, water), and the interphase is the surfactant which interacts with both 
the internal and external phases. The efficiency of the stabilizing action is dependent 
on the hydrophile-lipophile balance [24]. 

Figure 17.l a  illustrates the interaction of surfactant molecules with a dispersion 
of oil droplets in water. The dispersing process for HFA fluids (oil-in-water) involves 
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Table 17.7 Comparison of the HLB Values Calculated by This Method Versus 
Experimentally Determined Values 

HLB HLB from group 
Surface active agent from expt. numbers 

Na lauryl sulphate 40 
K oleate 20 
Na oleate 18 
Tween 80 (sorbitan “mono-oleate” + 20 15 

(CH, -CH,-0)groups) 
Alkyl aryl sulphonate 
Tween 81 (sorbitan “mono-oleate” + 6 

11.7 
10 

-

11.9 
(CH,-CH,-0) groups) 

Sorbitan monolaurate 8.6 8.5 
Methanol - 8.3 
Ethanol 7.9 7.9 
n-Propanol - 7.4 
n-Butanol 7.0 7.O 
Sorbitan monpalmitate 6.7 6.6 
Sorbitan monostearate 5.9 5.7 
Span 80 (sorbitan “mono-oleate”) 4.3? 5.7 
Propyleneglycol monolaurate 4.5 4.6 
Glycerol monostearate 3.8 3.7 
Propylene glycol monostearate 3.4 1.8 
Sorbitan tristearate 2.1 2.1 
Cetyl alcohol 1 1.3 
Oleic acid 
Sorbitan tetrastearate 

1 
-0.5 

(1) 
0.3 

stirring the oil-water mixture sufficiently fast to break up the larger oil droplets into 
smaller droplets, thus increasing the surface area and improving the potential for 
emulsification or microemulsification. If the water is the continuous phase, as shown 
in Fig. 17.la, the hydrophobic region of the surfactant molecule will adsorb on the 
oil droplet surface, creating a surface which is either polar or functionalized by a 
water-soluble polyether (polyethylene oxide) functionality. Once the oil droplet sur- 
face is functionalized in this way, it may form a stable dispersion (emulsion) in 
water. 

The emulsification process for HFB fluids (water-in-oil) is reversed. As shown 
in Fig. 17.lb, the oil is the continuous phase. The surfactant molecule adsorbs at the 
water-oil interface such that the polar end adsorbs on the water droplet surface and 
the hydrophobic end extends into the oil phase. In this way, the surface of the water 
droplet is made hydrophobic, making a stable dispersion (invert emulsion) of the 
water in the oil. 

Phase Diagram Characterization of O N  Microemulsions 
Although HFB hydraulic fluids are typically macroemulsions, there has been some 
interest in developing microemulsion HFB fluids because they would be less sus- 
ceptible to the very large viscosity variations that may be encountered with macro- 
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emulsions [ I l l .  Garti et al. performed a systematic investigation of the effect of 
emulsifier type on the phase diagrams of water-in-oil mixtures of emulsifier/paraffinic 
mineral oil and distilled water [ 1 11. The paraffinic mineral oil contained approxi- 
mately 70% paraffinic oil fractions and 30% of a mixture of naphthenic and aromatic 
fractions. Two ethoxylated oleyl alcohol derivatives were used as emulsifiers. One 
derivative contained two ethoxyethy groups (EO), which had an HLB of 4.9 and 
was designated as C,, ,(EO),. The other derivative contained an average of 20 mol 
of ethoxyethyl groups, which had an HLB of 15.3 and was designated as C,, ,(EO)?(,. 
A third emulsifier was prepared by blending these two oleyl ethoxylates at a ratio 
of 58 C,, ,(E0),/42 C,, ,(EO),()by weight to form an emulsifier with an HLB of 
10.9. This HLB value was selected because it is the required value to form a mi- 
croemulsion for this paraffinic oil. The three-component phase diagrams that were 
produced are shown in Figs. 17.6a-17.6d [ l l ] .  

Figure 17.6a illustrates the three-component phase diagram formed with 
C,, ,(EO),/mineral oil/water. The L, phase is a microemulsion of reverse micelles 
swollen with water in the core. (A reverse micelle refers to the surfactant micellar 
aggragate that is formed with the polar portion of the surfactant in the core and the 
hydrocarbon portion is extending into the oil.) Only minor amounts of water are 
solubilized in the L, region. The remainder of the diagram is a two-phase water-oil 
mixture because the surfactant was unable to form micelles in higher water concen- 
trations by normal micellization due to its low HLB number (hydrophobicity). 

Figure 17.6b illustrates the three-component phase diagram formed when 
C,, ,(EO),,) is used as the emulsifier [ 113. The L, microemulsion region is slightly 
larger and contained approximately 10% water. There is also a very large liquid- 
crystalline region with a hexagonal structure indicated by E. 

The three-component diagram indicated shown in Fig. 1 7 . 6 ~  [ 1 11. The L, phase 
is larger than that obtained for Fig. 17.6a or 17.6b, indicating a synergy obtained by 
blending the two emulsifiers, and it contains approximately 22% water. There is also 
a small L,  phase which consists of normal micelles with small amounts of oil that 
is solubilized. In between, L, and L, is a lamellar liquid-crystalline region indicated 
by region D. The lamellar liquid-crystalline phase is due to geometrical restrictions 
of the hydrophilic portion of the emulsifier. 

To be commercially interesting, the microemulsion must contain at least 35% 
water to provide the minimum fire resistance. Therefore, Garti et al. prepared a four- 
component mixture by replacing the paraffinic oil with a 1/1 blend of pentanol and 
the paraffinic mineral oil. The phase diagram obtained is shown in Fig. 17.6a [111. 
In this case, a very large L, region was obtained, which contained approximately 
35% water. To form this component, nearly 27.3% of the emulsifier blend was 
required. 
2.3.3 Emulsion Theory 

In this section, a selected overview of various theoretical principles that will provide 
a greater fundamental understanding of emulsion technology will be provided. 
The Einstein Equation and Volume Concentration in the Dispersed Phase 

Emulsion viscosity (q)may be quantitatively expressed by the Einstein equation 

q = qo(q + K )  (1 7.4) 

where q is the emulsion viscosity, qois the external-phase viscosity, cp is the phase- 
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Water 

Water 

Figure 17.6 (a) Phase diagram of a paraffinic mineral oil, water, and an ethoxylated oleyl 
alcohol (2 EO) at 25°C and 45°C.L, represents the water-in-oil microemulsion phase. (b) 
Phase diagram obtained at 25°C and 45°C when a 20 E 0  ethylate of oleyl alcohol is used. E 
represents the area where a liquid-crystalline mesophase is obtained. (c) Phase diagram ob- 
tained at 25°C and 45°C when a mixture of 0.5fV0.42wt/wt ratio of the 2 E 0  ethoxylated 
oleyl alcohol/20 E 0  ethoxylated oleyl alcohol is used (HLB = 10.9). L, and L, represent 
o/w and w/o microemulsions. D is the liquid-crystalline region. (d) The phase diagram ob- 
tained with the same four components except with the addition of pentanol as a cosurfactant 
at a 1/1 wtlwt ratio with the oil. At maximum water solubilization, the pentanol is 20.4 
Wtl%. 

volume ratio or volume occupied by the internal phase, and K is a constant dependent 
on the emulsifying system and relative particle size [24]. This relationship means 
that emulsion viscosity increases as the volume of the internal phase increases. 

There are situations in which the Einstein equation is not true, such as the point 
of emulsion inversion. However, Pell and Holtzmann have shown that when using 
well-chosen emulsifiers as the internal phase approaches a theoretical limiting vol- 
ume (52% for constant-volume spheres), there will be a phase inversion where the 
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Oil 

, Cie i(EO),+ 
Cie i(EO),, 

Oil + Pentanol 

Water 

Figure 17.6 Continued. 

internal phase becomes the continuous phase. This new system then follows the 
Einstein equation again. This is demonstrated in Table 17.8 [24]. In this example, as 
the water concentration (internal phase) is increased from 20%to 60%, the viscosity 
increases from 135 to >2000 SUS. A phase inversion occurs when water concentra- 

Table 17.8 Effect of Internal-Phase Volume Ratio on Emulsion Viscosity 

Composition (96) Emulsion viscosity Emulsion 

Emulsion Emulsifier Oil Water at 100°F (SUS) Type 
~~~~ ~ ~ 

A 
B 
C 

3.0 
3.0 
3 .O 

77.0 
37.0 
17.0 

20.0 
60.0 
80.0 

135 
>2000 

95 

w/o
w/o 
O N  
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tion is increased to 80% and the viscosity if 95 SUS. However, the oil, which is the 
internal phase, represents only 17% of the fluid volume. 

Effect of Particle Size on Viscosity 
Emulsion viscosity (q) is dependent on the diameter of the particle. Generally, emul- 
sion viscosity increases with decreasing particle size as shown by the Sherman equa- 
tion [24]: 

q = x -
1 + c (17.5)

dm 

where d, is the average particle diameter and X and C are constants. This effect is 
illustrated by the data in Table 17.9 [24]. 

Emulsion Turbidity 
Emulsion turbidity is quantified by the Raleigh equation [25]: 

327~'n'An~NV~ 
T =  (17.6)

3A4 

where 

T = the turbidity 
A = the wavelength of light 

An = the difference of the refractive index between the medium and scattering 
unit 

V =  the volume of the scattering unit 
N = the number of scattering units per unit volume 

This equation indicates that increasing turbidity will occur with increasing particle 
size. Therefore, macroemulsions, which exhibit larger particle sizes ( V )  than micro- 
emulsions, will be more turbid, as is observed. Particle sizes can be increased by 
increasing the oil-surfactant ratio or, in the case of nonionic surfactants, by opti- 
mizing the temperature [25]. Generally, oil solubilization in water increases signifi- 
cantly as the cloud point of the emulsifier is approached. The effect of temperature 

Table 17.9 Effect of Internal-Phase Ratio 
on Particle Diameter and Emulsion Viscosity 

0.1809 1.59 2.45 
1.15 3.77 

0.3707 2.74 3.09 
1.41 3.91 

0.5704 3.61 4.83 
1.38 5.82 

0.6739 3.98 6.38 
1.56 7.12 

0.7280 2.71 7.58 
1.46 8.18 
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is most notable with nonionic emulsifiers. Qpically, similar temperature effects are 
not observed with ionic surfactants [25].  

Pell and Holtzmann showed that solution viscosity was dependent on the ratio 
of emulsifying agent to oil as shown in Table 17.10 [24]. In general, increasing the 
concentration of the emulsifier will produce a slight increase in viscosity. The emul- 
sion viscosity increases at the point of inversion with increasing surfactant -oil ratio 
as indicated by the phase-volume ratio in Table 17.10 [24]. 

Schulman found that emulsions could be converted into microemulsions by the 
addition of an alcohol as a cosurfactant for an oil-in-water system emulsified by an 
ionic surfactant [25]. The alcohol acts as a lipophilic cosurfactant for an ionic sur- 
factant, which is often too hydrophilic. Light-scattering experiments showed that 
these systems, called “Schulman’s microemulsions,” contained a range of colloidal 
particles from 100 to 1000 A in diameter. Particles of approximately 100 A are 
consistent with the dimensions expected for micelles. Therefore, Schulman consid- 
ered a microemulsion as a “swollen” micellar solution [25].  

Ease of Formation 

The ease of formation of the emulsiodmicroemulsion systems may be analyzed using 
the basic solubility equation [25] :  

V,(pfB‘
In a,  = In x7 + - (17.7)

RT 

where 

a,  =the relative activity of the solute in equilibrium with the solute in the 
micelle and in bulk solution 

x7= the solubility expressed as mole fraction 
V2= the molecular volume of the solute 
(p, = the volume fraction of the solvent 
B’ = the energy of mixing per unit volume at infinite dilution 

Because the activity of water is always considered to be approximately 1, the 
amount solubilized is proportional to the number and size of the micelles and to the 
type of hydrophilic portion of the emulsifier. The molecular volume of solubilized 
water is very small compared to an oil molecule and, therefore, is constant. This 
illustrates that the molecular volume of the solute (V7)is important with respect to 
solubility. 

The amount of oil solubilized in water is also proportional to the number and 
size of the micelles formed but not very dependent on the lipophilic groups; however, 

Table 17.10 Effect of Internal-Phase Ratio on Emulsion Viscosity 

Ratio of Viscosity (q) Phase-volume ratio 
emulsifying agent (apparent poises) (@) at inversion 

1 2.7 0.594 
2 5.53 0.732 
3.5 12.05 0.780 
5 13.15 0.723 
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it is dependent on the molecular volume of the oil. For W/O microemulsions, Vz is 
small and solubilization is large and independent of the surfactant type. However, 
for O N microemulsions, V, is large and variable, resulting in low solubilization of 
the larger oil molecules. This explains why W/O microemulsions are easier to prepare 
than O N microemulsions [25]. 

Coalescence and Emulsion Type 
The Bankroft rule states “the phase in which the stabilizing agent (emulsifier) is 
more soluble will be the continuous phase” [21]. In an earlier discussion, it was 
shown that emulsifier HLB values may be selected to favor the emulsion type 
(OnV or W/O). However, these are empirical rules that must be confirmed by ex- 
periment. Davies and Rideal have proposed that coalescence kinetics is responsible 
for emulsion stability and the type of emulsion formed in shaken systems [21]. 
Coalescence kinetics will be discussed further here. 

For an oil-in-water emulsion, the coalescence of two oil droplets will require 
the displacement of water of hydration surrounding the micellized oil droplet. The 
total energy of displacement, 2 Eh. This is dependent on the number and type of 
hydrated groups on each molecule of the emulsifying molecule and on 8, the ratio 
of the surface covered [21]: 

w,= 0 c E,, (1 7.8) 

A strongly hydrated emulsifying agent is required to stabilize the oil-in-water emul- 
sion. This occurs by hydrophobic interaction with the oil to promote adsorption and 
by increasing 8. However, hydration of the micelle formed hinders close contact 
of the oil droplet surfaces. Therefore, both charge and hydration may decrease 
the coalescence rate (Rate 1) and two energy barriers (W, and W2)act simultane- 
ously [21]: 

(17.9) 

where +) is the electrical potential on the surface of the droplet, $; is the repulsive 
potential, and C,  is the collision factor. For oil emulsified with sodium oleate, $()= 
-175 mV, assuming one electronic charge per 45 A2 [25]. This equation can be used 
to analyze the effects of the addition of a coemulsifier. For example, if cetyl alcohol 
is added to a potassium oleate stabilized oil-in-water emulsion, the value for $()would 
not be expected to change. However, the values for 8 and E,, will be affected. In this 
particular system, it has been shown that Rate 1 is 10 times greater when cetyl 
alcohol is added as a coemulsifier than when potassium oleate is used by itself [21]. 

For the coalescence of two water droplets in a water-in-oil system, the rate of 
coalescence (Rate 2) will depend on hydrodynamic factors included in the collision 
factor, Cz, on the number m of the -CHz- groups in each hydrocarbon chain, and 
on 8, the fraction of the surface actually covered by the emulsifier. The energy barrier 
for water passage over each -CHz- group is approximately 300 cal and the water 
must “bridge” 2m -CHz- groups [21]: 

W2= 2m0 X 300 (17.10) 
-600m8

Rate 2 = C ,  exp ( RT ) (17.11)  
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These equations indicate that a high fraction of surface coverage of long chains of 
-CH2- groups are required to stabilize a water-in-oil emulsion. 

The ratio of the rates of coalescence is [21] 

(17.12) 

If a mixture of oil and water and an emulsifying agent are shaken, a mixture of two 
systems will be formed as shown in Figs. 17.7a and 17.7b [21], one with water as 
the continuous phase and the other with oil as the continuous phase. The relative 
coalescence rates will determine which system ( O N  or W/O) will be more sta- 
ble [21]: 

Rate 2
O N emulsion preferred if -2 1  (17.13)

Rate 1 
Rate 2

W/O emulsion preferred if -5 1  (17.14)
Rate 1 

Generally, one emulsion form is more stable than the other only if Rate 1 or Rate 2 
is smaller than about 10-6C, or 10-6C, [21]. 

Emulsion Stability 
An O N emulsion will break or undergo an inversion if Rate 1 (W/O) is large. The 
particular pathway, breakage or inversion, is dependent on the stability of the inverse 
system (in this case, W/O). If the inverse system is unstable and if Rate 2 ( O N ) is 
large, the emulsion will break. However, inversion will occur if Rate 2 is small. 
Typically, coalescence will occur for 10-2C, or 10-’C2. This is illustrated in Fig. 
17.8 [21]. The emulsion will be stable for prolonged periods (months) for 10psCc, 
and 10-’C2. 

CHEMICAL AND PHYSICAL METHODS OF BREAKING AN EMULSION. Generally 
two or more emulsifiers are blended to obtain the desired HLB to stabilize the 
formation of the emulsion [26]. Such an emulsion may be broken chemically by the 
addition of an additive (e.g., another emulsier) that favors the formation of the op- 
posite type of emulsion or salt. 

Physical methods of breaking an emulsion include the following [21]: 
Emulsions may be broken by centrifuging, filtration, slow stirring, and low- 
intensity ultrasonic vibrations. 
Generally heating an emulsion to approximately 70°C will break an 
emulsion. 
Passing the emulsion through an electrical field will break an O/W emulsion 
because the charged droplets will migrate to one of the electrodes. 

2.3.4 Emulsion Inversion 

There are conditions, such as varying ratios of oil-water, the addition of electrolytes, 
and temperature variation, under which W10 emulsions may be converted into O N  
and vice versa [27,28]. This is illustrated in Fig. 17.9 [21]. The left side of Fig. 17.9 
illustrates droplets of water evenly dispersed throughout the continuous oil phase. 
As the emulsion becomes less stable, particulate motion increases and the water 
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Figure 17.7 Illustration of (a) an oil-in-water emulsion and (b) an water-in-oil emulsion. 

droplets become more distorted until they begin to agglomerate. This process con- 
tinues until a critical point is reached and an inversion of the continuous phase 
occurs, as indicated in the center region of Fig. 17.9. Finally, when the phase in- 
version is complete, oil droplets are evenly dispersed in water, which is the contin- 
uous phase. This stepwise process in illustrated microscopically in Fig. 17.10 [28]. 

2.4 Emulsion Preparation 

Emulsions may be made by dispersion or chemical methods [21]. Perhaps the most 
well-known physical method of mixing is with the use of a “colloid-mill,’’ which 
is a homogenizer. Ye has reported the use of a centrifugal pump where appropriate 
amounts of oil with additives, including the emulsifier, and water are pumped as 
separate streams through a nozzle where the mixture is mixed at a high shear rate 
[lX]. The successful use of a mechanical stirrer to prepare an O N hydraulic fluid 
emulsion where water is added slowly to the oil-additive-emulsifier mixture has 
also been reported [ 191. 
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Figure 17.8 Illustration of thc breaking and inversion of an emulsion; the dark area is 
rcprcscntative of oil and the white area represents water. The O/W emulsion breaks because 
Rate 1 is large. Phase separation occurs if Rate 2 is large (a, b. c, and d). If Rate 2 is small, 
phase inversion (a, b, e, and t] occurs. 

One of the most common problems encountered in mixing an emulsion is that 
insufficient mixing times are used [19]. Coleman showed that in one case, an emul- 
sion began to separate after mixing with a mechanical mixer at room temperature. 
This was due to inadequate mixing, as indicated microscopically by nonuniform 
droplet formation as shown in Fig. 17.11a. This fluid was then mixed further in a 
homogenizer, which provided a stable emulsion with uniform droplet size, as indi- 
cated in Fig. 17.11b 1191. 

It is also possible to mix an emulsion by chemical condensation, also known 
as spontaneous emulsion, although this is not commonly done in the preparation of 
hydraulic fluid emulsions [21]. This form of mixing is accomplished by first mixing 
the oil with a water-nliscible solvent such as ethyl alcohol. The alcohol-oil mixture 
is then poured into water, where the emulsion with approximately 1-pm droplets are 
formed. 

Figure 17.9 Schematic representation of a phase inversion from a O/W emulsion to a 
W/O emulsion. 
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Figure 17.10 (a-d) Photomicrographs (1OOX) which show differing degrees of emulsion 
formation of W/O systems. 

It is possible to obtain phase inversion during mixing. Figure 17.12 illustrates 
that there is a general correlation between the phase-inversion point (9,)during 
mixing of an emulsion and the magnitude of variables that may cause phase inver- 
sion, such as a variation in HLB of the emulsifier system, the viscosity of the oil, 
and so forth [21]. 

2.5 Physical Properties 

2.5.1 Water Quality 

Water quality can affect emulsion stability, eventually breaking the emulsion [30]. 
Emulsion breakdown may lead to increased pump and component wear and COITO- 
sion. Valve lockage may occur due to the presence of scums and greases. Therefore, 
hard water should not be used in preparing HFA or HFB fluids, particularly if ionic 
surfactants are used in the emulsifier system [31]. However, water hardness is not 
the most critical criterion because emulsion stability may be affected by ions other 
than those indicated by “hardness,” most typically, calcium and magnesium salts. 

The British National Coal Board Standard No. 463/1981 makes the following 
recommendations for water quality in preparing HFA emulsions for mining appli- 
cations [32]: 
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Figure 17.11 Photomicrographs (75X) illustrating the effect of mixing on particle size 
and uniformity: (a) initial emulsion; (b) emulsion after additional mixing. 
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The water is to be free from suspended contaminants. 
The pH is to be within the range 6-9. 
Total hardness for mixing with No. 18 Ordinary Emulsifying Oil up to 
approximately 250 mg/L CaCO, equivalent. Higher values may be used 
where tests show adequate stability. 
Total hardness for mixing No. 19 Superior Emulsifying Oil up to approxi- 
mately 750 mg/L CaCO, equivalent. Higher values may be used where tests 
show adequate stability. 
Chloride and sulfate contents up to approximately 200 mg/L C1- and 400 
mg/L SO:-. Higher values may be used where tests show stability and rust- 
preventing properties are adequate. 

Tests for Emulsion Stability with Varying Water Hardness 

The British Coal Board test for emulsion stability with varying water hardness is 
conducted by mixing 475 mL of NCB 18 or NCB 19 water, as defined in Table 
17.11, with 25 mL of the soluble oil to be tested using a hypodermic syringe into a 
500-mL conical flask at 20°C while mixing with a magnetic stirrer [32]. A stopper 
is placed on the flask and the resulting HFA emulsion is stored in an oven for 168 
h at 70°C. The presence and volume of any oil that may separate or any creaming, 
as illustrated in Fig. 17.13, that may occur is noted. Any water separation at the 
bottom of the flask and the presence of any flocculation which may occur is noted. 

2.5.2 Viscosity 

Water Concentration 

As noted in previous sections, HFA fluids contain S O %  water and most typically 
contain approximately 95% water. These fluids, without the addition of a thickener, 
exhibit viscosities as low as 1-2 cSt [31,33]. HFB fluids, on the other hand, are 
formulated to contain approximately 40% water in order to provide the necessary 
fire resistance. Figure 17.14 shows that HFA and HFB fluids not only contain very 
different amounts of water, but increasing water concentration exhibits the opposite 
effect on fluid viscosity [34]. HFA fluids exhibit the expected decrease in viscosity 
with increasing water concentration. However, the viscosity increases dramatically 
with increasing water concentration for HFB fluids. Therefore, the water concentra- 
tion of HFB fluids must be monitored closely during use. 

Table 17.11 British Coal Board Solution of Standard Water Hardness 

Total hardness Ion concentration (ppm) 

Test CaCO, equivalent 
water (ppm)' "d Ca Mg Na c1 so, 
NCB 18" 250 14 50 30 130 200 240 
NCB 19b 750 42 150 90 130 200 720 

"NCB 18 water. The following salts are added to distilled water: 308 mg/L MgS0, -7H20,  215 mg/L 
CaSO, 2H20, 330 mg/L NaCI. 
'NCB 19 water. The following salts are added to distilled water: 924 mg/L MgSO, * 7H20, 645 mg/L 
CaSO4.2H,O,330 mg/L NaCI. 
'Equivalents amount of hardness to calcium carbonate (CaCO,) expressed in ppm. 
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Figure 17.13 Effect of freeze-thaw cycling on three different emulsions. 

Effect of Base-Oil Viscosity 
The O N emulsion viscosity is dependent on a number of variables, including water 
content, degree of emulsification, type and concentration of emulsifier, and base-oil 
viscosity [28 ] .Figure 17.15 shows that emulsion viscosity increases with base-oil 
viscosity and water content [35].Although base-oil viscosity has some effect on the 
viscosity of W/O emulsions, the effect is minimal in view of the very high water 
concentration and the relatively low final formulated viscosities. 

Effect of Shear Rate 
Coleman showed that the viscosity of W/O emulsions (HFB fluids) decreased with 
increasing shear rate, as illustrated in Figs. 17.16a-17.16b. The amount of viscosity 
loss with increasing shear rate and initial fluid viscosity is illustrated in Figs. 17.16a 

Water content (%w) 

Figure 17.14 Effect of water content on O/W and W/O emulsion viscosity. 
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Figure 17.15 Effect of water content on W/O emulsion viscosity. 

and 17.16b [19]. The viscosity loss was temporary and the fluids returned to their 
initial viscosity (non-Newtonian) when the high fluid shear rates were removed. 
Interestingly, the non-Newtonian behavior increased with increasing water content 
for emulsions with the same initial viscosity, as illustrated in Fig. 1 7 . 1 6 ~  [19]. Be- 
cause of these non-Newtonian effects, W/O emulsions were initially developed to 
provide a viscosity of 250 SUS (approximately 54 cSt) at 100°F when measured at 
a shear rate of 10,000 s - ' ,  a typical shear rate encountered in hydraulic pump ap- 
plications. Therefore, the starting kinematic viscosity was increased to 400 SUS 
(approximately 86 cSt) at 100"F, which was higher than the 150-315 SUS (approx-
imately 32-68 cSt) at 100°F typically used for petroleum-oil formulations to provide 
proper pump operation and lubrication [36]. This is illustrated in Fig. 17.17 [36]. 
Because of this higher viscosity, it was recommended that hydraulic pump suction 
be maintained to avoid cavitation during cold start-up [36]. Although the specific 
hydraulic pump requirement recommended by the manufacturer should be confirmed, 
the inlet vacuum values shown in Table 17.12 are typical of those often recom- 
mended [28]. 

The O M emulsions (HFA-E) fluids typically do not exhibit Newtonian shear- 
thinning behavior (Newtonian) as was shown by Isaksson in Fig. 17.18 [37]. This is 
not surprising in view of the relatively low initial viscosities exhibited by these fluids. 
However, thickened HFA fluids, HFA-S, may be non-Newtonian, as illustrated in 
Fig. 17.19 [37]. The degree of non-Newtonian behavior is dependent on the molec- 
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Figure 17.16 (a) Non-Newtonian (temporary) viscosity loss as a function of water content 
of a 100-SUS mineral oil containing an additive at 100°F.(b) Non-Newtonian behavior as a 
function of base-oil viscosity at 100°F. (c) Non-Newtonian viscosity properties as a function 
of base-oil viscosity at a constant initial viscosity. 
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Figure 17.17 Effect of temperature on mineral oil and different emulsions at a low shear 
rate. 

ular weight of the synthetic polymer thickener, thickener concentration, initial fluid 
viscosity, shear rate, and degree of associative thickening involved. 

Viscosity- Temperature Behavior 
Viscosity-temperature behavior is expressed numerically as the viscosity index (VI). 
The higher the value, the less the variation with respect to temperature. For example, 
a representative VI for petroleum oil is 95. A VI of 140 has been reported for an 
HFB fluid [38]. This means that the variation of viscosity is significantly less for an 
HFB fluid than for a petroleum oil, as illustrated in Fig. 17.17 [36]. 

Viscosity -temperature behavior is seldom reported for HFA fluids because of 
the already low initial viscosity. The variation in viscosity with temperature is small, 
as illustrated in Fig. 17.20 [39]. However, even a small viscosity change may be 
significantly important. A viscosity variation from 1.2 cSt at 20°C to 0.65 cSt at 
50°C has been reported [40]. 

Figure 17.21 illustrates the discharge fluid low rate for an HFB fluid as a 
function of temperature [28]. This figure shows that the optimal fluid flow rate occurs 
between 125°F and 150°F. The fluid flow rate decreases at lower temperatures due 

Table 17.12 Maximum Recommended 
Pump Inlet Vacuum 

Maximum intake vacuum 
Pump type (inches of mercury) 

Vane 5 
Gear 7 
Piston 1 1  
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Figure 17.18 Shear stress as a function of shear rate for a water glycol at n = 0.974, 
h,,, = 22.8"C, where n is the power-law index and h,n is the measured temperature. 
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Figure 17.19 Shear stress as a function of shear rate for a HWBHF based on a water- 
soluble synthetic polymer. 
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195151HFA-S 
I 

to increasing viscosity with increasing temperature. Decreasing fluid flow rates at 
higher temperatures occur because of increasing leakage due to low viscosity. Most 
sources report 150°F as the maximum operating temperature for either HFA or HFB 
fluids because of greatly increasing vapor pressure and high evaporation rate 
[28,35,4 1,421. The minimum recommended operating temperatures for these fluids 
are 5°C [41]. The optimal fluid temperature is 125°F [42]. 

Viscosity- Pressure Coejjicients 

The importance, calculation, and use of viscosity-pressure coefficients are described 
in detail in Chapter 2. The pressure-viscosity coefficients for a number of HFA 
fluids and an HFB fluid are provided in Table 17.13 [37,44]. The values for water 
and oil are provided for comparison. In general, the pressure-viscosity coefficients 
are dependent on the water concentration, and the values for HFA fluids are little 
different from water itself. Interestingly, the pressure-viscosity coefficient for the 
water-in-oil emulsion shown is nearly equal to the value determined for oil itself. 
These data suggest that the lubrication film-forming properties for the HFA fluids 
are very poor. However, at least within the recommended temperature range, the 
lubrication properties for the HFB fluid is similar to the oil from which it is for- 
mulated [43]. 

The viscosity-pressure coefficients are most important for the high contact 
pressures encountered with elasto-hydrodynamic lubrication (see Chapter 6). Al-
though petroleum oils do exhibit some increase in viscosity at typical hydraulic 
system pressures (see Chapter 14), there is minimal, if any, fluid viscosity increase 
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Pump inlet temperature ( O F )  

Figure 17.21 Effect of emulsion fluid temperature on the discharge flow rate for a hy- 
draulic vane pump. 

observed at most hydraulic system pressures with water-containing fluids [45,46]. 
This is illustrated for an HFA fluid in Fig. 17.22 [45]. 

Emulsion Thermal Stability 
It is critically important that hydraulic fluid emulsions remain stable during use. 
There are various tests to evaluate emulsion thermal stability. One test is to store 
the emulsion at an elevated temperature (140°F)which serves as an accelerated test. 
The fluid being tested is observed for oil andor water separation. This test was used 
to differentiate emulsion thermal stability of two fluid formulations after use (see 
Fig. 17.23) [36]. Interestingly, the used fluids exhibited better stability than the fresh 
fluid. The same accelerated test was performed on the two fluids illustrated in Fig. 
17.23 without prior use. The results, shown in Fig. 17.24, illustrate the amount of 
improvement that can be achieved through fluid formulation [36]. 

Table 17.13 Viscosity-Pressure Coefficients for HFA and HFB Hydraulic Fluids” 

Viscosity -pressure 
coefficient (a) 

Fluid classification Note mm’N- ‘ 
Water - 0.5 X 10-’ 
HFA-E Emulsion, 95% H,O 1.39 X 10-’ 
HFA-E Microemulsion, 95% H 2 0  1.87 X 10-’ 
HFA-S Synthetic polymer solution, 80% H,O 3.23 x io-’ 
HFA-S Synthetic polymer solution, 88% H,O 2.62 X 10-’ 
HFA-S Synthetic polymer solution, 90% H20 7.5 x 10-’ 
HFB Water-in-oil, 40%H 2 0  20.7 X 10-’‘.d 

Mineral oil 28, 26‘*‘ X lO-’ 

“All values taken from Ref. 37 unless otherwise noted. 
hAll values determined at -21 -23°C unless otherwise noted. 
‘Values were taken from Ref. 44. 
?he a values were determined at 25°C. 
T h e  a values were determined at 50°C. 
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Figure 17.22 Viscosity-pressure relationship for a HWBHF at different temperatures. 

Typically, the HFB hydraulic fluid emulsion is shipped to the user, where it is 
stored in drums until use. When stored, the fluid may encounter various (cold-hot) 
temperature cycles, which may affect the emulsion stability. This type of thermal 
stability is simulated by storing the fluid for a prescribed period of time at a cold 
(0°F) and hot (150°F) temperature. The results of such a test on three different 
emulsion formulations are illustrated in Fig. 17.13 [28]. 

Other tests that have been used to evaluate emulsion thermal stability include 
storage for specified periods of time at different temperatures [9,28,47], three cycles 

Days at 14OOF 

Figure 17.23 Effect of emulsion formulation on aging stability in use. 
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Figure 17.24 Effect of emulsion stability of fresh, as-manufactured emulsion fluids. 

of freezing for 2 h then heating to 100°C [47], centrifuging [47], and attempted 
breaking of the emulsion after heating and remixing [47]. 

Foaming and Air Entrainment 
Two important properties for any hydraulic fluid are low foaming and minimal air 
entrainment. This subject is discussed extensively in Chapter 4, including mecha- 
nisms of foaming and air entrainment, impact on fluid compressibility, and various 
testing procedures. Therefore, foaming and air entrainment will not be discussed in 
detail here, other than to discuss two generally applicable test procedures. 

Although there are various tests that can be used to determine the propensity 
of a fluid to exhibit foaming problems in use, usually ASTM D 892 [48] or an 
equivalent is the test most often cited [49]. This test, which is described in detail in 
Chapter 4, involves bubbling air into the fluid through an air stone at a prescribed 
pressure and for a specific time. The amount of foam and the stability is determined. 

Equally important is the evaluation of air entrainment of a hydraulic fluid. The 
relative amount of formation of entrained air and the failure to dissipate it leads to 
a number of very significant deleterious processes, such as accelerated fluid oxidation 
(see Chapter 14) and cavitation (see Chapters 4 and 14). Currently, the most com- 
monly accepted test to measure air entrainment is ASTM D 3427 [50] or its equiv- 
alent [49]. This test, which is described in detail in Chapter 4, involves blowing 
compressed gas through the hydraulic fluid at a specified temperature, typically 25OC, 
50°C, or 75°C. After the gas flow is stopped, the time required for the bubbly fluid 
to decrease in 0.2% volume is determined. 

2.6 Chemical Properties 

2.6.1 Oxidative Stability 

Various tests may be used to evaluate oxidative stability of emulsion hydraulic fluids. 
One test, a modified ASTM D 943 Turbine Oil Stability Test (TOST), has been used 
to evaluate oxidative stability [51]. (This is modified by eliminating the water ad- 
dition step [36].) Test results comparing two emulsion formulations (shown in Table 
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Table 17.14 Oxidative Stability of Emulsion 
Hydrolic Fluids 

Time to develop acidity of 2.0 mg 
KOWg (hr) 

Fluid 1 2 Average 
~ ~~ 

No. 1 450 380 415 
No. 2 1010 1050 1030 

~ 

Nore: This test was conducted by a modified ASTM D 943 
(TOST), omitting the addition of water. 

17.14) illustrate that a fluid lifetime of greater than 1000 h would be expected for a 
well-formulated HFB fluid [36]. 

Another test that has been reported is the “Work Factor Test,” which is 
Method 345 of the Federal Specification VV-L-791, where the fluid is used to lu- 
bricate a 6-in. babbit bearing loaded at 150 psi and rotating at 3000 rpm for 1175 
h. A 4-gal reservoir is used, with the fluid maintained at 140- 150°F. Water, lost by 
evaporation, was replaced every 4 h. Well-formulated HFB fluids should exhibit no 
apparent increase in acidity by this test. 

2.6.2 Corrosion 

There are various tests that have been used to evaluate the corrosion-inhibiting prop- 
erties of HFA and HFB fluids toward ferrous and nonferrous metals. The more 
commonly encountered tests will be discussed in this section. 

ASTM D 665 (No Added Water)-Ferrous Metals 
ASTM D 665 (see Chapter 14) is modified for use with water-containing fluids by 
eliminating the water-addition step of the testing protocol [ 19,26,32,47,52,53]. This 
test involves immersing a cylindrical steel test specimen into 300 mL of stirred fluid 
(a dynamic test) at 60°C (140°F) for 24 h. The steel test specimen is inspected for 
the presence of rust. Modifications of this test include no stirring (a static test [19]), 
using a slightly higher temperature (65”C, 150) [19,26], longer immersion times (48 
h [47], 7 days [26], and 1 month [19]), and partial immersion of the test specimen 
in order to obtain some measure of vapor-phase corrosion-inhibition properties 
[26,47]. 

Nonferrous Metals 
Inhibition toward nonferrous metals, including aluminum, brass, copper, and silver, 
may be determined by partially immersing standard test coupons of the desired metal 
into the fluid contained in a beaker, as shown in Fig. 17.25 [49], or a sealed flask, 
as shown in Fig. 17.26 [49], without stirring, at 65°C for a period of time, typically 
7 days [19,26,49]. Changes in weight of the test specimen and changes in surface 
condition and color of the fluid are recorded and classified as follows [49]: 

0 = No effect 
1 = Slight color change or oxidation of less than 20% of the surface 
2 = Strong color change 
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Figure 17.25 Illustration of a test apparatus for performing corrosion tests on metal test 
coupons. 

3 = Deposits or oxidation of more than 20% of the surface 
4 = Corrosion or pitting 
5 = Other effects to be specified 

Multimetal Testing 
Another variation of the Nonferrous Metals Test (see previous subsection) is to 
immerse metal pairs, as illustrated in Fig. 17.27a. The metal pairs that are tested 
include the following [49,53]: 

1. Steel and zinc 
2. Copper and zinc 
3. Aluminum and zinc 
4. Steel and aluminum 

The metals are mounted as illustrated in Fig. 17.27b with 1-mm plastic spacers 
between them. In this test, the metals are immersed into the fluid without stirring 
for 28 days at 35°C. At the conclusion of the test, the weight loss of the test spec- 
imens is determined and changes in surface condition and color of the fluid is re- 
corded and classified as described in Section 2.6.2.3. 

2.7 Material Compatibility 

Proper material choice is critical if optimal equipment failures are to be avoided and 
if optimal lifetimes are to be achieved. In this section, material compatibility, in- 
cluding paint, metal, elastomer, and filter compatibility will be discussed. This dis- 
cussion will be based on the information provided in Table 17.15 [54]. 
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Figure 17.26 Pressure bottle assembly for corrosion tests of metal coupons. 

2.7.1 Paint Compatibility 

Epoxy and phenolic paints are generally suitable for emulsion hydraulic fluids [54]. 
However, it is prudent to verify compatibility either by testing or by contacting the 
paint manufacturer before painting hydraulic equipment and especially before paint- 
ing the inside of a fluid reservoir. 

2.7.2 Metal Compatibility 

Emulsion hydraulic fluids are generally compatible with all metals except for lead 
and magnesium, as shown in Table 17.15. 

2.7.3 Plastic and Elastomer Compatibility 

Table 17.15 shows that emulsion hydraulic fluids are generally compatible with most 
common plastics and with the BUNA-N seals typically used with mineral oil [54]. 
However, the designeduser is cautioned to confirm elastomer compatibility by testing 
(see Chapter 9) or with the seal supplier because results may vary with the elastomer 
supplier. For example, one source found that BUNA-N seals swelled approximately 
9.6%, whereas Viton only swelled 0.7% [26]. However, another report stated that 
BUNA-N swelled less than 1% and the Viton seal material evaluated was not gen- 
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Figure 17.27 (a) Test assembly for evaluating corrosion properties of different metal pairs. 
(b) Metal coupon holder assembly for testing of metal pairs. 

erally compatible with emulsion hydraulic fluids [ 5 5 ] .  Unfortunately, such compat- 
ibility variations among seal supplers for the same nominal fluid composition is not 
uncommon. 

As with other water-containing fluids, cork and leather should not be used as 
seal materials for either HFA or HFB fluids [56]. 
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Table 17.15 Material Compatibility of Fire-Resistant Hydraulic Fluids 

Phosphate 
Material Water- glycol ester Emulsion 

Paint general industry not suitable not suitable not suitable 

Metal 
epoxy and phenol 
steel 

suitable 
suitable 

suitable 
suitable 

suitable 
suitable 

bronze low suitability suitable suitable 
zinc not suitable suitable suitable 
cadmium not suitable suitable suitable 
lead not suitable suitable not suitable 
copper suitable suitable suitable 
aluminum not suitable suitable suitable 
anodized aluminum suitable suitable suitable 
magnesium not suitable suitable not suitable 

P1 as tic poly(methy1 methacrylate) suitable not suitable suitable 

pol y (styrene) 
poly(propy1ene) suitable 

suitable 
not suitable 
not suitable 

suitable 
suitable 

epoxy
nylon 

suitable 
suitable 

suitable 
suitable 

suitable 
suitable 

Rubber pol ychloroprene suitable not suitable suitable 
butylene nitrile rubber suitable not suitable suitable 
poly(buty1ene) suitable suitable not suitable 
ethylene propylene rubber suitable suitable not suitable 
polyamine ester not suitable low suitability not suitable 
silicon rubber suitable suitable suitable 
ethylene polytetrafluoride suitable suitable suitable 
fluorine rubber suitable suitable suitable 

Filtering celluloid (treated by phenol) suitable suitable suitable 
medium 

Elastomer Compatibility Testing 

Seal compatibility testing strategies are provided in Chapter 9. In this chapter, some 
commonly encountered testing procedures will be briefly discussed. 

STATIC TESTS. Static seal testing for hydraulic fluid compatibility typically 
involves immersion of the material of interest in a flask or bottle at 65°C [26] or 
70°C [31] for extended periods of time (1-6 weeks). Dimensional change such as 
volume swell and changes in length are typically measured relative to the initial size 
of the test specimen. Test specimens vary widely from the actual seal, 0-ring, or 
small (50 mm X 25 mm) rectangular pieces cut from a sheet of the elastomer [32]. 

The European standard for determination of seal compatibility with water-con- 
taining fire-resistant hydraulic fluids utilizes test specimens of uniform thickness (2 
mm) that may be rectangular (50 X 235 mm) or circular (36 mm in diameter) [49]. 
The test materials vary with the fluid of interest and are summarized in Table 17.16 
[49]. The test specimens are immersed in a sealed glass jar for 168 h at the specified 
test temperature provided in Table 17.16. The percentage change in volume is mea- 
sured at the conclusion of the test by [49] 
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Table 17.16 Standard Elastomers and Test Conditions 

Test 
5 P e  of Suitable test temperature Test duration 
fluid elastomers ("C, -+-2"C) ( 2 2  h) 

HFA NBR 1*** 60 168* 
EPDM FPM I 

HFE3 NBR I*** 60 168* 
FPM 1 

HFC NBR 1 60 168* 
EPDM FPM 1 

HFDR NBR I*** 
FPM I****** 

100 168 

HFDS FPM 1 100 168 

*The test duration is 168 h, but equilibrium may be achieved in these fluids. 
**FPM 1 is not suitable for use with alkyl phosphate esters. 
***High swelling rates (>25%) have been observed for these combinations of materials 
and fluids. 

(17.15) 

where 

rn, =the initial mass of the elastomer test specimen in air 
rn2 = the apparent mass of the elastomer test specimen in water 
rn3 = the mass of the elastomer test specimen in air after the test is completed 
rn, = the apparent mass of the elastomer test specimen in water after the test is 

completed 

The change in hardness is also determined according to IS0 48 [57] on the test 
specimens and calculated by [49] 

AH = H ,  - H ,  (17.16) 

where 

H ,  = the measured hardness of the test specimen before testing 
H ,  = the measured hardness of the test specimen after testing 

A seal material is compatible if the following are true: 

The volume increase is less than 7% and if there is no volume contraction. 
The hardness does not increase more than 2 IRH degrees or fall by more 
than 7 IRH degrees with respect to the initial hardness. 

COMPRESSION TESTS. Compression tests are also often used to determine the 
ability of the elastomer to recover to its initial dimension before the compression 
test. Compression set values of 50- 120% are considered satisfactory [26]. 

LIP-SEAL TESTS. A significant problem with water-containing fluids such as 
hydraulic emulsions is lip-seal failure [26]. Schmiede et al. devised the test rig il- 
lustrated in Fig. 17.28 to evaluate lip-seal fluid compatibility in use. This device is 
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Test m 

Figure 17.28 Lip-seal test rig. 

a hollow vessel with a hardened, ground steel shaft supported and sealed at each end 
by neoprene lip seals. The device rotates at 1450 rpm and the test fluid is circulated 
as shown under 103 kPa (15 psi) pressure. Internal friction typically causes the fluid 
temperature to rise to 35°C.The test can be conducted for 1000 h without gross 
leakage. 

2.7.4 Strainers, Filters, and Screens 

Cellulosic or untreated paper filters should not be used with water-containing fluids 
[56,59]. However, treated cellulosic filters are reported to be suitable [54]. Filter 
sizes as low as 5- 10 pm have been reported to be suitable for W10 emulsions 
[56,60]. Filter sizes as low as 3 pm have been reported for microemulsions [60]. 

Fine filtration should only be placed at the pressure or return side of the pump. 
On the suction side of the pump, only screens or filters large enough not to restrict 
flow should be used. Filters or strainers constructed with zinc or cadmium should 
only be used with fluid manufacturers approval [59]. 

The use of Fuller’s earth (activated clay) or similar adsorbant filters should not 
be used because of the potential for additive removal by preferential adsorption [59]. 

Filtration may also be performed as a side stream. For example, a separate 
filter loop was installed on top of the reservoir, which was independent of the main 
circulation system of the hydraulic circuit [60]. This system was used when the 
system was down for significant periods of time. 

2.8 Fluid Maintenance 

It is recommended that HFA fluids be checked weekly for acidity and viscosity. 
Caution should be taken to prevent contamination by salt. Preferably, distilled or 
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deionized water should be used for makeup [54]. The use of tap water will lead to 
hard metal contamination and reduced emulsion stability. HFA fluids are susceptible 
to biological attack and should be checked periodically. 

HFB fluids, as with their HFA counterparts, may lose water by evaporation. 
Therefore, water content must be monitored and maintained in order to maintain fire 
resistance. Invert emulsion (HFB) fluids should be monitored for water content (see 
the following subsection), viscosity, pH, particle count, and emulsion stability [54]. 
It is recommended that these analyses be performed biweekly [60]. 

Tramp oil, a common contaminant, will simply dissolve in the oil phase of 
the invert emulsion, generally not causing any significant effect on pump perfor- 
mance [61]. 

2.8.1 Water Analysis 

Water content may be determined by distillation according to ASTM D 95 [62] after 
correction for the concentration of glycol, if present, which will codistill with water. 
The correction procedure is described in Ref. 49. Alternatively, water content may 
be determined by Karl Fisher analysis according to ASTM D 1744 [49,63]. 

Water content may be also readily determined in the plant or mine by mixing 
the fluid 1 : 1 by volume with water. A reagent is then added to assist in breaking 
the emulsion. The mixture is centrifuged until the water and oil separation is com- 
plete. The water content is determined by measuring the relative amount of water 
separated. 

Another recently reported test is to use the water-analysis apparatus illustrated 
in Fig. 17.29 [35].The fluid is accurately injected into the apparatus which is in- 
strumented to measure the small, but quantitative, temperature rise which occurs 
when water is adsorbed by the zeolite. An added advantage of this method is that it 
is not affected by the presence of glycols which may be added to the fluid as a 
freeze point protectant. (This instrument is also reported to be applicable for use 
with HFC fluids [35].) 

Cap and septum 

Thermistor 
probe-

Figure 17.29 Mobil water-analysis apparatus. 
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Figure 17.30 Example of a water makeup chart for a W/O emulsion. 

After the water level is determined, a chart such as that shown in Fig. 17.30 
is used to determine the amount of water that must be added to the system to maintain 
fire resistance. Note: The water reading chart shown in Fig. 17.30 is for illustrative 
purposes only and will vary with the manufacturer. Consult the fluid manufacturer 
for the correct chart for the fluid being used. 

2.8.2 Viscosity 

Kinematic fluid viscosity is determined by ASTM D 446 [64]. See Chapter 10 for 
details. 

2.8.3 pH 

The pH of a fluid is easily measured quickly and accurately with inexpensive com-
mercially available meters by simply dipping the probe into the fluid and reading 
the pH value from the analog or digital output. However, these devices must be 
periodically calibrated according to the manufacturer’s instructions. 

2.8.4 Fluid Cleanliness 

There are numerous excellent methods of measuring the particle count of hydraulic 
fluids. Particle count analysis is discussed in Chapter 3. However, in many cases, a 
simple “patch test” is used to quantify the presence of particulates in the fluid. For 
HFA and HFB fluids, the analysis may be done according to ASTM F 311 [65] or 
ASTM 312 [66]. For both methods, 100 mL of the fluid is drawn through a mem-
brane filter under vacuum. The collected particles are counted and measured under 
a microscope [60]. Alternatively, a Millipore patch test may be used 1351. 
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2.8.5 Emulsion Stability 

Emulsion stability with respect to water hardness was discussed in a subsection of 
Section 2.5.1 and emulsion thermal stability was discussed in a subsection Section 
2.5.2. In addition to these tests, a quick test that may be readily used in the plant is 
to evaluate emulsion stability. This test involves pouring drops of an emulsion into 
a beaker of water. A stable emulsion will form “beads” as it drops into the water 
and then rises to the surface. These beads will exhibit a strong tendency to resist 
breakage. However, if the emulsion is unstable, the drops will spread throughout the 
water, forming a milky white appearance. This is a pass/fail test [60]. 

2.8.6 Biological Stability: Biodegradation Versus Biodeterioration 

Biodegradation has been defined as “the process by which a potential pollutant, 
such as a petroleum product, is converted by biological (usually microbiological) 
agents into simple, environmentally acceptable, derivatives [67]. Biodeterioration has 
been defined as the “loss of product quality or performance and could be regarded 
as the initial stages of biodegradation, but in the wrong place at the wrong time; that 
is when the petroleum product is stored or in use” [67]. Biodegradation processes 
are discussed in Chapter 8. Biodeterioration processes and their prevention will be 
discussed in this section. 

Fluid Biodeterioration Processes 
Emulsion biodeterioration is a water-dependent process as illustrated in Table 17.17, 
where the relationship between relative humidity and microbial susceptibility is 
shown [67]. The biodeterioration process, illustrated in Fig. 17.3 1 [68], involves the 
reaction of water with a substrate such as oil or the emulsifier in the presence of 
bacteria or fungi to yield a product designated as a “biomass.” If this degradation 
process is not inhibited, enormous quantities of biomass may be present in the system 

Table 17.17 Approximate Ranges of Water Activity 
(Relative Humidity) and Microbial Growth 

Range of water 
activity of tolerated 

Micro-organisms Lower Upper 

Spoilage bacteria 0.92 0.99 
Yeasts 0.86 0.98 
Osmophilic yeas ts 0.61 0.87 
Molds 0.61 0.098 

Metal working fluid 
examples tested 

Concentrates 0.69 0.98 
Diluted fluid 0.98 0.99 

Note: Reducing water activity within the range causes a decrease in 
growth rate, a delay in growth initiation, and a population decrease 
in size of final population. 
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Figure 17.31 Bioconversion of lubricant components into biomass, carbon dioxide, low-
molecular-weight (odorous) organic molecules, and biopolymers (slimc). 

in the form of sludge [69] or “microbial scums” which are composed of dead cells. 
gelatinous slimes, and fungal threads [30]. It has been reported that a bacterial cell 
may double in size and divide into two new cells every 15 min until a limiting 
condition is encountered [691. 

In addition to solid by-products, obnoxious gases may be formed from the 
biodeterioration of certain additives acting as microbial nutrients such as nitrites and 
nitrates which are converted to ammonia and sulfur or sulfate which is converted to 
hydrogen sulfide (H2S), which exhibits a characteristic “rotten egg” odor [70]. 

Biodeterioration processes that occur in the presence of air (oxygen) are en- 
hanced by system agitation and are designated as “aerobic” processes. However. 
biodeterioration processes may also occur without air (oxygen) being present. These 
are called anaerobic processes, which are inhibited by system agitation [701. 

In summary, the biodeterioration process leads to the following [70]: 

Progressive stepwise oxidation of the hydrocarbon and continuous reduction 
of pH as shown in Fig. 17.32 [69]. 

0 No. of bacteria I(0 pH B 

Dia. of largest oil droplets109r 

Figure 17.32 Bacterial degradation and related changes in pH and emulsion distribution. 
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Saturation of unsaturated bonds. 
Degradation of lubrication-enhancing additives and corrosion inhibitors, 
causing greater wear and surface rusting of hydraulic system components. 
Emulsifier degradation leading to an increase in the size of the dispersed 
oil droplets as shown in Figs. 17.32 and 17.33 and ultimately to emulsion 
breakage with free oil separation [69]. Interestingly, even a doubling of 
droplet diameter through the degradation process will cause an eight-fold 
decrease in the number of droplets [69]. Therefore, it is possible to monitor 
the average diameter of the largest droplets as a means of predicting emul- 
sion failure. However, this is dependent on the particular emulsion being 
used [69]. 
Accumulation of slimes, sludges, overloading of filters, and centrifuges. 
Unpleasant odors and fluid and surface discoloration [7 11. 

Monitoring Procedures 
Any effort to control biological attack, whether bacterial or fungal, on an emulsion 
hydraulic fluid is necessarily dependent on adequate procedures for detecting, iden- 
tifying, and quantifying the microbial species present. It is not sufficient to simply 
wait until slime or sludge formation is visible or noxious vapors are present. By this 
time, it may be too late to apply preventative or corrective procedures [68]. 

There are four strategies for monitoring microbial contamination: ( 1 )  gross, (2) 
physical, (3) chemical, and (4) microbiological [68]. Gross detection procedures in- 
clude visual observation of slimes or the detection of foul odors. Physical detection 
procedures include the observation of haze and visible, nonmetallic particulate matter 
in the fluid. Chemical tests that are often used include pH, alkalinity, and corrosivity. 
For example, if the alkalinity of a used fluid has dropped >25%, there is a strong 
potential that the cause is microbial contamination. 

The fourth procedure is to conduct a microbiological test. One test is to directly 
observe the microbial species on a glass slide under a microscope [68,69]. However, 
this is not a practical test, especially for industrial use. 

An older test that has been successfully applied for monitoring microbial con- 
tamination of hydraulic fluids is the “Red Spot Test’’ [70,72,73]. This test is con- 
ducted by taking a drop of fluid using a standard wire loop placed in a nutrient 
medium containing tri-phenyl tetrazolium chloride. After incubation at 37°C over- 
night, the initially colorless droplet is reduced by the bacteria to provide a red color. 
The intensity of the red color is proportional to the number of organisms present. 
However, this test is only applicable for aerobic organisms [73]. 

Currently, there are three bench test procedures that may be used for monitoring 
resistance to microbial growth: ASTM D 3946 [74], ASTM E 686 [75], and ASTM 
E 979 [76]. Alternatively, a commercial dip-slide test that is coated with a microbial 
growth media is used. This is called a “viable titer method,” in which the population 
densities of the microbial species are estimated after incubation for 24-72 h, as 
illustrated in Fig. 17.34. Viable titer procedures may not detect microbial species 
that do not form colonies and, therefore, may not correlate with biodeterioration 
processes. 

There are a number of simple tests that are being developed to provide rapid 
and accurate bioassays of industrial fluids. These include the catalase test [68,77] 
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Figure 17.33 (a) Oil emulsion before biological attack. (b) Oil emulsion during attack but 
before complete failurc has occurred. (Both photomicrographs taken at same scalc.) 

and the lipopolysaccharide assay [68,78]. It is beyond the scope of this text to de- 
scribe the details of these test procedures. 

Microbial Control Strategies 

There are four strategies to provide microbial control in emulsion hydraulic fluids. 
These include (1) use of fluid components resistant to biological growth, ( 2 ) micro-
bial removal or kill procedures, (3) use of biocideshiostats, and (4) shock treatments. 

MICROBIAL GROWTH-RESISTANT FLUID COMPONENTS. Conversely, chemicals 
that undergo microbial attack easily are called “biologically soft. ’’ Many emulsifiers 
are biologically soft, as are many paraffinic components of petroleum oil in the 
presence of sufficient amounts of water. Chemicals that are resistant to biological 
attach are called “biologically hard” [67]. Some components in an emulsion, such 
as a glycol, which may be present to provide freeze point protection, may provide 
resistance to biological attack [67].In some cases, if structurally similar biologically 
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(rose bengal side) infection 

Figure 17.34 Dipstick test for bacteria and fungi detection. 

hard and biologically soft components are mixed, the mixture is biodegradable by a 
co-oxidation process. 

One emulsion formulation strategy is to use components that are biologically 
hard initially, especially emulsifiers [69], but become biologically soft during use or 
if mixed with the appropriate component to render them biologically soft after use. 
In addition, optimal quantities of nitrogen-, sulfur-, and phosphorus-containing ad- 
ditives should be used to provide satisfactory lubricity properties and corrosion in- 
hibition while minimizing potential for biological attack [69]. 

MICROBIAL REMOVAL OR KILL PROCEDURES. There are a number of physical 
practices (filtration, heat, centrifugation) that may be used that will significantly aid 
in the control of biological growth, including the following [69]: 

1. Elimination of contaminated fluid from the system before recharging. The 
amount of contaminated residual fluid and the level of contamination will 
determine the lifetime of the new system. Ideally, the system will be ster- 
ilized before the new charge of fluid is added [67,69]. 

2. Maintain as high a fluid temperature as possible while still maintaining 
emulsion compatibility. 

3. Avoid pockets of stagnation in pipes and tanks, especially for systems 
susceptible to anaerobic degradation. 

4. Frequent cleaning and sterilization of cooling towers. 
5 .  Use of microbe-free fluids. 
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There is a theoretical relationship between kill or removal and biological 
growth rate. For net reduction in microbial species [7], 

p c A B  (17.17) 

where 

p = the specific microbial growth rate (0.693/doubling time) 
A = fractional flow through the device (flow rateholume) 
B = fractional kill (removal) in the device (microbial numbers - inflow -

outflowhnflow) 

USE OF BIOCIDE. A biocide is a chemical that is used to kill biological or- 
ganisms. A biostut may also be used; characteristically, it is less chemically reactive 
than a biocide and functions to prevent reproduction of biological organisms [71]. 

There are currently approximately 30 Environmental Protection Agency (EPA)- 
registered active ingredients for biocide use in lubricant applications 1681. These may 
be classified as (1) target microorganisms or (2) active ingredient chemistry. Targeted 
microorganisms include the following [68]: 

Bactericides- target bacteria and are generally ineffective against fungi 
Fungicides-target fungi (yeasts and molds) and are not very effective 
against bacteria 
Microbiocides- “broad spectrum’ ’ which kill both bacteria and fungi 

Chemical classification is based on chemical structure (alkanes, heterocyclic, 
phenolic, and so forth) and is much more complicated. Because chemical classifi- 
cation may be confusing, it will not be discussed further here. 

SHOCK TREATMENTS. One effective method of delaying the onset of biode- 
terioration problems is to clean the system with very high concentrations (much 
higher concentration than typically used for preservation) of a fast-acting, broad- 
spectrum biocide [67]. In view of the high biocide concentrations used, health, safety, 
and disposal problems must be carefully considered. 

A second method that may be used to perform periodically is to dose the system 
with very high biocide concentrations, also known as a shock treatment. Although 
this procedure may allow some degradation to occur, shock treatment would be used 
within a sufficiently short period of time to minimize any such occurrences [67]. 

2.9 Fire Resistance 

HFB fluids are one of the most commonly used fire-resistant fluids for underground 
mining use [79]. HFB fluids are classified as fire resistant because of their flamma- 
bility properties relative to oil. Although HFB fluids burn, they burn with smaller 
flames than mineral oils [35]. Spray flammability tests have shown that the spray 
flammability of HFB fluids occurs with long intermittent bursts [SO]. Flammability 
in the hot-channel flammability test (see Chapter 7) exhibits a delayed ignition, then 
burns continuously [SO]. 

The results of these tests showed that there is a measure of improvement in 
fire resistance relative to mineral oil, but they are significantly poorer than other 
fluids of this class. This is illustrated by comparing the “escape time” of different 
fire-resistant fluids. “Escape time” is defined as “the elapsed time between initial 
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Table 17.18 Escape Time at 1400°F 
Comparison of Various Fire-Resistant Fluids 

Fluid type Typical escape times (s) 

Petroleum oil None-instant ignition 
Polyol ester 2 
Invert emulsion 16 
Water-glycol 45 
Phosphate ester No ignition 

Note: Test conducted by pouring 100 mL of fluid 
onto molten metal up to 1400°F. 

fluid-heat contact and ignition" [80]. The escape time data for the various fire- 
resistant fluids shown in Table 17.18 show that although the HFB fluid evaluated 
was better than mineral oil, it was substantially poorer than the water-glycol and 
phosphate ester. It should be noted that the polyol ester evaluated was little different 
than petroleum oil in this test. Also, although the phosphate ester did not bum, white 
smoke was formed [80]. 

Based on similar test results, Loudon has ranked the fire resistant offered by 
different fluids as water-glycol > phosphate ester > invert emulsion > polyol esters 
> petroleum oil [81]. 

The fire resistance of HFB fluids (invert emulsions) is proportional to the water 
content of the fluid, as shown in Fig. 17.35 [4]. The water content must be maintained 
between 35% and 40% to maintain fire-resistance properties. If the water content is 
less than 35%, the fire-resistance properties are lost [4]. Law has graphically illus- 
trated the optimization of an HFB fluid formulation with respect to base-oil viscosity, 
water content for fire resistance, and optimal physical properties (Fig. 17.36 [35]). 

2.10 Lubrication Properties 

2.10.1 Fluid Lubrication 

One of the most critical functions of a hydraulic fluid, in addition to power trans- 
mission, is fluid lubrication. Some of the contacts that require lubrication include the 
vane and ring for vane pumps, piston slipper pads, and the brush plate for piston 
pumps, the gears of a gear pump, and bearing lubrication in all pumps. Invert emul- 
sions, for example, provide lubrication challenges relative to mineral oils for which 
most pumps were designed. For example, the shear-thinning viscosity behavior of 
HFE3 fluids has required design changes where hydrostatic lubrication is utilized. 
Because both HFA and HFB fluids may be subject to metallic contact, severe wear 
may result. Shear thinning or insufficient fluid viscosity may also affect internal 
leakage and hydraulic efficiency [40]. Therefore, it is important to assess fluid lu- 
brication properties to determine if it is appropriate to use a particular fluid with a 
particular pump or hydraulic component. 

Fluid lubrication fundamentals are discussed in detail in Chapter 6. In this 
section, the application of the fundamental properties of HFA and HFB fluids, par- 
ticularly with respect to hydrodynamic and elasto-hydrodynamic (EHD) lubrication, 
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Figure 17.35 Effect of emulsion water content on fire resistance. 

will be discussed. Wherever possible, distinctions between the inherently different 
lubrication properties of HFA and HFB fluids will be made. 

Film-Thickness Studies 
Hamaguchi et al. studied the EHD film-thickness properties of a paraffinic-oil 
(W/O) emulsion similar to an HFB hydraulic fluid [82]. The results of this study 
showed that the film thickness was nearly independent of water concentration up to 
80% water (see Fig. 17.37), even though the fluid viscosity increased 1000% over 
this water concentration range, as shown in Fig. 17.38. A similar emulsion was 
prepared from Shell Vitrea 69 mineral oil. The film thickness versus water concen- 
tration relationship was similar to that obtained for the paraffinic oil, as shown in 
Fig. 17.39. The effect of base-oil viscosity W/O emulsions prepared from these oils 
is shown in Fig. 17.36 [35]. The EHD lubrication properties on emulsion is primarily 
determined by the properties of the base oil [82]. 

Hamaguchi et al. reported that negligible film-forming properties were observed 
for oil-in-water emulsions such as HFA fluids [82]. 

Model of Film Formation 
Because the fluid films formed by both HFA and HFB fluids are heterogeneous, a 
two-phase model of the hydrodynamic films formed by these fluids is necessary. The 
model proposed by Liu et al. for a heterogeneous film formed during rolling in the 
“ x  direction” is illustrated in Fig. 17.40 [29]. For an HFB fluid, this model shows 
that a portion of the film consists of dispersed large water droplets which form 
patches of water on the contact surface. The remaining portion of the surface is 
covered by the continuous oil phase of the emulsion. Localized viscosity is either 
that of the water or that of the oil. The critical diameter defining large and small 
droplets is dependent on the local film thickness, water concentration in the contin- 
uous phase, and the viscosity of the continuous phase [29]. 

A small element (AxAy) of the film shown in Fig. 17.41 is large enough to 
contain a number of water patches but still small with respect to the EHD conjunction 
[29]. If the film thickness (h)  is assumed to be constant over this element, the 
Reynolds equation is 
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I with emulsion stability targets 

I I 

20 I I I J
30 40 50 

Weight water 

Figure 17.36 Establishment of minimum acceptable water content for an HFB emulsion 
hydraulic fluid. 

-a ( --a P ) + d ( i i l P ) = Oh3 

ax 12q ax ay 12q ay 
(17.18) 

where h is the film thickness, q is the viscosity, and P is the contact pressure [29]. 
After solving this equation, the equivalent viscosity of W/O emulsions relative to 
the viscosity of the base oil may be plotted against the total water concentration of 
the W/O emulsion (4) and the fraction of water concentration that forms the patches 
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Figure 17.37 Effect of water concentration on lubricant (paraffin oil) film thickness. 
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Figure 17.38 Effect of water content on O N  and W/O emulsions used for film-thickness 
studies. 

( 6 )  [29]. This relationship is shown in Fig. 17.42, where the viscosity of the base oil 
is assumed to be 1.0. 

Figure 17.42 shows that W/O films may be either thicker or thinner than films 
formed with the base oil, depending on the diameter of the water droplets. This 
means that water droplets may be trapped within the wear contact and are restrained 
from escaping by the high viscosity of the oil [29]. 

I I I 1 1 

0 20 40 60 80 1( 3 
Water concentration (%) 

Figure 17.39 Effect of water content on lubricant (mineral oil) film thickness. 
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Figure 17.41 An element of the EHL film. 
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Figure 17.42 Relative viscosity (qhversus water concentration (+) and volume fraction 
( 6 )  of small water particles (viscosity of base oil = 1.0) 
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Pressure- Viscosity EfSects 

Although hydrodynamic fluid lubrication is primarily dependent on the bulk viscosity 
at the temperature of the wear contact, elasto-hydrodynamic lubrication is also de- 
pendent on the contact pressure. Therefore, the fluid film thickness at the wear con- 
tact is dependent on the viscosity-pressure coefficient. This relationship is evident 
from another form of the Reynolds equation [17]: 

(17.19) 

where 

h,,= the minimum film thickness 
qo= the viscosity of the lubricant at atmospheric pressure 
a = the pressure-viscosity coefficient 
K = a constant 

Physically, this means that fluids that exhibit higher-pressure viscosity coefficients 
will increase in viscosity faster with increasing contact pressure (loading). If the fluid 
viscosity increase with pressure is sufficient, the fluid film thickness will decrease 
less with increasing load, thus better inhibiting asperity contact and the formation of 
a higher wear boundary lubrication condition. Note: Pressure-viscosity coefficients 
are described in detail in Chapter 4 and their effect on lubrication and wear is 
described in Chapter 6. 

In a subsection of Section 2.5.2, pressure-viscosity coefficients for a number 
of W/O and O N emulsions were provided. In general, it was observed that the 
pressure-viscosity coefficient was dependent on the water content of the fluid. High- 
water-content fluids (OnV emulsions) exhibited pressure -viscosity coefficients ap- 
proaching those of water, and W/O emulsions exhibited pressure-viscosity coeffi-
cients similar to those of the base oil. (A typical pressure-viscosity coefficient for 
a mineral oil is 17.7 GPa-’ [29].) 

The effect of pressure-viscosity coefficient on bearing wear is modeled by the 
“lubricant film parameter” or lambda ratio (A) through the lubricant central film 
thickness (h<!)and surface roughness (a)(see Chapter 12): 

(1 7.20) 

This equation shows that wear is a function of both film thickness and surface 
roughness. 

Fatigue Failure 
Although there is a great deal of variation of fatigue wear among different fluids of 
the same class, there is a general trend for increasing wear with increasing water 
content [ l l l ] .  This is especially true for HFA and HFB fluids, where the wear rate 
of HFA fluids is typically much greater than the wear rate for HFB fluids [171. Spikes 
has suggested the following causes for greater wear of water-based hydraulic fluids 
relative to mineral oil [171: 

Low EHD film thickness and lamda ratio 
Chemical promotion of crack formation and growth leading to fatigue 
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Removal or prevention of protective chemical films due to low temperature 
of dissolution 
Increased corrosion leading to corrosive/abrasive wear 

In many applications, such as rolling element bearing wear, the predominant 
failure mechanism is fatigue wear. Fatigue wear may be enhanced by water-based 
fluids because of low EHD film thickness leading to asperity contact, chemical pro- 
motion of crack growth, and pressure pulsation of water entrapped with cracks [ 121. 
At this time, the primary mechanism of fatigue crack growth promotion is not clear 
but are thought to be due to hydrogen embrittlement, stress corrosion cracking, and 
corrosion fatigue [ 171. 

Yardley et al. studied fatigue failures of rolling element bearings with various 
fire-resistant fluids [83]. Based on their studies, they proposed the following load- 
life relationship [29]: 

L,,,= (17.21)(&y 

where L,,,is the average lifetime in revolutions when 10% of the bearings will fail, 
C is the dynamic capacity of the bearing or “load that a bearing can carry for a life 
of 1 million inner-rave revolutions with a 90% probability of survival” [84], P is 
the bearing load, and B and 0 are constants taken from Table 17.19. Tables such as 
this are used in the derating of hydraulic pumps for use with fluids other than mineral 
oil. However, it should be noted the C/P  ratio will vary with the bearing type and 
material. Nevertheless, these data show that the relative order of bearing derating for 
use with fire-resistant fluids with respect to fatigue failures is as follows: (worst) 
HFA >> HFC > HFB > phosphate ester - mineral oil. 

Fluid Properties and Pump Design 
As discussed previously, fluid viscosity is one of the most important variables to 
consider when converting a hydraulic system to a fire-resistant fluid from a mineral 
oil. Proper fluid viscosity is vitally important if optimal lubrication is to be main- 
tained. However, this is a particularly critical design consideration for HFA fluids 
which may exhibit viscosities as low as 1 cSt compared to viscosities of up to 90 

Table 17.19 Constants in the Load-Life Relationship of Four 
Fire-Resistant Fluids 

Standard error 
Fluid B of B D 

Phosphate ester 3.19 0.54 1.05 
O N emulsion 2.64 0.37 1.71 
W/O emulsion 2.25 0.21 1.25 
Water-glycol 1.69 0.28 1.41 
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cSt and higher for HFB fluids. In this section, a selected overview of some of the 
important rheological properties of a hydraulic fluid on hydraulic pump operation 
will be provided. Most of this review is based on a series of papers providing a more 
complete analysis by Taylor et al. [U-881. 

IMPORTANCE OF FLUID VISCOSITY. Because HFA fluids contain mostly water, 
they provide many operational problems in a hydraulic system, particularly with 
respect to leakage flow and bearing lubrication. Leakage flow across the seal lands 
of a pump is directly proportional to the viscosity of the fluid. This is significant 
because an HFA fluid may exhibit a viscosity of 1/20, or less, of a typical mineral 
oil. HFB fluids provide an interesting contrast because they increase in viscosity with 
increasing water content. (This is why it is often recommended that HDFB fluids be 
replaced when the water content is greater than 5 5 %  of their correct operational 
range [58].) 

Note: It is important to account for fluid density because absolute viscosity is 
the important design parameter for hydraulic systems; for example, compare mineral 
oil with a kinematic viscosity of 32 cSt and a density of 0.88. The absolute viscosity 
is 32 X 0.88 = 28.2 cP. However, an emulsion with the same kinematic viscosity 
except with a density of 1.27 will exhibit an absolute viscosity of 32 X 1.27 = 40.6 
cP. Failure to provide this adjustment may lead to failure to accurately predict the 
transition from laminar to turbulent flow [55,86]. 

The effect of viscosity on flow rate is important when considering hydrostatic 
lubrication (e.g., flow rate through a slipper is an important contributor toward vol- 
umetric efficiency). The flow rate is a function of bearing geometry, port pressure, 
film thickness, and fluid viscosity as shown by 

(17.22) 

I T 1  
q = - -

6 In(D/cx) 
(1  7.23) 

where 

Q = the flow rate 
h = film thickness 

P ,  = port pressure 
‘1= the absolute oil viscosity 
D = the port diameter 
01 = the pad diameter 

Figure 17.43 [85] illustrates the variation of flow rate versus viscosity at different 
film thickness and Fig. 17.44 shows the variation of flow rate versus film thickness 
with varying fluid viscosity [86]. These figures show that flow rate increases with 
increasing film thickness and decreasing viscosity. This illustrates one of the major 
problems with the use of HFA fluids. 

Excessive flow rates may be reduced by pump design. For example, the film 
thickness of a hydrostatic bearing may be reduced by decreasing the film thickness 
as long as the film thickness is sufficient to prevent asperity contact. 

The flow rate of a hydrostatic bearing with capillary compensation is [86] 
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Figure 17.43 Flow rate versus fluid viscosity at different film thicknesses. 

(17.24) 

where Pr is the supply pressure and K,. is the capillary coefficient, which is a function 
of capillary diameter (d,) and capillary length ("): 

Td:
K,.= - (17.25)

1281,. 

Because the supply pressure and port pressure are constant, the capillary diameter 
can be reduced to compensate for leakage due to low viscosity. However, this is 
often difficult to practice because of the very small capillary diameters required [86]. 

The pumping power of a hydrostatic bearing is proportional to film thickness 
and inversely proportional to fluid viscosity, as shown by 

I T ' I  - U; (D' - d 2 )+ ( 1  - d/D)'rl u:,A
H+= - -* ( 17.26)

4 h 2 h 

(17.27) 

(17.28) 

where 

D = the port diameter 
d = the pad diameter 
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Figure 17.44 Fluid flow rate versus film thickness with ranging fluid viscosity. 

Do = the pitch circle diameter 
U. = the sliding velocity relative to the pitch circle diameter 
U,,= the sliding velocity of the runner relative to the pad 
A = the pad area [85] 

This is illustrated in Fig. 17.45 [86]. When the fluid viscosity is 1 cP, the power loss 
increases dramatically with increasing film thickness, resulting in very large power 
losses. Interestingly, the optimum film thickness increases with increasing viscosity. 

Figure 17.46 [86] illustrates total power loss versus viscosity. The solid line is 
minimum power loss and the dashed line is maximum power loss. These data show 
that the difference between minimum and maximum power loss is approximately 
0.5-1.0 hp unless the viscosity is approximately 1 cP. This means that film thickness 
is critically important for HFA fluids. In general, the film thickness should be kept 
as thin as possible while still providing adequate lubrication for HFA fluids. 

HYDRODYNAMIC BEARINGS. Hydrodynamic bearings are lubricated without 
external pumping equipment. This is accomplished by fluid viscosity, elliptical con- 
tact geometry (see Fig. 17.47 [85]), and the relative motion of the moving surfaces. 
Figure 17.48 [85] illustrates the characteristic converging geometry of a contact for 
hydrodynamic lubrication. As the surfaces move in relative motion, the fluid, owing 
to its viscosity, adheres to the surfaces and is dragged into the contact. The critical 
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Figure 17.45 Variation of power loss with film thickness. 

Figure 17.46 Total power loss with fluid viscosity. 
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Figure 17.47 Geometry of a hydrodynamic bearing. 

parameters for hydrodynamic bearings are film thickness, pressure distribution, max- 
imum load capacity (maximum load corresponding to the minimum film thickness), 
flow rate, friction loss, and temperature rise [85] .The equations governing film thick- 
ness, pressure distribution, load-carrying capacity, and frictional force for hydrody- 
namic journal and thrust bearings are shown in Table 17.20 [85].  

= I  
I 
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 B AI 


I 


I I I h, 

Figure 17.48 Geometry of a hydrodynamic bearing. 
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Table 17.20 Governing Equations for Hydrodynamic Lubrication of Hydrodynamic Journal 
and Thrust Bearings 

Equations Hydrodynamic journal bearing Hydrodynamic thrust bearing 

hoFilm thickness h = C(1 + & * C O S  0) L ( l + K - K - B”) 

Pressure 6u-qR [E sin 9(2  + E cos 0) dt, 
distribution p = -

C - ( 2  + e2)(i + E cos e) 

Load bearing W = o A P ,capacity 

Flow rate 

Friction force 

Note: A is the pad area; A,, is hlh,,; B is the breadth of the bearing in the direction of motion; c is radial 
clearance; F is friction force; h is film thickness; h,, is minimum film thickness; K = (h ,  - hJ/ho; L is the 
bearing length; R is the journal radius; U is the velocity; & is the eccentricity ratio; q is the oil viscosity. 

One of the most important parameters for a journal bearing is the load-bearing 
capacity because it will determine the performance and lifetime of the bearing. The 
Sommerfield equation is typically used to analyze the performance of a journal bear- 
ing; it is written as [87] 

WIL cs 6 n ~  
uq R’ - (1 - ~’)“’ (1  + ~ * / 2 )  

(17.29) 

where 

W = the load 
L = the bearing length 
U = the surface velocity 
C =  the radial clearance 
R = bearing radius 
E =journal eccentricity 
q = the absolute viscosity 

The value on the right-hand side of this equation is called the Sommerfield number. 
The inverse of this relationship is called the “duty parameter.” As is evident from 
this equation, these values provide a measure of the effect of fluid viscosity, surface 
speed, and load on hydrodynamic lubrication. Figure 17.49 provides a plot of the 
Sommerfield number versus various LID ratios. 

The load capacity of the bearing is dependent on the fluid viscosity [87]: 
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W RZ 

-= ~ W * U T7 (17.30)
L C 

where W* is the nondimensional load factor equal to 

w*= - -1) (17.31)
K 2 + K  

where K is the film thickness ratio. These equations show that the load capacity of 
a journal bearing is dependent on fluid viscosity. Thus, if a pump is designed to 
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operate with a mineral oil, a low-viscosity HFA fluid will only provide a fraction of 
the load-bearing capacity. Therefore, the pump must be derated. 

3 HYDRAULIC PUMP TESTING 

Over the years, it has been found that in order to obtain a reasonably reliable as- 
sessment of the antiwear properties of a hydraulic fluid, it was necessary to perform 
pump tests [53,89-921. These tests may be conducted with specialized pump tests, 
including gear [53,89] and piston [53,91]. One of the most common tests is ASTM 
D 2882 [93] and its international equivalents such as DIN 51389 [94] which are 
based on the Vickers V 104 van pump. Although HFB fluids may generally be tested 
under ASTM 2882 conditions, HFA fluids cannot. Janko reported the maximum test 
pressure that could be utilized was 54 bars [91]. 

In addition to pump tests, it is often necessary to conduct valve tests with 
different fluids. Such work has been described by various authors, including Kelly 
[40,95], and will not be detailed here. 

3.1 Hydraulic Pump Derating 

For various reasons presented earlier, it would not be expected that HFA and HFB 
fluids would be direct replacements for mineral oil as a hydraulic fluid. Therefore, 
these fluids, like most other fire-resistant fluids, are derated with respect to maximum 
pressure and speed. An example of hydraulic pump derating is provided in Table 
17.21 1961. This table illustrates that Sundstrand routinely recommends the greatest 
derating for use of their pumps with HFA fluids. Although not derated to as large 
an extent as HFA fluids, HFB fluids are derated relative to polyol esters. 

In addition to fluid derating, additional recommendations are also made, such 
as the use of elevated and pressurized reservoirs, increased inlet size, and reduction 
of inlet vacuum to 2 in. Hg or greater and inlet pressurization [55,96]. 

The specific derating procedures vary with manufacturer and specific products 
and are influenced by fluid specific gravity and inlet gravity and inlet suction head 
[97]. Therefore, the equipment manufacturer should be consulted when the conver- 
sion from mineral oil is contemplated. 

4 CONVERSION PROCEDURES 

It has been suggested that the following steps be followed when converting from 
mineral oil to emulsion hydraulic fluids [98,99,110]: 

Table 17.21 Illustration of Sundstrand Hydraulic Pump Derating for Fire-Resistant Fluids 

Speed Pressure Maximum 
Fluid type (% catalog) (% catalog) temperature (OF) 

Phosphate ester 100 100 180 
Polyol ester 85 85 150 
Invert emulsion (60/40 oillwater) 65 70 140 
Water-glycol (60/40 oillwater) 65 60 140 
HWCF ( 9 9 5  water/oil) 65 40 122 
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1. Completely drain the system of the previous fluid. This includes reservoir, 
accumulator, coolers, lines, and cylinders. Low-pressure air may be used 
to assist in oil removal, particularly from remote parts of the system [1001. 

2. Disconnect, remove, and clean or replace filters and intake pipe strainers. 
3. Replace seals with materials that are compatible with emulsion hydraulic 

fluids. Most of the materials used for petroleum oil are acceptable. In 
addition, silicone, telfon, Viton, Fuorel, and Kel-f are usually suitable 
[97]. However, all seal and gaskets materials of leather, cork, and paper 
must be replaced [ 1011 . 

4. Wipe reservoir dry with lint-free rags. If there is paint on the inside 
surfaces, remove using commercial paint remover or hot caustic. Paint 
removal is very important because paints typically used for oil hydraulic 
systems are readily attacked by water-containing fluids [1001. Residual 
paint residues will contaminate the fluid and interfere with the operation 
of hydraulic actuators. 

5 .  Reconnect system; clean and reinstall intake strainers. Typically, inlet 
strainers are limited to 60 mesh or less. They may be constructed of brass 
or plated with copper or nickel. However, precautions should be taken to 
ensure that they are compatible with the emulsion fluid being used [1001. 

6. If a petroleum oil was used previously: 
(a) Fill machine with light hydraulic oil 
(b) Operate machine for 20 min 
(c) Pump out sump; drain all accumulators, cylinders, and coolers 
(d) Wipe reservoirs clean 

7. It is recommended that the system be flushed with the emulsion hydraulic 
fluid itself prior to final filling [9,100,102]. The use of solvents or chem-
ical cleaners may affect fluid emulsion stability. Although residual petro- 
leum oil, either hydraulic oil or flushing fluid is typically compatible in 
an invert emulsion [9,103], the presence of residual oils may exhibit an 
unfavorable effect on flammability [100,102,104]. One report recom-
mends draining mineral oil, flushing with emulsion hydraulic fluid by 
running for 30 min, drain flushing charge and recharging with new emul- 
sion fluid and run for 1 week, draining and recharging with new fluid, 
and running normally [1051. 

8. Fill with emulsion hydraulic fluid. 
9. Install water-compatible filter and do not place filter too close to pressure 

pulsation to avoid filter fatigue [1061. 
10. Cycle machine for 10 min. 
11. Check reservoir level. 
12. Check all piping for leaks, and tighten if necessary. The following guide- 

lines with respect to piping have been recommended [ 1071: 
(a) Loose, vibrating pipes are dangerous and prone to breakage. Copper 

pipe should only be used, if at all, for low pressure ~ 3 0 0psi. 
(b) Flexible hose should be inspected very carefully and replaced if nec-

essary. The use of a flexible hose can be avoided by the use of tel- 
escoping joints or unions that may be loosened for necessary adjust- 
ments. If a flexible hose is used, it should be enclosed in a shroud 
and vented to a waste pit. 
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(c) Fragile piping should not be placed in an area where it can be walked 
on, run over, or used as a ladder. If it cannot be moved, it should be 
protected by adequate guards. 

(d) Avoid temporary repairs. Malleable or wrought iron fittings in high- 
pressure lines should be replaced immediately. Strains introduced by 
bending or straining pipes to make them fit may lead to subsequent 
rupture. 

(e) Long, overhead runs of pipe should be avoided because rupture may 
spray fluid over danger areas. 

(f) Pipe passageways through floors or between machines should be 
packed with a flexible, fire-resistant filling (ceramic) to prevent flames 
from spreading from one floor to another. 

(g) Be sure machines are operating properly. Rough hydraulic flow in- 
dicates improper circuit design, which may lead to subsequent leaks 
and breakdowns. 

4.1 System Preparation 

In addition to the changeover guidelines listed above, a number of additional pre- 
cautions have been recommended [1061: 

1. A reservoir design, preferably using stainless steel, that provides suffi- 
ciently quiet conditions so that particulate contaminants will settle into a 
sump for subsequent removal. 

2. Owing to their reduced compressibility relative to mineral oil, emulsion 
hydraulic fluids are “stiffer.” These stiffer systems may produce higher- 
pressure ripples which may affect hydraulic components such as valves 
and seals. For example, if adequate design precautions are not taken, valve 
housings may undergo premature fatigue failures due to the high-pressure 
ripple effect. 

3. The pump inlet should have a positive inlet pressure with minimal bends 
to eliminate potential cavitation. The pump inlet pressure may be increased 
with the use of a feed pump or by increasing fluid head at the inlet. If the 
inlet vacuum is too high (see Table 17.15), precautionary measures must 
be taken. Small improvements can be made by increasing the size of the 
pipe into the inlet and, if necessary, reducing the pump speed to provide 
lower displacement [99]. “It is absolutely necessary that suction line re- 
strictions be reduced to allow adequate flow of the fluid to the pump under 
all operating conditions’ ’ [ 1101. 

4. To prevent erosion, avoid continual fluid relief over a relief valve at high 
pressure. 

5. Avoid using aluminurn components. 
6 .  Heat exchangers may be required to prevent reservoir temperatures from 

exceeding the recommended maximum temperature of 150°F [ 1001. 

4.2 Pumps-Selection and Preparation 

Before any conversions are made, the hydraulic pump manufacturer should be con- 
sulted with respect to recommended derating practices and potential material incom- 
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patibilities, such as pump seals, with the emulsion hydraulic fluid to be used [99]. 
In some cases, the particular pump being used may not perform satisfactorily with 
a fire-resistant fluid [109]. In such cases, a recommendation may be made to replace 
the pump with a model compatible for use with fire-resistant fluids, exhibiting higher 
performance and efficiency than the older model being used [97]. 
4.2.1 Cavitation 

High inlet vacuum during normal operation may lead to cavitation. This condition 
may be detected by installing a vacuum gauge in the suction line immediately ahead 
of the pump inlet. Recommended maximum inlet vacuum conditions are provided 
in Table 17.12 [28,109]. 

If the inlet vacuum is higher than recommended, the suction-line strainer or 
filter may be clogged. Other causes for pump cavitation include the following [28]: 

1. Screen size is too small. It should not be smaller than 60 mesh. 
2. If the pump suction line is too long or too small in diameter, cavitation 

may result. A collapsed suction hose will also lead to cavitation. The so-
lution is to follow the manufacturer’s recommendations. 

3 .  Elevation of the pump above the reservoir may lead to cavitation. The 
pump or reservoir should be moved to provide a positive fluid head at the 
inlet. 

4. An air leak on the suction side of the pump will cause fluid aeration and 
increase the potential for cavitation [1081. 

5. Fluid foaming in the reservoir may lead to cavitation. This may be caused 
by improper formulation chemistry or contamination. 
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Water-Glycol Hydraulic Fluids 

GEORGE E. TOTTEN and YINGHUA SUN 
Union Carbide Corporation, Tarrytown, New York 

1 INTRODUCTION 

Hydraulic systems use fluids for energy transmission. In 2000 B.C. the ancient Egyp- 
tians provided some of the earliest recorded uses of fluid power with their water- 
driven devices [11. Hydraulic theories were developed by Pascal (1650) and Bramah 
(1795). However, industrial hydraulic systems were not developed in large scale until 
the early 1900s [I]. The most common hydraulic fluids were, and continue to be, 
derived from mineral oil. 

In 1943, the U.S. Navy experienced numerous on-board ship and aircraft dis- 
asters resulting from hydraulic line rupture and subsequent ignition of the resulting 
sprays. This led to the development, by the Naval Research Laboratory, of a new 
class of fire-resistant hydraulic fluids known as hydrolubes [2-61. Hydrolubes were 
defined as “polymer-thickened, corrosion-inhibited, aqueous fluids having one or 
more glycols as major constituents” [4]. Hydrolubes, also known as water-glycol 
hydraulic fluids, were patented in 1947 by Roberts and Fife [7]. Although the naval 
research and initial trials were successful, the use of HFC fluids in naval operations 
did not gain acceptance [8]. Early water-glycol compositions were only applicable 
for relatively low-pressure systems [9]. However, superior performing formulations 
suitable for high-pressure, 25000 psi, hydraulic pump use have been reported 
[10,11]. 

Water-glycol (W/G) hydraulic fluids, which are also designated as “HFC” 
fluids, are part of a larger class of fire-resistant hydraulic fluids, which include polyol 
ester, phosphate ester, oil-in-water (invert) emulsions, water-in-oil emulsions, and 
high-water-base hydraulic fluids (HWBHF). The IS0  6743/4 classification ratings 
for fire-resistant hydraulic fluids is provided in Table 18.1 [12,13]. 

917 
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Table 18.1 Fire-Resistant Hydraulic Fluid Classification According to IS0 6743/4 

Operational 
Category Composition temperature 

Water-based fluids 
HFAE Oil-in-water emulsions, >80% 5-555"C 

water in final diluted fluid. 
(concentrate portion 520%) 

HFAS Mineral-oil-free synthetic solutions, 5-555°C 
>80% water in final diluted 
solutions (concentrate portion 
5 2 0 % )  

HFB Water-in-oil emulsions, 35-4096 5-160"C 
water in final diluted solution 
(mineral-oil portion 560%) 

HFC Aqueous polymer solutions -20-560"C 
(hydrolules), water portion 
535% in final diluted solution 

Water-free fluids 
HFDR Phosphate ester fluids -20-70°C" 
HFDS Chlorinated hydrocarbons 
HFDT HFDRIHFDS blends 10-70°C" 
HFDU Synthetic fluids, other compositions -35-590"C 

"For hydrodynamic couplings, the maximum temperature is 150°C. 

From 1940 to 1950, a number of fires originating with mineral-oil hydraulic 
fluids occurred, resulting in the loss of lives and destruction of expensive equipment 
and buildings [ 14,151. HFC fluids, originally developed and commercialized for the 
Navy, were well suited for use as fire-resistant hydraulic fluids for various industries 
where high-temperature processing was performed. High-temperature uses include 
heat treating [ 141, plastics [ 151, zinc and aluminum die casting [ 161, coal mining 
[ 13,161, iron and steelmaking [17,181, hydraulic presses [181, and machine tools for 
the automotive industry [ 181. Over the years, various pumps have been developed 
for use with HFC fluids [ 19,201, proper operating conditions have been established 
[2 I] and fluid performance has significantly improved due to formulation improve- 
ments [22,23]. A list of illustrative hydraulic applications of different fire-resistant 
hydraulic fluids is provided in Table 18.2 [131. 

This chapter will provide an overview of water-glycol fluid composition, phys- 
ical and chemical properties, lubrication evaluation and properties, pump derating, 
bearing consideration, maintenance, and system conversions. 

2 DISCUSSION 

2.1 Water-Glycol Hydraulic Fluid Composition 

Water-glycol (W/G) hydraulic fluids contain water, glycol, thickener, and an additive 
package [ 18,24-271. The general classes and functions of W/G hydraulic fluid for- 
mulation components are summarized in Table 18.3. The additive package typically 
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Table 18.2 Hydraulical Equipment and Machinery Using Fire Resistant Fluids in Underground Mining 

Hydraulic Fluids Used Drive 

Hydraulically driven machinery Mineral 
Use and equipment Water HFA HFC HFD oil Hydrostatic Hydrodynamic 

Off-high way Drill carriages and drills X X 

Percussion drills X X 

Side-tipping loaders X X 

Drilling/milling-type roadheaders X X 

Impac rippers X X 

TBMS X X 

Fluid couplings X X 


Coal mining Drum shearer-loaders (winches) X X X 

Pumps for powered support X X 

High-pressure water indusions system X X 

Fluid couplings X X 


Infra-structure Rope-driven transport systems X x X 

Diesel monorail locos X X 

Hydraulic monorail transport units X X 

Diesel locos (floorbound) X X 

Chain creepers X X X 

Fluid couplings X X 


Other Trackless vehicles (drive line) X X X 

Small equipment (V > 10 L) X 

Electro-hydraulic control units X X 
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Table 18.3 Water-Glycol Hydraulic Fluid Composition 

Component Purpose 

Water Fire protection 
Glycol Freeze point reduction and some thickening 
Thickener Thicken the formulation and provide adequate film viscosity 

at the wear contact 
Antiwear additives Provide mixed-film and some boundary lubrication 
Corrosion inhibitors Vapor and liquid corrosion protection 

consists of amines for corrosion inhibition, antiwear additives (typically carboxylic 
acids), dyes to facilitate system leak detection, antifoams to reduce foaming and air 
entrainment, and so forth. The most common glycols used in water-glycol hydraulic 
fluid formulations are ethylene glycol (I), diethylene glycol (11), and propylene glycol 
(111): 

HOCH,CH,OH (1) 
HOCH,CH,OCH,CH,OH (11) 

HOCH,CH(CH,)OH (111) 
The most common glycol in use in the world today for water-glycol formulation is 
diethylene glycol [241. 

The role of the glycol in reducing the freezing point of the mixture is illustrated 
in Fig. 18.1 131. Figure 18.1 shows that the minimum freezing point of the ethylene 
glycol (also known as “monoglycol”) is produced at -65°F when a eutectic mixture 
(67%/33% by volume of ethylene glycollwater) is formed. Although this composition 
produces the minimum freezing point, very small changes in water content produce 
relatively large increases in the freezing point. Similar data, in addition to other 
physical properties, for diethylene glycol (diglycol) and propylene glycol are found 
in the appendices to this volume. 

There are at least two problems with using a water-glycol fluid. One is poor 
film thickness and the other is a poor viscosity index (VI). This problem is addressed 
by the use of a thickener, The thickener most often used is a poly(alky1ene glycol) 
-PAG (IV), which is a “random” copolymer of ethylene oxide and propylene oxide 
[3]. Poly(alky1ene glycol) polymer configurations may be branched [27] or linear, 
such as the linear polymer shown by (IV) [24]: 

HO(CH,CH,O),,(CH,CH(CH~)O),H (IV) 
One of the first poly(alky1ene glycol) thickeners reported for use in hydrolube 

formulation was UCONB Lube 75H 90,000, which is a copolymer containing 75% 
by weight oxyethylene units designated as (CH,CH,O) and 25% by weight of oxy- 
propylene units, which is designated as (CH,CH(CH,)O) in (IV) [3]. The polymer 
exhibits a viscosity of 90,000 SUS at 100°F. The thickening and viscosity-temper- 
ature behavior of a 55 (ethylene glyco1)/45 (water) mixture with varying quantities 
of 75H 90,000 added is shown in Table 18.4 [3]. Based on recommendations made 
by the Bureau of Aeronautics, the fluid-thickener combination was selected to pro- 
vide a minimum viscosity of 10 CS at 130”F, maximum viscosity of 2000 CS at 
-40”F, and a freezing point of 5 -50°F. 
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Figure 18.1 Freezing points of ethylene glycol-water mixtures. 

In addition to the antiwear additives, it is important to recognize that both the 
water content and corrosion inhibitors that are present in a W/G hydraulic fluid may 
dramatically affect antiwear performance. In Fig. 18.2, it is shown that water con- 
centrations in excess of approximately 40% will result in corresponding decreases 
in pump wear performance [28]. Spikes (see Fig. 18.3) has shown that fluid-film 
thickness decreases rapidly as water content increases, a phenomenon that will in- 
crease wear [29]. Water concentrations greater than approximately 35% are believed 

Table 18.4 Viscosities of a Poly(Alky1ene Glycol)-Thickened Ethylene 
Glycol -Water Mixture 

96 UCON@Lube 75H 90,000 Temperature 
in a 55%/45%by weight 
Ethylene Glycol-Water Mixture -40°F 0°F 100°F 130°F 210°F 

0 134.0 25 .O 2.6 1.74 0.79 
5 552.1 86.9 7 .O 4.53 1.93 
10 1500 223.0 16.5 10.06 3.66 
20 - 1007.0 60.0 35.3 13.9 
30 - 3730 170 98.9 34.9 
40 - - - 236.2 79.1 
50 - - - 498.7 158.8 
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Figure 18.2 Effect of water content on ASTM D 2882 V-104 Vickers vane-pump wear 
for a water-glycol hydraulic fluid. 

necessary to provide the desired fire safety [30,31]. For these reasons, water-glycol 
fluids typically contain 35-40% water. 

Because W/G fluids contain water, corrosion inhibition is necessary. One cor- 
rosion-inhibitor system that may be used for water-glycol hydraulic fluids is based 
on an amine additive system. As originally reported by Brophy et al. [3], the con- 
centration of the corrosion inhibitor, which may be quantitatively measured by “re- 
serve alkalinity” determination, may also affect wear rates as shown in Fig. 18.4 
[281. 

2.2 Chemical and Physical Properties-General Comparison 

To perform acceptably in a hydraulic system, any fire-resistant hydraulic fluid, in- 
cluding water-glycol fluids, must exhibit the following properties [32]: 

Good fire resistance 
Proper viscosity 

E 


Figure 18.3 Effect of water, ethylene glycol, and poly(alky1ene glycol) thickener com- 
position on film thickness and viscosity. 
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Figure 18.4 Effect of amine concentration (reserve alkalinity) on ASTM D 2882 V-104 
Vickers vane-pump wear for a water-glycol hydraulic fluid. 

Good resistance to oxidation and deposit formation 
Good wear resistance 
Good resistance to rust and corrosion . Low foaming 
Seal compatibility 
Paint compatibility 

A general qualitative comparison of water-glycol hydraulic fluids to water-in- 
oil emulsions, phosphate esters, and an antiwear mineral oil is provided in Table 
18.5 [20,33]. A more specific comparison of a water-glycol fluid to a mineral oil is 
provided in Table 18.6 [22]. The dependence of these properties on temperature and 
pressure is shown in Tables 18.7 and 18.8, respectively. Note: Physical property data 
are always dependent on the composition of the formulation being compared. There- 
fore, the specific data shown here should only be taken as illustrative examples. The 
reader should obtain the specific data of interest from the supplier of the fluid being 
considered. 

2.2.1 Vapor Pressure 

The vapor-pressure dependence on temperature is shown in Fig. 18.5. Above ap- 
proximately 65°C (150"F), the vapor pressure of a water-glycol hydraulic fluid, like 
other water-containing fluids, rapidly increases with increasing temperature [22]. 
Therefore, to minimize the potential for evaporative water loss, pressurized reservoirs 
should be used if fluid temperatures are to exceed 65°C (1 50°F). 

2.2.2 Viscosity 

Fluid viscosity is not only an important parameter with respect to hydraulic system 
operation, but it is also important with respect to lubrication. Therefore, it is desirable 
that the hydraulic fluid viscosity exhibit as small a change in viscosity with varying 
temperature as possible. Figure 18.6 shows that water-glycol hydraulic fluids, as a 
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Table 18.5 Generic Physical Property Comparison of Different Fire-Resistant Hydraulic Fluids with an Antiwear Petroleum Oil 

Antiwear Water-in-oil 
oil Water-glycols emulsions Phosphate esters 

Properties 
Specific gravity 
Flash point (OF) 
Autogenous ignirion temperature (OF) 
Bulk fluid temperature limits ( O F )  

0.85 
420 
650 

-20- 180 

1.09 
None 
830 

0- 150 

0.91 
None 
810 

15- 150 

1.15 
500 

1 loo+ 
20-200 

Low-temperature performance Excellent Excellent Good Fair 
Lubricity Excellent Good Good Excellent 
Oxidation stability Excellent Good Goad Excellent 
Rust protection Good Good Goad Fair to good 
Bulk modulus Medium Medium Medium High 
Foaming resistance Excellent Good Excellent Good 
Air release Good to excellent Fair to good Fair to good Fair 

Compatibility 
Oil-resistant paint OK No OK No 
Nonferrous metals OK Check" OK OK 
BUNA N (nitrile) OK OK OK No 
Butyl No OK N o  OK 
Neoprene OK OK OK No 
Silicone No OK No OK 
Viton OK OK OK OK 
Paper OK Check Check Check 

"Not compatible with zinc, cadmium. lead, magnesium, and unantdized aluminurn. 
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Table 18.6 Quantitative Comparison of Physical Properties Between a Petroleum Oil and 
a Water-Glycol Hydraulic Fluid 

Water-Glycol Petroleum oil 
Property (41 CS at 50°C) (36 CS at 50°C) 

Density (g/cm3 at 15°C) 1.060 0.885 
Vapor pressure (mbar at 50°C) 80 0.00 1 
Vapor pressure (mbar at 70°C) 

Compressibility at 2O"Char 
Air solubility % at 2O0C/1O30 mbars 

Specific heat at 20°C (J/g "C) 

182 
27-30 

51 X 10p6 
3.3 

0.02 
9 

65 X 10-" 
1.8 

Thermal conductivity (mW/cm "C) 3.0 1.3 

Table 18.7 Dependence of Water-Glycol Fluid Physical Property on Temperature 

Thermal Vapor 
Temperature Viscosity Density Specific Heat conductivity pressure 
( O F )  (Ib/ft min) (lbs/ft3) (BTUAb.) (B TU/ft OF) 

160 0.546 65.0 0.737 0.26 3.7 
130 0.842 65.8 0.729 0.26 1.7 
100 1.39 66.5 0.7 19 0.26 0.74 

0 20.7 68.5 
-30 83.5 69.1 
-35 I13 69.1 

Table 18.8 Dependence of Water-Glycol Fluid Physical Property on Pressure 

Pressure Compressibility Viscosity (cps) 

(psi) (psi-' at 78°F) 100°F 150°F 

1,000 3.58 X lO-' 35 14.1 
2,000 3.24 X 10-' 36 14.3 
3,000 3.14 X 10-" 37 14.8 

10,000 2.96 X 10-" 44 18 
20,000 56 23 
30,000 70 28 
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Figure 113.5 Effect of water-glycol hydraulic fluid temperature on vapor pressure 

class. exhibit significantly less variation in viscosity with respect to temperature than 
mineral oils. petroleum oil, and. especially, phosphate esters [34]. Figure 18.7 shows 
that the variation of viscosity response of water-glycols with varying temperature 
is similar for different viscosity grades. 

The viscosity of water-glycol hydraulic fluids is dependent on water concen- 
tration. as illustrated in Fig. 18.8 [30].Clearly if excessive water additions are made 
to a system containing a water-glycol, low fluid viscosities will be obtained, which 
may lead not only to poor hydraulic response but also poor lubrication because of 

Temperature (OF) 

Figure 18.6 Viscosity -temperature relationships for a number of hydraulic fluids, includ-
ing a water-glycol hydraulic fluid formulation. 
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Figure 18.7 Effect of water- glycol hydraulic fluid viscosity on the viscosity- temperature 
relationship. 

Water content (%) 

Figure 18.8 Effect of water content on water-glycol hydraulic fluid viscosity. 
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insufficient film thickness at the wear contact. (See Figs. 18.2 and 18.3). The loss 
of sufficient amounts of water by evaporation will result in excessively high viscos- 
ities and loss of fire resistance if the water concentration is less than 30-35% [30]. 
Although slightly different charts will be obtained for different water- glycol fluids, 
the overall responses will be the same. These data show why it is important to 
maintain the correct water concentration in use. 

Generally, water-glycols are not used at temperatures above approximately 
60°C [35]. However, if pressurized reservoirs are used, fluid temperatures of 60-
70°C are possible [30]. Low-temperature limits vary from approximately 10°C to 
about -25”C, depending on the fluid [35]. 

2.2.3 Viscosity Stability 

Newtonian Versus Non-Newtonian Behavior 
Although numerous water-soluble polymers have been used as thickeners for WIG 
fluids, the most common thickener in use from the time of initial development (1947) 
[3] until the present time is poly(alky1ene glycol) (PAG). PAG thickeners provide 
Newtonian thickening behavior, which means that the fluid does not undergo signif- 
icant viscosity loss due to shear thinning (temporary or permanent) during use; there- 
fore, fluid viscosity is independent of shear rate. 

The Newtonian behavior of a recently developed W/G fluid in shear fields 
typically found in hydraulic pumps was recently demonstrated using high-shear cap- 
illary viscometry [36]. The results shown in Fig. 18.9 illustrate that a W/G hydraulic 
fluid containing a “typical” PAG polymer thickener does not undergo any significant 
shear-thinning behavior that would lead to hydraulic leakage and corresponding loss 
of pump efficiency. Similar high-shear viscometry results have been reported by 
Isaksson [371. 

Mechanical Shear Degradation 
Shear rate is defined as “the ratio of the velocity of the fluid divided by the clear- 
ance’* [38]. High shear rates may be encountered in numerous areas within the 
hydraulic pump, such as the relief valve seat and roller bearing assemblies. Very 

103 104 105 106 107 
Shear Rate (sec -I) 

Figure 18.9 High-shear-rate viscosity profile of a water-glycol hydraulic fluid at different 
fluid temperatures. 
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Figure 18.10 Stability of different poly(alky1ene glycol) polymers to mechanodegradation. 

high-shear fields, approximately 106 s-’, have been estimated to be present in hy- 
draulic pumps [39]. 

A hydraulic fluid may not only undergo viscosity losses when subjected to high 
shear rates due to non-Newtonian behavior, but the polymer used to thicken some 
non-PAG-containing W/G hydraulic fluids may actually undergo molecular degra- 
dation (mechanodegradation), resulting in permanent viscosity loss. Shear stability 
is related to the molecular weight of the thickener as illustrated in Fig. 18.10 [18]. 

The shear stability of PAG-thickened water-glycol hydraulic fluids is illus- 
trated in Fig. 18.11 for a series of fluids subjected to an ultrasonic shear test [40]. 
In this example, it is observed that typical PAG-thickened W/G hydraulic fluids were 
shear stable, as evidenced by no viscosity loss in the ultrasonic shear test, which 
means that the polymeric thickener is not expected to produce a permanent viscosity 
loss in the high-shear conditions encountered during operation in the hydraulic pump. 

Shear stability testing procedures are reviewed in Chapter 4. In addition to the 
ultrasonic shear stability test shown above, Blanpain [30] has reported that water- 
glycol hydraulic fluids will easily pass a Fuel Injector Shear Stability Test (FISST), 
ASTM D 5275 [41], or the Kurt Orbahn method [42]. 

20 - Typical water glycols 

-10 

t 1 

Figure 18.11 High-shear-rate stability of different water-glycol hydraulic fluids according 
to an ultrasonic high-shear stability test. The “typical” water-glycols were thickened with a 
poly(alky1ene glycol) polymer. In the experiment, water-glycol was thickened with a non- 
PAG polymer thickener. 
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2.2.4 Foaming and Air Release 

Although some water-glycols may exhibit longer air-release times than petroleum- 
oil hydraulic fluids [30,43], properly formulated fluids should exhibit comparable air- 
release properties to a premium petroleum oil [32]. Foaming and air-release prop- 
erties and testing procedures were discussed in  Chapter 4 and will not be discussed 
in detail here. To reduce air entrainment, reservoir capacity should be increased and 
a baffle placed between the suction and return lines. The fluid return line should be 
placed below the air-liquid surface. 
2.2.5 Nitrosamine Formation 

Some of the earliest corrosion inhibitors used in W/G hydraulic fluid formulation 
included sodium nitrite and amine nitrites [44]. The technology available at the time 
required the use of these particular additives in order to achieve the necessary so-
lution, vapor, and dry-film corrosion-inhibition properties. However, recent concerns 
over potential nitrosamine formation [45] during use of these additives, particularly 
in metalworking and cosmetic formulation, led to the development of non-nitrite- 
containing W/G hydraulic fluids [10,111. Nitrite-containing additives are no longer 
used in W/G hydraulic fluid formulations in the United States. 

Currently, various amine-containing corrosion-inhibitor additives are used that 
provide outstanding corrosion protection in use. The vapor- and liquid-phase corro- 
sion-inhibition properties of a typical W/G hydraulic fluid is illustrated in Fig. 18.12. 
These inhibitory properties are maintained during use, as long as the concentration 
of the corrosion inhibitor is maintained [46]. 

Figure 18.12 Illustration of vapor- and liquid-phase corrosion inhibition for a water-
glycol hydraulic fluid obtained with an amine-containing additive. 
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2.2.6 Phenol Content 

Increasingly stringent regulation of allowable wastes into water emitted from alu- 
minum die-casting plants has caused the aluminum die-casting industry, a major user 
of fire-resistant hydraulic fluids, to limit the incoming “phenol content” of their 
hydraulic fluids. Hydraulic fluids are discharged from the plant as a result of fluid 
leakage from the hydraulic systems during use. The idea is that if there are no 
“phenolics” contained in the incoming fluid, then they should not be present in the 
waste water, as no phenolics are used in the plant. 

One of the specified analytical procedures for determination of phenols and 
phenolic derivatives, according to the Federal Register (40 CFR 403 and 40 CFR 
464), is the 4-aminoantipyrene (4-AAP) colorimetric titration procedure [47], which 
is illustrated in Fig. 18.13. 

In this procedure, 4-AAP is reacted with a phenolic substrate to yield a highly 
colored dye which is quantitatively analyzed by visible spectroscopy at 460 nm. 
Because this is a colorimetric procedure, any substrate capable of reacting with 4- 
AAP and producing a colored product will cause an interference and produce erro- 
neous phenol-content values. Therefore, this test has been called the “phenol-re- 
sponse” test in the industry, because the analysis is based on the formation of a 
colored dye and is not necessarily indicative of the actual phenolic content of the 
fluid. Although some fluid formulations do contain very low levels of “phenol re- 
sponse,” in many cases there were no actual phenolic derivatives and false interfer- 
ence “phenol-response’ ’ results have been obtained. Nevertheless, it was necessary 
to assist the die-casting industry to comply with the federal wastewater requirements. 
This necessitated the development of fluids that contain no phenolics and do not 
produce any unacceptable “phenol-response” to the 4-AAP analysis. 

2.2.7 Oxidative Stability 

It is well known that a hydraulic fluid may undergo oxidation during prolonged use. 
Mineral oils, polyol esters, and other fluids may form sludge, resulting in poor lu- 
brication if a sufficient amount of these oxidation by-products are present. Water- 
glycol hydraulic fluids, when used at temperatures less than 150°F, do not result in 
any sludge formation [32]. Higher temperatures (>150”F) may result in slight sludge 
formation, as shown in Fig. 18.14 [32,48]. However, any sludging or “gumming” 
that may be observed is often attributable to contamination by petroleum oils that 
may be present after initial system conversions or by adding the wrong fluid to the 
water-glycol-containing reservoir [48]. Oxidation at higher temperatures may be 
simply due to coevaporation of corrosion inhibitors, which may also inhibit oxida- 
tion, as will be discussed subsequently. 

4 - AAP dye 

Figure 18.13 Phenol derivitization by the 4-aminoantipyrene (4-AAP) reaction. 
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Sludge (9) 
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with Additives 2000 PSI 
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Invert Emulsion +--1000 PSI 

*Straight mineral oil failed at 648 h 

Figure 18.14 Relative propensity for sludge formation for various classes of hydraulic 
fluid. 

Iwamiya studied the thermal stability of a PAG-thickened water-glycol hy-
draulic fluid at elevated temperatures in a seal tube where evaporation could not 
occur. The results of this study are shown in Fig. 18.15 [18]. From these results, it 
is apparent that fluid viscosity will decrease at points of localized high temperature. 
This should be contrasted to mineral oils, for which viscosity increases and sludging 
occur under the same conditions. 

Oxidation Mechanism 
Igarashi recently described some of the mechanisms encountered in the oxidation of 
mineral oils [49]. Oxidation of hydraulic fluids is accelerated when the fluid is abused 
either by overheating or by aeration. Water-glycol hydraulic fluids are also poten- 
tially susceptible to various oxidative-degradation processes if they are abused. In 
some cases, as with other classes of hydraulic fluids, by-products from degradation 
reactions may interfere with the wear-inhibiting mechanism of the additives used for 
fluid formulation. 

FLUID DEGRADATION MECHANISM. The oxidation and thermal degradation 
processes for anhydrous poly(alky1ene oxides) are well known and have been pub- 
lished previously [50]. Figure 18.16 illustrates the potential degradation processes 
for an uninhibited anhydrous poly(ethy1ene oxide) homopolymer [46]. This degra- 

50 100 150 200 250 
Temperature ("C) 

Figure 18.15 Thermal-oxidative stability of a water-glycol hydraulic fluid. 
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-O-CH-CH,- 0-
I 

Hemiacetal Ester Aldehyde Formate 

Figure 18.16 Mechanistic pathway for uncatalyzed thermal oxidation of an anhydrous 
poly(ethy1ene oxide). 

dation pathway is also pertinent for diethylene glycol, which is present in most 
water-glycol hydraulic fluids today and is representative, although considerably less 
complex, to that of a poly(alky1ene oxide) copolymer of ethylene and propylene 
oxide, which is present in most water-glycol hydraulic fluids as a thickener. 

It is known that the oxidative-degradation processes illustrated in Fig. 18.16 
are slower in the presence of water than in their nonaqueous state [51]. During 
normal use, water-glycol hydraulic fluids do not form low-molecular-weight car- 
boxylic acid by-products, or at least not at a significant rate during the lifetime of 
the fluid. The corrosion literature provides at least two examples of degradation 
pathways that elucidate the potential oxidative-degradation mechanism for water- 
glycol hydraulic fluids [52,53]. 

The kinetics and severity of degradation of aqueous ethylene glycol coolant 
solutions were studied at 100°C and 180°C in solutions containing metals by Beavers 
(presumably in a sealed tube) [53].The conclusions from this study were as follows: 

Although degradation of aqueous ethylene glycol did not occur in the ab- 
sence of metals, it was accelerated by their presence, although very slowly, 
even at these elevated temperatures. 
Degradation of ethylene glycol was accompanied by the generation of low- 
molecular-weight carboxylic acids and decreasing pH. 
Aeration only slightly accelerated the degradation process. 
The rate of degradation at 100°C and 180°C was essentially the same, which 
is unusual considering the temperature difference. 

Subsequent work by Brown et al. showed that formic acid was one of the by- 
products in the oxidative degradation of aqueous ethylene glycol [52]. The rate of 
degradation was accelerated by the presence of copper(I1) salts of these acids which 
arise from the corrosion of copper in the system [52].  {Earlier work by Beavers 
showed that iron(II1) salts similarly catalyzed the degradation reaction [53].} The 
presence and concentration of organic acids, including formic acid, was determined 
by ion chromatography [54]. 

Taken together, the results reported by Brown et al. [52] and Beavers [53] 
suggest that water-glycol hydraulic fluids degrade by a metal-catalyzed oxidative 
process that is nearly independent of solution temperature but is slowly accelerated 
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by aeration. These observations would suggest that the degradation process would 
be inhibited when the system is properly protected against corrosion and that deg- 
radation would then be accelerated by any process that would cause substantial 
depletion of the corrosion inhibitor below a “critical’ ’ level. This is the concentration 
below which there is insufficient inhibitor remaining to inhibit the formation of 
soluble corrosion metal by-products. 

These results can be explained by a previously published metal-catalyzed per- 
oxide degradation mechanism [55,56]. It is known that metal ions such as iron(II1) 
and copper(I1) will catalyze the degradation of peroxide species (ROOH), such as 
those shown in Fig. 18.16, which are formed in the oxidative degradation of glycols, 
such as ethylene glycol, diethylene glycol, propylene glycol, and poly(alky1ene gly- 
col) copolymers [51]. In fact, this process can be catalyzed by various metal ions, 
including both iron(II1) and copper(I1): 

Fe” + ROOH -+ Fe” + ROW+ HO- ( 1 )  

Fe” + ROOH -+ Fe,’ + Hi + RO,. (2) 

In Eqs. (1)  and (Z), both RO,. and RO. are capable of undergoing further free- 
radical generating reactions such as 

RO,. + RH + RO,H + R- (3) 
RO. + RH + ROH + R .  (4) 

It is important to note that the presence of metal ions does not catalyze the 
formation of peroxide during the oxidation reaction. Instead, the metal ions catalyze 
the decomposition of the peroxide species after their formation by the process shown 
in Fig. 18.I6 [46]. Of course, the peroxide intermediate may also decompose without 
the presence of metal ions, but this process would be much slower. 

The relative kinetic reactions of these two possible degradation routes, un- 
catalyzed and catalyzed, can be represented as [46] 

I , !  

ROOH + RO- + HO. 
b 

Fe“ + RO,H + RO,. + H‘ + Fe” 

= k,[ROOH] + k,[Fe”][ROOH] (8) 

where k’ represents the overall hydroperoxide decomposition rate constant k ,  and k, 
are uncatalyzed and catalyzed hydroperoxide decomposition rate constants, respec- 
tively. Lloyd has reported that the relative rate of k,/k, is approximately 100,000/1 
[511. 

This mechanism explains why the oxidation rate of glycols in the absence of 
metal ions would be expected to be relatively slow, as observed by Brown et al. and 
Beavers [52,53] (and other water-glycol hydraulic fluid users). This was observed 
in practice when various amines and amine blends were used as corrosion inhibitors 
for water-glycol hydraulic fluids [57]. Fluid suppliers generally recommend that the 
level of the corrosion inhibitor in the system be maintained by periodic monitoring 
and replenishment, if necessary. The only systems where fluid degradation produced 
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substantial quantities of formic acid were those that exhibited a corresponding loss 
of reserve alkalinity (amine corrosion inhibitors) [57]. Thus, the reserve alkalinity 
must be maintained if optimal fluid stability is to be achieved. Appropriate mainte- 
nance procedures are recommended by the fluid supplier, which will provide ade- 
quate control in operating systems. 

EFFECT OF FORMIC AND ACETIC ACID ON PUMP WEAR. The effect of formic 
acid and reserve alkalinity on wear rate exhibited by a typical water-glycol hydraulic 
fluid in a hydraulic pump was studied by simply adding the desired quantity of the 
low-molecular-weight carboxylic acid (formic and acetic acid were used for this 
work) to the water-glycol fluid used in this study, using a statistically designed 
experimental matrix. 

The reserve alkalinity, which is directly related to the concentration of the 
amine corrosion inhibitor present in the fluid, was determined for each fluid tested. 
Upon the addition of the formic or acetic acid, it was found that the reserve alkalinity 
decreased, which was expected. For the “high” amine-containing fluids, additional 
amine (in this case, morpholine) was added to bring the total reserve alkalinity of 
the formic-acid-spiked fluid into the recommended maintenance range. The “low” 
reserve alkalinity data points represent the fluids where formic acid was formed and 
reserve alkalinity was not maintained. The “high” reserve alkalinity data points 
represent fluids where reserve alkalinity was maintained, even though formic acid 
may be present. The experimental matrix and the data obtained from this study are 
summarized in Fig. 18.17 [46]. 

The results shown in Fig. 18.17 indicate that formic acid concentrations above 
0.15% do, in fact, produce an accelerated wear rate, especially at concentrations 
above 0.30%, which is consistent with the results reported earlier [55]. (A typical 
wear rate of approximately 0.15-0.20 mg/h would be expected for this particular 
fluid when low-molecular-weight carboxylic acids are absent.) However, the data do 
show, as Brown et al.’s and Beaver’s results suggest it should, that reserve alkalinity 

1 0.2 Wlhr 0.M mg/hr 

700 120 140 180 l80 200 

Reserve Alkalinity 

Figure 18.17 Two-dimensional experimental design matrix to illustrate the effect of formic 
acid and reserve alkalinity on pump wear. 
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must be maintained to at least minimize the wear increase caused by the presence 
of formic acid. 

Another low-molecular-weight acid that may be formed by oxidative degra- 
dation of the glycol and poly(alky1ene glycol) is acetic acid. To evaluate the effect 
of acetic acid on wear rate, a pump test was performed on a fluid spiked with 0.3% 
acetic acid without adjusting for the corresponding decrease in reserve alkalinity 
arising from the acid addition. The wear rate obtained was 0.31 mgh, which is 
substantially lower than the corresponding value for the same concentration of formic 
acid addition (61.5 mgh, Fig. 18.17). 

EFFECT OF THE PRESENCE OF FORMIC ACID ON CORROSION. Formic acid prob- 
ably acts to increase hydraulic pump wear by selective adsorption at the active site 
on steel or other metallic surface, thus blocking the necessary chemisorption of the 
antiwear additive. This same mechanism would be expected to produce greater cor- 
rosion for formic-acid-containing fluids. To study this effect, the relative corrosion 
performance of three fluids [a typical water-glycol with no formic acid added which 
had a reserve alkalinity (RA) = 179, a similar fluid with 0.3%formic acid added but 
without reserve alkalinity adjustment (RA = 108), and the same fluid with 0.3% 
formic acid addition but with reserve alkalinity adjustment by morpholine addition 
(RA = 176)]. The “200-Hour Corrosion Test’’ used for this work is described in 
Section 2.2.8. Figure 18.18 shows that the corrosion obtained with the formic-acid- 
spiked fluid was not significantly higher than that obtained for the unspiked fluid 
[461. 

These observations are consistent with the corrosion results reported previously 
by Beavers [53]. They are also different from the relative order of pump wear rates 
discussed earlier. Even though formic acid may be selectively adsorbed relative to a 
less acidic carboxylic, also in the m i n e  salt form, there is still sufficient protection 
to effectively inhibit corrosion, even though higher wear rates were obtained for this 
same level of formic acid. However, these results are limited and do not imply that 
sufficient corrosion protection would result at all possible formic acid concentrations. 

2.2.8 Corrosion 

There are numerous tests that have been used to determine the corrosion resistance 
offered by water-glycol hydraulic fluids. In this section, selected test procedures 
used to evaluate corrosion properties of water-glycol hydraulic fluids will be 
discussed. 

Pump Testing 

One of the first tests was to run a pump test using the fluid of interest and inspect 
the different components both visually and by weight loss to determine material 
compatibility (corrosion) [58-601. Although this test procedure does provide the 
necessary corrosion-inhibition information, there are at least three problems. One 
problem is the relatively high cost of the pump, components, and energy consumed 
to perform the test. The second problem is that different pumps utilize different 
materials of construction. Therefore, more than one pump test will be required to 
obtain data on the range of materials of interest. This problem, however, has been 
addressed by mounting the test coupons of the materials of interest on a glass rack 
and immersing them in the 5-gal reservoir of the Vickers V-104 vane pump used to 
conduct the ASTM D 2882 pump test and monitoring the appearance and weight 
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Figure 18.18 Illustration of the effect of the presence of formic acid on metal corrosion. 
Fluid 1 contains no additional formic acid, Fluid 2 contains % formic acid without adjusting 
reserve alkalinity, and Fluid 3 contains 0.3% formic acid with readjustment of reserve alka- 
linity to initial condition. 

loss at the conclusion of the test [58-601. The third problem is that long running 
times, >100-200 h, are often required to obtain the necessary long-term compati- 
bility information. This is not an accelerated test. 

Static Tests 

In the static test, five metal coupons (aluminurn, bronze, steel, copper, zinc, and 
brass) are mounted on a glass rack and placed in a 400-mL beaker as described in 
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Section 4.4.4.1 of Procedure B of Mil-H-19457. After static (no fluid flow) immer- 
sion using 300 mL of fluid at 130°F (or 158°F) for a testing period of 90 h or 1 
week, the corrosion resistance of the coupons is rated visually and gravimetrically 
[W.

Blanpain has reported on the use of a similar method in which the test metals, 
aluminum, copper, brass, zinc, cadmium, and copper/zinc are immersed in a flasks 
containing the water-glycol fluid of interest and the sample/fluid-containing flask 
is then stoppered and immersed in a liquid constant-temperature bath at 35°C. The 
method may also be modified to evaluate vapor-phase corrosion protection [43]. 

Modijied Turbine- Oil Rust Test 
The metal coupons are cleaned, mounted on a glass rack, and then placed into the 
400-mL Berzelius beaker used for the ASTM Turbine Oil Rust Test (ASTM D 665) 
[61]. The test coupons are then covered with 300 mL of the fluid. The fluid is agitated 
by using a shortened paddle attached to the drive spindle of the test apparatus. The 
paddle stem is shortened to provide clearance over the glass rack, which is immersed 
in the beaker. The plastic cover for the beaker is used and the fluid is held at 140°F 
while agitating at 1000 rpm. At the conclusion of the test, the coupons are inspected 
visually for rusting and weighed. 

In general, dynamic tests (those with agitation) provide much better correlation 
of corrosion results to a pump test than do static tests (no agitation) [58]. 

Electrochemical Methodology 

There are a number of electrochemical tests that have been reported to determine 
corrosion-resistance potential [62]. One test that has been specifically reported for 
use to determine the corrosion-protection potential of water-glycol hydraulic fluids 
was reported by Katorgin and Romanova [63]. In this test, the rate of contact cor- 
rosion is calculated from the intensity of the electrical current between electrodes of 
different metals immersed into the water-glycol fluid. A schematic of the test cell 
is provided in Fig. 18.19 [63]. 

The working electrodes, which are located parallel to one another, model the 
materials used for the hydraulic pump of interest. The remaining surfaces of the 
electrode are coated with an epoxy coating. To eliminate electrical resistance, the 
value of the current intensity reduced to zero resistance was used for the calculations. 
The rate of contact corrosion is calculated from 

3.627AiV = -
ZQ 

where 

V = the corrosion rate of the anode metal ( m d y r )  
A = the atomic mass of the metal (8) 

i = the current density (mA/cm') 
z = the ionic charge on the dissolved metal 

Q = the density of the anode metal (g/cm7) 
3.627 = the conversion factor (yrf '  X mA--') 

The current density is calculated from 
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Figure 18.19 Electrolytic cell for determination of the rate of contact corrosion of metals. 

UI
I ( )= -

U - IR 

where 

I0 = the current reduced to zero resistance of the fluid (mA) 
S = the electrode surface area (cm2) 
U = the equilibrium value of the potential difference between the electrodes 

(mV) 
I =  the magnitude of the current between the electrodes (mA) 

R = the electrical resistance of the fluid between the electrodes 

“200-Hour’’ Accelerated Tesr 

One of the most common tests in current use for the evaluation of liquid and vapor- 
phase water-glycol hydraulic fluid corrosion inhibition is the “200-Hour Corrosion 
Test.” (Though variations of this test are known by other acronyms, the term “200-
Hour Corrosion Test” will be used here.) The “200-Hour Corrosion Test’’ consists 
of refluxing and aerating the solution to be tested continuously for 200 h and mea- 
suring the solution corrosion by weight loss of the immersed metal coupons of steel 
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(SAE-1010, low carbon), cast aluminum (SAE-329), copper (CA- 1 lO), and brass 
(SAE-70C). Vapor-phase corrosion effects are also monitored by coupons of cast 
iron (G-3500) and steel (SAE-1010) suspended above the solution. Figure 18.20 
illustrates a typical corrosion test cell [46,56]. 

The corrosion test procedure follows. To the test cell with the metal specimens 
placed in the order shown in Fig. 18.20 was added 300 g of the water-glycol hy- 
draulic fluid being tested. A water condenser was attached to the center ground glass 
connector and an air line was connected to the gas sparge tube. The total apparatus 
was placed into a constant-temperature bath and heated to 70 t 2°C and held at this 
temperature for the duration of the test. A constant airflow rate of 793 cm3/min was 
maintained through the sparge tube throughout the duration of the test. Periodically, 
deionized water was added to maintain a constant fluid volume in the test cell. (The 
periodic water addition was required because of losses through the condenser due to 
evaporation.) After the 200-h duration of the test, the metal specimens were removed, 
dried, weighed, and photographed. 

2.2.9 Cornpatibility 
An extensive comparison of fluid compatibility for various materials including paints, 
metal, plastics, and elastomers is provided in Table 18.9 for petroleum oil/polyol 

Steel 
Iron 

Liquid 

Copper 
Brass 

Alumin u m 
Steel 

Figure 18.20 Corrosion test apparatus. This assembly is convenient for corrosion-inhibitor 
studies of water-glycol hydraulic fluids under laboratory conditions. Immersed metal speci- 
mens are separated by a glass “Z-bar” in the specific order shown. Vapor-space test specimens 
are hung from the top of the glass test cell. Fluid temperature is monitored with an immersion 
thermometer, air is blown into the mixture using an aeration tube, and a cold-water condensor 
is used to reduce fluid loss by evaporation. 
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Table 18.9 Comparison of Material Compatibility of Fire Resistant Fluids 

Material OiVpolyol ester Water-gl ycols Phosphate esters Inverse emulsions 

Paints, common industrial 
Paints, epoxy and phenolic 

NC 
C 

NC 
C 

NC 
C 

NC 
C 

Metals, ferrous C C C C 
Metals, bronze C LC“ C C 
Metals, zinc C NC C C 
Metals, cadmium C NC C C 

Metals, brasdcopper 
Metals, lead 

C 
C 

C 
NC 

C 
C 

C 
NC 

Metals, aluminum, unanodized C NC C C 
Metals, aluminum, anodized C C C C 

Plastics, clear “Lucite” type 
Metals, magnesium 

NC 
C 

C 
NC 

NC 
C 

C 
NC 

Plastics, acrylic NC C NC C 
Plastics, styrene NC C NC C 
Plastics, nylon NC C C C 
Plastics, PVC NC C NC C 
Leather h h b b 

Rubber, neoprene 
Rubber, BUNA N 

NC 
NC 

C 
C 

NC 
C 

C 
NC 

Rubber, butyl NC C C NC 
Rubber, ethylene propylene NC C C NC 
Rubber, polyurethane NC NC L C  NC 
Rubber, silicone C C C C 
Rubber, Teflon C C C C 
Rubber, Viton C C C C 
Filter media, cellulosic, phenolic treated C C C C 
Filter media, adsorbant (earth type) NC NC NC1 NC 

Note: C = compatible. LC = low compatibility. NC = not compatible. 
”Bronze with lead content over 20% limited t o  120°F. 
hLeather compatibility depends on the type of impregnation and conditions. Consult leather packing manufacturer for specific recommendations. 
‘Compatibility marginally good, some sources hetter than others. 
“Active earth media are unsatisfactory for routine use but are acceptable for reclaiming purposes. 
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esters, water-glycols, phosphate esters, and inverse emulsions [64]. However, the 
reader is cautioned that these compatibility values are affected by numerous varia- 
bles, including fluid and material chemistries. Therefore, validation of these com- 
patibility references with the appropriate fluid and seal manufacturer is rec-
ommended. 

Seal Compatibility 
It is desirable that seals used in hydraulic equipment do not exhibit excessive volume 
swell (>+4 and/or -2%) in use. Similarly, Shore hardness should not exceed the 
+4 Shore hardness units. These values were established by testing the seal material 
at 60°C for 21 days [43]. Although natural rubber, BUNA N, neoprene, butyl, and 
silicone are designated as “compatible” in Table 18.9 for water-glycols, Table 18.10 
illustrates that each swells to a different degree [64,65]. 

More detailed information on detail on seal materials, fluid compatibility, and 
compatibility testing are available in Chapter 1 1. 

Metal Compatibility 
Water-glycol hydraulic fluids are compatible with steel, anodized aluminum, copper, 
and brass as long as the corrosion inhibitor is properly maintained. The use of un- 
anodized aluminum is not recommended. Also, the use of aluminum as a bearing 
material is not recommended [66]. 

Zinc and cadmium are dissolved by the relatively alkaline water-glycol solu-
tion forming insoluble soap complexes with the antiwear additive [65]. Therefore, 
the use of galvanized-metal-, zinc- or cadmium-coated components with water-gly- 
col hydraulic fluids is not recommended [18,651. However, suitable alternatives in- 
clude tin, nickel, or stainless steel [67]. 

Paint Compatibility 
A problem commonly encountered in the fluid power industry is the attempted use 
of painted reservoirs that were previously in use with mineral oils. Water-glycol 
hydraulic fluids exhibit a solvent effect on these paints, thus acting as a paint remover 
[65]. Therefore, paint on surfaces that come into contact with the water-glycol 
should be removed [68]. Paints that are not compatible include phenolic and phthalic 
resin-based paints [ 181 and alkyd- and vinyl-based coatings. Compatible coatings are 
from best to worst: catalyzed phenolic > catalyzed epoxy-phenolic > catalyzed epoxy 
coatings. The user is advised to test the compatibility of any paint that he plans to 

Table 18.10 “Typical” Rubber Swell Data for a 
Water-Glycol Hydraulic Fluid 

Type of rubber Linear swell (%) 5 days at 158°F 

Natural 1.o 
BUNA S 1.6 
BUNA N 3.5 
Neoprene 1.1-2.0 
Butyl 0.0-0.8 
Silicone 0.0-2.0 
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use. This is especially true ii fluid temperatures in excess of 60°C (140°F) are to be 
encountered. It is now common practice to specify surfaces that will come into 
contact with water-glycols be unpainted [67]. 

2.3 Performance Testing 

Perhaps the most striking feature of W/G hydraulic fluids is the progressive perfor- 
mance improvements that have been made since their introduction in 1947. Table 
18.11 illustrates the progressive reduction in wear rates, approaching those obtained 
with mineral oil, achieved with W/G fluids containing >35% water from 1955 to 
1974 when tested according to DIN 5 1,389 E [Vickers V- 104C vane pump for 250 
h at 10 MPa (1500 psi) and 1500 rpm] [22]. Some W/G fluids today exhibit less 
than 100 mg total wear over the 250-h test period [13]. Historical results cannot be 
reproduced, as the fluids were formulated with obsolete additives no longer available. 
In addition, the reported test conditions are significantly different than those reported 
today. For example, lower pressures and longer times and, in many cases, different 
pumps were used. 

In another more recent study comparing the ASTM D-2882 Vickers V-104 
vane-pump test, 100 h at 13.7 MPa (2000 psi) and 1200 rpm, showed that it is now 
possible to formulate high-performance W/G hydraulic fluids [121 that exhibit even 
lower wear rates than achievable with mineral oils. The reported wear rate data are 
provided in Table 18.12 [9]. 

In addition to exhibiting low wear rates, these high-performance W/G fluids 
may also be used at high pressures ( 1 3 4  MPa, 5000 psi) previously unattainable 
with other water-containing hydraulic fluids [9]. 

Cole has recently shown that W/G hydraulic fluids may be used in hydraulic 
equipment equipped with servo valves [69]. Although this study showed that the 
dynamic response was slightly reduced with W/Gs, the performance could be re- 
stored by using slightly larger piping, controls, and servo valves. 

One historical area that has caused many problems in expanding the use of W/ 
G hydraulic fluids was reduced roller bearing lifetimes obtained with these fluids 
due to fatigue failure [70,7 13. However, more recent studies have identified improved 
bearing materials and designs that are more suitable for use with W/G hydraulic 
fluids, thus permitting their use under more stringent lubrication conditions (e.g., 
higher pressure and greater rpm speeds) [13]. 

Table 18.11 Historical Wear Rates of Water-Glycol 
Hydraulic Fluids (1 955- 1974) 

Year Total wear (mg) 

1955-1965 4700-15100 
1965- 1970 1300-2800 
1970- 1974 300- 1 100 
After 1974 Approx 100 (mineral oil) <100 

Note: All tests conducted according to DIN 51,389 E using a Vickers 
V-104C vane pump for 250 h at 10 MPa (1500 psi) and 1500 rpm. 
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Table 18.12 Comparison of ASTM D-2882 Vane-Pump Test Results 
for Various Fire-Resistant Hydraulic Fluids and Mineral Oil 

Fluid Wear Rate (mgh) 

Typical W/G hydraulic fluid 0.65 
Phosphate ester 0.05 
Polyol ester 0.10 
High-Performance W/G hydraulic fluid 0.10 
Rust and oxidation oil 7.O 
Antiwear oil 0.24 
Low-wear invert emulsion 3.5 
High-wear invert emulsion 10+2’ 

Nore: These tests were conducted over 1 0 0  h at 13.7 MPa (2000 psi) and 1200 rpm 
using a Sperry-Vickers V-104 vane pump according to ASTM D-2882. The pump 
was equipped with a 30-L/min (8 ppm) ring. The “pass” criterion is 1.0 m g h .  
“Test incomplete because of rotor breakage. 

Water- glycol fluids may encounter mixed-elasto-hydrodynamic(EHD) and 
boundary lubrication regimes at some moving surfaces during operation of a hy- 
draulic pump, including (1) the interface between the leading edge of the vanes and 
the cam ring of a vane pump, (2) the line contact between the mating gear teeth of 
a gear pump, (3) the interface between the connecting rod and piston of certain types 
of piston pumps, (4) the interface between the piston and swash plate of other types 
of axial piston pumps, and (5) the interface between rotary valve plates and housings 
~721. 

This section will discuss the effect of interfacial film formation and film-thick- 
ness properties of water-glycol hydraulic fluids on EHD, mixed-EHD, and boundary 
lubrication. Also included in this discussion will be factors affecting the fatigue 
strength of surfaces lubricated by water-glycol hydraulic fluids. 

2.3.1 Film-Forming and Lubrication Fundamentals of Water-Glycol 
Hyd rau Iic FI uids 

Various workers have studied the effect of the viscosity and pressure-viscosity ef-
fects on the film-thickness properties of water-glycol hydraulic fluids [73-821. A 
summary of various pressure-viscosity coefficients for various fluids is provided in 
Table 18.13. 

This study shows that the pressure-viscosity coefficient is lower for a water- 
glycol than for mineral oil and also lower than that exhibited by a water-in-oil 
emulsion (which is comparable to a mineral oil), This results in lower film thick- 
nesses relative to mineral oil, as shown in Fig. 18.21 [79]. The pressure-viscosity 
coefficient (and, thus, film thickness as shown in Fig. 18.3) decreases with increasing 
water content, as shown in Fig. 18.22 [73,78]. Taken together, both pressure-vis- 
cosity coefficient and film thickness are dependent on the water, glycol, and thickener 
content of the water- glycol hydraulic fluid. 

Water-glycol fluids exhibit lower pressure-viscosity coefficients and film 
thickness than mineral oil. Vernesnyak et al. have studied the effect of load, tem- 
perature, and speed and found that the film thickness was much greater for mineral 
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Table 18.13 Summary of Published Viscosity Coefficients for Various Hydraulic Fluids 

Water Pressure-viscosity 
Fluid conc. (96) coefficient (GPa- ') Ref. 

Water 100 0.75 37 
Water-gl ycol 35 4.38 37 
Water-gl ycol 36 2.04 78 
Water-gl ycol 41 4.5 79 
Water-gl ycol 48 1.96 78 
Water-gl ycol 50 4.22 37 
Polyol ester 
Mineral oil 

0 
0 

11.5 
20.4 

81 
79 

oil than a water-glycol at room temperature. However, at higher temperatures (240-
50°C),which are more representative of the actual fluid temperatures in use, the film 
thicknesses for water-glycol fluids may even exceed mineral-oil fluids. This was 
attributed to the much steeper viscosity -temperature relationship (lower VI, some-
times as low as 85- 100) exhibited by mineral oils. It was concluded that the films 
formed for water- glycols were sufficient to provide adequate lubrication in EHD 
and mixed-EHD lubrication [74-761. This is illustrated by Fig. 18.23, which shows 
that the effect of temperature on both fluid viscosity and the pressure-viscosity 
coefficient for mineral oil, phosphate ester, and a water-glycol are dependent on the 
use condition [83]. 

In another study, it was concluded that although thickened (or VI-improved) 
fluids may exhibit higher viscosity -pressure coefficients and therefore greater film 
coefficients, this advantage may be lost for non-Newtonian fluids if sufficient shear 
rates are encountered to cause shear thinning [37]. 

Wedeven et al. has shown that although a water-glycol hydraulic fluid may 
exhibit lower film thicknesses than a polyol ester (consistent with pressure-viscosity 
coefficients for these fluids), it was still possible for the water-glycol to exhibit 

4 Theory -Hamrock and Dowson 
1.o r Experiments 0 mineral oil 

n -
0 water glycolE --

5 0.5-

r 

v )  
v )  

t 
x 
0 0.1 

E 0.05.-
L 

0.1 0.5 1.0 
Contact Velocity U (mk) 

Figure 18.21 Central film thickness versus speed at a constant load of 2.6 N for a mineral 
oil and a water-glycol hydraulic fluid. 
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100% polyglycol 100% water 

Figure 18.22 Pressure -viscosity coefficient as a function of ethylene glycol, poly(alky1ene 
glycol), and water concentration. 

significantly lower friction coefficients, as shown by Fluid No. 2 in Fig. 18.24 [81]. 
The differences observed in film-thickness values for different fluids is most critical 
as the film thickness approaches the asperity depth in the mixed friction to boundary 
lubrication transition. 

One other caution is the source of pressure-viscosity coefficients. Many values 
that are reported are “effective pressure-viscosity’ ’ coefficients derived from lubri- 
cation tests using the Reynolds equation (see Chapter 2). Other data are obtained 
from viscometry results. However, it is common for significant differences to exist 
between the two sources of data, as shown in Table 18.14. Therefore, pressure- 
viscosity coefficient data obtained using the same methodology should be compared 
[811. 

There are other factors that affect lubrication at the tribocontact in addition to 
film-thickness measurements. One especially important factor in sliding contact lu- 
brication is additive chemistry and surface film formation. To some extent, this factor 
may counterbalance a less favorable pressure- viscosity coefficient and lower film 
thickness. The reader is directed to Chapter 2 for a more complete discussion on this 
topic. 

As indicated in the above discussion, there are a number of ways to address 
potentially unfavorable film-thickness problems. Fein and Villforth provided a num- 
ber of guidelines in this regard that should be followed. These are summarized in 
Table 18.15 [77]. 

2.3.2 Rolling Contact Fatigue 

In the previous subsection, it was shown that water-containing lubricants such as 
water-glycol hydraulic fluids exhibit lower pressure-viscosity coefficients, and 
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Pressure (xi03 psi) 
Figure 18.23 Pressure-viscosity coefficient isotherms for (A) petroleum oil, (B) phosphate 
ester, (C) phosphate ester blend, and (D) a water-glycol hydraulic fluid. 

therefore lower film thicknesses, than mineral oil and some other synthetic fluids. 
One lubrication application area where this has been found to be a problem is in the 
lubrication of rolling element bearings. It has been shown that the bearing life is 
shorter using water-glycol hydraulic fluids than mineral oil [84-971. The relative 
L,,,fatigue lives of water-glycol fluids has been estimated as 0.17-0.40 of the value 
reported for mineral oils [loo]. (The L,,, life is the number of revolutions during 
which 10% of all nominally identical bearings would be expected to fail.) An ex- 
ample of this problem is illustrated in Fig. 18.25 [84]. 

It has long been known that fluid viscosity will affect bearing lifetimes [90]. 
The effect of water-glycol viscosity on bearing wear was studied by Sullivan and 
Middleton [91]. The first step in this analysis was to determine the lubrication re- 
gimes for the steel twin-disk wear contact of the Amsler test machine shown in Fig. 
18.34 [91]. This was done by plotting the coefficient of friction versus “bearing 
number,” which is defined as 
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Figure 18.24 Effect of rolling velocity on average traction coefficient at a constant sliding 
speed of 35 c d s  for a polyol ester and a water-glycol hydraulic fluid. 

Bearing number = 
Viscosity (q) X speed (s) 

Contact pressure (p) 

This relationship, illustrated by Fig. 18.26, is the classical Stribeck curve [91]. 
(Interestingly, the formation of this curve required three viscosity grades of the 
water-glycol fluid.) 

The effect of bearing number on wear is illustrated in Fig. 18.27 [91]. Similarly, 
the number of cycles for the first surface pit to appear was plotted versus bearing 
number, as shown in Fig. 18.28 [91]. These data show that wear decreases with 
increasing bearing number (viscosity). 

Surface roughness effects may be modeled using the lambda function (A), 
which is defined as 

EHD film thickness (h,)
A =  

Composite relative roughness (a) 

Figure 18.29 is a plot of A versus the number of cycles for the first surface 
pit to appear [913. These data illustrate that the surface pitting rate increases with 

Table 18.14 Comparison of Pressure-Viscosity Coefficients Obtained by Viscometry and 
Lubrication Experiments Using the Reynolds Equation 

Capillary viscometry Optically measured from 
Fluid (GPa-') EHD contact (GPa- ' ) 

Water-gl ycol 2.97 1.8 
Polyol ester 11.5 7.8 
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Table 18.15 Guidelines for Increasing Film Thickness in Practice 

Situation Low speed High speed 

Frictional heat source Increase viscosity; Improve external cooling; 
increase lubricant flow optimize lubricant 

application, viscosity, 
and flow for minimum 
bearing temperature 

External heat source Increase lubricant flow; Increase lubricant flow; 
optimize viscosity for optimize viscosity for 
minimum bearing minimum bearing 
temperature; reduce temperature; reduce 
heat from source heat from source 

Low temperature Decrease viscosity; Decrease viscosity; 
increase temperature; increase temperature; 
increase lubricant flow increase lubricant flow 
to the loaded surfaces to the loaded surfaces 

High bearing load Increase viscosity Improve external cooling; 
optimize lubricant flow 
and viscosity for 
minimum bearing 
temperature 

Contamination (dirt, wear, Increase viscosity; Remove and/or inhibit 
debris, etc.) remove andor inhibit formation 

formation 

Cumulative failures (Yo> 
Figure 18.25 Comparison of the fatigue life of angular contact ball bearings lubricated 
with a petroleum oil and various fire-resistant hydraulic fluids. 
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Figure 18.26 Stribeck curve generated from bearing number and coefficient of friction for 
a water-glycol hydraulic fluid. Three viscosity grades of the water- glycol hydraulic fluid 
were necessary to develop this curve. 

increasing surface roughness and correlates well with the bearing number (fluid vis- 
cosity) effects shown in Fig. 18.29. In another study, it was found that bearing 
lifetimes was a more reliable ranking than wear measurement [1011. 

There have been many studies conducted in an attempt to quantify bearing 
lifetime for fire-resistant fluids from more established handbook values for petro- 
leum-oil lubricants. One approach utilizes a lubricant factor (F)and the equation 

I L 1 

10-j2 10-l1 1O-’O 1o - ~  
Bearing number 

Figure 18.27 Correlation of wear rate versus bearing number for a water-glycol hydraulic 
fluid. 
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‘10”’ 1o-’O 

Bearing number 

Figure 18.28 Correlation of average life cycles versus bearing number for a water-glycol 
hydraulic fluid. 

Modal life for petroleum oil 
F = (  

Modal life for fire-resistant fluid 

where F values of 2.6 for water-glycol fluids have been reported [83]. 
Another relationship developed by Kenny and co-workers is 

L,,,= (g)nx 10‘ revolutions 

where C is the dynamic load rating, P is the dynamic bearing load, and n and K are 
constants. For a water-glycol, the values for n and K was reported to be 2.46 and 
2.01, respectively [85,86,102]. 

There are various mechanisms that may possibly explain the observed lower 
fatigue strength exhibited by rolling element bearings lubricated by aqueous fluids 
such as a water-glycol. One possible explanation is hydrogen embrittlement [93,94]. 
Figure 18.30 illustrates that the fatigue life of steel balls pretreated cathodically in 

O 0.01 0.1 U105 1.o 

Initial A 

Figure 18.29 Correlation of cycles to obtain the first pit versus lambda (A) factor. 
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0 AlSl44OC steel 
o AlSl 52100 steel 
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Figure 18.30 Effect of hydrogen content of impregnated ball bearings ( X  10 mols) on 
fatigue life (revolutions). 

water to introduce hydrogen into the steel decreases with increasing hydrogen content 
in the steel [102]. These data were used to confirm a prior observation that the 
intergranular crack growth observed for bearings used with a water-glycol hydraulic 
fluid was indicative of hydrogen embrittlement (concentration of hydrogen at the 
grain boundaries). Interestingly, the simple exposure of steel to hydrogen gas did not 
induce this effect. Furthermore, in the absence of oxygen, water had little effect 
[ 1021. 

Sullivan and Middleton showed that surface pitting rates increased with de- 
creasing film thicknesses. However, the probability and rate of crack initiation can 
be significantly reduced with the appropriate antiwear additive selection. Therefore, 
it would appear that crack initiation is caused by a fatigue process related to asperity 
interaction. The crack propagation times decreased with an increase in film thickness 
and were additive independent. It was suggested that crack propagation was enhanced 
by a hydraulic pressure wedge during system pressurization. The lower compressi- 
bility of the water-glycol fluid relative to mineral oil may enhance pressure transfer 
into the crack [94]. 

Spikes has summarized four possible reasons for poorer fatigue strength pro- 
vided by water-containing fluids [1021: 

1 .  Low EHD film thickness illustrated by lambda ratio 
2. Chemical promotion of crack formation and growth 
3, Removal or prevention of protective films due to low temperature or 

dilution 
4. Increased corrosion and corrosiodabrasion wear 

Cornrnen ta ry on Film -ThicknesdRolling Contact Fatigue Data 
Shitsukawa et al. have reported that recent improvements in fatigue life have been 
obtained because of improvements in steel quality and surface roughness of the 
bearing raceways [92]. In addition, the following were reported: 
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Bearing life may depend on surface roughness rather than A, when A is 
very small and A alone does not fully define a lubrication condition. 
Previous studies have drawn different conclusions regarding fatigue life and 
the magnitude of A. For example, Skurka [103] stated that bearing life is 
not affected whether A is large or small and Talian [104] reported that 
bearing life is always proportional to A. 
Test bearings have different geometry, manufacturing processes, and surface 
roughness. There has not been a complete series tests reported using the 
same bearings from the same manufacturing process (same material chem- 
istry and properties) in which only the film thickness was varied. 

Recently Yano et al. [99], using the Unisteel machine to evaluate fatigue life 
properties of water-glycol hydraulic fluids with subsequent pump test validation, 
reported that additives exhibited a “remarkable” effect on fatigue life and the effect 
was even more significant for fatty acid-amine pairs. One fluid exhibited a fatigue 
life of 48% of a mineral oil. In addition, L,,, lives increased with decreasing water 
content, with the most significant improvement occurring in the range 35-40% water. 

The effect of bearing material chemistry using water-glycol fluids has been 
reported by Reichel [98]. A piston-pump test rig, where two axial piston pumps were 
operated in single closed-loop system. One unit was operated as a pump, the other 
as a motor. Both were operated at 1500 rpm, a constant pressure of 280 bars, and 
at a fluid temperature of 40°C. Figure 18.31 shows that bearings exhibiting L,,, lives 
of 10-90% with respect to a mineral oil were obtained. (The C/P values varied from 
3.4 to 8.4.”) Of the bearing materials examined by Reichel [98], Cronidur 30, a high- 
nitrogen stainless steel (X 30 CrMoN ,s), provided excellent L,, , lifetimes obtained 
with eight different water-glycol formulations as shown in Fig. 18.32. 

2.3.3 Fatigue Life Evaluation 

In this section, a selected overview of different testing procedures that have been 
used to evaluate fatigue life of rolling element bearings will be discussed. In addition, 
actual pump tests such as the Reichel test [98], one of the oldest and most common 
testing methodologies used to evaluate the lifetime of an actual bearing assembly, 
will be discussed. One such test was described by Bietkowski, who mounted two 
test bearings in sealed housings on a horizontal shaft supported by two large roller 
bearings [ lol l .  The bearings were loaded with hanging weights, typically 3.34 kN. 
The shaft was rotated at the desired speed, typically 1450 rpm for 400 h, or failure, 
whichever came first. The lubrication rate was approximately 2 mL/min. 

In some cases, a customized machine may be built to simulate the desired 
lubrication conditions: both contact stress and film thickness. The contact fatigue rig 
used by Danner is illustrated in Figure 18.33 [107]. A 1.25-in. test specimen illus- 
trated in Figure 18.33a contacts a 3-in.-diameter driver, as illustrated in Fig. 18.33b. 

*Fatigue life L,,, is related to the ratio of C (the load that the bearing can carry for a life of 10‘ inner-
race revolutions with a 90% probability of survival or dynamic load capacity) and P (equivalent bearing 
load or static load) by the Lundberg-Palmgren equation 

where p is the load-life exponent. See Ref. 105. 
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Roller bearing design C/P LlO LHFC Axial piston unit/ 
h h % swivel angel 

8.42 2,962 96 < 10 bent shaft design a
8.42 2,200 222 40'
........................................................................................................................................................ 

Conical roller 3.0 58,575 
bearings 3.0 58,575 2,000 > 4 swash plate design 

2.9 52,231 14' 

2.9 52,231
........................................................................................................................................................ 

3.2 817 233 < 30 

bent shaft design 
28' 

Cylindrical roller 8.38 10,100 160 
bearings 8.38 13,000 122 1-2 swash plate design 
(without cage) 8.90 16,000 357 14' 

Cylindrical roller 4.14 681 122 <20 
bent shaft design 

bearings 28' 

5.4 1,732 850 4 0  
bent shaft design 

bearingsBevel ball 25'f$jJ 
Double race ballbearings 3.4 440 1,180 >250 

swash plate design 
(plastic cage) 14' 

Figure 18.31 Lifetime of different roller bearings in axial piston pumps using a water- 
glycol hydraulic fluid. 

The test specimen was constructed from carburized AISI 4620 steel. The contact 
surfaces were ground to the approximate surface finish of the bearings being mod- 
eled. The load (0-4000 lbs.) was applied through a cantilever. The lubricant is 
supplied to the outlet side of the contact through a recirculating circuit with filtration. 
The contact temperature is measured by a thermocouple riding on an oil film on the 
inlet side. Rotational speeds of 100-3600 rpm were possible. 

8 Different HFC-46 Fluids 

Figure 18.32 Lifetime of bevel ball bearings in an axial piston pump using a water-glycol 
hydraulic fluid. [Test conditions: pressure = 280 bars, rotational speed = 1500 rpm, and fluid 
temperature 45°C ( 1 13°F).J 
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Figure 18.33 Rolling contact fatigue test rig: (a) fatigue test specimen; (b) cross section 
of test rig. 

Sullivan and Middleton utilized an Amsler two-disk machine. The 40-mm- 
diameter AISI 52100 bearing steel two-disk contact is illustrated in Fig. 18.34 [94]. 
The driving disk had a 750 Vickers hardness (HV) and the driven disk had a HV of 
250, with surface roughnesses of 0.07 Fm and 0.25 Fm, respectively. The disks were 
loaded through a variable-compression spring to 900 N, which provided a Hertzian 
stress of 1.01 GPa. The disks were capable of being rotated independently at 20-
4000 rpm with 10% slip. 

Of the various bench tests that have been used, two of the most common are 
the 4-ball test rig [90,95] and the Unisteel test machine. In the 4-ball test, a hardened 
steel ball is held in a chuck at the end of a spindle which is loaded by a lever arm 
at 25-750 kg and rotated at a constant speed of 1500 rpm [90]. The upper ball is 
loaded against three balls held in a steel cavity and allowed to rotate freely, creating 
the desired rolling/sliding, as illustrated in Fig. 18.35. 

Today, one of the most commonly used bench tests to model contact fatigue 
is the Unisteel Rolling Fatigue Machine illustrated in Fig. 18.36. In this test, a flat 
ring test piece forms the upper half of a thrust bearing assembly. This is run with 
the cage, half the balls, and one race from a standard production thrust bearing. The 
lubricant is drip-fed and the load is applied by a dead-weight lever arm.Typically, 
a 3.34-kN load is applied and rotated at 1500 rpm [97]. 

2.3.4 Hydraulic Pump Derating Practice 

Most hydraulic pump companies have traditionally derated the catalog pressure rat- 
ings for their pumps for use with fire-resistant fluids. Some pump products are not 
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Figure 18.34 Amsler twin-disk test machine. 

recommended for use with fire-resistant fluids at all. One illustration of pump de- 
rating is provided by Edgington for Lucas axial piston pumps, which is illustrated 
in Fig. 18.37 [2 11. Traditionally, boosted inlet suction pressure recommended to 
minimize cavitation potential has also been recommended for water-glycol fluids 
[ 1061. Another illustration of this is the general derating conditions published by 
Sundstrand and shown in Table 18.16 [107]. Sundstrand recommends that inlet vac- 
uum not exceed 2 in. Hg and that an elevated reservoir be used with an increased 
inlet line size [107]. 

Similarly, Racine derates their pumps for use with water-glycol hydraulic flu- 
ids and recommends that a flooded inlet be used and that the inlet vacuum not exceed 
3 in. Hg and that an elevated reservoir be used. Illustrative examples to assist in 
calculation of the inlet vacuum are provided in Table 18.17 [108]. If the pump must 
be mounted on top of the reservoir, the liquid level should not be more than 12 in. 
below the pump. Strainers should be rated at least three times the pump outlet flow. 
Strainers should be no finer than 60 mesh (238 pm) [109]. 

In some cases, rolling element bearing lubrication problems with water-glycols 
can be successfully resolved by either changing the bearing design, i.e., from uncaged 
to caged bearings for Rexroth Hydromatik and Breuninghaus pumps, or by the use 
of bronze sleeve bearings [1101. 

2.4 Fluid Maintenance Procedures 

2.4.1 Fluid Contamination and Performance 

Hydraulic pump lubrication is not only dependent on fluid chemistry, but it is also 
negatively affected by liquid and solid contamination [11 1- 1171. In water-glycol 
hydraulic fluids, the most common liquid contamination is usually petroleum oils. 
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Figure 18.35 Illustration of the 4-ball test configuration. 

Because water-glycols and petroleum oils are mutually insoluble, residual oil may 
be skimmed from the fluid reservoir, although often not before selectively extracting 
some additives from the fluid fomulation. Although this is usually not a serious 
problem, every effort should be made to prevent this form of contamination. Solid 
contamination may have disastrous effects because solid debris, through abrasive 
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Accelerometer 

I 
Figure 18.36 Schematic of Unisteel test machine. 

Figure 18.37 Maximum continuous operating pressures and speeds of typical Lucas axial- 
piston pumps using mineral oils and various fire-resistant hydraulic fluids. 

Table 18.16 Modified Operating Parameters for Fire-Resistant Fluids 

Speed Pressure Maximum 
Fluid type (% catalog) (% catalog) temp. (OF) 

Phosphate ester 100 100 180 
Polyol ester 85 85 150 
Invert emulsion 

(60 oiU40 water) 65 70 140 
Water-glycol (60/40) 65 60 140 
HWCF (95 water/5 oil) 65 40 122 
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Table 18.17 Calculation of the Inlet Condition 
~ 

A. The pressure loss at a pump suction inlet will be caused by the following: 
1. Pressure loss due to length of piping = length (ft) X graph value X flow (gdmin) X SPG 
2.  Pressure loss due to elbows = number X graph value X flow (gaVmin) X SPG 
3. Pressure loss due to bends = number X graph value X flow (gdmin) X SPG 
4. Pressure loss due to suction strainers = No. of elements X graph value X flow (gaVmin) X SPG 
5. Pressure loss due to head or lift = ft X 0.88 X SPG 

Notes: I ft height of a fluid with a SPG of 1 = 0.88 for other fluids in. Hg = 0.88 X SPG 
If the fluid is above the pump inlet, the pressure should be subtracted from the other losses and if the fluid is below the pump inlet, the pressure 

is added to the other losses. 

The pressure loss caused by the design of the suction system can be determined from the data given in Fig. 18.38; for example: 
Fluid viscosity 200 CS at 55°C 
Flow rate 18 gaVmin 
Pipe size 1.5 in. in diameter 
SPG 1.15 
Head of fluid 2 ft 

3-element 0.005-in. suction strainer 
1 bend and 4 ft. of pipe 

From Figure 18.37: 

loss due to length of pipe = 4 X 0.026 X 18 gallrnin X 1.5 = 2.160 
loss due to bend = 1 X 0.04X 18 gaVmin X 1.15 = 0.830 

0.35 X 18 gaVmin X 1.15
loss due to suction strainer = 

3 
= 2.420 

positive head = 2 X 0.88 X 1.15 = 2.02 

Loss at inlet 3.39 in. Hg 

Note: SPG refers to specific gravity. 
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Figure 18.38 Correlation of hydraulic fluid viscosity and pressure loss in pipe elbows of different cross-section sizes. 
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Wear 
debris 

Figure 18.39 Mechanism of abrasive wear due to solid contamination. 

action, will cause increased wear at the lubrication contact, as shown in Fig. 18.39 
[113- 1161. 

Any wear in hydraulic systems is deleterious because optimal pump perfor- 
mance is dependent on the clearances within the system. Table 18.18 provides a 
summary of typical clearances encountered in a hydraulic system [1 1 I] .  

Fitch and Hong have illustrated the relative sensitivity of vane, gear, and piston 
pumps to solid contamination, which is shown in Fig. 18.40 [ 1 131. To address the 
problems of pump wear due to Contamination, Speny-Vickers has developed filtration 
recommendations based on filter p-ratios developed earlier by Fitch and others 
[1 17,1181. These recommended values are provided in Table 18.19. 

These data show that no matter how good the lubrication properties, solid 
contamination can destroy a hydraulic system. Thus, fluid contamination must be 
removed using appropriate filtration if optimal performance is to be obtained. 

2.4.2 W/G Fluid Analysis Procedures 

The following discussion will focus on analytical procedures that may be used to 
monitor fluid chemistry and physical property variation. Note: All of the examples 
shown in the following discussion are for illustrative purposes only. Because these 
values are fluid specific, they will vary with the supplier. Therefore, the reader should 

Table 18.18 qp ica l  Hydraulic Component Clearances 

Component Clearance (pm) 

Slide bearings 0.5 
Vane pump (tip of vane) 0.5 
Control valve 0.1-0.5 
Rolling element bearing 0.1-1.0 
Hydrostatic bearings 1-25 
Gears 0.1-1 .o 
Gear pump (tooth to case) 0.5-5.0 
Piston pump (piston to bore) 5-40 
Servo valves 1-40 
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Figure 18.40 Relative sensitivity of different types of hydraulic pump to contamination. 

consult with their fluid supplier to obtain the appropriate recommendations to use 
with these procedures. 

Initial Fluid Observation 
The first step of any analysis is to simply observe the sample. This is easily done 
by looking at the sample in a clear container such as a bottle. The sample should 
be clear without the presence of oil layers or solid debris. If solid debris is observed, 
a magnet should be used to determine if it is magnetic. Magnetic solids may be the 
result of either wear or corrosion. Nonmagnetic debris may be due to elastomeric 
seal erosion, carbonaceous deposits, or external nonmetallic contamination. 

Water Content and Makeup 
Antiwear properties and the fire resistance of a water-glycol hydraulic fluid is de- 
pendent on total water content. Therefore, water should not be added indiscriminately 
nor should wide variations in water content by evaporation during use be allowed. 
Water contained in a water-glycol fluid may be lost through evaporation during 
normal hydraulic operation. Water loss increases fluid viscosity. Therefore, water 
must be added back to the system to maintain fire resistance, assure proper viscosity, 
and, thus, system operation. 

The most common methods for the determination of water content of a water- 
glycol hydraulic fluid are the refractive index, viscosity, distillation, and Karl Fischer 
analysis. Of these, the most commonly used is the refractive index. The refractive 
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Table 18.19 Suggested Acceptable Contamination Levels 

Target 
contamination 

class to Suggested maximum Suggested 
IS0 code particle level filtration rating 

5 p m  1 5 p n  5 wm 15 p m  Sensitivity Type of system px > loo 
~~~ ~~ ~~ 

13 9 4,000 250 Critical Silt-sensitive control system with very high reliability; 3 
Laboratory or aerospace 

15 11 16,000 1 ,000 Semicritical High-performance servo and high-pressure long-life 5 
systems (i.e., aircraft, machine tool, etc.) 

16 13 32,000 4,000 Important High-quality reliable systems; general machine requirement 10 
17 14 130,000 8,000 Average General machinery and mobile systems 10 
19 15 250,000 16,000 Crude Low-pressure heavy industrial systems, or applications 15-25 

where long life is not critical 
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index is readily determined using a portable temperature-compensated refractometer 
that provides readings in degrees Brix. 

To perform this analysis, the cover plate over the instrument prism is lifted, a 
drop of fluid is placed on the prism, as shown in Fig. 18.41a, and the cover plate is 
placed over the liquid. (Note: the prism should be cleaned prior to use or incorrect 
readings may result.) The instrument is next held toward a light source, as shown in 
Fig. 18.41b. The degrees Brix reading is then read from the eyepiece, as shown in 
Fig. 18.41~. Water content is obtained from the refractometer reading and a calibra- 
tion chart such as that shown in Fig. 18.42. After the water concentration is deter- 
mined, additional water should be added if necessary. Some suppliers provide “water 
makeup” tables such as Table 18.20 or fluid-dependent plots such as Fig. 18.43. 

The principal limitation of water determination by refractive index is that the 
refractive index is affected by additive depletion, fluid degradation, or contaminants 
that may be present in the hydraulic fluid. Therefore, it is advisable to periodically 
cross-check water analyses obtained by refractive index by at least one other ana- 
lytical method. 

Water content may also be determined by viscosity measurement. One common 
method of viscosity measurement is to follow the ASTM D-445 procedure for ki-
nematic viscosity [1 191. The Cannon-Fenske tube used in this determination is 
shown in Fig. 18.44. Because viscosity is temperature dependent, it is essential that 
a constant-temperature bath be used for viscosity measurements. Plots of viscosity 
versus water content, such as Fig. 18.45, are available from the water-glycol hy- 
draulic fluid producer. If water additions are necessary, water makeup charts such as 
that illustrated by Fig. 18.46 are available. Alternatively, a water “makeup” table 
analogous to Table 18.21 may be obtained from the W/G hydraulic fluid supplier for 
the specific fluid being used. 

The load bearing capacity of a fluid film is dependent on fluid viscosity. Oxi- 
dative and thermal degradation processes will result in a decrease of fluid viscosity. 
Thus, routine viscosity measurement is one of the best methods of monitoring fluid 
stability. However, such comparative measurements must be made at the same total 
water content. 

The water content may also be determined by azeotropic distillation from ben- 
zene or toluene [43]. This procedure, described in ASTM D95 [120], is relatively 
labor intensive and not commonly conducted on water-glycol hydraulic fluids at the 
present time. 

The fourth, and most unambiguous, method of water determination is by Karl 
Fischer analysis (ASTM D-1744) [121]. The advantage of Karl Fischer analysis is 
that it is a direct measure of water content, whereas viscosity and refractive index 
are both indirect measurements that are substantially affected by either contamination 
(refractive index) or fluid degradation (viscosity). Figure 18.47 illustrates the level 
of agreement that has been obtained with known water contents and this Karl Fischer 
procedure. 

The quality of water used for system makeup is critically important because 
polyvalent hard metal ions (Ca”, Mg”, Mn”, etc.) present in tap water or city 
water will react with the antiwear additive, usually an organic carboxylic acid salt, 
to form a polyelectrolyte complex (V) [ 1221, which appears as a “white, soapy” 
solid [123,124]. This process must be prevented for two reasons. The first is that it 
will lead to continuous depletion of the critically important antiwear additive. Sec- 
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Figure 18.41 Determination of water content using a hand-held refractometer: (a) placing 
fluid on the prism, (b) reading the instrument, and ( c ) illustrative scale reading. (Courtesy of 
Leica, Inc.j 
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2s 30 35 40 45 
Water (Oh by weight) 

Figure 18.42 Water content versus refractive index in degrees Brix. 

Table 18.20 Water Addition by Refractive Index 

Refractive index 
Water Makeup" (degrees BRIX) 

None 43.75 -46.00 
5 46.00-47.25 


10 47.25-48.75 
15 48.75-50.50 

20 50.50-52.50 

25 52.50-54.25 


"Gallons of water added to each 100 gal of W/G hydraulic fluid. 

Gallons of distilled water to be added 
per 100 gallons of reservoir capacity 

Figure 18.43 Water makeup graph. 
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Start 

stop 

Figure 18.44 Cannon-Fenske viscometer. 

ond, the presence of such precipitates, like any solid material, will increase wear 
and possibly plug filters: 

2 RCO,H + Ca2' -+Ca2' (-O,CR),J + 2H' (V) 

Only distilled or deionized water, with a conductance of less than 15 pmho/ 
cm (a maximum total water hardness of 5 ppm has also been recommended [30,124]), 
should be added to a W/G hydraulic fluid system. It is recommended that total 
hardness of the system should not exceed 250 ppm [1251. The ionic content of water 

25 30 35 40 45 
Water  (% by weight) 

Figure 18.45 Viscosity versus water content. 
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Figure 18.46 Water makeup graph based on fluid viscosity measurement. 

can be monitored by conductance. It is recommended that the maximum conductance 
of makeup water be less than 15 pmho/cm. 

Reserve Alkalinity (Corrosion Inhibitor) 

Amine concentration in a W/G hydraulic fluid is designated as “reserve alkalinity” 
and is conventionally reported as the volume in milliliters of 0.1Nhydrochloric acid 
(HC1) required to titrate 100 mL of W/G fluid to pH 5.5. A typical titration plot is 
shown in Fig. 18.48. Two breaks in the titration curve are observed because two 
chemical moieties are actually being analyzed, the amine carboxylate (VI) and the 
excess “free” amine (VII). 

[RCO, --*‘HNR,] + HCl + RC02H + [Cl-...*HNRJ 

R3N + HC1 + [Cl--..’HNR,] 

Table 18.21 Water Addition by Viscosity 

Viscosity 
Water makeup” (cSt at 40°C) 

None 39-50 
5 50-56 

10 56-68 
15 68-82 
20 82-102 
25 102-124 

“Gallons of water added to each 100 gal of W/G hydraulic fluid. 
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Figure 18.47 Correlation of water-glycol hydraulic fluid water content and Karl Fischer 
analysis (ASTM D- 1744, pyridine-cellosolve method). 

Thus, acid titration also provides a method for quantifying the concentration of an- 
tiwear additive. 

Changes in corrosion inhibitor concentration may also be monitored by pH 
[123-1261. It is recommended that the pH of the W/G system be greater than 8.0 
[123,1241* 

Fluid Degradation 
The presence of formic acid is particularly deleterious because concentrations higher 
than 0.15% may lead to excessive wear, as discussed earlier in this chapter and 
shown in Fig. 18.16. Because formic acid may result in increased wear, an analysis 
should be conducted to detect its presence in the used fluid. The analytical procedure 

*Free arnine 

Aminecarboxylate-D 

0I

0 10 20 30 40 50 

ml(O.1 N HCI) 

Figure 18.48 Determination of reserve alkalinity by acidic titration. 
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Figure 18.49 Typical progression of severe wear. 

most usually performed for acid detection in aqueous solution is ion chromatography 
[1271. 

Ferrography 
It has thus far been shown that hydraulic fluid quality and performance is dependent 
on fluid cleanliness and chemistry variation. On occasion, it is necessary to trouble- 
shoot fluid performance in improperly operating systems. In addition, to the chemical 
and physical analyses described earlier, it is often of value to analyze any wear debris 
that may be formed. One of the principal methods of wear debris analysis is ferrog- 
raphy [ 128,1291. 

Ferrography may be used to determine the concentration and distribution of 
wear particles contained in a hydraulic fluid. This is illustrated in Fig. 18.49, which 
shows the progression of wear as a function of total particle concentration [130]. 
Generally, “benign” wear occurs when the particles are less than 15 km. Wear 
particles producing catastrophic failure are typically >200 km. Ferrography can be 
used to detect and characterize wear particles in this size range. 

1 A - Break-in wear t 
, B - Normalwear 

C - Abnormal wear 1 b - Oil change 

B 

:...* 
i 

1 
b Time 

Figure 18.50 Ferrographic profile of large wear particles. 
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Wear particles may also be profiled over time, as shown in Fig. 18.50 [130]. 
Although all particles are susceptible to removal by filtration, large-particle filtration 
generally occurs more rapidly. Therefore, the larger particles indicated by ferrography 
are a good indicator of “current wear rate.” 

Ferrographs can be used to elucidate the identity of wear particles. This infor- 
mation is available from various collections published in handbooks [131]. For ex- 
ample, using ferrography, it is possible to identify carbonaceous material, rust, cop- 
per, soft metal (i.e., aluminum, zinc, etc.), and severe and normal wear. Some typical 
ferrographs are shown in Fig. 18.51. 

Figure 18.51 Typical ferrograms that may be obtained from ferrographic analysis: (a) 
copper-alloy wear debris, (b) rust contamination, (c) white nonferrous and copper-alloy debris, 
(d) rust and severe wear particles, (e) amorphous carbon contamination, and (0crystalline 
fiber contamination. (Courtesy of Engineered Lubricants, Inc.) 
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2.5 Biodegradability and Toxicity 

There is increasing interest in the biodegradability and toxicological issues relating 
to the use, incidental release, and disposal of all hydraulic fluids, including water- 
glycol hydraulic fluids [1321. (Further information is available regarding these are 
other testing requirements in Chapter 13 and will not be discussed further here.) 
Although relatively little information is available regarding the biodegradability and 
toxicology of water-glycol hydraulic fluids, one report has issued recently illustrat- 
ing that one composition exhibits both outstanding high-pressure applicability and is 
biodegradable (85% in 28 days by the OECD 301B-modified Sturm test) [133]. 
Work is continuing in this area. 

2.6 System Conversion Guidelines 

Proper fluid conversion procedure is essential if optimal hydraulic system perfor- 
mance is to be achieved. In this section, conversion procedures from mineral oil and 
from other fire-resistant fluids will be discussed. The reader is encouraged to obtain 
a copy of an industry standard such as the NFPA T2.13.1 R3 standard for more 
comprehensive compilations of recommended procedural guidelines [ 1341. 

2.6.1 Piping Inspection and Repair 

System conversion is an excellent time to perform a system inspection and repair 
hydraulic piping problems. The following list of inspection pointers originally written 
by Oilgear for oil hydraulic systems is appropriate for any hydraulic fluid system 
[ 1391: 

1. Look for loose or vibrating pipes that may break due to work hardening 
of the metal. Copper is especially vulnerable. Because copper is only rec- 
ommended for low pressure ( ~ 3 0 0  psi), it should not be used for water- 
glycol systems, which are typically used at pressures higher than 300 psi. 

2. Flexible hose should be inspected very closely. Flexible hose is susceptible 
to sudden rupture or blowout at couplings and should not be used in po-
tentially dangerous area. Flexible hose may often be avoided by telescop- 
ing joints, rotary joints, or unions, which may be loosened for repairs. If 
flexible hose must be used, it should be enclosed in a manner that permits 
venting to a sump or waste pit. 

3. Fragile piping should not be placed in an area where it can be run over, 
walked on, or used as a ladder. It should be moved or covered with ade- 
quate protection. 

4. Avoid temporary repairs. Maleable or wrought iron fittings should be re- 
placed immediately. Avoid bending or straining pipes to “make them fit.” 
The strain may lead to subsequent line breakage. 

5 ,  Long overhead runs of pipe should be avoided because rupture may lead 
to spraying of fluid over dangerous areas. 

6. Pipe passageways through floors or between machines should be patched 
with nonflammable ceramics to prevent fluid from spreading from one floor 
or machine to another. 

7. Be sure that machines are operating smoothly. Rough hydraulic flow may 
indicate improper circuit design and may result in future leaks and break- 
downs in the system. 
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Pumps designed for oil hydraulic fluids may not have proper inlet flow con- 
ditions for the more dense water-glycol fluid. Properly sized inlet piping and min- 
imum distance between the reservoir and inlet and maximum distance of the reservoir 
placement above the inlet is essential to minimize pressure drops, which may lead 
to fluid starvation and cavitation [135]. If, after performing the calculations shown 
in Table 18.17, excessive inlet vacuum conditions exist, larger inlet pipe diameter 
(and possibly pump speed reduction to reduce flow) may be helpful. A chart such 
as that provided in Fig. 18.52 can be used to determine proper pipe sizing when 
volume flow rate and velocity are known [135]. 
2.6.2 Additional Considerations 

Water-glycol fluids as a class are incompatible with most paints used with hydraulic 
oil. Therefore, conventional paint inside of a fluid reservoir must be removed. Al-
though it is desirable to used unpainted reservoir surfaces, there are some paints such 
as modified phenolic or epoxy-based paints that may be used. However, paint com- 
patibility should be tested before use [141]. 

Water-glycol hydraulic fluids should be used at temperatures below 150°F; as 
a result, heat exchangers may be required to maintain optimum reservoir tempera- 
tures [ 136,1371. 

When switching to a water-glycol fluid, it is essential that as much residual 
oil as possible be removed. Low-pressure air may be used to blowout residual oil 
from remote parts of the system [137]. The reservoir should be wiped down to 
remove all traces of the residual oil [64,66,136]. If it can be utilized, steam cleaning 
can be effective [64,66]. 

Flushing fluids are not recommended because residual amounts of the fluid are 
almost certain to remain and disrupt the overall chemistry of the fluid. (As shown 
previously, maintenance of fluid composition is critically important if optimal per- 
formance is to be assured.) Instead, the water-glycol itself should be used as the 
flushing fluid [64,66,106,136]. 

The filters in the system must be compatible with the water-glycol hydraulic 
fluid being used. Do not use paper or treated-paper filters. Clean the filter housings 
and plug bypasses. 

Additional cleaning guidelines are provided in Table 18.22 [ 1381. 

2.6.3 Converting from Petroleum Oil to Water-Glycol Fluids 

In converting a hydraulic system from petroleum hydraulic oils to water-glycol 
hydraulic fluids, follow accepted engineering practices and be as thorough as possible 
[134]. A little extra attention at this point is necessary for safer and better perfor- 
mance and lower maintenance expense. The following procedure is recommended in 
making changeover from petroleum oils to water-glycol conversion: 

1. Drain the oil from the system completely. Particular attention should be 
paid to the reservoir, pipe lines, cylinders, accumulators, filters, or other 
equipment in which oil might be trapped. 

2. Clean the system of residual sludge and deposits and remove paint from 
the inside of the reservoir unless the paint has been tested and found to 
be resistant to the softening and lifting action of the hydrolube. Steam 
cleaning has been very effective in many instances. Carbon tetrachloride 
or other chlorinated metal cleaners should not be used. 
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velocity. 
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Table 18.22 Conversion Guidelines from Petroleum to Water-Glycol Hydraulic Fluids 

Component Procedure 

Reservoir" Drain and clean; remove internal gaskets; install a 10-pm breather 
Inlet to pump Check size of inlet pipe; supercharge or establish positive fluid 

head; install 60-mesh strainer four times pump capacity 
Pump Derate all pumps except piston type by 125%; drain and clean 
Valves May require change in contro orifice size; drain and clean 
Fluid motors and May require size change; drain and clean 

cylinders 
Accumulators Drain and clean 
Piping Use Teflon thread sealant; clean by swabbing 
Filters Change to compatible elements (do NOT use paper!); Clean 

housing 
Coolers Drain and clean 
start-up Check with fluid supplier; follow his instructions 
Fluid maintenance Check water content and pH weekly at start 
Component Inspect pumps evey 500 h, until a standard maintenance program 

maintenance is established; each inspection may vary 

'Some designers use a closed reservoir with double-check valves to obtain supercharge pressure. Pressure 
is established by virtue of fluid and air expansion with temperature rise; 15-25 psi can be obtained by 
this method. One gravity-operated check valve in combination with a filter breather, relieves vacuum 
created by cooling after shutdown. A relief valve limits maximum pressure within the reservoir. 

3. Disconnect the filter. 
4. Flush the system with a minimum amount of the water-glycol fluid being 

used. Flush initially by operating at no load or at minimum operating 
pressure, then bring the fluid up to normal temperature and operate all 
parts. Many users follow the practice of operating on the flush fill for 
several hours to provide complete circulation and take full advantage of 
the solvent cleaning characteristics of the hydrolube fluid. 

5. Drain the flushing charge as completely as possible, while it is still warm 
and without allowing it to settle. This fluid can be retained for further use 
after suspended solids have settled and residual petroleum oil has sepa- 
rated. With proper attention to removal of suspended contaminants, the 
flushing fluid can be used in preparing other machines for service or for 
makeup purposes. 

6. Install a clean filter cartridge. Replace filter elements having zinc- or 
cadmium-plated parts with appropriate substitutes. Do not use a highly 
adsorptive filter medium, such as clay or Fuller's earth, because these 
filters may alter fluid composition by removing essential additives. 

7. Examine pump parts, 0-rings, and auxiliary equipment. Replace worn 
pump parts. Repair leaking pipe joints. Replace deteriorated gaskets, 
seals, and packings. Replace cork shaft seals and other water-susceptible 
packings and materials. Substitute waterproof materials. 

8. Reconnect the system and tighten all joints and connections. 
9. Fill system with proper grade of water-glycol hydraulic fluid. 
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10. Operate at reduced pressure to insure proper lubrication of the hydraulic 
pump; then bring up to standard operating conditions. 

During the first few weeks of operation, filters and inlet screens may become 
clogged by sludge and deposits that have been loosened by the solvent action of the 
hydrolube. The result may be pump starvation and cavitation, noisy operation, and 
high pump wear. Therefore, replace filter cartridges and clean inlet screens as needed. 

Even with the most careful cleaning procedures, a small amount of petroleum 
oil may remain in the system. Small quantities will not interfere with performance 
of the water-glycol fluid but will reduce the fire resistance, especially if residual oil 
collects in one part of the system such as the reservoir or accumulators. Hydraulic 
oil is lighter than the hydrolube fluids and will rise to the top of the reservoir. During 
the initial period of operation, periodically skim or siphon the residual oil from the 
surface of the fluid in the sump. 

2.7 Fire Resistance 

Even after 50 years of use [3,30,140], there is still no consensus on the best evalu- 
ation procedures to quantify the relative fire resistance offered by a hydraulic fluid 
[ 1411. However, Factory Mutual Corporation has recently developed a testing pro- 
cedure which provides more adequate discrimination between various fire-resistant 
hydraulic fluids. A review of fire resistance testing procedures and the results reported 
to date is provided in Chapter 7. The order of fire resistance offered by various major 
classes of fire-resistant fluids capable of high-pressure use is water-glycol > phos-
phate ester > polyol ester > mineral oil. 
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Polyol Ester Fluids 

ROBERT A. GERE and THOMAS V. HAZELTON 
Quaker Chemical Corporation, Conshohocken, Pennsylvania 

1 INTRODUCTION 

Fluid power engineers and users have traditionally selected hydraulic fluids based 
on mineral oil because they have high-performance characteristics and are econom- 
ically favorable. External factors, however, often dictate an alternative selection. One 
major concern is the potential flammability of mineral-oil-based hydraulic fluids. 
Major capital and personnel losses have occurred because of hydraulic-fluid-related 
fires [11. More recently, potential environmental problems associated with mineral- 
oil fluids have gained notoriety. These problems include low rates of biodegradability, 
aquatic toxicity, handling of contaminated material, and high waste-treatment costs. 
Long-term availability and future cost implications question further the viability of 
mineral-oil-based products. 

A simple and attractive alternative to mineral-oil-based hydraulic fluids that 
addresses these problems are fluids based on polyol esters. 

Esters are described as compounds produced by the reactions between organic 
and inorganic acids and alcohols. Naturally occurring esters (glycerides) are a major 
component of all fats and vegetable oils. Synthetic esters can be constructed from 
many organic and inorganic acids and alcohols and the choices made determine 
physical and chemical properties and cost of the resultant ester. 

This chapter deals with hydraulic fluids based on polyol ester technology. The 
term “polyol ester” relates to the base stock used in the final product. Polyol ester 
hydraulic fluids, like most commercial hydraulic fluids, use performance-enhance- 
ment additives that can account for up to 10% of the total product. These fluids are 
typically prepared from long-chain carboxylic fatty acids (derived from natural fats 
and oils) and polyhydric alcohols that contain two or more hydroxyl groups. 

Polyol-ester-based hydraulic fluids have been commercially available for about 
25 years and are considered a major category of fire-resistant or less hazardous 
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hydraulicfluids [2,3]. They are classified as HFD-U under IS0  standard 6753/H for 
fire-resistant hydraulic fluids. Factory Mutual Research Corporation initially listed 
polyol ester fluids as less hazardous hydraulicjuids in 1973 [4]. With the growing 
need for fluids that are environmentally compatible, polyol ester hydraulic fluids are 
finding a niche in this market because they are readily biogradable and have low 
aquatic toxicity. The products exhibit excellent lubrication characteristics and have 
found applicability in most general-purpose power units. In 1996, approximately 3 
million gallons of polyol ester hydraulic fluids were produced worldwide. 

The cost of a polyol ester hydraulic fluid is approximately two to three times 
that of mineral-oil fluids. However, if fire resistance is required or if the fluid is used 
in environmentally sensitive areas, the selection of a polyol ester fluid can be a cost- 
effective choice. Figure 19.1 shows the relative cost of a polyol ester hydraulic fluid 
compared with other popularly used fluids. 

In this chapter, polyol ester chemistry, the method of manufacture, and the role 
of performance-enhancement additives will be reviewed. Physical and chemical prop- 
erties and operational characteristics such as fire resistance, environmental properties, 
and general compatibility with hydraulic power units will be discussed. Fluid limi- 
tations and maintenance requirements, including conversion procedures, will be 
described. 

2 POLYOL ESTER TECHNOLOGY 

2.1 Basic Chemistry 

Polyol esters are members of the general ester family formed by the reaction between 
alcohols and inorganic or organic acids. The reaction process is generally called 
esterification with water formed as a by-product. Figure 19.2 is a representation of 
the esterification process and illustrates the large number of potential ester products 
possible and the route to polyol esters. 

The alcohol portion of the ester can have a single functional group (-OH) or 
multiple ones (polyhedric). The structure of the compound may be an open-carbon- 
chain (aliphatic) or a closed-ring (aliphatic or aromatic) structure. Polyol esters typ- 
ically employ open-chain alcohols. Phosphate esters are fire-resistant hydraulic fluids 
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formed by a closed-ring-structure alcohol and an inorganic acid. Organic acids form 
the acid portion of a polyol ester. 

Organic acids are generally called “fatty acids” because most organic acids 
are obtained from naturally occurring materials such as animal and marine fats and 
seed oils (e.g., rapeseed oil and sunflower oil). They are present in these sources as 
a glyceride and are, in fact, polyol esters. Here, the alcohol portion is glycerol, 
C,H,(OH),. Many seed-oil-based hydraulic fluids currently being marketed as “en- 
vironmentally compatible lubricants’ ’ are natural glyceride polyol ester fluids. A large 
variety of fatty acids are recovered from these fat and seed sources, varying in carbon 
chain length, structure, and number of carboxyl groups [5 ] .  Most fatty acids are of 
a straight-carbon-chain structure with a single carboxyl group (-COOH). The num- 
ber of carbon elements may vary from 10 to 20+ but generally contain 14, 16, and 
18. Polybasic (more than one carboxyl group) and cyclic structures are not as com- 
mon. Monobasic straight-chain fatty acids also vary with respect to their level of 
saturation. Fatty acids that contain double bonds between carbons are said to be 
unsaturated. A monounsaturated acid contains one such bond. Di- and tri-unsaturated 
structures are also common, and although possible, more than three is unusual. Fatty 
acids with single carbon-to-carbon bond linkages are said to be saturated. 
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In a polyol ester, the fatty acid portion represents approximately 80% of the 
total ester because of its large size compared with most polyhedric alcohols, and two 
or more acid groups are used for each alcohol molecule. As a result, many properties 
characteristic of the acid, particularly oxidative resistance, are conferred upon the 
final ester. 

In the commercial recovery of fatty acids, many different acids are obtained 
from a given glyceride source and separation of specific acids is difficult; mixtures 
of acids are typically realized. The level of the desired fatty acid will vary signifi- 
cantly based on cost and purity of the glyceride source and the efficiency of the 
separation processes. 

The selection of a fatty acid is based on several factors, including the following: 

Higher carbon lengths produce esters with higher viscosity, flaswfire points, 
vapor pressure, and pour points. 
Saturated acids are more thermally stable and oxidation resistant than un- 
saturated acids. 
The higher the degree of unsaturation, the more unstable the ester becomes. 
Saturated acids produce esters with higher viscosities and pour points than 
unsaturated acids. 

Polyol esters are generally prepared from monounsaturated fatty acids contain- 
ing 16 and 18 carbon-length chains because they offer the best combination of phys- 
ical and chemical properties. Figure 19.3 illustrates a typical reaction to form a polyol 
ester from glycerol and a C,, monounsaturated fatty acid (oleic acid). 

2.2 Polyol Ester Base Stocks 

Although many aliphatic alcohols are multifunctional, the three most commonly used 
to produce polyol esters for hydraulic fluid service are shown in Fig. 19.4. The major 
difference among them is the number of hydroxyl groups. The viscosity of the polyol 
ester formed from these polyols is directly related to the number of hydroxyl sites 
and the choice is generally based on the desired IS0 class of the hydraulic fluid. 

To prepare polyol esters suitable for typical hydraulic fluid service, the fatty 
acid of choice is 18-carbon-length monobasic and monounsaturated. The chemical 
name for this compound is oleic acid. Selection of this fatty acid, found in abundant 
supply and with a relatively stable price history, is based primarily on the physical 

H,COC (CHd, HC=CH (CHJ, CH, 
H,COH 0 

I II I f  
HCOH + (3) HOC (CHJ7 HC=CH (CHJ7CH3 +-) HCOC (CHJ7 HC=CH (CHZ), CH3 +(a) H,O t 

I I 
H,COH H,COC (CHJ, HC=CH (CH,), CH,

I1 
0 


GIycerol Oleic acid Polyol ester (olein) 

Figure 19.3 Polyol ester reaction. 
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0 
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0 

II 
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H2COH H2COH H2COH 
I I I 

H3C -C -CH20H H3C H2C -C -CHpOH HOH& -C -CHPOH 
I I I 
CH3 H2COH HpCOH 

Neopentyl glycol Trimethyl propane Pentaerythritol 

Figure 19.4 Polyol Ester Starting Materials 

and chemical properties of the esters formed with the polyols shown in Fig. 19.4. 
Figure 19.4 also shows the chemical structure for oleic acid; its reaction equation 
with a polyol is shown in Fig. 19.3. Oleic acid is present in virtually every natural 
fat and oil. Table 19.1 shows the major sources for oleic acid and the approximate 
distribution of the major fatty acids present. The presence of acids other than oleic 
acid is important because certain acids will not be readily separated in the separation 
processes to purify the acid. Esters formed from these acids may detract from the 

Table 19.1 Oleic Acid Sources 

Source (70) 

Acid Lard Tallow Palm oil Corn oil Soya oil Tall oil 

Oleic (C- 18,)" 43 43 37.5 26.5 22.5 59.5 
Palmitic (C-16,)j 26 26 47 11.5 - -

Stearic (C-l8[)j 13.5 22.5 4 2 3 2 
Linoleic (C-18J 9 1.5 - 59 54.5 37 
Palmitoleic (C-16,) 4 2.5 
Myristic (C-12(,) 1.5 3 1 
Linolenic (C- 18,) - - - 1 8.5 -

"Denotes length of carbon chain (C-18) and number of double bonds, 0, 1, 2, or 3 (subscript). 
Source: Technical Bulletin 140A9, Henkel Corporation, Emery Group, Cincinnati. OH. 
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properties of the oleic acid ester. Saturated acids such as stearic and palmitic are 
readily separated from the unsaturated acids because of significant differences in 
their melting points. Separating unsaturated acids is more difficult because their 
melting points are similar and fractional distillation processes must be employed. 
This is not only a costly step but it is difficult because their vapor pressures are 
similar. All commercial grades of oleic acid will be approximately 75% pure, with 
the balance containing a variety of other fatty acids. The composition will depend 
on the original source. 

Table 19.2 shows the nominal acid composition of oleic acid derived from 
three sources-beef tallow, tall oil, and a vegetable oil. The major differences in the 
fatty acids listed is the number of double bonds in the carbon-carbon chain. Oleic 
acid, with one double bond, forms a polyol ester with properties well suited to serve 
as a hydraulic fluid base for most fluid power applications. Esters formed from the 
saturated acids will have higher titer points than the oleic acid ester. This means that 
at low temperatures, these esters may partially desolubilize and cloud the fluid. In a 
severe case, these esters may coalesce and settle out of the fluid as deposits. Fatty 
acids with more than one double bond will form esters that are inherently more 
susceptible to oxidation and degradation [6]. There are also grades of products within 
each source category that vary in oleic acid content and undesirable acids. The 
compositions shown in Table 19.2 are representative and may vary between fatty 
acid suppliers and the level of distillation efficiencies employed. 

Tallow is the preferred source for oleic acid based on cost and availability and 
generally contains a minimum level of undesirable other acids. Oleic acid from tallow 
is typically used in high-quality polyol ester hydraulic fluids. Commercial fluids are 
available that are based on other acid sources because of lower cost and with some 
sacrifice in fluid quality. 

The three primary polyol ester base stocks described may be used singularly 
or in combination to optimize certain properties, particularly viscosity. Mixtures may 
also be formed in situ by combining different alcohols during the reaction. Table 
19.3 reviews the structure of these three polyol esters and the nominal characteristics 
associated with each. 

Table 19.2 Oleic Acid Composition 

Source (96) 

Acid Tallow Tall oil Vegetable oil 

Oleic (C- 18,)'' 73 67 60 
Palmitic (C- 16(J
Stearic (C-18J 

5 
-

10 
3 

3 
2 

Linoleic (C-1%) 8 3 24 
Palmitoleic (C-16,) 6 2 
Myristic (C-12(,) 4 - -

Linolenic (C-18,) 1 5 8 

"Denotes length of carbon chain (C-18) and number of double bonds, 0, 1, 2, or 
3 (subscript). 
S o u r c ~ :Technical Bulletin 140A9, Henkel Corporation, Emery Group. 
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Table 19.3 Polyol Ester Base Stocks 

Flashhire Viscosity @ Pour 
Polyol Molecular point" 40°Ch point' 
ester Formula weight ("C) (CSt) ("C) 

TMPO C6,H I I 0 0 6  962 3 161354 50 -25 
NPGO CJ,H,,O, 656 28813 16 37 -20 
PE0 C*IH,4OO, 1240 3 161354 68 -30 

Nore: Trimethylol propane oleate (TMPO): CH,-CH,-C-(CH,-0-R),; neopentyl glycol oleate 
(NPGO): (CH,),-C-(CH,-0-R),; pentaerythritol oleate (PEO): C-(CH,-0-R),, where R = 
C,, oleic acid chain. 
"Based on ASTM D-92. 
hBased on ASTM D-88. 
'Based on ASTM D-97. 

2.3 Manufacturing Process 

2.3.1 Reactor Considerations 

Polyol ester reactions are normally carried out in batch processing vessels. The fol- 
lowing criteria are considered in the design of an appropriate reactor: 

Capacity: Most commercial manufacturing vessels are between 3000 and 
10,000 gal. Dedicated equipment should be used whenever possible. 
Material of Construction: The reactor should be fabricated from stainless 
steel or glass-lined steel because of the corrosive nature of the raw materials 
at the elevated temperatures employed. 
Heating and Cooling: Polyol ester reactions are carried out at temperatures 
up to 288°C (550°F) and precise control of heating and cooling profiles is 
required to yield a high-quality product. Steam-heated reactors are inade- 
quate for preparing quality esters. 
Water Removal: Water, the major by-product produced, must be removed 
continuously to force the reaction to completion. Removal of the water 
formed may also promote the removal of nonreacted starting materials. Pro- 
vision for continuous reflux of these materials along with water removal 
should be provided. The reactor should have vacuum capability to help in 
water removal. Inert-gas sparging is also recommended to minimize the risk 
of oxidation to both the unreacted acid and the ester. 

2.3.2 Reactants 

The two reactants are oleic acid and the appropriate alcohol. Depending on the 
desired polyol ester, the alcohol will be either neopentyl glycol, pentaerythritol, or 
trimethylol propane, or a mixture of the three. The quantity of alcohol used is typ- 
ically 5-15% above the stoichiometric requirement. The excess alcohol facilitates 
completion of the reaction; it is later stripped. 

2.3.3 Reaction Catalysts 

The basic polyol ester reaction can be achieved without the use of a catalyst. How- 
ever, to maximize the degree of reaction completion, temperatures in excess of 260°C 
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(500°F) and extended reaction times must be employed. Both factors contribute to 
oxidative and thermal degradation, higher product viscosity because of undesirable 
polymerization, and incomplete utilization of the available hydroxyl sites. These all 
contribute to attenuation of many of the critical ester properties (e.g., flashhire points, 
hydrolysis stability, and resistance to oxidation). The use of a catalyst reduces both 
reaction time and reaction temperature. 

There are a number of potential catalysts, but the most commonly used are 
sulfonic acid derivatives and certain organometallic compounds. Catalysts, such as 
the organometallics, are generally used at concentrations less than 0.15% and may 
or may not be recoverable from the final product. Each type of catalyst has advan- 
tages and disadvantages and choice becomes a matter of trade-off. Benefits derived 
from the use of a catalyst are as follows: 

Reduced reaction temperature and reaction time 
Higher reaction efficiencies (utilization of more hydroxyl sites) 
Enhancement of most performance characteristics 
Improved product quality 

In addition, the beneficial interaction between additives and the base stock increases 
significantly with improved quality of the base stock. 

2.3.4 Manufacturing Process Cycle 

The overall process is best described by reviewing the time versus temperature profile 
shown in Fig. 19.5. The profile is for illustrative purposes only and will vary sig- 
nificantly depending on equipment, batch size, and starting materials. 

The major steps are as follows: 

Charge the appropriate quantities of starting materials. Because the final 
product will require certain physical and chemical characteristics to be 
within precise specifications, exact control of the starting materials is 
critical. 

250 


200 
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0 1 2 3 4 5 6 7 8 
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Figure 19.5 Reaction profile. 
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The chemical reaction begins early in the “heat-up” cycle and, therefore, 
the time-temperature profile should be precise and conform to previous 
optimization studies. Automatic control is highly recommended. 
The length of time at the reaction temperature is critical because it must be 
sufficiently long to complete the reaction yet minimize oxidative and ther- 
mal degradation that may contribute to the formation of the unwanted side 
chemical reactions. The duration of this period is best determined by mon- 
itoring free acid and ending the reaction phase when the acid content has 
stabilized or stalled. 
Cooling periods should be as short as possible. Because some additives 
employed may have different optimum solubility temperatures and heat sen- 
sitivities, two additive addition levels are shown. Having low acid and hy- 
droxyl numbers is important. Residual alcohol can be removed by vacuum 
stripping during the initial cooling period. Unreacted acids are more difficult 
to remove because of their low vapor pressures. Ideally, all acid should be 
used during the reaction phase but, if not, neutralizing with an agent such 
as calcium or sodium hydroxide to form an insoluble acid-salt can be 
effective. 
After cooling, the final steps are filtration and packaging. The product is 
filtered to remove residual particulates formed during the reaction (e.g., 
neutralization salts, scale, and undissolved additives). The filtration process 
is typically multistage. Gross particles are removed by simple screening. 
Fine filtration is accomplished by means of plate and frame filters, bag 
filters, cartridge media, sand filters, and so forth. Ideally, the filtering process 
should be done with process control monitoring to ensure that the final 
product is within specified cleanliness specifications. When the product is 
within all specifications, it may be held in intermediate bulk storage or 
packaged directly for delivery to the end user. All shipping containers 
should satisfy stringent cleanliness standards. 

2.3.5 Process Control and Product Specifications 

The goal of the manufacturing process is to produce a product that satisfies all fluid 
performance goals and conforms to a rigorous quality control standard. This can be 
accomplished through an in-process monitoring program that regulates the critical 
steps of the process and assures product compliance to final specifications. Industry- 
accepted statistical process control (SPC) principles should be incorporated. 

Acid number history during the reaction is perhaps the most important in- 
process control parameter. Acid number reduction is a direct measure of reaction 
completion and is related to final ester quality. This parameter must be stabilized 
during the reaction phase of the process. 

The product must satisfy all of the specifications established by the manufac- 
turer to assure that the product will meet all required performance characteristics. 
Typical parameters that might be incorporated into a final product specification are 
as follows: 

Total acid number: c5 mg KOWg 
Strong acid number: 0 mg KOWg 
Hydroxyl number: <1  mg KOWg 
Viscosity at 40°C: I S 0  grade 2 10% (cst) 
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Cleanliness: NAS Class 7 (IS0 16/13) 
Moisture content: <0.05% (500 ppm) 
Color and odor: clear light amber, burnt almond 
Pour point: <-26"C (- 15°F) 

2.4 Fluid Additives 

Commercial polyol ester hydraulic fluids incorporate performance-enhancement ad- 
ditives into the base ester to provide the requisite properties of a quality hydraulic 
fluid. The selection and level of these additives along with the quality of the base 
stock often account for the differences among fluids. The cost of additives is a major 
component of the product price structure. 

2.4.1 Viscosity Index lmprovers 

Polyol esters exhibit a temperature -viscosity relationship similar to all hydraulic 
fluids-a tendency to have high viscosities at low temperatures and low viscosities 
at high temperatures. The viscosity index (VI) is a mathematical expression that 
describes the rate of change in viscosity as a function of temperature [7]. Viscosity 
index improvers are additives that reduce this rate of change to provide a more 
uniform viscosity over the operating temperature. 

Viscosity index improvers are high-molecular-weight polymers such as poly- 
isobutylenes, polymethacrylates, ethylene-propylene copolymers, styrene -isoprene 
copolymers, styrene-butadiene copolymers, and styrene-maleic ester copolymers. 
At low temperatures, these polymers are marginally soluble in the fluid, have a 
compact structure, and exert a small influence on fluid viscosity. As the fluid tem- 
perature increases, the solubility increases and the polymer uncoils or expands [8]. 
This decreases the mobility of the fluid and results in higher viscosity. 

Figure 19.6 compares the temperature-viscosity properties of IS0  Grade 46 
polyol esters with and without a VI improver. The benefit derived from the additive 
appears small, as both fluids exhibit high viscosity indexes. The VI values with and 
without the additive are 200 and 170, respectively. Viscosities index values for min- 
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Figure 19.6 Viscosity index of polyol esters. 
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era1 oil hydraulic fluids are typically 75- 150. Figure 19.7 compares the viscosity 
properties of a high-VI antiwear I S 0  46 Grade mineral oil (VI - 95) fluid with a 
polyol ester containing a VI improver (VI - 230). Viscosity differences at low 
temperatures are significant. 

Although the value of a VI improver may be marginal with respect to increasing 
the viscosity index of a polyol ester, it does play a major role with respect to fire 
resistance. A major feature of a fire-resistant hydraulic fluid is the reduction of dam- 
age caused by spray-mist fires. Ruptures in high-pressure lines or hoses in a hydraulic 
system operating on mineral-oil-based fluids often create a spray mist, which if 
ignited, may burn throughout the spray envelope. In such a spray mist, the oil particle 
sizes formed are very small, depending on the operating pressure and the geometry 
of the rupture. Small mist particles, because of a high ratio of surface area to mass, 
are susceptible to ignition [9]. Thermal properties of the fluid are also important 
factors. This subject is discussed more fully in Section 4.2. 

Fire-resistant polyol ester hydraulics fluids incorporating VI improvers influ- 
ence the spray characteristics of a fluid under these conditions. The polymer acts as 
a binder and causes the fluid under expulsion to form large spray particles (lower 
surface area to mass ratio) that are more difficult to ignite. 

Because VI improvers are high-molecular-weight polymers, shear stability is 
an important consideration in their selection. Table 19.4 illustrates the shear stability 
of three representative VI improvers with varying molecular weights. The polymers 
were incorporated into an NPG Oleate at 3% concentration. The differences between 
the initial molecular weight and preshear value are attributable to the breakdown 
caused by incorporating the polymer into the base ester. This often requires extensive 
mixing at an elevated temperature. Polymer B was readily solubilized, whereas poly- 
mers A and C required substantial mixing energy, resulting in molecular-weight 
breakdowns. Based on molecular-weight changes, polymer B would not be suitable 
for use as an additive because of excessive shear loss. Polymers A and C show less 
shear loss in this test and would be viable candidates for use in polyol ester fluids. 
Field experience has shown that with molecular-weight loss of this scale, compromise 
in fire resistance would not be expected. 
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Figure 19.7 Viscosity index comparison. 
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Table 19.4 Shear Stability of VI Improvers 

Polymer 

~ ~ ~ ~ ~ ~ ~ _ _ _ _ _ _  

Molecular weight 9 1,750 44,200 107,000 

Preshear 
Fluid viscosity (cSt) 45.6 49.2 47.1 
Molecular weight 54,200 126,100 107,000 

Postshear 
Fluid viscosity (cSt) 43.4 41.9 44.5 
Molecular weight 44,200 67,100 62,500 
Molecular weight loss (%) 18.5 41.3 18.7 
Sonic shear index (SSI)”(%) 11.9 33.2 13.3 

Preshear viscosity - Postshear viscosity
“SSI = x loo. 

Preshear viscosity - Base viscosity 

2.4.2 Antioxidants 

The operating environments for all hydraulic fluids, irrespective of type, are severe 
considering the high mechanical energy imparted, exposure to high localized tem- 
peratures, and, sometimes, sustained high bulk temperatures. Additional factors, such 
as air entrainment, external contaminates, and internal contaminations brought on by 
wear processes and corrosion, exacerbate the situation and create an atmosphere 
conducive to fluid degradation. 

The major fluid degradation process is oxidation, particularly fluids based on 
hydrocarbon structures, and the subsequent formation of oxygen-containing hydro- 
carbons. Fluids are often differentiated by their ability to resist oxidation. Fluid 
oxidation results primarily in fluid viscosity increases and the generation of partic- 
ulate matter and varnish. Fluid viscosity increases are caused by the solubility of 
high-molecular-weight polymers formed in the oxidation process; insoluble oxidative 
products lead to varnish and sludge. Fluid degradation of this form leads to a sluggish 
hydraulic system response, plugged filters and screens, and sticking valves and 
actuators. 

Polyol ester fluids are no exception and effects from oxidation can be extreme. 
The mechanism of oxidation is similar to that associated with mineral-oil hydraulic 
fluids. The generally accepted theory on hydrocarbon oxidation is that the process 
is initiated by the formation of a primary alkyl radical (R.)at the most vulnerable 
carbon-hydrogen bonds [ lO].  This radical is rapidly oxidized to its peroxide free 
radical (ROO.) and initiates a chain reaction. Figure 19.8 is a flowchart outlining 
the steps involved in this chain reaction. The initial peroxide radicals subsequently 
react with additional energized hydrogens in the polyol ester molecule to form hy- 
droperoxides (ROOH) and additional peroxide radicals. The process continues in a 
chain reaction. This phase of the autoxidation process, sometimes called an induction 
period, is relatively slow and innocuous to the hydraulic fluid. There is a point in 
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Figure 19.8 Polyol ester oxidation steps. RH = alykl group; R- = alkyl free radical; ROO. 
= peroxide free radical. 

which the hydroperoxide concentration (or concentration of oxygen into the fluid) 
reaches a level where other oxidative processes are initiated, ending the benign in- 
duction period. The major reaction now becomes one of molecular degradation (sev- 
ering the 0-0 bond) of the peroxides to form new aggressive radicals (RO. and 
.OH). They, in turn, react with the polyol ester, which may lead to the formation of 
complex branched chains, polymers, acidic oxidative products, insoluble conden- 
sates, and a variety of varnish and sludgelike materials. This phase of the process 
can be rapid, as the rate of oxidation accelerates. 

All commercial polyol ester hydraulic fluids incorporate antioxidants designed 
to disrupt the chain reaction and extend the induction period. One type of antioxidant 
“caps’ ’ the initially formed peroxide radicals and prevents subsequent chain-reaction 
steps. These antioxidants are hydrogen donors that recombine with the alkyl and 
peroxide radicals to form stable low-energy radicals that do not subsequently react 
with the base ester. Commonly used materials are sterically hindered phenols and, 
occasionally, secondary aromatic amines. There are many compounds designed for 
this process and the formulator must optimize his specific product with available 
commercial antioxidant products. The antioxidant will be gradually consumed, de- 
pending on the specific fluid and the operating conditions encountered. 
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Another type of antioxidant additive functions on a different mechanism and 
prevents decomposition of the hydroperoxides into RO. and .OH radicals. They react 
stoichiometrically with the hydroperoxides to form stable compounds; thioethers and 
phosphites represent this type of antioxidant. These materials are not regenerative 
and oxidation rates increase rapidly after the additive has been depleted. Antioxidants 
are typically formulated into the fluid at levels from 0.5% to 2%. 

Beyond the role of antioxidant additives, the autoxidation process is sensitive 
to other factors, including the following: 

The major portion of the polyol ester molecule is derived primarily from 
oleic acid. Because of its original source, low levels of linoleic acid, lino- 
lenic acid, and other polyunsaturated acids are also present. The major dif- 
ference between these acids is the number of double bonds in its structure. 
The number and position of double bonds drastically affect the rate of ox- 
idation. Methyl groups positioned between double-bond carbon linkages are 
readily activated and subjected to autoxidation. The monounsaturated ver- 
sion (oleic) provides the greatest resistance, and linolenic (three double 
bonds) the most vulnerable. The relative rates of oxidation of oleic, linoleic, 
and linolenic acids are 6 ,  64, and 100 [6]. The higher-quality polyol fluids 
use fatty acid sources that maximize oleic acid content (see Table 19.1). 
Dissolved metal ions, particularly copper, in the polyol ester can affect the 
autoxidation process [8]. Divalent copper (Cu") is the predominate form 
of dissolved copper and is not considered a pro-oxidant; however, if reduced 
to the cuprous state (Cu"), it becomes an active catalytic agent and accel- 
erates the decomposition of the hydroperoxides into additional chain-pro- 
moting free radicals. Compounds employed as the primary antioxidant (ste- 
rically hindered phenols) are capable of acting as a reducing agent in 
converting Cu?' to Cu". The net effect is that the dissolved copper ions 
contribute to the degeneration of the antioxidant and adversely affect the 
life of the fluid. A chelating agent such as disalicylidene propylenediamine 
forms copper adducts that have no pro-oxidant characteristics. These addi- 
tives, however, have no effect in slowing the rate of migration of additional 
copper ions into solution. Additives that promote the formation of a passi- 
vation film on nonferrous metal surfaces will reduce such migration. Ex- 
amples of these materials include mercaptobenzothiazole, mercaptobenzim- 
idazole, and aromatic triazole derivatives. These additives may also limit 
the corrosive effects of sulfur. 

2.4.3 Corrosion Inhibitors 

Corrosion inhibitors are used to reduce chemical attack on ferrous and nonferrous 
metal surfaces. Polyol esters are generally benign to the common materials of con- 
struction. However, once in service, several factors contribute to increases in their 
chemical aggressiveness. The major one is fluid oxidation and the resultant formation 
of potentially corrosive acids. Metal attack by these materials contributes to further 
fluid oxidation and continuation of the corrosion process. This process is accelerated 
by water contamination and high operating temperatures. 

Ferrous-metal corrosion inhibitors prevent the formation of rust by forming a 
protective film barrier. Highly polar compounds such as sulfonic and succinic acid 
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derivatives and certain amides are commonly used. The dosage level in the hydraulic 
fluid is typically 0.25%. It should be noted that these barrier films are susceptible to 
mechanical wear or abrasion and the polar nature of the additive may interfere with 
other polar-type additives in the fluid [lO]. Polyol esters are highly polar and provide 
a natural level of corrosion protection. Most polyol ester hydraulic fluids do not 
incorporate rust inhibitors. 

Nonferrous inhibitors also provide protection by the formation of film barriers. 
Chemical compounds such as heterocyclic sulfur- nitrogen compounds, mercapto- 
benzothiazole, and dimercaptothiadiazole derivatives are commonly used. Dosage 
levels range from 0.1% to 0.5%. All polyol ester products contain nonferrous cor- 
rosion inhibitors, with a range of effectiveness among fluids from different suppliers. 
This effect is related to the overall efficiency of the antioxidant system and the quality 
of the base ester. 

It is particularly important that the moisture level and total acid number (TAN) 
in the hydraulic fluid be monitored and controlled, as they are major influences in 
nonferrous-metal attack. The presence of water is detrimental because it can solu- 
bilize acid products and increase their chemical activity. If possible, moisture level 
should be maintained at 0.2% or less and the TAN less than 5 mg KOWg. 

2.4.4 Antiwear and Extreme-Pressure Additives 

A hydraulic fluid’s basic function is to transmit power, a function that is readily 
achieved by virtually any liquid. However, the practical application of fluid power 
requires the fluid to operate under high pressures in high-speed equipment. This 
creates the additional fluid requirement of being a lubricant that satisfies the needs 
of modern high-speed hydraulic pumps and motors and other system components. 

Like mineral-oil base stocks, a polyol ester base provides lubrication (hydro- 
dynamic) between sliding and rotating surfaces through a film of lubricant that sep- 
arates the surfaces. Fluid viscosity is the principal fluid attribute that maintains the 
film and prevents wear. However, under high pressure and reduced relative speeds, 
the lubricating film is forced out or becomes too thin to separate the surfaces, and 
metal-to-metal contact occurs. Without additional protection, this contact can lead to 
catastrophic failures of the surfaces involved. Under these conditions, the type of 
lubrication changes from hydrodynamic to boundary (see Chapter 6). Polyol ester- 
based hydraulic fluids are formulated with antiwear additives to address this problem. 
Briefly, these additives are ( 1 )  adsorbed onto the metal surfaces to provide a lubri- 
cating film and (2) decomposed under the high temperatures generated by frictional 
heat to form reactive products that combine chemically with the metal surfaces to 
form a separating film. Examples of antiwear additives used include the following: 

Metal dialkyl dithiophosphates 
Metal diary1 dithiophosphates 
A1 ky 1 phosphates 
Phosphorized fats and olefins 
Phospho-sulfurized fats and olefins 
Sulfurized fats, fat derivatives, and carboxylic acids 
Chlorinated fats, fat derivatives, and carboxylic acids 
Fatty acids, other carboxylic acids, and their metal salts 
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Esters of fatty acids 
Oxidized paraffins and oils 

Besides reducing metal wear, some types of antiwear agents may also function as 
antioxidants and corrosion preventives [1 11. The fluid supplier must therefore opti- 
mize the selection of an antiwear additive with other ingredients in the additive 
package. Additive interactions may also synergistically enhance or antagonistically 
diminish certain performance characteristics [121. Also, depending on the application, 
ashless (no heavy metals) additives should be used 1131. 

2.4.5 Cornbustion Inhibitors 

For applications requiring the use of fire-resistant hydraulic fluids, polyol esters are 
finding wide acceptance. This is based in part on flaswfire points and autoignition 
temperatures higher than mineral-oil fluids. VI improvers augment these properties 
and contributes to the fluid’s overall fire resistance (see Sec. 2.4. l), particularly spray- 
mist ignition. An acceptable level of fire resistance was established in Factory Mutual 
Research Corporation (FMRC) testing and polyol-ester-based fluids have been listed 
in the FM Approval Guide for years [4]. FMRC is changing its approval standards 
to one in which total heat release from a spray fire and ease of ignition will be 
measured and integrated into a calculated Spray Flammability Parameter (SFP) [ 141. 
Some polyol-ester-based fluid manufacturers are developing products that will have 
SFP values comparable to other types of fluids with high fire resistance under the 
new FMRC standard. 

2.4.6 Others 

A variety of other additives may be incorporated into polyol-ester-based fluids to 
address problem areas unique to specific applications: 

Foam inhibitors: Entrained and dissolved gases can affect fluid perfor- 
mance. Entrained air is usually introduced at the low-pressure portion of 
the system (e.g., pump-suction piping and the fluid reservoir) and will be 
partially soluble at operating pressures. Residual entrained air can create a 
“spongy” hydraulic system operation and lead to a variety of system prob- 
lems. Depressurization of the fluid releases dissolved air and may generate 
foam in the reservoir. These problems are properly addressed by ensuring 
that suction piping does not ingest air and all return lines extend well below 
the liquid level in the reservoir to reduce surface turbulence. Other conse- 
quences of dissolved and entrained air are increased pump wear through 
cavitation and fluid oxidation. 

Generally, polyol-ester-based fluids do not incorporate foam inhibitors 
or air-release agents. For applications prone to air ingestion, their use should 
be a consideration. Materials commonly used are silicones (polysiloxanes 
or dimethylsiloxanes) and polyacrylates. These materials are used at low 
concentrations (1-50 ppm) and form a fine dispersion. Overdosage can 
result in excessive foam and loading of system filters. Foam inhibitors func- 
tion by changing the surface-tension properties of the fluid and the coa- 
lescing of the small air bubbles into large ones. 
Demulsifiers: Water contamination can be detrimental to polyol-ester-based 
hydraulic fluids and should be avoided if possible. Because of the high shear 
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rates imposed by the hydraulic pumps, water is readily dispersed or even 
emulsified into the fluid. This water is not easily separated and may con- 
tribute to fluid and system degradation. One approach to reducing the effect 
of water is the use of additives that coalesce water droplets and ease their 
removal. Certain polyesters, phosphorous-containing chemicals, Ca and Mg 
sulfonates, and heavy-metal soaps are effective demulsifiers. Additives used 
for other functions in the lubricant formulation should be evaluated for 
potential demulsification response. 
Dispersants: Particulate matter contaminating the fluid often settles in dead 
areas of the hydraulic system and eventually builds up to a point where 
large aggregates may break loose and cause damage. Dispersant additives 
help in the suspension of insoluble products formed by fluid oxidation and 
corrosion. Polybutenylsuccinic acid derivatives are commonly used. The use 
of a dispersant will ease the removal of these particles by the hydraulic 
system filters. 
Pour point depressants: Polyol esters are primarily derived from oleic acid 
(Sec. 2.2). Small quantities of other fatty acids are also involved in the 
esterification process. These esters may have high titer and melting points 
and come out of solution at a higher temperature than the oleic acid ester. 
Pour point depressants will suppress this early precipitation and improve 
low-temperature flow properties. This additive technology is well estab- 
lished for mineral-oil fluids and has just recently been extended to vegetable 
oils and ester fluids. Compounds such as polymethacrylates, wax alkylated 
naphthalene polymers, wax alkylated phenol polymers, and chlorinated 
polymers are candidates for this group of additives. 

2.4.7 Fluid Cost Implications 

The performance improvements realized by these additives are significant and di- 
rectly influence the cost of the fluid. The use of performance-enhancement additives 
is a value-added feature that varies widely among suppliers. It is estimated that 
additives account for 10-30% of the cost of the fluid. Other factors affecting the 
cost are raw material source and manufacturing quality standards. Each of these 
factors influences the final product cost and partially explains why the price of a 
polyol-ester-based hydraulic fluid may range from $6.00 to $20.00/gal. 

3 SUMMARY OF PHYSICAL AND CHEMICAL PROPERTIES 

Three IS0  grade fluids, -46, -68, and -100, satisfy most of the industrial appli- 
cations. Engineering properties specific to each IS0 class are summarized in Table 
19.5. Figures 19.9 and 19.10 show viscosity and specific gravity as a function of 
temperature, respectively. Properties that are applicable to the general class of polyol 
ester-based fluids are shown in Table 19.6. Besides the bulk modulus data shown in 
Table 19.6, Fig. 19.11 shows the compressibility (percent volume reduction) of an 
IS0  grade 68 fluid at 20°C. Figure 19.12 shows the effect of pressure (up to 10,000 
psi) on fluid viscosity at various temperatures. It should be noted that these properties 
represent high-quality commercial products currently available. These properties are 
dependent on the specific chemistry involved with a given fluid and the level and 
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Table 19.5 Typical Properties of IS0 46, 68, and 100 Polyol Ester Fluids 

I S 0  viscosity grade 
ASTM 

Property method 46 68 1 00 
~~ 

Viscosity (cSt) at D-88 
25°C (77°F) 82 100 168 
40°C (1 04°F) 46 68 100 
100°C (2 1 2°F) 9 10 13 

Viscosity index D-2270 230 235 >200 
Specific gravity at D- 1298 

25°C (77°F) 0.91 0 .91 0.92 
50°C (122°F) 

Coefficient of thermal D- 1903 
0.89 

4.06 X 10-' 
0.89 

4.08 X 10-' 
0.91 

4.17 X 10 ' 
expansion (per OF) 

Flash point (COC) ("C) D-92 260 260 257 
(OF) (500)  ( 5 0 0 )  (495) 

Fire point (COC) ("C) D-92 288 293 354 
(OF) (550) (560) (670) 

Autoignition temperature E-659 404 404 404 
("C) (OF) (760) (760) (760) 

Source: Product Brochure: Qitnitolubric 822 Fire Resistant Hydraulic Fluids, Quaker Chemical Corpo- 
ration. Conshohocken, PA. 

quality of the various additives used. It is recommended that specific suppliers be 
contacted for engineering properties that are applicable to their products. 

4 RATIONALEFOR SELECTING POLYOL-ESTER-BASED 
HYDRAULIC FLUIDS 

The vast majority of power units either in service or in the planning phase are 
designed assuming the use of mineral-oil hydraulic fluids. This is based on many 
years of experience, performance, and cost. Most hydraulic systems and components 
use the established properties of mineral-oil lubricants for design criteria. The de- 
cision to use an alternative hydraulic fluid, for whatever reason, requires an insight 
into the suitability of that fluid for all aspects of the hydraulic system. This requires 
analysis in areas such as the fluid's antiwear properties, metals and elastomer com- 
patibility, temperature limits, environmental compatibility, presence of hazardous in-
gredients, special handling procedures, costs, and other considerations. 

In existing hydraulic systems, the decision to change fluids is motivated by 
factors such as previously unrecognized fire hazards or new regulations regarding 
potential spills. These factors will dictate the use of fire-resistant fluids or ones that 
are environmentally compatible. Regarding new systems, the design process is sim- 
pler in that suitable components can be selected for any candidate fluid. Within these 
broad alternative fluid categories are additional choices that relate to the type of 
chemistry employed. A critical step, therefore, in the selection of a replacement fluid 
is an analysis of the potential impacts the fluid might have on the operation, life, 
maintenance, and operating cost of the system. 
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Figure 19.9 Viscosity of IS0 46, 68, and 100 polyol ester fluids. 

Polyol-ester-based hydraulic fluids offer certain advantages over other fluid 
types and often represent a simple and economic alternative to mineral-oil-based 
lubricants. The factors that should be considered in selecting an alternative fluid, the 
advantages, and the disadvantages associated with polyol-ester-based hydraulic fluids 
are discussed. 

4.1 Pump Testing and Lubrication Properties 

The trend in fluid power technology has been continually driven toward more com- 
pact, higher-performance hydraulic systems. As a result, higher operating pressures, 
higher pump speeds, and more complex duty cycles have become standard with 
increasingly higher demands on all aspects of hydraulic fluid performance. The abil- 
ity of a fluid to provide extended pump and component life expectancy is arguably 
its most important attribute. 

IS0 loo
0.95 
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cn 
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Figure 19.10 Specific gravity of IS0 46, 68, and 100 polyol ester fluids. 
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Table 19.6 Typical Properties-Polyol Ester Fluids 

Total acid number 
Strong acid number 
Vapor pressure at 

20°C (68°F) 
66°C (150°F) 

Pour point 
Bulk modulus at 20°C (68°F) at 

207 bar (3,043 psi) 
345 bars (5,072 psi) 
89 bars (10,128 psi) 

Thermal conductivity at 
19°C (66°F) 

71°C (160°F) 

Specific heat at 20°C (68°F) 
Solubility in water 
Water separation 
Foaming tendency 
Dielectric breakdown voltage 

ASTM 
method 

D-974 
D-974 

D-97 

D-27 17 

D-2766 

D-1401 
D-892 
D-877 

Value 

<2 mg KOWg 
0 

3.2 X 10-6 mm Hg 
7.5 X 10-' mm Hg 
<-26"C 

1.84 X 

1.94 X 

2.18 X 

(<- 15°F) 

104 bars (27.05 X 

10' bars (28.52 X 

10' bars (32.05 X 

10' psi) 
10' psi) 
10' psi) 

1.439 cal/h cmz C/cm 
(0.0971 Btu/h/ft2 "F/ft) 
1.385 calh cm2 "C/cm 
(0.0934 Btu/h ft2 "F/ft) 
0.49 caVg "C 
Negligible 
40: 35 :5 (30) mL oil :water: emulsion (min.) 
Pass 
30,000 V (30 kV) 

Source: Product Brochure: Quintolubric 822 Fire Resistant Hydraulic Fluids, Quaker Chemical Corpo- 
ration, Conshohocken, PA. 
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Figure 19.12 Pressure -viscosity relationship of I S 0  68 polyol ester fluid. 

Polyol-ester-based hydraulic fluids have shown a high level of antiwear char- 
acteristics and acceptable service in nearly all types of commercial hydraulic pumps 
at fully rated operating conditions. Performance history has varied because of product 
differences in additives and base stocks with varying specifications. Less than ideal 
operating conditions have also been factors. 

Fluid suppliers have conducted extensive laboratory and formulation studies to 
maximize the lubrication and pump antiwear properties of polyol esters. Unfortu- 
nately, traditional bench-scale lubrication test procedures do not satisfactorily reflect 
the wear processes in a hydraulic pump [15]. One exception to this generalization is 
the FZG gear test (DIN 51354). It has been suggested that this test and a standard 
vane-pump test be used to establish minimum requirements for hydraulic fluid spec- 
ifications [161. Polyol-ester-based hydraulic fluids do very well in the FZG test (+12 
stages). The major product development tool, therefore, has been small-scale pump 
testing as defined in ASTM D-2882-90 [15]. This method is based on the Vickers 
104C1105C vane pump and the evaluation criterion is the loss in weight created by 
wear between the pump vanes and cam ring. It is based on the assumption that 
weight loss of the rotating parts is directly related to the antiwear properties of the 
hydraulic fluid. The wear process is accelerated by operating the pump at 2000 psi 
instead of the nominal design pressure of 1000 psi, thereby increasing the pressure 
loading of the vanes by 100%.The test has been used for many years, and although 
there are acknowledged reservations about the extension of results to other pump 
types 1171, it has served as a significant test for fluid development and qualification. 
This test is inexpensive to run and provides rapid response. Test conditions are as 
follows: 

Duration: 100 h 
Operating pressure: 2000 psi 
Operating temperature: 66°C (150°F) for fluid viscosity 4 0  cSt (at 38°C 
and 79°C (175°F) for fluid viscosity >50 cSt 
Fluid volume: 3 or 15 gal 
Pump: Vickers 104C or 105C (rated at 7.5 gaVmin flow at I200 rpm, 49"C, 
and 1000 psi) 
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The test measurement is the combined loss in weight of the pump vanes and cam 
ring over the test period. Because of the differences in commercial polyol-ester-based 
hydraulic fluids, it is difficult to present precise information on the results obtained 
in this test. Table 19.7 illustrates representative weight losses for IS0  46, 68, and 
100 fluids. Three values are given: the minimum that could be expected from a 
superior fluid, the maximum weight losses associated with marginal fluids that have 
sufficient antiwear properties to survive the test, and a value that represents the better 
polyol-ester-based fluids. There are no statistically significant differences in the wear 
characteristics among the I S 0  fluid classes. 

Polyol-ester-based fluids have also been tested under the conditions specified 
in ASTM D-2882 in which the running time was significantly extended. An I S 0  
Grade 68 fluid was tested for 8000 h and the total ring and vane weight loss was 
19.1 mg. An interim weight loss measurement after 167 h was 5.1 mg. 

Despite a fluid’s performance as measured under ASTM D-2882, many pump 
manufacturers and system designers remain skeptical of a fluid’s ability to perform 
satisfactorily, particular in pump designs other than the vane type, unless i t  satisfies 
certain test criteria specific to their equipment. Warranty considerations are a major 
factor for this position. 

Several manufacturers conduct “in-house” tests on selected new fluids or pro- 
vide specifications for an acceptable test protocol to be conducted by a fluid supplier 
or a third party. 

Certain polyol-ester-based hydraulic fluids have been evaluated under various 
manufacturers’ test programs and have been judged satisfactory. Individual fluid 
suppliers should be contacted about their status with the following established tests. 

Denison HF-0 
Vickers 35VQ25A 
Rexroth Piston Pump Test (Proposed) 
Racine Wear Test 

Also refer to Chapter 10 for a more detailed description of these tests. Based on 
many factors, including results from the above tests and extensive field experience, 
many pump manufacturers have endorsed the use of polyol-ester-based hydraulic 
fluids. It should also be noted that some manufacturers have placed limitations on 
the operating conditions and certain applications when using a polyol-ester-based 
fluid. These limitations are often temporary, pending results over a trial period. These 
issues should be reviewed with the applicable original equipment manufacturer. The 
following pump manufacturers have endorsed the use of polyol-ester-based fluids 
based on the above: 

Table 19.7 Polyol Ester ASTM D-2882 Pump Test Results 

Fluid Mini mum wear“ Maximum wear’ Typical wear“ 

“Weight loss of cam ring and vanes. 
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Vickers, Inc. 
Parker Hannifin Corp. 
Sauer-Sunstrand 
Eaton Corp. 
Oilgear Co. 

Some equipment manufacturers may be reluctant to approve or recommend the gen- 
eral class of polyol-ester-based fluids and may restrict approvals to specific brands. 

4.2 Hydraulic System Compatibility 

The possible conversion from one fluid type to another requires an analysis of the 
hydraulic system and an assessment of its compatibility with the new fluid. Histor- 
ically, converting from a mineral-oil fluid to a fire-resistant type was viewed with 
skepticism. A common view was that a fluid change inevitably created hydraulic 
system compromises. Retrofitting seals, hoses, and elastomers with more expensive, 
chemical-resistant types was one concern. Derating pump speed and pressure and 
restricted operating temperatures were also associated with the use of fire-resistant 
fluids. These types of problems are not a major consequence when converting to 
polyol-ester-based hydraulic fluids. The major considerations are presented in the 
following subsections. 

4.2.1 Components 

The suitability of each component in the system must be established. Endorsement 
of the fluids by the original equipment manufacturer (OEM) is the preferred ap- 
proach. Lacking this, experience with the fluid and recommendations by the fluid 
suppliers and the OEM become important factors. Because of the chemistry of 
polyol-ester-based fluids and their typical properties, few components are excluded 
for use. Based on experience, OEMs may express a preference for the type of fluid 
to be used and possibly, the supplier. These preferences may influence warranty 
conditions. 

4.2.2 Metals 

The basic metals used in hydraulic pumps, valves, and other components are gen- 
erally compatible with polyol-ester-based hydraulic fluids. These metals include iron, 
steel, aluminum, nickel, tin, copper, magnesium, titanium, and silver. Three incom- 
patible metals are lead, zinc, and cadmium [181. Zinc and cadmium are occasionally 
used as cladding materials and should not be used in applications in which they are 
continuously exposed to the fluid. Reservoir coating is one example. Pipe and tube 
fittings are often plated with zinc or cadmium. Any corrosive attack would more 
than likely be cosmetic and not affect the functionalism or life expectancy of the 
fitting. These metals are also used as alloy constituents and could present potential 
problems. Lead is used in certain bronze alloys and, under continual exposure, may 
be leached out of the alloy. Surface pitting would be apparent. Generally, alloys with 
lead content less than 5% are acceptable. Sintered metal components may show the 
effects of lead dissolution more rapidly and should not be used. 

These general compatibility comments pertain principally to the interaction 
between fresh fluid and the individual metals. Under service conditions, the fluid 
may undergo degradation through oxidation that can significantly alter its interaction 
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with metals. Products of fluid oxidation are generally acidic and more corrosive than 
the original fluid. High operating temperatures and water contamination are major 
factors that may initiate metal attack. Dissolved metal ions and products of metal 
corrosion, acting as catalysts, accelerate the oxidation process and cause additional 
fluid breakdowns. Polyol-ester-based fluids generally contain additives to reduce 
these effects. Federal Test Method Standard 791B is a useful test method for eval- 
uating a metal’s compatibility with polyol-ester-based fluids because it combines a 
simulated oxidation environment with metals commonly used in hydraulic systems. 
In this test, 1-in.-square coupons of steel, copper, aluminum, magnesium, and cad- 
mium-plated steel are immersed in a 100-mL sample of fluid. Air, at 5 L k ,  bubbles 
through the fluid, maintained at 250°F, for 168 h (7 days). At the end of this period, 
the metal specimens are inspected for visual appearance and any changes in weight 
determined. Additionally, the fluid is tested for changes in total acid number (TAN) 
and viscosity. Figure 19.13 shows representative photographs of the metal specimens 
with three levels of corrosive attack: mild, moderate, and heavy. Table 19.8 sum- 
marizes the weight losses associated with each level of attack. 

This is a useful test for evaluating fluid additives, comparing competitive 
polyol-ester-based products, and evaluating the effects of service on fluids. There are 
commercial-grade polyol-ester-based fluids that rank in the “zero to light’ ’ category 
for all metals except cadmium. The cadmium specimens exhibit excessive weight 
losses and surface pitting. 
4.2.3 Seals, Packing, and Hose Elastomers 

Seals, hoses, packing, accumulator bladders, and other nonmetal components used 
with mineral-oil-based hydraulic fluids are usually compatible with polyol-ester- 
based hydraulic fluids. This can be a major factor in the conversion from a mineral- 
oil-based fluid to one requiring fire resistance. The OEMs responsible for the various 
system components should be consulted and recommendations from the fluid supplier 
solicited before making a final decision. 

Table 19.9 lists most of the elastomers employed in hydraulic systems. Those 
listed as “Recommended” elastomers are suitable for service with polyol-ester-based 
fluids with rare exceptions. These materials have been tested for compatibility by 
most of the fluid suppliers and have had a successful history of usage under normal 
conditions. “Conditional” elastomers should be used only under certain conditions. 
The elastomer may undergo excessive swelling and softening because of fluid ab- 
sorption and should not be used in dynamic applications. These materials may be 
suitable for static seal applications. However, replacement with a “Recommended” 
elastomer is recommended during the fluid changeover procedure or during the next 
regularly scheduled maintenance procedure. “Others’ ’ are elastomers that do not 
have an established history of service or have been proven unsatisfactory with polyol- 
ester-based hydraulic fluids. If there are compelling reasons to use these materials, 
the fluid and seal suppliers should be consulted. Compatibility testing should be 
conducted before use. 

With all materials, the fluid operating temperature may be a major factor. Fluid 
and elastomer suppliers usually recommend operating temperature limits. 
4.2.4 Coatings 

Reservoir surfaces generally do not need protective coatings. If required, epoxy coat- 
ings and thermally cured phenolic or polyurethane paints may be used. Again, com- 
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Figure 19.13 Metal corrosion-Federal Test Method No. 791B. 

Table 19.8 Metal Corrosion-Federal Test Method No. 791B 

Weight loss (mgkm’) 
~~~ 

Metal Mild Moderate Heavy 

Steel 0 to ?0.077 -C0.077 to 20.38 ~ 2 0 . 3 8  
Copper 0 to 20.077 -C0.077 to 21.16 >21.16 
Aluminum 0 to t0.077 50.077 to 20.38 >?0.38 
Magnesium 0 to 20.077 50.077 to 50.38 150.38 
Cadmium 0 to 27 27 to 78 278 
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Table 19.9 Compatibility of Elastomers with Polyol Ester Fluids 

Recommended for all applications 

Fluorocarbon rubber (FPM) BUNA Nhitrile” 
Epichlorohydrin Rubber (CO, ECO) Polyacrylate rubber (ACM) 
Fluorosilicone (FSI) Polyurethane rubber (AU, EU) 
Polytetrafluroethylene (TFE) 

Conditional compatibilityb 

Ethylene-propylene rubber (EPDM, EPM) Butyl rubber (IIR) 
Buna Nhitrile (NBR)‘ Neoprene rubber (chloroprene, CR) 

Othersd 

BUNA S rubber (SBR) Chlorosulfonated polyethylene (CSM) 
Polychloroprene (CR) Polysulfide (T) 
Butadiene rubber (BR) Chlorinated polyethylene (CM) 
Ethylene acrylic 

“Compounded with >30% nitrile copolymer. 
hShould not be used for dynamic applications; provides reduced life expectancy for static seals. 
‘Compounded with ~ 3 0 %nitrile. 
“Check with seal andor fluid supplier for recommendations. 

patibility tests should be done. Latex, acrylic, and alkyd paints are not suitable. These 
paints are often applied to exterior surfaces for cosmetic purposes and could be 
subjected to blistering and peeling. Stainless-steel reservoirs may be used under 
extreme conditions. 

4.2.5 Plastics 

Most thermoplastics are compatible with polyol-ester-based fluids and are suitable 
for components such as molded reservoirs, tubing, and fittings. Polyvinyl chloride 
(PVC), polyethylene, polyurethane, polypropylene, polytetrafluoroethylene (Teflon), 
and polyamide have been used successfully. Specific recommendations and operating 
limits should be solicited from both the fluid and seal suppliers. If necessary, com- 
patibility testing should be done. 

4.2.6 Filter Media 

Polyol-ester-based lubricants are compatible with all commercial filter media includ- 
ing sintered powder, wound and woven metal, natural and synthetic fiber, and im- 
pregnated fiber. There are no restrictions on micron ratings. Adsorbent cartridge 
filters that incorporate Fuller’s earth, activated alumina, or other exchange resins are 
often used with phosphate-ester-based fluids to maintain a low level of acidity [19]. 
This type of medium is not necessary with polyol-ester-based fluids. Water-absorbent 
media, however, are useful and should be employed in applications subject to water 
contamination. 

4.3 Oxidation and Thermal Stability 

The major factor in the practical life of a hydraulic fluid is its ability to resist 
oxidative and thermal degradation. These changes can cause a fluid to undergo sig- 
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nificant increases in viscosity and total acid number (TAN), generate varnish and 
sludge, and cause an accelerated corrosive attack on metals. 

Polyol-ester-based hydraulic fluids, by nature of their chemistry, are vulnerable 
to oxidation because of polyunsaturation in the fatty acid portion of the ester (see 
Sec. 2.1 ). Fortunately, two factors reduce this generalization. Additive technology 
has progressed significantly in recent years and fluid oxidation can only be effectively 
reduced. In addition, base ester quality has improved since the commercial intro- 
duction of polyol-ester-based fluids, making the ester more responsive to additives 
and less susceptible to oxidative attack. 

Most of the commonly used test procedures for measuring hydraulic fluid ox- 
idation resistance and thermal stability have been developed for mineral-oil fluids. 
These include Federal Test Method Standards No. 791B and ASTM methods D-943, 
D-2070, D-2272, and D-4310. The two that are most applicable to polyol-ester-based 
fluids are the Federal Test Method 791B and the Cincinnati Milacron Thermal Sta- 
bility Test (ASTM D-2070). Compared with other tests, these procedures do not 
incorporate water into the test. Polyol esters, like phosphate esters, are acknowledged 
to be more water sensitive than oil-based fluids. 

The test conditions of the two methods are summarized in Table 19.10. The 
Federal method is directed toward measuring oxidation and incorporates an air sparge 
as the oxygen source. This test was briefly described in Section 4.2.3. The Cincinnati 
Milicron procedure, on the other hand, is directed toward the thermal stability of the 
fluid and is conducted at a higher temperature, 135°C (275°F) versus 121°C (250°F). 
Test duration and sample sizes are the same in both tests. Metal specimens are used 
in both tests and serve a dual purpose. Metals act as catalysts in the oxidation process 
and the metals listed are commonly found in hydraulic systems. Also, oxidized or 
thermally degraded hydraulic fluids produce corrosive by-products and accelerate 
metal attack. These tests offer a measure of this effect. 

The evaluation criteria are similar for each test. In the Federal method, metal 
corrosion is judged by weight change and surface inspection. Fluid oxidation is 
monitored by changes in TAN and viscosity over the test period. 

Table 19.10 Oxidation and Thermal Stability Test Methods 

Federal Test Method ASTM D-2070:Thermal 
Test parameter Standard No. 791B Stability of Hydraulic Oils 

Duration 168 h (7 days) 168 h (7 days) 
Temperature 
Airflow 

12 1 "C (250°F) 
3 L/h 

135°C (275°F) 
None 

Fluid sample size 200 mL 200 mL 
Metals 

Stee1 v 
Aluminum I/ 
Magnesium r/ 
Cadmium v 
Copper v v 

Metal configuration 2.54-cm X 2.54-cm X 6.35-mm-diameter X 
8.13 mm thick 7-cm-long rod 
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Thermal breakdowns of a hydraulic oil generally result in the formation of 
particulate matter and metal corrosion. In the Cincinnati Milacron test, the sludge 
formed is separated by filtration, weighed, and expressed as milligram of sludge per 
100 mL of fluid. The metal specimens are weighed for weight loss and assessed for 
surface effects (e.g., pitting, discoloration). 

Results from the metal corrosion phase of the Federal test method were shown 
in Fig. 19.13 and Table 19.8. In addition, the changes in fluid properties, because of 
oxidation, are shown in Table 19.11. Again, representative numbers are shown for 
three levels of fluid oxidation: mild, moderate, and severe. The results shown in the 
“mild’ ’ category represent high-quality polyol fluids in all IS0  viscosity grades. 

Table 19.12 shows the results from the Cincinnati Milicron Thermal Stability 
test using a similar format (i.e., three levels of fluid stability). As in the Federal test 
method, the results shown under “mild’ ’ represent the higher grades of polyol-ester- 
based fluids. 

One shortcoming of standard oxidation and thermal stability testing is the in-
ability to correlate the results with field experience. Monitoring fluid conditions dur- 
ing extended pump testing provides added insight into a fluid’s resistance to the 
thermal and oxidative stresses induced by such a test. Again, these effects will vary 
widely based on the particular polyol-ester-base fluid being evaluated. 

The I S 0  46 and 68 fluids have been tested under ASTM D-2882 conditions 
continuously for 5000 h (approximately 7 months) and monitored for TAN and vis- 
cosity change. Viscosity and TAN as a function of time are shown in Fig. 19.14. 
Given the severity of the test conditions and duration, the results reflect a stable 
fluid. These results also show the influence of fluid temperature on the condition of 
the fluid under high-stress conditions. The IS0  68 fluid was tested at 79°C (175°F) 
and the IS0  46 at 65.5”C (150°F); the higher temperature caused higher increases 
in acid number and viscosity because of an increased rate of fluid oxidation. 

4.4 Operational Temperature Range 

The liquid range of polyol-ester-based hydraulic fluids is broad, less than 0°C (32°F) 
and greater than 93°C (200°F); however, the practical operating range is much nar- 
rower. The recommended range is between 10°C (50°F) and 66°C (150°F). The fluid 
is functional beyond these limits; however, certain characteristics become compro- 
mised. At the high end, continuous exposure at elevated temperatures will cause 
oxidation and thermal breakdowns of the fluid. Excursions into temperatures as high 
as 93°C (200°F) are possible, but some fluid degradation will take place, depending 
on the temperature reached and the exposure time. In these instances, fluid moni- 
toring programs should be started. At the low-temperature end, the limitation is one 
of equipment compatibility with the fluid viscosity at that temperature. 

4.5 Fire Resistance 

The major growth in the use of polyol-ester-based hydraulic fluids has been in ap-
plications with the potential for fire. A fire hazard associated with the use of mineral- 
oil-based hydraulic fluids is the ignition potential of spray mists. Spray particles are 
often formed under high-pressure expulsion of the fluid from the hydraulic system 
and are readily ignited; the flame is then propagated throughout the spray envelope. 
This relative ease of ignition is attributed to the fluid’s low fire point and the small 
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Table 19.1 1 Fluid Oxidation-Federal Test Method 79 1B 

Degree of fluid oxidation" 

Mild Moderate Heavy 

Viscosityb at 40°C (cSt) 
Initial 68 68 68 
Final 60-75 41-60: 75-85 <41:>85 
Change' (%) 0-10 10-25 >25 

Total acid numberd 
Initial 2.0 2.0 2.0 
Final 1.6-2.4 1.2-1.612.4-2.8 ~ 1 . 2to 22.8 
Change' (%) 0-20 20-40 >40 

"Fluid oxidation rates are representative of IS0 46, 68, and 100 fluids. 
'ASTM D-88. 
'Fluid property changes are generally positive (+). 
dASTM D-974. 

particle size of the mist. Other hazards include pool fires, ignition of oily waste 
material, and secondary fire damage. Polyol-ester-based fluids derive their fire resis- 
tance from a combination of factors. The flash, fire, and autoignition temperatures 
are relatively high compared with mineral-oil fluids (Table 19.13), and the products 
are formulated with modifiers that alter the spray-mist characteristics. A larger-par-
ticle-sized coarse spray is produced, which is more difficult to ignite, and the flame 
does not readily propagate throughout the spray [20]. 

Polyol-ester-based hydraulic fluids have been tested by Factory Mutual Re- 
search Corp. (FMRC)and have been listed in their Approval Guide [4] since 1973. 

Table 19.12 Thermal Stability of Polyol Ester Fluids (ASTM D-2070) 

Degree of fluid degradation" 

Mild Moderate Heavy 

Viscosityb at 40°C (cSt) 
Initial 68 68 68 
Final 60-75 48-60: 75-88 <48 :>88 
Change' (%) 0-10 >10:<30 >30 

Sludge formationd 0-8 8-20 >20 
Total acid number' 

Initial 2.0 2.0 2.0 
Final 1.7-2.3 1.4- 1.7 2.3-2.6 <1.4:>2.6 
Change' (%) 0-15 >15 :<30 >30 

'Fluid degradation rates are representative of IS0  46, 68, and 100 fluids. 
'ASTM D-88. 
"Fluid property changes are generally positive (+). 

units of mg of sludge formed per 100 mL of sample. 
'ASTM D-974. 
Cincinnati Milicron Thermal Stability Test. 
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Figure 19.14 Extended pump testing of polyol ester hydraulic fluids. 

The Mine Safety & Health Administration (MSHA) employs a spray-mist ignition 
as part of their test protocol and has approved several polyol-ester-based lubricants 
for mining applications [21]. FMRC has proposed a revised Approval Standard that 
significantly changes their test methods [22] .The new standard combines a measure 
of a fluid's heat release from a spray fire with an ignition threshold related to fire 
points. This results in a calculated Spray Flammability Parameter (SFP). Fluids are 
ranked as Class I, 11, or I11 based on their SFP value, with Class I representing the 
highest level of fire resistance. Polyol-ester-based hydraulic fluids will be classified 
under both Class I and Class 11. 

The pros and cons of polyol-ester-based fluids as fire-resistant hydraulic fluids 
can be summarized as follows: 

Advantages 
0 Within manufacturers' specifications, the fluids exhibit excellent 

spray-mist fire protection. 
0 High fire point, >288"C (550"F),and very low vapor pressure. 
0 When burning under continuous ignition, excessive quantities of 

smoke or particulate matter are not generated and are not considered 
toxic. Other synthetic fluid types, notably phosphate esters, under sim- 

Table 19.13 Thermal Properties of Polyol Ester Fluids 

Flash point"'b Fire point".b Autoignition',' 

Polyol ester 260-295°C 280- 3 50°C 388-404°C 
(500-560°F) (536-662°F) (730-760°F) 

Mineral oil 102-200"c 110-225°C 230-350°C 
(215-392°F) (230-437°F) (446462°F) 

"ASTM D-92. 
'Representative values. 
'ASTM D-2 155E-659. 
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ilar conditions may significantly reduce visibility and habitability 
without assisted breathing equipment. 
Because of low smoke generation, radiant energy is low with reduced 
secondary fire damage. 
In “pool fires,” the low vapor pressure of polyol esters contributes to 
a longer ignition delay. 

Disadvantages 
As with all hydraulic fluids, fire resistance may be dependent on fluid 
condition and service history. A fluid monitoring program should be 
started with the fluid supplier. 
The autoignition temperature (404”C, 740°F) is low compared with 
other non-water-containing fire-resistant fluids and may present some 
risk in certain applications involving molten light metals and super- 
heated manifolds. Water-containing fluids offer other problems in 
these applications. 

4.6 Fluid Loss and Environmental Considerations 

All hydraulic systems are subject to fluid leakage caused by unpredictable component 
failures, routine system and fluid maintenance procedures, and other factors. In sta- 
tionary systems, this leakage can be readily contained through dikes or drip pans. 
With mobile applications, contamination of the surroundings with hydraulic fluid is 
inevitable and the net effect on waste-treatment facilities, natural waterways, and the 
general environment must be considered. Excessive contamination could result in 
fines, the need to restore damaged property, increased waste-treatment costs, and 
higher insurance rates. 

Except for vegetable-oil-based fluids, this is one area in which polyol-ester- 
based lubricants have clear advantages over other fluids, particularly the historic fire- 
resistant types. These advantages are as follows: 

Biodegradability: The chemical structure, similar to natural glycerides, 
lends itself to biodegradability. All of the test protocols under consideration 
by the global community for rating biodegradability rank polyol esters 
within proposed guidelines. For examples, CEC-L-33-T-82 is widely used 
to measure biodegradability rates of lubricants in water. This test measures 
the biological depletion rate of a hydrocarbon chain over a 21-day period. 
Polyoleates exhibit greater than 80% degradation [23] in this test, generally 
superior to most other lubricant base stocks. It should be noted that bio- 
degradability studies generally relate to the base stock of the fluid under 
consideration. Additives may compromise the biodegradability of the base 
stock because they generally do not have comparable degradation rates. 
Usually, the low level of additives used reduces this concern. Nevertheless, 
before a specific fluid is selected or specified, the original manufacturer 
should be responsible for supplying biodegradability data specific to that 
fluid. 
Aquatic toxicity: The LC,,, for a fully formulated polyol-ester-based fluid 
has been reported as greater than 2000 ppm under testing done according 
to OECD 203, “Fish Acute Toxicity Test’’ [24]. This characteristic, how- 
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ever, is also dependent on the additives used in the product and results 
specific to a given product should be obtained from the supplier. 
Nonhazardous components: Many commercial products are free of haz- 
ardous materials listed under EPA and OSHA (40 CFR and 29 CFR). State 
regulatory requirements should be consulted as necessary. 
Water miscibility: Polyol-ester-based fluids are not miscible with water and 
have a density less than water. This eases removal of the fluid from settling 
ponds and waste-treatment ponds using conventional skimming techniques. 
In contrast, many other fire-resistant fluids are either soluble in water 
(water-glycol) or heavier than water (phosphate ester) and add to waste- 
treatment chemical costs. The “floating’ ’ feature of a polyol-ester-based 
fluid also allows visual detection of leakage. 
Incineration: Reclaimed or recovered hydraulic fluids are often disposed 
of through incineration to recover their Btu content. Most polyol-ester-based 
fluids can also be treated in this manner. Many other fire-resistant fluids are 
not so easily accommodated because of water content or chemical toxicity. 

4.7 Comparison of Polyol-Ester-Based Hydraulic Fluids with 
Other Fluids 

Under certain circumstances, hydraulic fluids are a potential replacement for mineral- 
oil hydraulic fluids. Other fluid types can also be considered, each with certain 
advantages and disadvantages. Based on characteristics generally thought to be im- 
portant, Table 19.14 summarizes how various fluids compare. Such a ranking can be 
subjective based on the particular bias of the scorer. Nevertheless, an objective rating 
was attempted based on a collection of experiences. It is acknowledged that one 
characteristic may be all-important, despite that fluid’s ranking in other categories. 
It is simply intended as a general guide. 

4.8 Conversion Considerations and Procedures 

Converting from the different types of hydraulic fluids to a polyol-ester-based hy- 
draulic fluid is a straightforward process. Specific recommendations and suggestions 

Table 19.14 Comparison of Polyol Esters with Other Fluids 

Fluid property Relative ranking” 
~ ~ ~ 

Fire resistance WaG > PhE > PoE > IvE > VgO > MnO Pao 
Oxidation resistance WaG = Pao > MnO > PhE - PoE > IvE > VgO 
Lubrication MnO > PhE - PoE - Pao 4 VgO > WaG > IvE 
Biodegradability VgO - PoE > WaG > PhE > IvE > MnO - Pao 
Hydrolytic stability WaG > IvE > MnO - Pao > PoE > VgO > PhE 
Unit cost ($/gal) Pao - PhE > PoE - Vgo > WaG > MnO > IvE 
Ease of disposal VgO = PoE > WaG > PhE - IvE - MnO - Pao 
Seal compatibility MnO > IvE > WaG > VgO = PoE - Pao > PhE 
Thermal stability Pao = PhE > MnO > PoE > VgO > IvE = WaG 

“WaG = water-glycol; PhE = phosphate ester; IvE = invert emulsion; VgO = vegetable oil; MnO = 
mineral oil; Pao = polyalphaolefin; and PoE = polyol ester. 
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should be made by the manufacturer of the replacement fluid. These recommenda- 
tions should include a detailed analysis of the hydraulic system regarding its general 
compatibility and any changes that should be made to adapt to the new fluid. Often, 
the supplier will be actively involved in the conversion. The conversion procedures 
are summarized in Table 19.15 and general comments on various aspects of the 
procedures are as follows: 

Seal and hose compatibility: Fluid and elastomer suppliers should verify 
the compatibility of a given material with a polyol-ester-based fluid. Gen- 
erally, seals and hoses used with mineral-oil, vegetable-oil, synthetic ester, 
or invert emulsion fluids will be satisfactory. Seals and hoses used with 
other fluid types should be checked for their compatibility with polyol-ester- 
based fluids and, if necessary, replaced with suitable ones. 
Drain and purge requirements: For all conversions, the recommended 
practice is to drain the original fluid from the reservoir and lines. A polyol-
ester-based fluid is generally compatible with mineral-oil- and vegetable- 
oil-based fluids and can be used as makeup. However, all of the benefits of 
the new fluid will not be fully realized, particularly fire resistance. In these 
applications, at least 95% of the old fluid should be removed. Polyol-ester- 
based fluids are also compatible with most phosphate-ester-based fluids if 
the fluid is in excellent condition (moisture ~0.05%and total acid number 
<0.05).A polyol-ester-based fluid will chemically react with strong mineral 
acids in phosphate esters to form a varnishlike material that will cause valve 
sticking and reduced pump life. Water-based fluids must be completely re- 
moved from the system with a target efficiency of at least 97%. 
System flushing: For systems containing water-based fluids, a flushing fluid 
must be used before adding a polyol-ester-based hydraulic fluid. This fluid 
replaces the quantity of water-based fluid initially drained and may be an 
inexpensive mineral-oil- or polyol-ester-based fluid. The system is operated 
at reduced pressure and all functions actuated for approximately 30 cycles. 

Table 19.15 Hydraulic System Conversion Practices 

Mineral Water Phosphate Invert Vegetable HWCF 
oil glycol ester emulsion oil ( 9 5 5 )  

Compatibility 
Seals OK -Verify- +-OK- Verify 

OK -Verify -Hoses -OK- Verify 
Coatings OK t--Verify _j +-OK+ Verify 

Drain fluid & purge Not req’d Yes Not req’d Yes Not req’d Yes 
System flush Not req’d Yes Yes Yes Not req’d Yes 
Clean components f Yes > 
Replace filter elements < Yes > 
System start-up < Yes > 
Monitor fluid < Yes > 
Monitor filters < Yes > 

Abbreviation: HWCF, high water content fluid. 
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The purpose is to displace any residual fluid trapped in lines and compo- 
nents with a non-water-containing fluid. The contaminated flushing medium 
is then drained and discarded. Some fluid suppliers provide a flushing 
compound that will absorb or emulsify the residual water-based fluid. This 
fluid can be saved and reused for subsequent conversions; it may have 
to be processed to remove excess water according to the supplier’s 
recommendations. 

For conversions involving mineral-oil- or vegetable oil-based fluids, a 
flushing procedure is generally not required. In a phosphate ester conver- 
sion, the need for a flushing procedure is based on the fluid condition. If 
the fluid’s acid level is high, flushing is necessary. For hydraulic systems 
that have had a history of varnish buildups, use additives that, when added 
to the flushing medium, will dissolve or loosen accumulated varnish. This 
is a recommended procedure and the material is generally available from 
the fluid supplier. 
System cleanliness: To the extent possible, residual fluid and particulate 
matter should be removed from system components. In particular, the res- 
ervoir should be wiped down and any deposits such as scale and other 
foreign matter removed from the internal surfaces. It is also recommended 
that heat exchangers and fluid coolers be inspected and serviced if necessary. 
Filter elements: After the final flushing, or just before adding the new fluid, 
all filter elements should be replaced. Screens should be cleaned and re- 
placed if damaged. 
System start-up: Start-up procedures should follow the recommendations 
provided by the original equipment manufacturer. This generally involves 
low initial loads and operating pressures, cycling valves, and bleeding-off 
any entrained air. 
Fluid monitoring: This is the most critical phase of the conversion. Fluid 
samples should be obtained within 24 h of the changeover and tested for 
the amount of the previous fluid retained and dirt content. If water content 
is more than 2%, the fluid should be treated to remove water or dumped 
and the system recharged with fresh fluid. If dirt content is beyond the fluid 
suppliers specifications, replace filter elements and process the fluid through 
an external filter unit. A fluid change generally results in loosening and 
entrainment of contamination that has built up over time and will be cir- 
culated with the fluid. If the amount of retained old fluid is excessive, the 
fluid should be drained and recharged with fresh fluid. The fluid condition 
should be monitored weekly for the first month and regularly after that. The 
fluid supplier should provide guidelines on sampling frequency and condi- 
tion criteria. 
Filter monitoring: For the above-cited reasons, filter elements may load 
up initially at a higher rate than normal and should be serviced as required. 

5 FLUID MAINTENANCE 

A major factor in the operation of a trouble-free fluid power system is fluid clean- 
liness and retention of its original properties. This section will identify problems 
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often encountered with polyol-ester-based fluids and present recommended practices 
that will maximize fluid life expectancy and retention of basic properties. 

5.1 Types of Contamination 

The sources of fluid contaminants are either generated from within the hydraulic 
system or originate from outside it. Contaminations generated within the system are 
wear particles and products caused by chemical attack on seals and hoses, corrosive 
attack, and degradation of the fluid through oxidation. Examples of external contam- 
ination are moisture or water ingested into the system, dirt, sand, and airborne pro- 
cess contaminants. Contaminants may also be introduced during routine fluid addi- 
tions and maintenance procedures. 

5.2 Fluid Variables to Monitor 

All of the above-described potential contaminants may be identified through fluid 
monitoring programs and, usually, the cause or source readily identified and appro- 
priate corrective actions taken. A fluid analysis program includes both physical test- 
ing and spectrochemical analysis. 

The following physical variables should be monitored and compared with self- 
imposed standards or those recommended by the fluid supplier: 

Kinematic viscosity at 40°C (104°F): Viscosity monitoring is perhaps the 
most important measure of the fluid condition. Changes in viscosity that 
deviate from the manufacturer’s standard suggest possible contamination 
from other fluids, excessive fluid oxidation, or degradation of additives. 
Listed are the normal viscosity ranges for the three common polyol-ester- 
based fluids. Any fluid with viscosity outside this range should be examined 
for potential problems. 

I S 0  46 viscosity grade: 41-51 cSt (191 -237 SUS) 
I S 0  68 viscosity grade: 61-75 cSt (282-348 SUS) 
I S 0  100 viscosity grade: 90-110 cSt (418-510 SUS) 

Water (% or ppm): Water can be detrimental to a polyol-ester-based fluid 
because of its role in fluid oxidation and metal corrosion (see Secs. 2.4 and 
4.3). The target for maximum water content should be 0.2% to assure min- 
imum influence. A polyol-ester-based fluid can hold up to 2% water without 
short-term detrimental effects; however, this condition should not be al- 
lowed to continue without corrective action. Fluids contaminated with water 
can be treated with water-absorbent filter media or short-term elevations in 
fluid operating temperature. The important response is identification and 
correction of the conditions leading to the contamination. 
Total acid number (ASTM-D974): Increases in TAN values show fluid 
degradation has taken place and suggests metal corrosive attack rates may 
be accelerated. The allowable TAN will vary with fluids from different 
manufacturers; however, as a rule, the TAN should be 4 m g  KOH/g. A 
more realistic monitor should be the increase in TAN. Rate increases of 0.1 
mg KOWg per month or larger suggest potential fluid problems. 
Particle count: Automated optical particle counters are used for determin- 
ing particle size distribution. These data can be used to establish a level of 
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Table 19.16 Cleanliness Codes 
~~ 

Maximum number of particles 

IS0 contamination level >5 p m  >I5 p m  

1218 40 2.5 
1319 80 5 
14/10 I60 10 
15111 320 20 
16/12 640 40 
17/13 1,300 80 
18/14 2,500 160 
19/15 5,000 320 
20116 10,000 640 

contamination as defined by an I S 0  Solid Contamination Code [25]. In this 
code, the particle size distribution is defined by two I S 0  range numbers 
(e.g., 15/12). The first number represents the number of particles greater 
than 5 pm in size and the second number represents the number of particles 
greater than 15 pm. I S 0  range numbers correspond to the maximum num- 
ber of particles per milliliter of fluid, as shown in Table 19.16. Figure 19.15 
shows suggested I S 0  cleanliness levels for different types of components 
and operating pressures. Fluid contamination levels above the ranges shown 
may result in excessive component wear and improved filtration practices 
should be employed. 
Total solids: Gravimetric analysis is a useful test for determining the total 
weight of particulate matter in the fluid. In this test (ASTM D-4898), a 

5,000 -

-4,000 
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Figure 19.15 Suggested cleanliness levels. (From EfSeective Conturnination Control in 
FIitid Porcier Systetns, Vickers, Inc., 1980, reprinted with permission.) 
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known volume of the fluid is passed through a filter patch and the amount 
of solids retained weighed. This test is particularly useful when used with 
particle count data. Also, the filter patch lends itself to microscopic and 
photographic examination for identification of metallic and nonmetallic con- 
taminants. Retained solids more than 1.5 mg/mL indicate a possible fluid 
problem. 

Spectrochemical analysis is useful in that it provides evidence and identification of 
metals in the fluid caused by wear processes within the hydraulic system. Also, the 
analysis can be used to monitor the level of metal-based additives. Metals that might 
be present and can be identified through spectrochemical analysis include the 
following: 

Iron Chromium Nickel 
Aluminum Lead Copper 
Tin Silver Titanium 
Silicon Boron Sodium 
Potassium Molybdenum Phosphorus 
Zinc Calcium Barium 
Magnesium Antimony Vanadium 

In addition to assessing the condition of hydraulic fluids, the value of fluid analysis 
is to provide insight into analyzing and to determine the cause of system problems. 
Although certain tests can provide measurements of fluid condition, the major tool 
is in interpreting the overall test results and the possible interactions between dif- 
ferent tests. Fluid analysis programs are often done in concert with the supplier, who 
is familiar with the allowable ranges of certain variables and is knowledgeable in 
the specific product chemistry. The fluid analysis program is also enhanced by knowl- 
edge of the fluid history based on previous analysis and trends in certain parameters. 

5.3 Fluid Life Expectancy 

The projected life of a polyol-ester-based hydraulic fluid, or any fluid, is impossible 
to quantify because of the many variables that might affect its potential life expec- 
tancy. The most reliable method for evaluating a fluid’s potential for continued high 
performance is a rigorous fluid monitoring program. Fluid degradation is directly 
related to extreme operating temperatures and contamination with alien fluids and 
particulate matter. 

Figure 19.16 is a general guide to the expected life expectancy of a polyol- 
ester-based hydraulic fluid as a function of its average operating temperature assum- 
ing no other negative variables. Because the operating temperature has such a major 
impact on fluid condition, continuous monitoring of heat exchangers, coolers, and 
fluid reservoir levels is important. 

As noted in Fig. 19.16, 57°C (135°F) should be regarded as a nominal, average 
fluid temperature. Above that temperature, more rapid fluid degradation can be ex- 
pected and, conversely, below that temperature, extended fluid life is to be expected. 

5.4 Fluid Testing Program 

A formal fluid sample and analysis program is recommended. This can be done with 
the fluid supplier but is often done independently to assure objectivity of the results 
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Figure 19.16 Polyol ester fluid life expectancy. 

and conclusions. Because the test methodology is sophisticated and requires spe- 
cialized equipment, most users will not have the resources to do “in-house” testing. 
Many test laboratories do have the capability and will generally supply test results 
within 1 week. A supplier’s response to fluid analysis should be comparable. 

A fluid sample analysis program is inexpensive and often has a positive return 
in reduced maintenance cost, reduced unscheduled downtime, and extended fluid 
life. Many fluid suppliers provide fluid sample analysis as a service item or charge 
a nominal fee. Third-party laboratories typically do sample analysis at $25 to $100 
per sample, depending on the scope of testing required. 

The frequency of obtaining samples will vary depending on the application. 
Biannual sampling is adequate unless a history of system problems suggests other- 
wise, in which case weekly or biweekly sampling would be appropriate. For recent 
conversions, weekly sampling is suggested until a history of trouble-free operation 
has been established. 

The point of fluid sampling should be selected to ensure the acquisition of 
representative samples. If possible, the sample valve should be upstream of the re- 
turn-line filter and the valve should be of an unrestricted orifice style (ball or gate). 
This reduces high velocities through the valve that often separate or concentrate 
solids. Reservoir sampling should be a last resort, but if done, the power unit must 
be operating to reduce any settling effects and sampled at mid-depth of the fluid. 

Maintaining a history of fluid sample reports is integral to a successful program. 
Trends in the various parameters are as equally important as the measurements them- 
selves. Many fluid sample report forms incorporate a historical profile that may 
tabulate previous results or present them in a graph format. 

5.5 Fluid Disposal Procedures 

The important consideration with a polyol-ester-based hydraulic fluid spill is that the 
material is not regarded as hazardous by Federal Standards, although all spills to the 
environment are to be cleaned up. The fluid is often marketed as an environmentally 
safe product and is considered readily biodegradable and nontoxic to aquatic life. 
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This does not, however, relieve the user from exercising responsible and meaningful 
treatment of any materials spilled or discharged from the hydraulic system. Specific 
fluid hazardous material information, treatment procedures, and other safety data 
should be obtained from the fluid supplier before its use. 

Floor spills should be treated with standard industrial absorbents and disposed 
of according to local, state, or federal regulations. This material is not generally 
considered a hazardous material. Residual spilled materials can be washed away 
using mild detergent and copious amounts of water. 

Any significant quantity of fluid that reaches waste-treatment ponds or settling 
basins can be skimmed using equipment normally employed for oily wastes. The 
fluid recovered can be processed by waste-treatment companies or incinerated at the 
plant site to recover its energy value. Used fluid drained from hydraulic reservoirs 
can also be treated this way. 

Spills from mobile equipment or at construction sites should be avoided if 
possible; large spills can be partially cleaned up by using absorbent materials. Min- 
imum ground contamination will be consumed by biological processes. Ground con- 
taminated with a polyol-ester-based fluid is not regarded as hazardous waste. 

5.6 Fluid Recovery 

A fluid analysis report often concludes that the fluid is no longer suitable for con- 
tinued use; disposition of the contaminated fluid must be determined. Two alterna- 
tives are possible: discard the fluid or attempt to recover the fluid for continued 
service. Recovery is the preferred route, particularly with large fluid volume systems 
where the replacement cost could be significant. 

A polyol-ester-based fluid can be reconditioned for additional use depending 
on the nature of fluid degradation and the type of application. If fluid properties such 
as viscosity and TAN are outside the suppliers recommended range, oxidation and 
shear breakdown are the probable causes and the fluid cannot be salvaged, especially 
when fire resistance was the reason for fluid selection. If particle count and total 
solids were the reasons for fluid rejection, the fluid can be cleaned by using an 
external filter system or upgrading the hydraulic system filters. The source of con- 
tamination should be determined and corrected. For cases where excess water was 
found in the fluid, vacuum flashing techniques or filtering through water-absorbing 
media will correct the problem. The cause for water contamination should be thor- 
oughly investigated. Always, the advice of the supplier should be solicited. 

It is not recommended that polyol-ester-based hydraulic fluids be sent to a 
commercial fluid recycle facility, especially when the fluid was used as a fire-resistant 
one. Only the original supplier can attest to the fluid meeting fire-resistant fluid 
industry standards. 

6 SUMMARY OF APPLICATIONS 

Polyol-ester-based fluids have been used in a variety of applications and are usually 
associated with processes that impose a potential fire hazard. More recently, the fluid 
has found application in environmentally sensitive areas in which biodegradability 
characteristics are considered highly important. A major factor in the use of polyol- 
ester-based fluids in diverse applications is the relative ease of replacing mineral-oil 
fluids with one that meets newly imposed safety and environmental requirements. 
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Listed are the major Standard Industrial Classifications (SIC) in which polyol- 
ester-based hydraulic fluids have been used. This list is representative and does not 
include many applications where the fluid has been successfully employed. The intent 
is to show the diversity of applicability for this type of fluid. 

SIC No. 
Blast furnace and basic steel products 331 
Industrial machinery and equipment 35 
Iron and steel foundries 332 
Motor vehicles and equipment 371 
Fabricated metal products 34 
Nonferrous rolling and drawing 335 
Metal forging and stampings 346 
Nonferrous foundries and die casting 336 
Aircraft and parts 372 
Heavy construction 16 
Oil and gas extraction 13 
Rubber and miscellaneous plastic parts 30 
Electric, gas, and sanitary services 49 
Lumber and wood products 24 
Petroleum and coal products 29 
Coal 12 
Railroad equipment 374 
Metal cans and shipping containers 341 
Chemicals and allied products 8 
Food and kindred products 20 
Metal mining 10 
Space propulsion units and parts 376 
Water transportation 44 
Pipelines except natural gas 46 
Motorcycles, bicycles, and parts 375 
Ship and boat building and repair 373 
Paper and allied products 26 
Miscellaneous primary metal products 339 
Stone, clay, and glass products 32 
Forestry 08 
Miscellaneous amusement and recreation services 799 
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Phosphate Ester Hydraulic Fluids 

W. D. PHILLIPS* 
FMC Corporation (UK) Ltd., Manchester, United Kingdom 

1 INTRODUCTION 

The term “phosphate ester” is used to describe an enormous range of chemicals, 
from gases to solids, which vary considerably in their properties and applications. 
Depending on their composition, they may be used for many different purposes- 
for example, in foodstuffs, toothpaste, fertilizers, as fuel or oil additives, or as 
insecticides. 

The presence of phosphorus in a molecule can make it less combustible; this 
is perhaps surprising when it is considered that elemental phosphorus is the ignitible 
part of a match! As a result, fire-resistant hydraulic fluids based on certain phosphate 
esters have now been used for over 40 years in a wide variety of industrial processes 
where a fire hazard exists, and they have made a significant contribution to major 
improvements in safe working conditions for operating personnel. 

During this period, performance requirements have steadily become more severe, 
whereas at the same time, regulatory pressures on toxicity, environmental behavior, 
and disposal have also increased. The fluid suppliers have reacted to the changes by 
developing new products and introducing techniques for substantially extending fluid 
life. This has produced a very positive effect on costlperfomance and a noticeable 
change in the perception that these products are noxious and difficult to handle. 

In this chapter, the chemistry, manufacturing processes, and performance of the 
different types of phosphate ester in commercial use will be reviewed together with 
comments on their different applications. Additionally, information on in situ puri- 
fication techniques, fluid maintenance, and the latest position on toxicity/ecotoxicity/ 
fluid disposal aspects will be discussed. 

*Current afJiliation: Great Lakes Chemical Corporation, Manchester, United Kingdom. 
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2 HISTORICAL BACKGROUND 

In the field of fire-resistant hydraulic fluids, the main products in commercial use 
are neutral trialkyl phosphates, triaryl phosphates, and mixed alkylaryl phosphates. 
The chemical composition of these types of phosphate esters has been known for 
about 150 years [ 1,2], but their actual industrial use is much more recent. Tricresyl 
phosphate (TCP) was initially sold as a plasticizer for cellulose nitrate shortly after 
World War I [3] as a result of a camphor shortage. Investigations revealed that not 
only was the product a good plasticizer, but it also rendered the product “nonflam- 
mable” [3].Commercial production of TCP commenced in 1919, and although its 
use in camphor was eventually discontinued, it subsequently found use as a “non- 
flammable” plasticizer in pyroxalin lacquers. In the 1930s, it was introduced into 
poly(viny1 chloride) formulations, a position that triaryl phosphates still hold today. 

In the oil industry, triaryl phosphates were first reported as antiwear additives 
for mineral oils in 1940 [4] and have since become firmly established in this appli- 
cation, providing enhanced lubrication for a range of circulatory oils and also for 
selected synthetic lubricants. Subsequently, the products were also used as ignition 
control additives for gasoline, to avoid preignition arising from the deposition of 
lead salts formed by the interaction of the antiknock additive and alkyl halide scav- 
engers. Although this application has also disappeared, as a result of concern over 
catalyst poisoning by phosphorus and the move away from leaded gas, there is 
currently a developing interest in their use as antiwear additives for fuels. This is 
due to the removal of sulfur-containing materials because of stricter emission reg- 
ulations. 

The first recorded consideration of “phosphate esters’ ’ as potential hydraulic 
fluids arose toward the end of World War 11, following a series of fires and explosions 
in military hardware-particularly aircraft. The U.S. Navy instituted a study of the 
flammability of different liquids [5 ] ,  and phosphate esters and water-glycol fluids 
were eventually singled out as suitable for further investigation [6]. A research pro- 
gram sponsored by the U.S. Navy and Air Force and carried out by the Shell De- 
velopment Company subsequently focused on formulations based on blends of tri- 
alkyl phosphates and TCP [7], the trialkyl derivative being selected chiefly to reduce 
the density (and hence weight) of the fluid and to improve low-temperature perfor- 
mance. Independent of these studies, the Douglas Aircraft Company in 1946 began 
an intensive search for a fire-resistant hydraulic fluid for use in commercial air trans- 
ports [8]. Although blends of triaryl and trialkyl phosphates were considered [9], the 
fluid eventually marketed was based on an alkylaryl phosphate [9- 121 supplied by 
the Monsanto Chemical Company. The Lockheed Aircraft Corporation used trialkyl 
phosphates in the development of low-density hydraulic fluids [ 13,141 but apparently 
did not pursue their studies to commercialization. By the end of the 1950s, most of 
the passenger jet aircraft being built were operating on phosphate esters and this is 
still the situation over 40 years later. However, despite the appearance of several 
target specifications for fire-resistant hydraulic fluids for aircraft [15,161, the main 
military use for phosphate ester fluids has been on aircraft carriers for hydraulic lifts 
and so forth [171 and, for a short time, in submarines. 

In the field of general industrial hydraulic fluids, density and low-temperature 
viscosity are normally less important than fire resistance, and although triaryl phos- 
phates were promoted as fire-resistant fluids in the mid-l940s, they were more often 
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used as blending components for the even more stable (and fire-resistant) polychlo- 
rinated biphenyls (PCBs) [181. In these formulations, phosphates were used to reduce 
the very high fluid density of the PCBs and therefore ease the pumping requirements. 

Other applications investigated included the development of hydraulic fluids 
for gun recoil systems and shock absorbers, which were based on a trialkyl phosphate 
[191. 

By the early 1960s, several fluid suppliers were offering a range of phosphate 
esters covering different viscosity levels [20-221 in competition with the PCBs and 
PCB/phosphate blends [23]. Environmental concerns associated with the chlorinated 
products eventually resulted in their withdrawal in the 1970s. Although an attempt 
was made to replace them in these blends by other chlorinated aromatics, such as 
chlorinated benzyltoluene, use of the latter was restricted. Only in the German mining 
industry were such blends sold in any quantity. They were eventually banned by the 
European Commission in 199 1 [24] because of environmental concerns similar to 
those associated with the PCBs. 

Over the years, other attempts have been made to reduce the cost of phosphate 
esters-particularly the triaryl phosphates-and to improve certain physical char- 
acteristics by blending with other materials (e.g., carboxylate esters and even mineral 
oil). Such blends are, of course, also less fire resistant. Early developments of this 
type were carried out by the Cities Service Oil Co. [25]. More recently, other fluid 
suppliers have introduced similar products [26-291 which are attractive for those 
applications where the leakage rate is so high that the customer is discouraged from 
using a product offering the highest level of safety. As the properties of such blends 
are largely predictable from a knowledge of the performance of the individual com- 
ponents and their relative amounts, no detailed examination of these products will 
be made in this chapter. Instead, the focus will be on 100% phosphate-based mate- 
rials, which are widely used in the most demanding applications where good fire 
resistance is essential. 

3 STRUCTURE AND ITS INFLUENCE ON FLUID PROPERTIES 

Phosphate esters are also known as esters of phosphoric acid and can be considered 
as having the following general structure: 

For trialkyl phosphates, R I ,  R2, and R, are normally the same and are alkyl groups 
with a chain length of C4-CIo, but principally C4, Cx, and C,o. The chain may be 
straight as in tri-n-butyl phosphate (TBP), or branched, as in tri-isobutyl phosphate 
(TiBP). Also used occasionally in hydraulic fluid formulations is a trialkoxyalkyl 
phosphate, specifically tributoxyethyl phosphate, in which case RI, R7,and R, in the 
above structure are C4H90C2H5-. 

For triaryl phosphates, RI-R, are phenyl or substituted phenyl (e.g., methyl- 
phenyl, also known as cresyl or tolyl), dimethylphenyl (better known as xylyl), 
isopropylphenyl, or tertiarylbutylphenyl groups. Other substituted phenyl groups, 
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such as nonylphenyl or cumylphenyl, have also been used in the past but are not 
currently available. 

In addition to those triaryl phosphates where R,  = R2 = R3,(e.g., trixylyl phos-
phate) there are also products where the aryl groups are different (e.g., cresyldiphenyl 
phosphate or xylyldiphenyl phosphate). As will be shown later, mixed aryl phos-
phates are now widely used as general industrial hydraulic fluids. 

For mixed alkylaryl phosphates, the groups attached to the phosphorus are also 
different. The product may be a monoalkyldiaryl phosphate (e.g., octyldiphenyl phos-
phate) or a dialkylmonoaryl phosphate such as dibutylphenyl phosphate. 

Although the phosphorus-containing nucleus of the molecule largely determines 
the fire resistance of the product, it is the “organic” or the hydrocarbon part of the 
molecule which mainly determines the variation in the physical and chemical prop-
erties, in addition to having some effect on the flammability characteristics. For 
example, the alkyl groups used in trialkyl or alkylaryl phosphates are either straight 
or branched chain. Use of the former favors viscosity -temperature properties, ther-
mal stability, volatility, and so forth, whereas branched chains normally improve 
hydrolytic stability. Similarly, the properties of aryl phosphates are heavily influenced 
by four factors: 

1. Whether or not the aryl group is substituted. The unsubstituted phenyl 
group gives the best thermal and oxidative stability but confers the worst 
hydrolytic stability and viscosity -temperature properties on the molecule! 
Triphenyl phosphate, however, is a solid at ambient temperature and there-
fore cannot be used alone in hydraulic applications. The general effect on 
phosphate performance of a single substituent on the aromatic ring is in-
dicated in Fig. 20.1 [30].As can be seen, if an attempt is made to improve 
one fluid property, this can have a detrimental effect on another aspect of 
behavior. 

Number of Viscosity/ Fire Oxidative Hydrolytic 
carbon atoms temperature resistance stability stability 
in substituent properties 

wKse better better wxse ---t t  
- - betterI

high better worse worse 

Figure 20.1 Effect of aryl group substituents on physicalkhemical properties. 
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PH 

CH3 CH 
CH;/ 'CH, 

ortho meta para 

Figure 20.2 Isomeric forms of monoisopropylphenol. 

2. The structure of the substituent. This impacts on physical properties as a 
result of its size (e.g., the greater the number of carbon atoms, the higher 
the viscosity of the fluid, provided the substituent is attached to the same 
place on the ring) and also on chemical properties as a consequence of its 
stability. Thus, the isopropylphenyl group is less oxidatively stable than 
the tertiary butylphenyl group. 

3. The position of the substituent on the aromatic ring. Alkylated phenol 
feedstocks used in the manufacture of triaryl phosphates are available in 
different "isomeric" forms, where the material has the same chemical 
formula and molecular weight, but the substituent is attached to a different 
place on the aryl ring. Figure 20.2 shows the isomerism of monoiso-
propylphenol. 

The pure phosphate esters produced from the individual isopropyl- 
phenyl isomers vary considerably in performance. Table 20.1 [30] shows 
the effect on viscosity and oxidation stability. The orthoisomer, which has 
the highest rate of change of viscosity with temperature (referred to as a 

Table 20.1 Variation in Viscosity-Temperature Properties and Oxidation Stability for 
Isomeric Forms of Tris-isopropylphenyl Phosphate 

Viscosity (cSt) Oxidation stability" 
Viscosity (% viscosity

Phosphate isomer 99.8"C 37.8"C 0°C index change at 37.8"C) 

(@$O-)PO ORTHO 8.2 120 14,540 <O 4 
3 


(00 - ) rO META 5 .O 34.8 508 63 800 

(}a-C)--)f'o 3 PARA 6.3 56.7 1,450 52 2,000 

"After oxidation at 150°C for 7 days in the presence of metals (modified FTMS VV-L-791C, method 
5308.6). 
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low viscosity index), has the best oxidation stability. By contrast, the para 
derivative has better viscosity- temperature properties (a higher viscosity 
index) but poor oxidation stability. These differences in behavior are due 
to (i) the effect of the substituent when in the ortho position on the shape 
and “rigidity” of the molecule and (ii) its ability when in the para position 
to destabilize the molecule so that less energy is required for its breakdown. 

4. The number of substituents on the aromatic ring of the alkylated phenol 
feedstock. Where more than one substituent is present, the number of iso- 
meric phosphates that can, theoretically, be components of the finished 
product is significantly increased. Using xylenol, for example, which has 
2 methyl groups and 6 different isomeric forms, it is possible to produce 
over 200 isomeric phosphates. Again, the physical and chemical properties 
are affected, and trixylyl phosphates display higher viscosities and also 
better hydrolytic stability than tricresyl phosphates. 

It will be appreciated from this brief explanation of the impact of ring substit- 
uents on fluid behavior that although it is possible to produce a product with, say, 
excellent oxidative stability or better viscosity- temperature properties, it is difficult 
to achieve this without some adverse impact on other fluid characteristics. A degree 
of compromise is, therefore, almost inevitable when designing a triaryl phosphate 
molecule or a fluid base stock to meet the conflicting technical requirements of a 
hydraulic fluid. Depending on the application, therefore, it may be appropriate to 
select the fluid, which is either the most hydrolytically or the most oxidatively stable. 

4 MANUFACTURE 

Although phosphate esters can be regarded as “salts” of orthophosphoric acid, they 
are not currently produced from this raw material because the yields are low (-70% 
for triaryl phosphates) [3 11. Instead phosphorus oxychloride (POCI,) is reacted with 
either an alcohol (ROH), a phenol (ArOH) or an alkoxide (RONa), as indicated in 
the following reaction schemes: 

3ROH + POCI, + (RO),PO + 3HCI (20.1) 
3ArOH + POCI, + (ArO),PO + 3HCI (20.2) 
3RONa + POCI, (RO),PO + 3NaCI (20.3) 

where R represents an alkyl group and Ar an aryl group. 
The above reactions pass through intermediate steps in the production of the 

phosphate as shown in Scheme (20.4): 
ROH ROH 

ROH + POCI, .) ROPOCI, + HCI + (RO),POCI + HCI + (RO),PO + HCI 

(20.4) 

The intermediate products are called phosphochloridates and it is possible to stop 
the reaction at each step if it is desired to produce mixed products {by using different 
alcohols or an alcohol and a phenoxide [Scheme (20.5)]}: 

ArONa (20.5)(RO),POCI + Ar(RO),PO + NaCl 
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4.1 Trialkyl Phosphates 

Trialkyl phosphates can be prepared by either of routes (20.1) and (20.3), although 
in reaction (20.l), a considerable excess of alcohol is required to drive the reaction 
to completion and the hydrogen chloride (HCl) by-product must be removed as 
rapidly as possibly-usually by vacuum and/or water washing. The reaction tem- 
perature is not allowed to rise too high in order to minimize the thermal degradation 
of the phosphates. When the alkoxide route (20.3) is chosen, the chlorine precipitates 
as sodium chloride, somewhat simplifying the purification treatment. Normally, this 
consists of a distillation step to remove excess alcohol, an alkaline wash, and a final 
distillation to remove water [32]. With the alkoxide method, however, any residual 
sodium chloride can be removed by water washing followed by a final distillation 
under vacuum. If mixed alkyl phosphates are required (i.e., using more than one 
alcohol), they can be produced either in one step using an alcohol mix or by the 
reaction of the phosphochloridate intermediate with an alkoxide. 

4.2 Triaryl Phosphates 

Triaryl phosphates, which form the basis of the majority of hydraulic fluid formu- 
lations, are manufactured almost exclusively by reaction (20.2). Phosphorus oxy- 
chloride is added slowly to the reaction mass containing an excess of phenol in the 
presence of a small amount of catalyst-typically aluminum chloride or magnesium 
chloride-before heating slowly [32]. The hydrogen chloride is removed as it is 
formed, by heating under vacuum followed by absorption in water. On completion 
of the reaction, the product is distilled to remove most of the excess phenol(s), the 
catalyst residue, and traces of polyphosphates. Finally, the product is steam-stripped 
to remove volatiles, including residual phenol(s). Depending on the application, it 
may be necessary to reduce the level of acidity by subsequent alkaline washing or 
by a solids treatment. 

As with trialkyl phosphates, it is possible to manufacture mixed aryl phosphates 
as long as the reactivity of the different phenolic materials is similar. Such mixed 
phosphates can have improved low-temperature properties (e.g., pour point) as a 
result of the asymmetrical nature of the molecule, and the technique is particularly 
important when trying to manufacture products to meet a particular level of viscosity. 

The phenolic feedstocks used for phosphate ester manufacture were originally 
obtained from the distillation of coal. Coal tar contained a mixture of phenol, cresols, 
and xylenols which was fractionated to provide the raw materials for the phosphate 
process. These “fractions’ ’ or “distillation cuts,” however, were still complex 
mixtures, often containing up to 20 different cresol, xylenol, and other alkyl phenol 
isomers. These mixtures were frequently referred to as “cresylic acids.” 

In the 196Os, it became progressively more difficult to obtain suitable quality 
feedstocks from this source because of a decline in the coal distillation industry. The 
increasing use of natural gas for domestic heating purposes and the concurrent con- 
traction in the steel industry led to a fall in demand for “coke,” the solid residue 
from the distillation of coal. As a result, many coal-tar distillers closed and the quality 
of available phenolic feedstocks deteriorated. 

In order to assure supplies of suitable raw materials, the phosphate ester man- 
ufacturers in the late 1960s introduced feedstocks based on phenol (from petroleum 
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sources) which was reacted with propylene or iso-butylene to form mixtures of 
isopropylphenols or tertiary butyl phenols [33,34] [see reactions (20.6) and (20.7)]. 

OH OH c H 3  OH OH 

0-isopropyi misopropyl P+opropyl 
phenol phenol phenol 

OH OH OH 

No ortho derivative is normally produced when reacting phenol with isobutylene. 
Depending on the reaction conditions, it is possible to control the relative 

amounts of the isomeric alkylated phenols to optimize the properties of the resulting 
phosphate. However, if the mixtures in reactions (20.6) and (20.7) are converted into 
phosphates, the viscosity level of the resulting liquid would be too high for most 
hydraulic applications. To reduce the viscosity, the alkylated phenol is mixed with a 
quantity of pure phenol, which enables the manufacture of fluids to meet a wide 
range of viscosity grades. Unfortunately, the phenol content results in the production 
of triphenyl phosphate, particularly in the lower-viscosity fluids (see Table 20.2) [35]. 
This is not very hydrolytically stable and although the stability of the mixed product 
is adequate for most applications where significant contact with moisture is likely, 
other phosphates may be preferred for more critical uses. 

The TCP and TXP produced from cresylic acid or “natural” raw materials 
have been described as “natural” products, whereas feedstocks based on isopropyl- 
phenols and tertiary butylphenols are known as “synthetic” feedstocks (because of 

Table 20.2 The Triphenyl Phosphate Content of Triaryl Phosphates 

TPP content for different I S 0  viscosity grades (%) 

Phosphate ester 22 32 46 68 

TCP - 0.1 
TXP - - None -
IPPP 26-34 14-18 8-10 5-8 
TBPP 40-48 3 1-40 14-2 1 8-12 
~~~~ 

Note: TCP = tricresyl phosphate; TXP = trixylyl phosphate; IPPP = isopropylphenyl phosphate; 
TBPP = tertiary butylphenyl phosphate. 
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their chemical synthesis) and the resulting phosphates are known as “synthetic” 
phosphates. Unfortunately, these terms still persist, even though the cresol and xy- 
lenol feedstocks used today are obtained by the refining of petroleum (a natural 
product) and synthetically from phenol (cresols and xylenols), toluene (cresols), or 
isophorone (xylenols) [36]. 

It was indicated earlier that the phenolic feedstocks are frequently complex 
mixtures of different isomers. This, in turn, results in phosphates based on many 
different combinations of phenolic groups. The gas-liquid chromatograms in Fig. 
20.3 show the number of major components of the three principal triaryl phosphate 
types and the significant differences between the products. The simplest product is 
a tertiary butylphenyl phosphate (TBPP) containing only about seven significant 
components. By comparison the isopropylphenyl phosphate (IPPP) contains about 
10 major components, and trixylyl phosphate over 20 [35]. Differences in retention 
times for the IPPP and TBPP products indicate a broader spread of molecular weights 
of the component phosphates, whereas for TXP, the molecular weight range is rel- 
atively small. 

4.3 Mixed Alkylaryl Phosphates 

Small quantities of both alkyldiaryl- and dialkylmonoaryl phosphates are used in the 
production of specialty hydraulic fluids, particularly where some improvement in 
low-temperature properties is required with a measure of stability at high tempera- 
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Figure 20.3 Gas-liquid chromatograms for different triaryl phosphates. 
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tures. These products can be most satisfactorily produced by two-stage processes 
from the appropriate phosphochloridate intermediate. 

ArOH + POCI, + ArOP(O)CI, + HCI (20.8) 
ArOPOCI, +2ROH + ArOP(O)(OR), + 2HCI 

a dialkylmonoaryl phosphate (20.9) 

2ArOH + POCI, * (ArO),P(O)CI + 2HCI (20.10) 

(ArO),P(O)CI + ROH + (ArO),P(O)ORan alkyldiaryl phosphate + (20.11) 

An alkoxide may also be used as an alternative to the use of alcohol, primarily for 
the preparation of alkyldiaryl phosphates: 

ROP(O)CI, + 2ArONa + ROP(O)(OAr), + 2NaCI (20.12) 
The purification of alkylaryl phosphates can be carried out using techniques already 
identified for the other two classes of phosphate esters. More detailed information 
on the preparation of these materials can be found in Ref. 10. 

To summarize, the phosphate esters which are in commercial production and 
used in hydraulic fluid applications are listed in Table 20.3 together with their com- 
mon abbreviations. 

5 PROPERTIESOF PHOSPHATE ESTERS 

In this section, the performance of phosphate esters will be examined against the 
principal technical requirements for hydraulic fluids (see Table 20.4). These require- 
ments impact on both the physical and chemical properties of the fluids and will, 
therefore, be discussed under those headings, with the exception of fire resistance 
and lubrication performance, which are termed “performance properties.” 

5.1 Performance Properties 

5.1.1 Fire Resistance 

Because the fire resistance of these fluids is the principal reason for their use, it is 
appropriate to discuss this aspect of their behavior first. Before clarifying why phos- 
phate esters are difficult to ignite, it is useful to recall that fire, or combustion, is 
essentially a vapor-phase oxidation process that requires the presence of a fuel, suf- 
ficient energy to volatilize the fuel, and oxygen. Fluid characteristics which therefore 
determine ignitability include vapor pressure (and, hence, viscosity, molecular 
weight, and heat of vaporization) and thermal/oxidation stability [37] ,  all of which 
are very structure dependent. The measurement of ignition delay time (i.e., the time 
it takes for the fluid to ignite on a hot surface at a specific temperature) is affected 
by other factors, such as specific heat, thermal conductivity, and surface tension. A 
variety of physical and chemical properties can therefore affect the flammability 
characteristics. However, the term “fire resistance” should not be equated with non- 
flammable. If sufficient energy is injected into almost any organic molecule, it will 
ignite. Even water has been known to explode in contact with very hot surfaces! 

At first glance, it might seem surprising that phosphate esters are much less 
flammable than mineral oils. Apart from a relatively high molecular weight, they 
only differ in terms of composition by several oxygen atoms and a phosphorus atom, 
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Table 20.3 Phosphate Esters Used in 
Hydraulic Applications 

Common name Abbreviation 
~ ~~ 

Trialkyl phosphates 
Tributyl phosphate" TBP 
Tri-isobutyl phosphate TiBP 
Tributoxyethyl phosphate TBEP 
Trioctyl phosphate" TOP 

Alkylaryl phosphates 
Dibutylphenyl phosphate" DBPP 
Butyldiphenyl phosphate" BDPP 
Octyldiphenyl phosphate" ODPP 
Isodecyldiphenyl phosphate" DDPP 

Triaryl phosphates 
Triphenyl phosphate TPP 
Tricresyl phosphate TCP 
Trix yl ylphosphate TXP 
Cresyldiphenyl phosphate CDP 
Isopropylphenyl phosphate IPPPb 
Tertiary butylphenyl phosphate TBPP~ 

aUnless otherwise stated, the alkyl groups used in the man- 
ufacture of trialkyl phosphates and alkylaryl phosphates are 
of the following types: butyl is n-butyl, octyl is 2-ethyl- 
hexyl, and decyl is iso-decyl. 
'In the subsequent tables and figures, the IPPP and TBPP 
abbreviations are usually followed by the I S 0  viscosity 
grade. Thus, IPPP/46 is an isopropylphenyl phosphate 
meeting I S 0  viscosity grade 46. 

the latter being present in the phosphate to the extent of only a few percent (-7-
12% for commercially available materials). The reason why these materials display 
such favorable characteristics lies, as suggested above, in a combination of their 
structure (and its effect on stability) and physical properties. However, whereas a 
low vapor pressure and generally high thermaUoxidative stability will favorably af- 
fect fire resistance, in the case of phosphate esters a further factor, the phosphorus 
content, plays an important role. 

Table 20.4 Main Technical Requirements for Fire-Resistant Hydraulic Fluids 

Fire resistance Good resistance to shear breakdown 
Low compressibility Low foaming properties 
Appropriate viscosity Rapid air release 
Adequate low-temperature behavior Good water separation 
Good lubrication performance Noncorrosive 
Adequate stability (thermal, oxidative, and Good compatibility with system materials 

hydrolytic) 
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Irrespective of the mode of decomposition, lower-molecular-weight materials, 
such as alcohols, alkylphenols, and ketones, are produced during degradation, which 
are highly volatile and much easier to oxidize. When present in sufficient concen- 
tration (i.e., above the lower limit of flammability), they will combust and release 
heat. 

The remainder of the molecule will contain one or more -P-0 radicals, 
which will polymerize in a reaction that is highly endothermic (or energy absorbing) 
to form polyphosphates or, in an extreme case, phosphorus oxides. This reduces the 
total heat released and is the principal reason why phosphate esters do not propagate 
flame. 

A high phosphorus content alone, however, is insufficient to increase the fire 
resistance if the breakdown products are themselves readily oxidizable! The effect 
of phosphorus content and other physical properties on some flammability charac- 
teristics are given in Table 20.5 [32,38,39]. Examination of the data reveals that none 
of the common physical properties by itself correlates satisfactorily with the listed 
flammability data. Some variation in these data is possible due primarily to slight 
differences in the compositiodviscosity of the products tested, particularly the aryl 
phosphates. 

The measurement of fire resistance in the laboratory is difficult because no 
single test can satisfactorily reproduce all the complex variables that together con- 
stitute the fire process [37]. The best that can usually be achieved is a comparative 
assessment of different fluids under the same test conditions, which may or may not 
represent specific industrial hazards. As a result, a large number of tests have been 
devised to simulate particular applications, many of which rank products in the same 
order and do not add to an understanding of the behavior of the material in use. 

The different tests currently available for determining fire resistance can be 
classified according to the mode of fluid ignition (i.e., bulk fluid ignition, hot surface 
ignition, spray ignition, and ignition when adsorbed on a substrate) 1371. These tests 
essentially measure ignitability (temperature of ignition or time to ignition at a given 
temperature) and the tendency to propagate flame. An exception is a test which 
attempts to measure some intrinsic property of combustion, such as net calorific 
value. Unfortunately, the conditions used for measuring this property are not suitable 
for products that contain elements other than carbon, hydrogen, oxygen, and nitrogen 
[40] and can give misleading information on phosphate esters [37]. In spite of the 
limitations of the tests used [37], most flammability data on fluids are reported in 
terms of flash and fire points and autoignition temperatures. Table 20.6 [32,41-441 
provides this information on commercially available fluids. 

Many of the applications where phosphates are used require the better fire 
resistance and high-temperature stability afforded by the triaryl phosphates. As a 
consequence, the vast majority of fire-resistance data generated under tests more 
closely representing specific hazards is limited to an evaluation of these fluids. 

Table 20.7 [30,32,37,41-43,451 indicates the performance of TXP and IPPP/ 
46 fluids in the most important industry-related tests. 

As will be seen from Table 20.7, the majority of tests do not discriminate 
between the two different triaryl phosphate esters. This is mainly due to the pass/ 
fail requirements of specifications in which these tests appear. These tests not only 
fail to differentiate between triaryl phosphate esters (unless increased in severity) but 
also between phosphate esters and other types of fire-resistant fluids, particularly the 
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Table 20.5 Relationship Between Various Physical Properties and Flammability Behavior 

Phosphorus Viscosity at Vapor pressure FlasWfire points, Autoignition 
Phosphate Molecular content 40°C at 150°C open cup ("C) temperature ("C) 
ester weight (%x) (cSt) (mm Hg) IS0  2592 ASTM D-2155 

TBP 266 12.0 2.5 7.3 1151182 388 
TOP 434 7.37 7.5 0.9 1951238 370 
TPP 327 9.8 Solid 0.15 22413 10 635 
TXP 410 7.8 46 0.009 I991343 570 
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Table 20.6 Flash Point, Fire Point, and Autoignition Temperatures of Phosphate Esters 
~ ~ ~ ~~~~ 

Flash point Fire point Autoignition temperature 

Phosphate ester 
("C) 

IS0 2592 
("C) 

IS0 2592 
("C)

ASTM E-659 

TBP 165 182 400" 
TiBP 155 I70 476 
TOP 190 238 3 7 0  
TBEP 190 230 2 6 0  
BDPP 205 246 
DBPP 171 >430 
ODPP 224 238 
DDPP 240 260 
TPP 224 3 10 635 
CDP 255 340 620 
TCP 240 338 600 
TXP 250 360 535 
IPPP/22 255 335 570 
IPPP/32 245 330 545 
IPPP/46 250 335 500 
IPPP/ 100 260 335 515 
TBPP/22 240 340 590 
TB PP/3 2 255 350 545 
TBPP/46 250 350 535 
TBPP/68 255 350 525 
TBPP/ 100 255 360 520 

"ASTM D-2 155. This method usually gives higher values than ASTM Method E-659. 

water-based products. In order to be able to rate the performance of all the different 
types of fluid under identical conditions, two new spray ignition tests have been 
developed: in the United States by the Factory Mutual Research Corporation [46] 
and detailed in a new Specification Test Standard for Flammability of Hydraulic 
Fluids [47], and the other in the United Kingdom by the Health and Safety Executive 
for inclusion in the seventh edition of the Luxembourg Report [48]. Both tests mea- 
sure the heat released by a stabilized flame of the ignited fluid. Treatment of the 
results is slightly different in that Factory Mutual (FM) quote data in terms of a 
"Spray Flammability Parameter" which takes into consideration the critical heat flux 
for ignition, whereas the United Kingdom test [49] reports the "Ignitability Factor,' ' 
which is a direct measure of the heat released. 

Figures 20.4 [50] and 20.5 [47] indicate some of the results obtained to date 
by these new procedures and clearly show their ability to differentiate between the 
different types of fluid. As a result, Factory Mutual has introduced three categories 
of fluid performance, depending on Spray Flammability Parameter (SFP) values [47]. 
Aryl phosphates fall into Group 1 for the least flammable products with an SFP of 
< 20 X 10J, which are unable to produce a stable flame. Alkyl phosphates, however, 
are more flammable and fall into other categories. 

Another advantage of the new tests is that they can eliminate the effects of 
additives (e.g., polymeric materials) which may be used to increase droplet size in 
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Table 20.7 Performance of Triaryl Phosphates in Hazard-Related Fire Tests 

Fluid type 

Test method Source TXP IPPP/46 

Bulk fluid ignition 
Oxygen Index IEC 1 144 - 23 

Hot-surface ignition 
Hot Manifold Test CETOP RP65H or VV-L- Pass Pass 

791C Method 6053 
Hot Channel Test Factory Mutual Standard 6930 Pass Pass 
Molten Metal Ignition Rheinisch Westfalischer TUV 16 s 16 s 

Spray ignition 
The “Community of Six” Section 3.1.1; 7th Fail Fail 

Spray Test Luxembourg Report 
The “United Kingdom” Section 3.1.2; 7th Pass Pass 

Spray Test Luxembourg Report 
Heat released by a Section 3.1.3; 7th Class D Class E 

stabilized flame Luxembourg Report 
Factory Mutual Spray Test FM Standard 6930 Pass Pass 

Wick tests 
Determination of the Section 3.2.1; 7th Pass Pass 

persistence of a flame on Luxembourg Report 
a wick 

Linear flame propagation ASTM D5306 No ignition No ignition 
rate of lubricating oils 
and hydraulic fluids 

Miscellaneous tests 
Compression-Ignition Test Section 4.5.1 ; MIL-H- 19457D >42: 1 41 : l  

a spray (and therefore provide some temporary improvement to the spray ignition 
performance) but which have no significant effect on the flammability under other 
tests conditions. 

5.1.2 Lubricating Properties 

Hydraulic fluids are predominantly used in dynamic applications that involve con- 
tinuous circulation around the system at pressures up to 350 bars. The ability to 
lubricate metal surfaces moving relative to one another (particularly steel on steel) 
as found in pumps, valves, and so forth is therefore of paramount importance. Be- 
cause it also largely dictates system operating pressures and capacity, it can signifi- 
cantly influence the capital cost of the system. Although fluid viscosity and its change 
with temperature have an obvious impact on pump and valve efficiency, the ability 
of a fluid to lubricate satisfactorily depends mainly on its potential for forming a 
film between the metal surfaces that is thick enough to separate them, and the ability 
of that film to resist displacement under load and through relative motion of the 
surfaces. As in the case of fire resistance, the lubricating performance of the fluid 
depends on a variety of physical and chemical properties [e.g., compressibility, vis- 
cosity, specific heat and thermal conductivity (which affects the temperature of the 
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Figure 20.4 Results of a stabilized-flame heat-release spray test -7th Luxembourg Report, 
Section 3.1.3. 

lubricating film and hence its viscosity)], the polarity and shape of the molecule, and 
its thermal and hydrolytic stability. 

The good antiwear properties of phosphates were referred to earlier. These are 
attributed to the polarity of the molecule and its acidic decomposition products, 
which initially form an adherent film on the metal surface, and also to the readiness 
of the decomposition products to react chemically with the metal surface to form 
iron phosphides or phosphates [4,5 1-53]. These are lower-melting products de- 
formed by plastic flow and fill in the gaps between the asperities or peaks on the 
metal surface. Consequently, the area carrying the load is increased and the pressure/ 
unit area ratio is reduced. This enables a higher load to be supported before break- 
down of the lubricating film. In general, it can be stated that the antiwear perfor- 
mance of the phosphates varies with stability -particularly hydrolytic stability. The 
more readily the phosphate breaks down, the better the antiwear behavior. This fact 
may account for the variable performance of phosphate esters in some reports [54]. 
Although phosphates are recognized as effective antiwear agents, they have limited 
ability to prevent scuffing at high loads without enhancement by additives. Aryl 
phosphates are reported as more effective extreme-pressure agents than alkyl phos- 
phates [55], the difference being attributed to the formation of iron phosphides by 
aryl phosphates and to the less effective iron phosphate by the alkyl derivatives. 
Table 20.8 [42,43] illustrates vane-pump wear test data on different triaryl phos- 
phates, which confirms their good antiwear behavior; Table 20.9 [56] compares the 
different types of fire-resistant hydraulic fluids in terms of their pump-performance 
capabilities relative to mineral oil. Although the data have been provided by equip- 
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Figure 20.5 Spray flammability parameter as a function of fluid exit pressure at 6.9 mPa 
nozzle pressure-draft Factory Mutual Standard. (Reprinted with permission, copyright Fac- 
tory Mutual Research Corporation, 1992.) 

ment manufacturers, they are probably conservative estimates and, in reality, some- 
what higher performance limits for the fire-resistant products may be found. 

In addition to the effect on the conventional wear process, the composition of 
fluids can significantly impact the pitting fatigue life of ball and roller bearings. With 
nonaqueous fluids, the life of bearing surfaces depends mainly on the fluid-film 

rable 20.8 Vickers V104C Vane-Pump Wear Test Data for Some Triaryl Phosphates at 140 Bar; 
rest Methods: IP281 and ASTM D-2882 

Phosphate ester 

rest data IPPP/22 IPPP/3 2 IPPP/46 IPPP/68 TBPP/46 

Tluid temperature ("C) 
:est duration (h) 
ting weight loss (mg) 

53 
100 

3.6 

53 
250 

6.5 

60 
100 

2.5 

60 
250 

2.6 

66 
250 

3.7 

66 
1000 

8.2 

72 
100 

3.7 

72 
250 

5.4 

NA 
100 

14.0 
lane weight loss (mg) 
'otal weight loss (mg) 

14.5 
18.1 

15.6 
22.1 

34.8 
37.3 

36.7 
39.3 

7.4 
11.1 

8.5 
16.7 

2.0 
5.7 

3.3 
8.7 

55.3 
69.3 

'ump speed (rpm) c 1440 > 1200 
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Table 20.9 Effect of Hydraulic Fluid Type on Pump Performance 

Piston 

Fluid category Hydrostatic Hydrodynamic 
(IS0 Standard 6743/4) Gear bearing bearing Screw Vane 

I .  HFA (E and S) 
Max. continuous pressure rating (bar) 200 150" 150 No known experience Not suitableh 
Max. continuous speed' (%) 100 50 50 
Bearing life' (%) 100 10 30 

2. HFB 
Max. continuous pressure rating (bar) 200 250 200 250 70 
Max. continuous speed (%) 100 100 100 100 6 
Bearing life' (%) 100 30-70 20-40 100 100 

3. HFC 
Max. continuous pressure rating (bar) 200 200 250 250 105 
Max. continuous speed (%) 100 100 100 100 100 
Bearing life' (%) 100 20-60 20 100 100 

4.HFD (R and U) 
Max. continuous pressure rating (bar) 250 350 350 250 140 
Max. continuous speed (%) 100 1 0 0  100 1 0 0  100 
Bearing life' (%) 100 80- 100 70-100 100 100 
Bearing type Plain Roller Roller Roller (but no fluid Plain (sleeve) 

contact) 

Nore: All data taken from current pump manufacturers' catalogs. 
"Values up to 300 bars are now being reported. 
m e  problems with water-based fluids in vane pumps relate to vane tip wear rather than bearing lubrication. 
'Values indicated are relative to mineral-oil performance in the same pump. 
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thickness and, hence, viscosity [57,58]. Phosphate esters have been found to have 
lives comparable with those of mineral oils of similar viscosity [57]. 

With water-based fluids, the water accelerates the propagation of surface cracks 
as well as considerably reducing the pitting life, probably by an embrittlement pro- 
cess [57,58]. 

The fatigue life of fluids is normally expressed as the L,,, life, which is the 
time after which 10% of bearings would have failed. Bearing L,,,lives characteristic 
of the different IS0 classes of fire-resistant fluids are given in Fig. 20.6 for an axial 
piston pump at 1500 rpm. Again, depending on the fluid composition, pump type, 
and operating conditions, these values will show some variation [59,60]. 

The behavior of triaryl phosphate esters in gears has been studied in some 
detail [61,62]. The results of a comparison of the behavior of IPPP/46 and TXP on 
an FZG gear rig in comparison with mineral-oil show the following: 

A similar wear behavior for TXP and mineral oil (see Fig. 20.7). The inferior 
viscosity -temperature and viscosity -pressure characteristics of the phos- 
phates are largely compensated for by polar effects and chemical reactivity 
at the metal surface. For example, the fact that an IPPP/46 fluid displays 
better wear characteristics than TXP [62] is probably related to its poorer 
hydrolytic stability. This more readily allows the production of acidic spe- 
cies, which subsequently react with the surface. 
Inferior frictional characteristics and, as a result, slightly higher power 
losses. These properties are also influenced by film thickness. Although 
load-dependent losses are about 20% higher for triaryl phosphates than for 
mineral oil, about 80% of the total losses in high-speed gears are related to 
no-load losses. This means, for example, that in turbine gears, the total gear 
losses for a phosphate would be about 4% higher than the losses for mineral 
oil of comparable viscosity [63]. 
Inferior running-in properties. This is not surprising in view of the lack of 
extreme-pressure performance of this type of fluid. Mineral oil, of course, 
usually contains sulfur-containing impurities which assist this process. As a 
result, it is important to clarify the optimum conditions for running-in new 
gears from the manufacturer when phosphates are used. 
A better scuffing performance. In FZG tests, I S 0  VG 46 mineral oils (with- 
out additives) typically fail at load stages 3-5. Triaryl phosphates of similar 
viscosity typically fail at stages 7 and 8 [61,62]. Improving the scuffing 
behavior of mineral oils is, however, fairly easy; with phosphate esters, this 
is more difficult in view of competition between the phosphate (or its de- 
composition products) and the additive for the metal surface. Careful selec- 
tion of the latter is necessary when upgrading the extreme-pressure perfor- 
mance of the phosphate. 

Aluminum and its alloys are not recommended as suitable bearing materials 
for plain bearings in components using these fluids owing to the inability of phos- 
phates to “wet” aluminum surfaces. CopperAead bearings can be used, but the pre- 
ferred lining material is white metal. Extended tests on TXP at bearing temperatures 
of 110°C and fluid inlet temperatures of 95-98°C showed no significant attack on 
an 80/12/5 tin/antimony/copper bearing [64]. 
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Figure 20.6 The variation in bearing L,,, lives with pump delivery pressure for an axial 
piston pump operating on fire-resistant hydraulic fluids at 1500 rpm. 

The scuffing resistance of alkyl or alkylaryl phosphates in gears has not been 
investigated in such detail. One report [65] investigated the mechanism of wear 
associated with this product and identified scoring as the mode of failure. 

5.2 PhysicalProperties 

5.2.1 Viscometric Properties and Low-Temperature Behavior 

The viscosity of a fluid and its change with temperature and pressure significantly 
affects a number of aspects of fluid use and performance, such as pump efficiency. 
If a fluid has a very low viscosity, internal leakage and pump slippage can occur. 
This results in a power loss and an increase in fluid temperature. On the other hand, 
a high-viscosity fluid may show better internal sealing but require more power for 
circulation; it may display a higher pressure drop in lines and, under extreme con- 
ditions, even reduce the volume of flow to the pump, causing erratic system opera- 
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Test conditions: Gear type N8.3 m/s/90°C 

unning in: load stages 1-4 

long-term wear: 100 h at load stage 6 

phosphate ester IS0 VG 46 

0 1000 2000 3000 

total transmitted power (kWh) 

Figure 20.7 Long-term wear tests on an FZG gear machine for TXP and an I S 0  VG 46 
mineral oil. 

tion. Selection of a fluid with an appropriate viscosity for the pump design is there- 
fore essential. 

Other properties and performance parameters directly affected by viscosity in- 
clude heat removal, wear properties, and air release. Obviously, secondary effects 
can be found on oxidation stability (and, hence, fluid life), frictional losses in bear- 
ings, cavitation, and so forth. 

Depending on their chemical structure, phosphate esters are available in a wide 
range of viscosities, with trialkyl phosphates falling generally into I S 0  viscosity 
grades 2-7, alkylaryl phosphates in grades 10- 15, and substituted aryl phosphates 
in grades 22- 100 (Table 20.10) [10,32,38,39,41-M,66-68]. The variation in vis- 
cosity with temperature is shown in Fig. 20.8 1321 for most of the alkyl and aryl 
phosphates. 

The rate of change of viscosity with temperature, otherwise known as viscosity 
index, varies considerably; trialkyl phosphates exhibit values comparable to those of 
paraffinic mineral oils, whereas commercial triaryl phosphate mixtures show very 
low values-usually between 0 and 30. 

Symmetry within the molecule, steric effects, and the number of individual 
components assist in determining whether the product is solid or liquid and, in the 
latter case, its viscosity index. Triphenyl phosphate, for example, is a solid at ambient 
temperatures as is tris-ortho-isopropylphenylphosphate. Pure tris-puru-isopropyl- 
phenyl phosphate, by comparison, has a viscosity index of 50. 

Depending on the fluid type and the pump selected for the hydraulic system, 
the viscosity may need to be reduced (by heating) before the pump can be operated. 
In the past, a critical pumping viscosity of 850 cSt maximum has sometimes been 
quoted and the temperature at which this is reached has been termed the critical 
pumping temperature [413. Table 20.10 also indicates the critical pumping temper- 
atures for some of the substituted aryl phosphate fluids where this aspect is more 
important. 
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Table 20.10 Typical Viscometric Properties of Phosphate Ester Fluids 

Viscosity (cSt) IS0 3104 
Viscosity index Critical pumping Pour point ("C) 

Phosphate ester 0°C 20°C 37.8"C 40°C 99°C 100°C IS0 2909 temperature ("C) IS0 3016 

Trialkyl phosphates 
TBP 7 3.7 2.7 2.6 1.10 1.05 118 <-90 
TiBP 10 4.9 3.1 3.0 1.12 1.10 <-90 
TOP 96 40 8.O 7.9 2.20 2.20 I45 -70 
TBEP 80 26 6.8 6.7 2.15 2.10 90 <-70 

Alkylaryl phosphates 
ODPP 66.2 9.95 2.43 -57 
DDPP 89.8 12.80 2.88 -54 
DBPP 4.66 1.34 <-70 

Triaryl phosphates 
TPP +------ Solid ------P Solid, melts at 49°C 
CDP 220 44 17.5 3.20 -34 
TCP 1 ,OOo 80 28.3 4.00 -28 
TXP 1,700 170 46.0 43 5.2 5.0 -21 
IPPPl22 380 70 23.5 22 4.0 3.8 30 -8 -35 
IPPPl32 990 90 35.9 32 4.7 30 0 -27 
IPPP146 1,600 155 47.0 43 5.3 15 +6 -18 
IPPPl68 7,600 245 77.9 66 5.7 <O +13 -1 1 
IPPPll00 14,400 550 115 103 6.2 <O + 22 -5 
TBPP122 445 75 24 4.0 35 -30 
TBPPl32 1,500 104 35 33 4.8 4.5 25 -26 
TBPPt46 2,500 160 47 44 5.8 5.2 15 -18 
TBPPl68 9,000 75 65 6.8 6.3 5 -15 
TBPP1100 448 104 95 8.3 7.8 <O -7 
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temperature (“c) 

Figure 20.8 Viscosity -temperature relationships for commercial phosphate esters. 

The effect of pressure on viscosity is to increase frictional losses in gears and 
bearings, but this can help resist the displacement of the lubricant film under load. 

Figure 20.9 shows the variation in absolute viscosity of an I S 0  VG 46 phos- 
phate with pressure up to -800 bars and temperature up to -100°C [42]. The data 
are intermediate between that of a paraffinic and a naphthenic mineral oil [68]. In 
the future, the viscosity at high pressures is likely to assume greater importance, as 
operating pressures are continually increasing. 

In selecting a fluid for an application requiring a wide operating temperature 
range, the user has the option of taking (say) an I S 0  VG 46 fluid and then providing 
tank heating in order to minimize the effect of the poor low-temperature properties, 
or of selecting a product based on a thinner fluid but containing a polymeric thickener 
to provide an adequate working viscosity. In reality, apart from applications involving 
very low temperatures (where the alkyl or alkylaryl phosphates are preferred), the 
latter approach is not favored because ( 1 )  of concerns over the shear stability and, 
hence, pump performance of the thickened fluid, (2) the polymer can be removed 
by some types of filtration media, and (3) some thickeners can hydrolyze to give 
degradation products that can catalyze the hydrolysis of the phosphate ester base. 

The pour points of phosphates, like their viscosities, vary considerably, de- 
pending on their structure (Table 20.10) and are generally superior to mineral oils 
of similar viscosity. Unlike mineral-oil-based products, however, pour point depres- 
sants are not used in commercial phosphate ester fluids as, normally, there is no need 
to inhibit the crystallization of a fluid component. 
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Figure 20.9 The viscosity -pressure relationship of an IPPP/46 phosphate ester. 

5.2.3 Air Release, Foaming, and Demulsibility Characteristics 

Air is a common “contaminant” of hydraulic fluids that is often overlooked or is 
thought of only in terms of its effect on compressibility. Its presence, however, can 
have major implications for both the performance of the fluid and the system [69-
711. Air can, of course, be present in a fluid in either the dissolved or dispersed 
(entrained) form. The solubility of air depends on the pressure and temperature of 
the fluid and is quoted in terms of an absorption coefficient (also known as the 
Bunsen coefficient). The higher the value, the greater the solubility of the gas. 

Dissolved air normally has no effect on a fluid’s physical properties, but it is 
possible for dissolved air to come out of solution because of local pressure changes 
in the system and promote cavitation. Whereas some air bubbles may redissolve 
relatively quickly, others may combine to form larger bubbles, which are more dif- 
ficult to solubilize and, therefore, remain as entrained air. 

In contrast, dispersed or entrained air, in addition to the effect on compressi- 
bility noted earlier (and, therefore, on actuator response) will reduce the energy 
efficiency of the system, adversely affect lubrication performance, including the pos- 
sible loss of pump suction, and increase fluid oxidation. Therefore, it is most im- 
portant for entrained air to be allowed to escape or be encouraged to do so by the 
application of a slight vacuum to the fluid. Air, of course, should preferably not be 
allowed to enter the system, but as this cannot be avoided, the air content should be 
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minimized by a combination of good tank and pipework design and by selecting a 
fluid with a low air entrainment or solubility. 

The air-release properties of a fluid are measured in the laboratory by first 
saturating the fluid with air and then measuring the time (at a constant temperature) 
for the air to be released to a level of 0.2% volume. Actual measurements of the air 
content in the system at the pump inlet are, of course, more revealing [72]. 

A comparison of air-release values and Bunsen coefficients for a limited range 
of phosphates is given in Table 20.11. The data indicate that TXP has a very low 
air-release value and also a low Bunsen coefficient in comparison with other phos- 
phates and mineral oil. The figures quoted are, of course, for fresh fluids. Air en- 
trainment is very dependent on fluid temperature and fluid viscosity -according to 
Stoke’s Law, a thinner fluid releases air more quickly. Figure 20.10 [35] shows a 
typical change in air-release values with temperature for an unused natural and a 
synthetic phosphate. 

In use, air-release values can increase as a result of fluid degradation and the 
generation of small amounts of surface-active materials (e.g., metal soaps). They 
may also be adversely affected by the presence of fine particles. 

Whereas entrained air consists of bubbles separated by a thick layer of oil or 
fluid, foam consists of bubbles separated by a relatively thin film [70], the breakdown 
of which is determined by temperature and surface tension. To control the generation 
of foam and reduce its stability, it has been common practice for many years to 
incorporate small amounts of an antifoam. Most frequently, this is an organopoly- 
siloxane (silicone), which is effective in parts per million. The effectiveness of an 
antifoam, however, normally depends on its insolubility in the fluid. Thus, it is 
necessary to produce a homogenous dispersion of the antifoam in the fluid, and with 
such small quantities, this is not easy to achieve. If homogeneity is not achieved, 
then it is possible for the antifoam to “plate out,” usually on the walls of the tank. 
A further problem is that the addition of too much antifoam can adversely affect air 
entrainment [73]; therefore, a careful balance has to be maintained. 

Typical foam test values for fresh phosphates are also found in Table 20.11 
together with surface-tension data. The former are recorded in terms of foaming 
tendency and its stability at different temperatures after generating small air bubbles 
in the sample for a fixed period of time. 

Table 20.11 Qpical Air-Release and Foaming Test Values for Unused IS0 VG 46 
Phosphate Esters 

Foaming tendency/ Bunsen Surface 
Air-release value stability at 24°C coefficient tension 

Phosphate ester 
at 50°C (min) 

I S 0  9120 
(d) 

I S 0  6247 
for air at 

40°C 
at 20°C 

(dydc m 1 

TXP 1 25/0 0.014 40 
IPPP/46 
TBPP/46 

5-8 
6- 10 

40/0 
40/0 

0.020 
-

33 
43 

Mineral hydraulic oil 3-5 30/0 0.085 23 
(IS0  VG 46) 
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Figure 20.10 Air-release values and their variation with temperature for a natural and a 
synthetic triaryl phosphate. 

In service, the foaming properties can deteriorate as a result of antifoam de- 
pletion or as a result of the production of surface-active species in the degradation 
products. The laboratory measurements are not very precise and are to be regarded 
more as evidence of a trend in performance, especially as tank design features heavily 
influence foaming behavior. In service, the presence of a stable foam needs 
investigation. 

Demulsification or water separability characteristics is the third property in the 
group broadly categorized as “surface-active properties’ ’ and which are sensitive to 
the presence of small amounts of polar impurities or degradation products. 

Mixtures of new phosphate ester and water normally separate quickly. This is 
advantageous for avoiding the formation of emulsions, which could cause a rapid 
increase in the rate of hydrolysis as well as having an adverse effect on lubrication 
performance. As the fluid degrades, the tendency for the water to be emulsified may 
increase, but this is a rare occurrence because of the small amounts of water normally 
present in the system. 

5.2.4 Bulk Modulus and Compressibility 

The bulk modulus of a fluid is defined as the ratio of pressure on the fluid to the 
resulting decrease in volume, and it is the reciprocal of compressibility. The ability 
of a fluid to resist compression is of prime importance when it is used as a hydraulic 
medium. Highly compressible oils result in sluggish operation, a buildup of heat, 
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Table 20.12 Bulk Modulus and Compressibility 
of an IS0 VG 46 Phosphate Ester Hydraulic Fluid 
at 37.8”C 

Pressure 
(bar) 

Bulk modulus 
(x 1o4par 

Compressibility 
( X  10-ybar 

138 1.99 5.02 
344 2.12 4.7 1 
689 2.34 4.27 

1034 2.53 3.95 

and significant energy losses [74,75]. Table 20.12 details the isothermal secant bulk 
moduli and compressibility values of an IPPP/46 triaryl phosphate ester over a wide 
range of pressures [41], whereas Fig. 20.11 [76] shows that phosphate esters are less 
compressible or “elastic” than mineral oil but more compressible than a water- 
glycol fluid. This property can sometimes influence the choice of fluid, as a high 
elasticity can adversely affect the accuracy and precise operation of equipment. 

5.2.5 Vapor Pressure, Volatility, and Boiling Point 

In addition to its impact on volatility and, hence, the operating temperature range of 
a hydraulic fluid, vapor pressure is also an important factor in determining the cav- 
itation tendency of the fluid. Cavitation is caused by evaporation of a liquid as a 
result of a sudden drop in pressure followed by a subsequent condensation of the 
vapor as the vapor pressure falls below the boiling point. This can arise from changes 
in flow rate (e.g., in restrictors, pumps, and valves). Liquids that have high vapor 

to the 

0 0.01 0.02 0.03 0.04 
relative decrease in specific volume (Avh) 

Figure 20.1 1 Generalized isentropic compressibility curves for various types of hydraulic 
fluids at 20°C. (Reprinted with permission. Copyright 1965, Institute of Petroleum.) 
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temperature (“C) 

Figure 20.12 Vapor pressure characteristics of IPPP fluids. 

surfaces where the bubbles collapse, and cause pressure variations in the circuit. The 
vapor pressure of phosphates, as expected, varies with chemical structure; the trialkyl 
phosphates are the most volatile, whereas the triaryl derivatives have such a low 
vapor pressure that determination is difficult below about 200°C. Under normal use 
conditions, therefore, phosphate ester fluids would be unlikely to produce a signifi- 
cant concentration of vapor in the operating environment. 

The vapor pressure characteristics of a range of isopropylphenyl phosphates 
are given in Fig. 20.12 [41]. Additional data are listed in Table 20.13 [44]. 

Allied to vapor pressure is boiling point and Table 20.14 gives available data 
on a variety of products at different pressures [41,42,44,68]. 

5.2.6 Thermal Properties 

As the fluid is circulated around the hydraulic or lubrication system, heat is generated 
by the compression of the fluid in the pump, at restrictions in the circuit, by frictional 
losses in bearings, and so forth. To avoid excess thermal stress on sensitive com- 
ponents (e.g., bearing surfaces), it is important that the lubricant assists with the 
removal of heat. The efficiency of this process depends on the flow rate, the thermal 
conductivity, and specific heat of the fluid or lubricant. 

A comparison of the specific heat and thermal conductivity of a triaryl phos- 
phate ester with mineral oil and other fire-resistant fluids is given in Table 20.15 
[56]. The lower values for the phosphates indicate a slightly inferior cooling behav- 
ior, although this is somewhat offset by the higher density. 

Specific heat (C,,)data on a range of phosphates is given in Table 20.16 [41- 
44,681 and shows quite a wide variation in results but no clear trend. 
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Table 20.13 Vapor Pressure Data for Phosphate Ester Fluids 

Vapor pressure (mm Hg) 

10°C 70°C 110°C 210°C 310°C 

Trialkyl phosphates 
TBP 1.1 x 10-' 0.1325 1.398 9 1.42 
TiBP 2.4 X 10-' 0.256 2.648 157.6 
TBEP 1.7 X lO- '  6.2 X 10-' 3.4 x 1 O P 3  4.35 472.8 
TOP 7.8 X lops 1.1 x 10-' 0.1251 9.41 160.8 

Alkylaryl phosphates 
DBPP 1.1 x lo-J 0.0205 0.2698 26.17 528.2 

TPP 
Triaryl phosphates 

1.1 x 10-h 4.68 X lop' 9.2 X 10 ' 1.8 59.9 
CDP 4.2 x 10-' 2.4 X 10-' 5.4 x 10-' 1.39 52.85 
TCP 1.1 x 1 0 - ~  8.62 X 10-5 2.0 x 10-' 0.768 35.12 
TXP 2.4 X 10-' 7.05 X 10-' 3.6 X IO-' 0.38 37.4 
IPPP/22 4.2 X lO-"' 3.02 X 10-6 2.4 X lop" 0.562 92.14 
IPPP/32 1.6 X 10-' 3.05 X 10-5 1.0 x 10-' 0.92 1 70.34 
IPPP/46 2.6 X 10-y 7.77 x 1OPh 4.0 X 10-' 0.441 43.84 
IPPP/68 3.4 x 10-' 4.25 X 10-5 1.0 x 10-3 0.743 45.09 
IPPP/ 100 33 
TBPP/32 1.1 x 1 0 - ~  1.0 x 10-3 3.0 X 10-' 1.12 56.15 
TBPP/46 8.6 X 10-' 7.69 X 10-5 2.0 x lo-3 0.83 1 41.25 
TBPP/68 0.06 45.1 
TBPP/100 0.02 31.2 

The coefficient of thermal expansion for a number of phosphates between 25°C 
and 50°C is detailed in Table 20.17 [41,42,44], together with data on mineral oil and 
a polyol ester. Although there is some variation in reported data, it can be seen that 
values are very low and similar to those of mineral oil. 

5.2.7 Electrical Properties 

In order to avoid the electrochemical erosion of servo valves in steam turbine control 
systems, it has become common practice to specify minimum limits for the volume 
resistivity of both fresh and used fluid. Many turbine builders now require a mini- 
mum of 50 Mf2.m on fresh fluid (at 20°C) and 40 Mf2.m on product in service. 
These values are normally achieved by removing polar species such as water or 
acidic products from the fluid. In use, this is effectively achieved by in situ purifi- 
cation of the fluid with an adsorbent medium. Traditionally, fuller's earth or activated 
alumina have been used, but ion-exchange resins are now becoming more widely 
accepted. 

Volume resistivity is very temperature dependent and Fig. 20.13 [35] shows 
the variation of log,,, resistivity with the reciprocal of temperature for TXP. 

The reciprocal of resistivity is conductivity, and this parameter is sometimes 
specified as an alternative. The turbine governor application, however, is the only 
hydraulic or lubricant application to date requiring the measurement of electrical 
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Table 20.14 Boiling-Point Data for Phosphate Ester Fluids 

Boiling point ("C) 

Phosphate ester at 760 mm Hg at 10 mm Hg 

Trialkyl phosphates 
TBP 
TiBP 
Tri-n-propyl 
TOP 
TBEP 

Alkylaryl phosphates 
ODPP 
DDPP 
DBPP 

Triaryl phosphates 
TPP 
CDP 
TCP 
TXP 
IPPP/22 
IPPP/32 
IPPP/46 
IPPP/68 
IPPP/ loo 
TPBB/32 
TPB B/46 
TBPP/68 
TB PP/ 100 

284 
264 
252 
384 
320 

325 

413 
414 
427 
402 
365 
385 
396 
407 
415 
402 
416 
424 
435 

155 
137 

21 1 
220 

239 (decomp) 
245 (decomp) 

185 

254 
265 
27 1 
276 
255 
258 
262 
267 
272 
260 
269 
270 
27 1 

at 4 mm Hg 

139 

215 
222 

characteristics. As trialkyl or alkylaryl phosphates are not used in this application, 
data on this aspect of their performance are not available. 

The permittivity (or dielectric constant) of a triaryl phosphate is high (for IPPP/ 
46 at 20°C, the value is 6.75 [35]). Because of their polar nature and sensitivity to 
moisture, the dissipation factors of triaryl phosphates are also high (e.g., 7% at 20°C 

Table 20.15 Specific Heat and Thermal Conductivity Data on Different Fire-Resistant 
Hydraulic Fluids 

Fluid type 

Triaryl 
Property phosphate Water-glycol Polyol ester Mineral oil 

Specific heat (C,) at 1.6 3.2 2.0 1.89 
25°C (J/g "C) 

Thermal conductivity at 0.132 0.444 0.160 0.134 
20°C (W/mK) 
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Table 20.16 Specific Heat of Phosphate Ester Fluids 
(ASTM D3947-80, Differential Scanning Calorimetry) 

Specific heat (C,,)J/g "C 

Phosphate ester at 25°C at 60°C at 150°C 

TBP 1.40 1.58 2.04 
TiB P - 2.23 -

TBEP 2.00 2.17 2.20 
TOP - 1.97 2.20 
CDP 1.45 1.89 2.60 
TCP 1.45 1.85 2.13 
TXP 1.50 1.66 1.88 
IPPP/22 1.50 1.93 2.33 
IPPP/32 1.50 1.75 1.99 
IPPP/46 1.60 1.70 1.97 
IPPP/68 1.60 1.84 2.09 
IPPP/ 100 1.60 1.85 2.10 
TBPP/22 1.50 1.78 2.10 
TBPP/32 1.50 1.78 1.85 
TBPP/46 1.60 1.87 2.11 
TBPP/68 1.06 1.69 1.86 
TBPP/100 1.70 1.94 2.09 

[35] for IPPP/46). Breakdown-voltage values can, depending on product purity, be 
1 6 0  kV (at 20°C) [35]. 

5.2.8 Shear Stability 

The importance of retaining the viscosity of the hydraulic fluid in service has pre- 
viously been mentioned. Any significant change can, of course, affect the pump 
operating efficiency and should be avoided. 

Table 20.17 Coefficients of Thermal Expansion for 
Different Phosphate Esters 

Coefficient of thermal expansion 
Phosphate ester (X  1 0 - ~o c )  

TBP 8.6 
TiBP 8.7 
TBEP 8.1 
TOP 8.0 
TCP 5.8-6.7 
TXP 6.3 
IPPP 22-100 6.9 
TBPP 22- 100 7.0 
Polyol ester (IS0 VG 32) 7.5 
Mineral oil ( IS0  VG 32) 7.5 
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Figure 20.13 The variation in volume resistivity with temperature for TXP. 

One of the principal reasons for viscosity changes in used hydraulic fluids is 
their breakdown on exposure to the shearing forces present in pumps, valves, bear- 
ings, and so forth, and in view of the trend toward higher system operating pressures 
and smaller system capacities, the use of shear-stable fluids is increasingly required. 

Although the triaryl phosphates have low viscosity indices, they are seldom 
formulated with polymeric thickeners -largely because of the existence of products 
meeting all the widely used viscosity grades and because minor changes to system 
design (e.g., the incorporation of tank heating) can enable the disadvantage of their 
high viscosity at low temperatures to be overcome. Polymeric thickeners can also 
be hydrolytically unstable and some types are removed from solution when the fluid 
is treated by an adsorbent solid. Therefore, except when it is necessary to operate in 
very cold conditions, phosphate esters do not contain viscosity index improvers and, 
as a result, retain their viscosity stability over long periods of time at high pressures. 

5.2.9 Miscellaneous Physical Properties 

Specific Gravity 
The specific gravity of phosphate esters also depends on chemical structure: The 
trialkyl phosphates exhibit values slightly less than one at ambient temperature, 
whereas the triaryl derivatives are some 10-15% higher. The effect of the high 
specific gravity of the latter, which is up to 30% greater than mineral oil, is to require 
more energy for fluid circulation. The dirt suspension capacity is also greater, re- 
sulting in cleaner systems but necessitating adequate sizing of the filters or more 
frequent changes, at least during commissioning and outages. Table 20.18 [38,39,41- 
441 lists typical specific-gravity data on a variety of phosphates at ambient temper- 
atures. As many of the triaryl phosphates are complex mixtures, there is some var- 
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Table 20.18 Specific Gravity and Refractive Index Data on Phosphate 
Ester Fluids 

Specific gravity Refractive index 
at 20/20"C at 25°C 

Phosphate ester (ASTM D 1298) (ASTM D 1218) 

Trialkyl phosphates 
TBP 0.980 1.423 
TiBP 0.965 1.417 
TOP 0.920 1.444 
TBEP 1.020 1.434 

Alkylaryl phosphates 
ODPP 1.091 1 SO8 
DBPP 1.069 
IDPP 1.070 1.510 
DDPP 1.087 1 SO6 

Triaryl phosphates 
TPP 1.767 -

CDP 1.195 1.561 
TCP 1.140 1.552 
TXP 1.132 1.553 
IPPP/22 1.175 1.553 
IPPP/32 1.153 1.552 
IPPP/46 1.130 1.545 
IPPP/68 1.121 1.547 
IPPP/ 100 1.140 1.555 
TBPP/22 1.180 1.556 
TB PP/3 2 1.170 1.555 
TBPP/46 1.155 1.551 
TBPP/68 1.145 1.554 
TBPP/100 1.135 1.555 

iation in the data and average values are quoted. Figure 20.14 [35] indicates the 
variation of specific gravity with temperature of TXP. 

Refractive Index 
Refractive index can sometimes help in identifying a pure phosphate ester. It has 
also been used to provide an approximate value for the degree of contamination of 
a phosphate by a mineral oil, but to do this, the refractive index of both components 
must be known. Table 20.18 [38,39,41-441 lists the refractive indices at ambient of 
most phosphates in commercial use. 

Solubility Data 
The solubility of phosphate esters in water and mineral oil and vice versa is given 
in Table 20.19 [35]. The oil used in this study was a solvent-refined paraffinic-type 
product. Greater compatibility would be expected from oils containing a higher con- 
centration of naphthenic or aromatic components. 
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Figure 20.14 Typical specific gravity -temperature variation of TXP and IPPP/46. 

5.3 Chemical Properties 

5.3.1 Thermal Stability 

The thermal stability of a fluid can provide an approximate guide to its upper op- 
erating temperature, but then only in terms of its ability to withstand breakdown in 
the absence of air or oxygen-a situation which rarely, if ever, exists in practice. In 
reality, the presence of a small amount of dissolved oxygen can result in degradation 
at lower temperatures-particularly in the presence of metals -and apparent 
changes in the physicalkhemical properties of the fluid may be due to oxidation 
rather than pure thermal breakdown. Where changes in fluid vapor pressure are 
measured, results are influenced by the presence of volatile impurities or base-stock 

Table 20.19 Solubility Data for Phosphate Esters with Mineral Oil and Water 

Phosphate in water Phosphate in Water in phosphate Oil in phosphate at 
Phosphate at 25°C oil at 25°C at 25°C 15°C 
ester m g m  (%) v/v (%) vlv (%) v/v 

TBP 280 Miscible 7 
TiBP <1000 
TBEP 1100 7 7.3 
TOP <loo0 Miscible 
ODPP 1.9 
DBPP 96 
DDPP 0.75 
TPP 2.1 Nil (TPP is solid) Nil (TPP is solid) 
CDP 0.24 
TCP 0.36 1-2 0.2-0.3 2-4 
TXP 0.1 1 1-2 0.2-0.3 2-4 
IPPPl46 0.7 1-2 0.2-0.3 2-4 
TBPP/46 2.1 1-2 0.2-0.3 2-4 
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components, particularly for products which are complex mixtures. Most of the tests 
will at best provide a ranking of different fluids rather than absolute values. 

An early assessment of the thermal stability of an alkyl and an aryl phosphate 
was provided by Blake et al. [77] using an isoteniscope for measuring the change 
of vapor pressure with temperature. When a sudden change in rate occurred (or when 
a value of 0.014 mm Hg/s was reached), it was assumed that this was the decom- 
position temperature. With this technique, values of 195°C and 423°C were recorded 
for tri-n-octyl phosphate and TPP, respectively. By comparison, the decomposition 
temperature of a refined mineral oil was given as -355°C. These figures compare 
with 485°C (for TPP) and 375-379°C for TCP reported by Raley [78], using the 
same technique. 

More recently, Lhomme et al. [79] reported that TBP starts to decompose below 
its boiling point of 284°C under helium, whereas trimethyl and triethyl phosphates 
exhibit initial degradation at 300°C and 200"C, respectively. In contrast, TPP was 
very stable and only began to decompose at -600°C and was not completely ther- 
mally degraded at 1000°C [80]! 

Marino [32] reported on two studies using differential scanning calorimetry 
(DSC) and thermogravimetric analysis (TGA) for comparing the thermal stability of 
a range of phosphate esters. Table 20.20 lists these results and other data produced 
by these methods [44,81]. Both methods give a similar ranking of the relative sta- 

Table 20.20 Thermal Stability of Phosphate Ester Fluids in an Inert 
Nitrogen Atmosphere 

TGA temperature 
required for given 
weight loss ("C)DSC initiation of (ASTM D-3850) decomposition ("C) 

Phosphate ester (ASTM E-537) 5% 10% 

Trialkyl phosphates 
TBP 283 169 197 
TiBP - I26 141 
TOP 28 1 205 23 1 
TBEP 276 I57 181 

Alkylaryl phosphates 
ODPP 252 226 23 1 
DDPP 264 233 246 

Triaryl phosphates 
CDP 306 236 254 
TCP 333 272 306 
TXP 31 1 276 302 
IPPP/22 3 14 264 293 
IPPP/32 31 1 282 307 
IPPP/46 311 28 1 307 
TBPP/22 347 274 305 
TBPP/32 345 277 305 
TBPP/46 338 278 306 
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bility of these materials. The tertiary butylated phenyl phosphates are the most stable 
followed by other triaryl phosphates, and, finally, by the alkyl and alkylaryl phos- 
phates. It is to be expected that there would be no significant difference between the 
latter two groups: the stability of the alkyl group in the mixed alkylaryl phosphate 
being the weakest link in the chain. Therefore, the low TGA value for ODPP is a 
surprise and may be linked to product purity. 

A number of studies of the pyrolysis and combustion of phosphate esters have 
been made, mainly to clarify if any highly toxic decomposition products were being 
produced. Lhomme et al. [80] examined the degradation products under helium of 
trimethyl, triethyl, and triphenyl phosphate and, as a result, proposed a general py- 
rolysis scheme (Fig. 20.15). Depending on the phosphate structure and temperature, 
different degradation pathways were followed. At “low’ ’ temperatures, the alkyl 
phosphates followed reaction (a) as a result of the cleavage of the -C-0 bond 
and the production of olefins, monohydrogen phosphates, dihydrogen phosphates, 
and so forth. With increasing temperature, path (b) was followed, involving the 
breakage of the -P-0 bond, whereas at very high temperatures, the phosphate 
residue forms phosphorus pentoxide (probably after passing through an intermediate 
phase involving the formation of polyphosphates and pyrophosphates). 

With triphenyl phosphate, both reactions (a) and (b) take place simultaneously 
but at much higher temperatures (>6OO0C). 

Under oxidative conditions in excess air, the differences in stability between 
alkyl and aryl phosphates persist, although degradation commences at lower tem- 
peratures and appears complete (for both types) by about 900”C, based on the pro- 
duction of carbon dioxide (Fig. 20.16) [80]. 

Pyrolysis studies of IPPP/46 under a helium atmosphere have also been carried 
out at temperatures between 500°C and 1000°C [35]. Measurements were made of 
(1) the amounts of carbon monoxide and dioxide formed using nondispersive infrared 
analysis, (2) the organic volatiles, which were identified using gas chromatography/ 
mass spectrometry, and (3) the amount of phosphorus pentoxide generated, which 

0 


IIRLO-P-OR (a*b, P20,.xH,0 

+ C (T> 900OC) 

R-R 
I R O H I  

H, + light hydrocarbons 
condensation1 products 

pol ycondensation 

1 
deh ydrogenation 

$ 
H2 + aromatics + C 

Figure 20.15 General pyrolysis scheme of phosphates. 
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temperature ("C) 

Figure 20.16 CO/C02 (max.), CO,/CO, (rnax.), and hydrocarbon/C02 (max.) ratios as a 
function of temperature for triethyl phosphate (TEP) and triphenyl phosphate (TPP). (Re- 
printed with permission. Copyright 1984, American Chemical Society.) 

was collected in aqueous potassium hydroxide and determined as orthophosphate by 
ion chromatography. For comparison, the same product was also examined for the 
production of carbon dioxide and phosphorus pentoxide under combustion conditions 
by passing air over the sample. Comparative results on the generation of oxides of 
carbon and phosphorus are given in Table 20.21; the main changes in the production 
of organic volatile degradation products are shown in Fig. 20.17. It can be seen that 

Table 20.21 Development of Carbon Oxides and Phosphorus Pentoxide Under Pyrolysis and 
Combustion Conditions for an IPPP/46 Phosphate 

Yield of Temperature ("C) 
degradation 500 700 1000
products 
(%I Pyrolysis Combustion Pyrolysis Combustion Pyrolysis Combustion 

Carbon 0.63 - 0.56 0.1 1 . 1  11.23 
monoxide 

Carbon 4.001 - <0.001 0 <o.ooI 49.63 
dioxide 

Phosphorus <0.01 - <0.01 0.57 <0.01 1.42 
pentoxide 
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A Ci-C5 aliphatic hydrocarbons 

pyrolysis temperature 1OOO'C 6 benzene 
6-C toluene/ethylbenzene/xylenes 
D benzofuran (coumarone) 
E phenol 
F cresol (mixed isomers) 
G ethylphenol (dimethyl phenol etc.) 
H propylphenol 

F
B 

C 

A E 

A 

1 

0 27
retention time (min) 

A F1 pyrolysis temperature 700°C 

G 


0 27
retention time (min) 

F 

pyrolysis temperature 500°C 

E 
A 

D 

0 27
retention time (min) 

Figure 20.17 Chromatograms of pyrolysis products from IPPP/46. 

virtually no degradation takes place up to 1000°C under pyrolytic conditions. Under 
combustion or oxidative decomposition, the product shows significant degradation 
at the latter temperature, but the values for phosphorus pentoxide content are lower 
than might be expected. 

Unfortunately, neither of the above studies included an assessment of the sta- 
bility of phosphates in comparison with that of other "fire-resistant' ' hydraulic 
fluids-or even with mineral oil. A highly detailed comparison of the former group 
was, however, made as part of an investigation into coal mine combustion products, 
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their identification and analysis by Paciorek et al. [82]. In this study, three water- 
glycol fluids, a water-in-oil emulsion, a synthetic organic ester fluid, and several 
triaryl phosphates-including a blend with mineral oil- were heated in the presence 
of a limited amount of air at 370°C and 420°C. This was followed by separation of 
all products by vacuum line fractionation and analyses of the fractions by gas chro- 
matography/mass spectroscopy. The report concluded that at the temperatures inves- 
tigated, “pure” phosphate esters “represent probably the least dangerous of all the 
compositions tested insofar as flammability and the overall toxicity of the degradation 
productions are concerned.” The authors, however, did point out that blends of 
phosphates and mineral oil could evolve the toxic product phosphine. 

The conclusion was based on the fact that the phosphate esters showed very 
little decomposition under these conditions, and although phenolic species were 
evolved, the concentration and toxicity of these were judged to be less important 
than the amounts of carbon monoxide, acrolein, and so forth produced by the other 
fluids. 

5.3.2 Oxidative Stability 

Oxidation stability is an important property for fluids that are exposed to high tem- 
peratures, both from within the hydraulic system, in pumps, valves, bearings, and 
restrictors, and occasionally also from external heat sources (e.g., steam lines). In 
addition, compression of free air in the pump can cause bubble-wall temperatures to 
rise by several hundred degrees [83] and to exceed the thermal stability of the fluid, 
concurrently causing rapid oxidation. Although the temperature increase is very lo-
calized, continuous operation under these conditions can, within months, result in 
considerable degradation of the fluids. Such a condition is frequently the result of a 
combination of poor system design and high air entrainment in the fluid and confirms 
the need for stable products in view of the trend to smaller systems and higher 
operating pressures. 

The initial step in the oxidation process is normally the reaction of oxygen 
with the alkyl groups (of alkyl phosphates) or the alkyl part of substituted aryl groups 
(e.g., the methyl or isopropyl groups). Where the aryl group is unsubstituted, the 
initial degradation arises through thermal breakdown (fission) of the P-0 bond and 
the evidence suggests that this is also the main degradation process for the tertiary 
butylphenyl phosphates because of the high stability of the substituted group. The 
ease of oxidation of the phosphate molecule therefore varies approximately with the 
structure as follows: 

Alkyl 
Isopropylpheny1 
MethyVdimeth y lphen y 1 ease of oxidation 
Tertiary butylphenyl 
Unsubstituted phenyl 

There are many tests to evaluate and compare the oxidation stability of phos-
phate esters. Some of the procedures used with mineral oils [e.g., ASTM D-943 
(TOST) test and the ASTM D-2272 (rotating bomb) test] are unsuitable in their 
existing form because they involve significant quantities of water. This causes hy- 
drolytic breakdown to dominate over oxidative breakdown, and the test results do 
not necessarily reflect the ranking obtained under dry test conditions. Table 20.22 
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Table 20.22 Rotating Bomb Oxidation Test Results on 
Triaryl Phosphates; Test Method: ASTM D-2272 

Time to a pressure drop of 
Phosphate ester 175 kPa (25.4 psi) (min) 

TXP type B (uninhibited) 600 
TXP type A (inhibited) 455 
TXP type A (uninhibited) 450 
TBPP/46 (uninhibited) 300 
TBPP/32 (uninhibited) 300 
IPPP/46 (inhibited) 250 

[35] shows rotating bomb oxidation stability test data on a range of phosphates with 
the most hydrolytically stable product exhibiting the longest test life. Furthermore, 
an inhibited xylyl phosphate shows no improvement over the unstabilized base. 

One of the first comparisons of oxidation stability of the modern range of 
phosphate esters was carried out in 1979 [84] on a microoxidation tester using un- 
inhibited fluids. Very small samples (40 pL) were placed in a mild-steel cup and 
heated to temperatures of 225-270°C while a current of air was circulated over the 
sample. At the end of the prescribed period, the fluid was dissolved in a solvent and 
analyzed using gas-phase chromatography. The results are shown in Table 20.23. All 
of the phosphates showed good stability under these conditions, with the TBPP ester 
exhibiting essentially no oxidation. As expected, TBP was the least stable and little 
difference was seen between TCP and TXP. 

A similar picture is seen in the results of DSC/TGA data (Table 20.24) [44,85] 
and also in DIN 51373 oxidation tests (Table 20.25) [35]. 

Table 20.23 Oxidative Stability of Phosphate Esters in a Microoxidation Tester; Test 
Conditions: Air Blown in Presence of Steel at 225"-270°C 

Percent of original product 
Time Temperature 

Phosphate ester (min) ("C) Unoxidized Oxidized Evaporated 

TBP 5 225 43 6 51 
10 225 19 8 73 

TCP 30 225 85 1 14 
60 225 67 2 31 
30 250 57 3 40 
15 270 60 5 35 

TXP 15 250 84 2 14 
30 250 65 4 31 
15 270 55 6 39 

r-Butylphenyl- 360 250 77 < I  22 
diphenyl phosphate 180 270 81 <1 15 

(Reprinted with permission. Copyright, 1981, STLE, Park Ridge, Illinois.) 
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Table 20.24 Oxidative and Thermal Stability of Commercial Phosphate Esters by DSC 
(ASTM E-537) and TGA (ASTM D-3850) 

TGA temperature required for 
given weight loss in oxygen ("C) 

DSC onset of (ASTM D-3850) 
oxidation ("C) 

Phosphate ester (ASTM E-537) 1 wt% 5 wt% 10 wt% 

TBP 175 76 113 127 
TiB P 192 84 116 130 
TBEP 155 61 169 187 
TOP 160 122 189 203 

aTPP 188 236 252 
CDP 265 198 230 246 
TCP 215 184 255 27 8 
TXP 210 224 268 286 
IPPP/22 215 200 239 263 
IPPP/3 2 215 20 1 252 272 
IPPP/46 210 202 265 287 
IPPP/68 210 218 265 288 
IPPP/ 1 00 180 224 243 25 8 
TBPP/22 295 213 262 280 
TB PP/3 2 295 222 268 286 
TBPP/46 300 227 272 292 
TBPP/68 300 230 275 293 
TB PP/ 1 00 305 234 277 295 
IS0 VG 22 mineral oil 167 155 205 225 

"Does not oxidize under these conditions. 

The effect of the position of the substituent on the aryl ring was shown, with 
respect to isopropylphenyl phosphates, in Table 20.1. The advantages of the ortho 
isomer from the point of view of stability are, of course, offset by its poor viscosity 
index. Because commercial products contain a mixture of different isomeric products, 
the resultant behavior of the finished product will depend on the proportion of each 
isomer present. 

Table 20.25 Comparison of the Oxidation Stability of Different Qpes of Uninhibited 
IS0 VG 46 Triaryl Phosphate Esters; Test Method: DIN 5 1373-Air Blown at 120°C for 
164 h in the Presence of Metals 

Metal weight 
changes (mg) 

Phosphate Viscosity change Total acidity increase 
ester at 40°C (%) (mg KOWg) Copper Iron 

TBPP/46 -0.6 +0.01 +o. 1 +0.2 
TXP +3.0 +0.47 +0.2 +0.2 
IPPP/46 +46.5 +8.45 -0.3 0 
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The isopropylphenyl phosphates and TCP/TXP are also very responsive to the 
addition of stabilizers, which can improve performance and significantly extend life. 
In contrast, the tertiary butylphenyl phosphates are not as responsive to classical 
antioxidants but have such good oxidation stability that this is rarely a disadvantage. 
A comparison of the high-temperature stability of uninhibited TBPP/32 and TBPP/ 
46 products in comparison with various formulated conventional and highly refined 
mineral gas turbine oils is given in Table 20.26 [86]. 

Although the mineral oil products show substantial increases in viscosity and 
acidity as the test duration increases, there is no significant change in the viscosity 
of the TBPP products and only moderate increases in acidity. 

One additional aspect of oxidation stability that is of concern in some appli- 
cations is the deposit-forming tendency at high temperatures. This property, also 
known as “coking,” occurs when a thin film of fluid is heated on a metal surface 
while exposed to air. Depending on the stability of the product, the deposit can vary 
from soft and carbonaceous, to a hard, brittle layer, to a lacquer. The formation of 
such deposits can occur on heater and valve surfaces and can reduce component 
efficiency. In situ conditioning, however, has been shown to control the deposit 
formation [871. 

Table 20.27 [35] shows the variation in coking tendencies for a range of triaryl 
phosphates and commercial mineral gas turbine oils. 

It was mentioned earlier in Section 5.1.1 that the flammability characteristics 
were more likely to correlate with oxidation stability than other physical properties. 
An examination of the ranking of ease of oxidation in this section will be seen to 
broadly correlate with the fire-resistance data. 

5.3.3 Hydrolytic Stability 

In the presence of small amounts of water, phosphate esters tend to hydrolyze [i.e., 
break down into their constituent acids and alcohols (or phenols)]. It is the most 
common form of degradation of phosphates and the one which frequently dictates 
their service life. 

The hydrolysis reaction is not rapid at ambient temperatures but accelerates 
with increasing temperatures and is catalyzed by the presence of strong acids. As 
these are normally produced by phosphate hydrolysis, the reaction is said to be 
autocatalytic. Strong bases can also catalyze the reaction. 

The hydrolysis of triaryl phosphates (e.g., triphenyl phosphate) takes place in 
steps, as indicated in Fig. 20.18. The replacement of successive aryl groups with 
-OH becomes increasingly difficult and the last step is not normally achieved with- 
out using very severe conditions, such as boiling with dilute acid. In view of the 
relatively low acidities found with these products in practice, it is extremely unlikely 
that under most service conditions, phosphoric acid would be generated. 

The reaction scheme shown in Fig. 20.18 shows the strong acids (pH < 7)-
also known collectively as partial phosphates- which are produced. Although these 
are of greatest importance in view of their reactivity, weak acids (pH > 7) are also 
formed in this process. These are phenols or alcohols, and although they are not 
normally thought to have a major effect on the performance of the fluid, there is 
some evidence to suggest they may adversely affect foaming when present in sig-
nificant quantities. 
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Table 20.26 High-Temperature Oxidation Tests on Tertiary Butylphenyl Phosphates and Commercial Industrial Gas Turbine Lubricants; Test 
Method: Federal Test Method Standard W-L-791C, Method 5308.6 at 175°C 

Test Viscosity Acidity Metal weight changes (mg/cm’) 
duration increase increase 

Phosphate fluid (day) (mg KOWg) Fe c u  Cd/Fe A1 Mg 

TBPPl32 3 3 0.1 1 -0.11 -0.17 -0.03 -0.07 -0.03 
6 4.4 0.37 0.02 0.04 0.02 Nil 0.02 
9 3.8 0.85 -0.01 0.1 0.03 Nil -0.02 

TBPPi46 3 6 0.27 -0.01 0.03 -0.01 -0.1 1 -0.02 
6 6.4 0.23 0.11 0.29 0.17 0.08 0.13 
9 7.3 I -0.04 -0.02 0.18 -0.1 1 0.07 

Gas turbine oil A 3 3.6 0.44 Nil 0.02 -0.04 Nil 0.01 
(IS0 VG 32) 6 4.2 0.8 0.03 0.04 0.02 Nil 0.03 

9 25 5.3 0.14 0.01 -0.15 0.09 0.06 
Gas turbine oil B 3 18.3 2.2 0.03 0.08 -0.1 0.05 0.06 

(IS0 VG 46) 6 24.3 3.1 0.21 0.13 0.07 0.02 0.07 
9 49.5 5 0.56 0.04 0.97 0.32 0.33 

Gas turbine oil C 3 23.4 3 0.02 -0.03 0.05 0.03 0.02 
(IS0 VG 46) 6 28.6 4.5 0.04 -0.1 -0.05 0.03 0.01 

9 80.6 7 0.18 -0.47 -11.7 0.05 0.04 
Gas turbine oil D 3 13.4 2 0.06 0.02 -0.04 NiI 0.01 

(IS0 VG 46) 6 21.2 5.1 0.24 -0.13 0.02 0.52 0.35 
Turbine industry 3 -5 to +15 2.5 max. - - - - -

limits 
ASTM D-4293 limits 3 -5 to + I5  
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Table 20.27 Coking Tendency Data for Triaryl Phosphates; Test Method: Federal Test 
Method Standard VV-L-79 1C, Method 3462 

Deposit formation (mg) at 

Phosphate ester 300°C 3 16°C 325°C 
~~~~~ 

TXP (uninhibited) 
TXP (inhibited) 
TBPP/32 (uninhibited) 
TBPP/46 (uninhibited) 
IPPP/46 (inhibited) 
Mineral gas turbine lubricants 

I S 0  VG 32 25 170 130 
IS0  VG 46 49 185 227 

The presence of strong acids can have different effects on other aspects of fluid 
and system performance. Some of these are beneficial, whereas others can cause 
operational problems. The acids may, for example, inhibit the corrosion of ferrous 
metal surfaces but promote corrosion of nonferrous components; they may adversely 
affect the electrical properties of the fluid but assist in reducing wear. In general, the 
uncontrolled generation of acidic products is harmful to the life and performance of 
the fluid, and in certain critical applications such as the power generation industry, 
it is customary to remove them as they are produced by circulating the fluid through 
an adsorbent solid. 

Because of the importance of hydrolytic stability in determining both fluid and 
system performance, a number of studies of the stability of phosphate esters in the 
presence of water have been carried out [10,32,88,89]. Hydrolytic stability tests are 
not the most precise, because they normally require an excess of water present to 
accelerate the degradation and the degree of contact between the two fluids, which 

0 0 0 

Triphenyl phosphate Monohydrogen diphenyl Dihydrogen monophenyt 
phosphate phosphate 

p o  
0 
II 

HO-P- OH 
I 

OH 

Phosphoric acid 

Figure 20.18 The Hydrolysis of Triphenyl Phosphate. 
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determines the rate of hydrolysis, is difficult to control. A test in which the two fluids 
are stirred together will normally result in the generation of more acidity than one 
in which the two layers are not in motion. Another important variable is the initial 
acidity of the fluid; if this is not the same as that of other fluids being tested (within 
the precision of the test), then a comparison can be meaningless. Consequently, it is 
sometimes difficult to compare data from different sources. 

The available data indicates that hydrolytic stability is very structure dependent. 
Triaryl phosphates are generally more stable than trialkyl phosphates, whereas in-
creasing the length of the alkyl chain (whether or not attached to an aromatic ring) 
and increased branching on the alkyl chain also results in increased stability (Table 
20.28) [68]. 

In comparing the different types of unstabilized triaryl phosphates (Table 20.29) 
[32], it is apparent that TXP is, by far, the most resistant to hydrolysis and this is 
also seen in data on formulated fluids (Table 20.30) [32]. The inferior stability of 
the IPPP and TBPP-based fluids is mainly due to the presence of triphenyl phosphate 
(see Table 20.2), which is unstable in the presence of moisture (see Table 20.31). 

In addition to the effects of the different substituents on the aryl ring, the 
position of these substituents (or the isomer distribution) also impacts on the stability 
of the fluid. Table 20.31 [35] shows the effect of hydrolysis on various pure cresyl 
and xylyl phosphate isomers. In this test, the fluid (5 g) was maintained at 90°C for 
2 weeks in the presence of 5 mL of water, after which the total increase in acidity 
generated was determined. As can be seen, the xylyl phosphates are generally sig- 
nificantly more stable than the cresyl derivatives with the exception of the p-cresyl 
phosphate isomer. Single-point determinations, however, do not necessarily reveal 
the whole picture and additional data would ideally be required to confirm the sta- 
bility ranking. 

The sensitivity of phosphates to moisture has in the past limited their use, as 
it significantly reduced their service life and increased the cost of using this type of 
fluid. In the power-generation industry, an “on-line” purification technique has been 
used for some years to remove acid as it is formed, thereby prolonging fluid life. 
However, by selecting a particular xylenol isomer distribution, products with superior 
hydrolytic stability can be produced 1901. Figure 20.19 [35] shows, for example, the 
hydrolytic stability of two synthetic phosphates, TBPP/46 and IPPP/46, in compar-
ison with two xylyl phosphates, including one fluid, which has been specifically 
developed with improved stability. 

Fluids based on such feedstocks have now been used successfully for extended 
periods as main bearing lubricants in steam turbines without the need for in situ 
purification. 

5.3.4 Radiation Stability 

Lubricants in nuclear applications must be able to withstand radiation without sig- 
nificant deterioration and be nonreactive toward reactor materials of construction. 
Past studies of resistance to radiation for both alkyl and aryl phosphates indicated 
that they were not very stable in such an environment [91-931 and degrade to form 
significant amounts of acid. 

Recently, as a result of an interest in the use of triarylphosphates as reactor 
coolant pump lubricants, further studies were carried out in which the fluids were 
subjected to a gamma radiation dose of 0.6 Mrad. This level is thought to be rep- 
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Table 20.28 Hydrolytic Stability of Selected 
Phosphate Esters; Test Conditions: 24-Hour Reflux 
Period with Water 

Phosphate ester mL IN. NaOWmol 

TBP 4. 
TOP 0.2 
TCP 1.2 
n-Butyl diphenyl 27.8 
t-Butyl diphenyl 7.3 
n-Octyl diphenyl 14.6 
6-Methylheptyl diphenyl 7.6 
ODPP 3.6 
n-Octyl dicresyl 4.4 
2-Ethylhexyl dicresyl 1.7 

(Reprinted with permission. Copyright 1954, American 
Chemical Society.) 

resentative of about 18 months' operation- the minimum acceptable life-during 
which time no fluid maintenance would be possible because of its location in the 
reactor. After this length of operation, the radiation level of the fluid should still be 
low enough not to require disposal as special waste. Table 20.32 shows the fluid 
properties before and after radiation for three uninhibited triaryl phosphate esters and 
one containing a stabilizer package. As can be seen, the main effect is on hydrolytic 
stability. Oxidation stability and physical properties are not significantly changed. 
The stability of the TXP sample is thought adequate for service operation. 

5.3.5 Rusting and Corrosion 

The rusting (of ferrous metals) and corrosion (of nonferrous components) can both 
take place in hydraulic systems. The former phenomenon is possible in either the 
liquid or vapor phase, whereas the latter normally occurs only in the liquid phase. 

Table 20.29 Hydrolytic Stability of Unstabilized Phosphate Esters; Test Method: 
ASTM D-2619 

~ ~ ~ ~~ ~ 

Increase in fluid Increase in water Copper weight 
acidity acidity loss 

Phosphate ester (mg KOWg) (mg KOH) (mg/cm') 

TCP 0.10 9.1 0.3 
TXP Nil Nil 0.03 
IPPP/46 0.0I 3.63 0.15 
TBPP/46 0.05 6.17 0.18 
TB PP/68 0.09 8.98 0.34 
TBPP/ 100 0.2 11.2 0.45 
Standard criteria 0.2 max. 5 max. 0.3 max. 
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Table 20.30 Hydrolytic Stability of Formulated Phosphate Ester Hydraulic Fluids; Test 
Method: ASTM D-2619 

Increase in fluid Increase in water Copper weight 
acidity acidity loss 

Phosphate ester (mg KOH/g) (mg KOH) (mg/cm' 
~ ~~ 

TXP 0.02 Nil -0.008 
IPPP/46 0.05 0.4 0.05 
TBPP.46 0.03 2.7 0.05 
Standard criteria 0.2 5 0.3 

With nonaqueous fluids like phosphate esters, rusting occurs if free water is 
present. Water has a much higher solubility in phosphate esters than in mineral oil, 
with the result that levels up to -0.25% at ambient temperatures or -0.5% at tem- 
peratures of 50-60°C can be tolerated before rusting commences. If the temperature 
of the fluid cycles up and down, then it could be possible for free water to separate 
out at the lower temperature. Therefore, it is important to monitor the water content 
and check that it remains below the solubility level at the lowest temperature likely 
to be experienced (unless inhibitors are incorporated). High water levels, of course, 
reflect mechanical problems in the system and require investigation as soon as 
possible. 

Phosphate esters are also strongly polar and form an adsorbent layer on the 
metal surface, which helps reduce contact with water. As a result of these properties, 
phosphate fluids seldom require the use of rust inhibitors, and systems containing 
them can be made from mild steel. As rust inhibitors can also interfere with the 
foaming and surface-active properties of the fluid, they should not be used unless 
the fluid is likely to operate very wet. Rusting can occur above the liquid layer in 
the tank if condensation is a regular feature and if fluid has not wetted the surface. 
This can be easily overcome by ensuring a flow of dry air through the tank. This 

Table 20.31 Hydrolytic Stability of Different Cresyl and Xylyl 
Phosphate Isomers; Test Conditions: 90°C for 2 Weeks with 5 g Each of 
Fluid and Water 

Melting point Total acid value increase 
Phosphate isomer ("(3 (mg KOWg) 

Tri-o-cres y 1 Liquid 27.2 
Tri-rn-cresyl Liquid 34.8 
Tri-p-cresyl 78 0.2 1 
Tri-2,3-xylyl 60-6 1 0.13 
Tri-2,4-~ylyl Liquid 0.74 
Tri-2,5-~ylyl 79-80 0.18 
Tri-3,4-~yIyl 7 1-72 0.11 
Tri-3,5-xylyl 43-45 0.33 
Triphenyl 49 171.3 
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Figure 20.19 Hydrolytic stability of different phosphate esters under extended test method: 
ASTM D-2619. 

technique can also be used to remove water from the bulk fluid should the content 
increase as a result, for example, of cooler leaks. If gross contamination of phos- 
phates leads to a layer of free water on the top of the phosphate ester, it is relatively 
simple to remove this water by siphoning or skimming. Unlike other fluids, free 
water tends not to collect in other parts of the system because of the greater density 
of the phosphates. 

The corrosion of ferrous metals is not normally a concern with phosphates and 
when fluid acidities are kept low (preferably < O S  mg KOWg), the corrosion of 
nonferrous metals, particularly copper, zinc, lead, and their alloys is minimized. Table 
20.33 [35] indicates the performance of an IPPP/46 fluid against the corrosion re- 
quirements of the 7th Luxembourg Report and no significant weight changes are 
seen on any of the metals. Where the stress on the fluid is likely to lead to significant 
degradation, phosphate esters are generally used with either continuous or intermit- 
tent on-line conditioning involving passing the fluid through an adsorbent solid, 
which removes the acid. 

6 COMPATIBILITY 

There are several different aspects of phosphate ester compatibility which need to 
be considered: 

With system constructional materials, both metallic and nonmetallic 
With mineral oil, in case of contamination 
With preservative fluids used during system assembly and storage 
Between different phosphate types in the event of topping-up a “synthetic” 
fluid with a “natural” or vice versa 
Between phosphate esters and other types of hydraulic fluids in the event 
that one fluid replaces the other in the system or is used inadvertently as 
top-up 
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Table 20.32 Effect of Gamma Irradiation on Different Triaryl Phosphates 

TXP TXP 
Physical property (uninhibited) (inhibited) TBPP/46 IPPP/46 

Preirradiation 
Neutralization No. (mg KOWg) 0.03 0.03 0.01 0.01 
Viscosity at 40°C (cSt) 49.68 53.58 42.01 44.56 
Foam sequence 1 at 24°C (mL) 150-0 190-0 0-0 430- 10 
Air release (min) 2.0 7.O 9.0 3.O 
Flash point ("C) 250 250 253 238 
Fire point ("C) 344 352 340 328 
DIN 5 1373-oxidation stability 

Cu weight change (mg) -0.1 0.0 +o. 1 -0.2 
Fe weight change (mg) 0.0 0.0 -0.1 +0.2 
Fluid final neutralization No. (mg KOWg) 0.55 0.1 1 0.02 2.64 
Volatiles neutralization No. (mg KOWgO 0.07 Nil 0.03 0.90 
Total neutralization No. change (mg KOWg) 0.59 0.08 0.04 3.53 

ASTM D-2619-hydrolytic stability 
Cu weight change (mg/cm') Nil Nil -0.008 -0.27 
Fluid final neutralization No. (mg KOWg) 0.08 0.06 0.09 0.05 
Neutralization No. change (mg KOWg) 0.05 0.03 0.08 0.04 
Acid content (mg KOH) 3.44 2.89 5.62 7.29 

Postirradiation 
Neutralization No. (mg KOH/g) 0.19 0.17 0.15 0.13 
Viscosity at 40°C (cSt) 51.31 53.52 41.86 45.08 
Foam sequence 1 at 24°C (mL) 170-0 2 10-0 0-0 540-530 
Air release (min) 2.0 4.5 6.0 7.5 
Flash point ("C) 252 254 246 232 
Fire point ("C) 350 356 338 328 
DIN 51 373-oxidation stability 

Cu weight change (rng) -0.4 -0.3 +o. 1 -0.8 
Fe weight change (mg) 0.0 + O S  0.0 +0.3 
Fluid final neutralization No. (mg KOWg) 0.92 0.23 0.18 1.76 
Volatiles neutralization No. (mg KOWg) 0.14 Nil Nil 0.58 
Total neutralization No. change (mg KOWg) 0.87 0.06 0.03 2.21 

ASTM D-2619-hydrolytic stability 
Cu weight change (mg/cm') -0.015 -0.105 -0.285 -0.89 
Fluid final neutralization No. (mg KOWg) 0.39 0.32 I .76 0.36 
Neutralization No. change (mg KOWg) 0.20 0.15 1.61 0.23 
Acid content (mg/KOH) 7.23 6.29 43.85 18.59 

Phosphate esters are compatible with all common constructional metals, but 
they do not "wet" the surface of aluminum. Therefore, the bearing manufacturers 
should be consulted prior to the use of aluminum alloys as plain bearing materials. 
When used for other purposes in equipment, the aluminum surface should be hard- 
anodized. Phosphate esters can be used on conjunction with copper and its alloys 
provided that the acidity levels in service do not exceed those recommended by the 
equipment manufacturers. 
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Table 20.33 Determination of the Corrosivity of an IPPP/46 Fluid; Test Method: 7th Luxembourg 
Report, Section 5.9.1 

Metal appearance 
Test Test 
no. metal(s) 

I Steel 
2 Copper 
3 Zinc 
4 Aluminum 
5 Cadmium 
6 Brass 

7 Steel 
Cadmium 

8 Copper 
Zinc 

9 Aluminum 
Zinc 

10 Steel 
Aluminum 

Metal weight 
change (mg) 

+ O S  
+o. 1 
+o. 1 
+o.1 
+o. 1 
+0.2 
+0.3 
+0.2 
Nil 
+0.2 
+o. 1 
+0.4 
+0.2 
+0.2 

In fluid 

Very slight tarnish 
No change 
No change 
No change 
No change 
Slight tarnish 
No change 
No change 
No change 
No change 
No change 
No change 
Very slight tarnish 
Very slight tarnish 

In air 
~ ~ 

No change 
No change 
No change 
No change 
No change 
No change 
No change 
No change 
No change 
No change 
No change 
No change 
No change 
No change 

Test fluid appearance 

No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 
No deposits or color change 

Note: Test conditions: (a) 250 cm' of test fluid with 60 mm of test specimen(s) immersed in fluid; (b) temperature 
35°C; ( c )  duration 28 days. 

Bearing materials suitable for use with phosphates include white metal and 
coppedlead linings. 

The compatibility of phosphate esters with different types of paints, packings, 
seals, hoses, and filtration media is given in Table 20.34 [32,94,95]. Such a table 
can only provide general guidance. There are, for example, a variety of different 
types of fluorocarbon rubber that do not all perform equally in compatibility tests 
and the manufacturer should be contacted for more specific recommendations. 

Mineral oil has variable solubility in phosphate esters, depending on the tem- 
perature, type of oil (i.e., whether paraffinic, naphthenic or aromatic), and on the 
type of phosphate. Unsurprisingly, paraffinic oils have a greater solubility in trialkyl 
phosphate and naphthenic or aromatic hydrocarbons in triaryl phosphates. Whereas 
the major problem of oil contamination is a loss of fire resistance, the fluid surface- 
active properties can also be adversely affected. Mineral oil is difficult to remove 
from phosphates, and contamination may require replacement of the fluid charge. 

Mineral-oil-based preservatives, which are used to prevent rust on system com- 
ponents during storage, can promote foaming and increase air entrainment if allowed 
to contaminate phosphates. If these are used, it will be advantageous to flush through 
a new system before filling with the operating charge. A phosphate-ester-based pre- 
servative could be advantageous if suitable facilities for storage are available at the 
equipment builder. 

Different types of phosphate esters from different sources can normally be 
mixed. Indeed, mixtures of synthetic and natural triaryl phosphate fluids are in wide 
commercial use, as well as mixtures of trialkyl and triaryl phosphates. If there is any 
doubt, advice should be sought from the fluid or equipment supplier. 
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Table 20.34 Phosphate Ester Compatibility with Standard Constructional Materials 

Triaryl Trialkyl Alkylaryl 
phosphate phosphate phosphate 

Material ester ester ester 

Elastomers 
Butadiene acrylonitrile Unsatisfactory Unsatisfactory Unsatisfactory 

(BUNA N or nityrile) 
Chlorosulfonated polyethylene Unsatisfactory Unsatisfactory Unsatisfactory 
Ethylene propylene (EPR, Recommended Recommended Recommended 

EPDM) 
Epichlorohy drin Unsatisfactory Unsatisfactory Unsatisfactory 
Fluorinated hydrocarbon Recommended Unsatisfactory Unsatisfactory 
Isobutylene isoprene (butyl Recommended Recommended Recommended 

rubber) 
Isoprene Unsatisfactory Unsatisfactory Unsatisfactory 
Poly acrylate Unsatisfactory Unsatisfactory Unsatisfactory 
Polyamide (Nylon) Recommended Recommended Recommended 
Polyisochloroprene Unsatisfactory Unsatisfactory Unsatisfactory 

(Neoprene) 
Polyurethane Unsatisfactory Unsatisfactory Unsatisfactory 
Silicone rubber Acceptable Acceptable Acceptable 
Styrene butadiene (BUNA S) Unsatisfactory Unsatisfactory Unsatisfactory 

Plastics 
ABS Unsatisfactory Unsatisfactory Unsatisfactory 
Acrylic Unsatisfactory Unsatisfactory Unsatisfactory 
Pol yamide Recommended Recommended Recommended 
Polycarbonate Acceptable Acceptable Acceptable 
Polyester Acceptable Acceptable Acceptable 
Polyethylene Acceptable Acceptable Acceptable 
Pol yprop y lene Acceptable Acceptable Acceptable 
Polystyrene Unsatisfactory Unsatisfactory Unsatisfactory 
Poly sulfone Unsatisfactory Unsatisfactory Unsatisfactory 
Polyvinyl chloride (PVC) Unsatisfactory Unsatisfactory Unsatisfactory 
Polytetrafluouroethylene Recommended Recommended Recommended 

(PTFE”) 
Paints and finishes 

Acrylic Unsatisfactory Unsatisfactory Unsatisfactory 
Alkyd resin (stoved) Acceptable Acceptable Acceptable 
Epoxy resin Recommended Recommended Recommended 
Latex Unsatisfactory Unsatisfactory Unsatisfactory 
Phenolic resins Unsatisfactory Unsatisfactory Unsatisfactory 
Polyurethane paint Acceptable Acceptable Acceptable 

Metals 
Aluminum Acceptable Acceptable Acceptable 
Brass Acceptable Acceptable Acceptable 
Bronze Acceptable Acceptable Acceptable 
Cadmium Acceptable Acceptable Acceptable 
Cast iron Recommended Recommended Recommended 
Copper Acceptable Acceptable Acceptable 
Magnesium Acceptable Acceptable Acceptable 

(Table continues) 
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Table 20.34 Continued 

Triaryl Trialkyl Alkylaryl 
phosphate phosphate phosphate 

Material ester ester ester 

Nickel Recommended Recommended Recommended 
Steel (all grades) Recommended Recommended Recommended 
Silver Recommended Recommended Recommended 
Titanium Recommended Recommended Recommended 
Zinc Acceptable Acceptable Acceptable 

Filter media 
Activated clays, (e.g., fuller’s Acceptable Acceptable Acceptable 

earth) 
Activated alumina Acceptable Acceptable Acceptable 
Activated carbon Acceptable Acceptable Acceptable 
Cellulose Acceptable Acceptable Acceptable 
Ion-exchange resins Recommended Recommended Recommended 

Note: Materials indicated as acceptable may be used under certain conditions and the manufacturer or 
fluid supplier should be consulted prior to use. 

If a new phosphate fluid charge is to replace one which has been significantly 
degraded, then it is normally advisable to flush the system before filling with the 
new operating charge. This need not be carried out using the same quality of fluid 
required for normal use, but the flushing fluid should be clean, dry, and of relatively 
low acidity (a value of 0.15 mg KOWg maximum is regarded as acceptable). Fluid 
suppliers should be consulted for the availability of a suitable product. Details of 
appropriate flushing procedures can be found in fluid suppliers’ or manufacturers’ 
literature [94,95] or in nationalhternational use guides (Appendix I) .  

With regard to the compatibility of phosphates with other hydraulic fluid types, 
the following general rules apply when topping-up a system or changing from one 
fluid to another: 

Phosphate esters should never be added to systems containing mineral oil 
or water-containing fluids, and vice versa. Quite apart from the immiscibility 
of the two fluids, it is probable that, in the former case, the phosphate will 
be incompatible with the seals, paints, and gaskets used in the system. 
Although phosphate esters have greater compatibility with carboxylate 
(polyol) esters, no addition of phosphate should be made without consulting 
the equipment manufacturer because of possible incompatibility with seals, 
paints, and so on. Adding carboxylates to phosphate fluids is unlikely to be 
a problem from the seal compatibility aspect, but it will reduce fire resis- 
tance and probably both oxidative and hydrolytic stability. 
When changing from one fluid type to another, particularly from aqueous 
to nonaqueous or vice versa, certain system modifications may be necessary 
and prior discussions with the equipment builders are essential. 

After modification, a system flush is necessary and recommendations on suit- 
able procedures are available in relevant nationalhternational use guides [e.g., IS0  
7745 (Appendix l)] or in fluid manufacturers’ literature [94,95]. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



Phosphate Ester Hydraulic Fluids 1077 

7 HEALTH, SAFETY AND ENVIRONMENTAL BEHAVIOR 

7.1 Toxicity 

The toxicity profile of the commercially available phosphate esters used in hydraulic 
fluids is essentially benign. However, some differences in behavior between fluids 
do exist and these are outlined below. 

Despite the positive picture available from the existing data, misconceptions 
regarding the health and environmental hazards of phosphate esters persist. Some of 
the concern is due to confusion over nomenclature as the description “phosphate 
esters,’ ’ in addition to generically describing the products used as hydraulic fluids 
and so forth, is also used (often incorrectly) in connection with pesticides, insecti- 
cides, and so on. The similarity between the terms “phosphate esters” and “phos- 
gene” (the nerve gas) has also led to completely incorrect conclusions. It must be 
emphasized, therefore, that the phosphate esters used in lubricant applications are 
not biologically active materials. However, many years ago, TCP was responsible 
for causing neurotoxicity when ingested [96]. This problem arose as a result of the 
presence of a specific isomer, tri-orthocresyl phosphate (TOCP). Subsequent inves- 
tigations of other “natural’ ’ phosphates indicated a similar but less severe behavior, 
and for a period, it was assumed that other phosphate isomers were also highly 
neurotoxic. What was not appreciated at the time, because of the lack of sophisti- 
cation of the analytical techniques then available, was that these other products also 
contained TOCP or other isomers based on ortho-cresol as contaminants. It was 
predominantly these ortho-substituted components that were causing the development 
of neurotoxic symptoms. 

Structure-activity studies for neurotoxicity have since been completed on over 
70 substituted triaryl phosphates [97]. Based on these studies, it has been found that 
the primary structural requirement for neurotoxicity is a substituent in the ortho 
position on the phenyl ring with at least one hydrogen on the alpha carbon atom, 
and the neurotoxicity increases with the number of hydrogen atoms on the ortho 
substituent. As a result, industry has since taken considerable care to reduce or elim- 
inate o-cresol from commercially available feedstocks. Today, TCP is derived from 
a feedstock with extremely low levels, whereas the synthetic triaryl phosphates are 
based on phenol obtained from petrochemical sources, which ensures they have a 
very low neurotoxic potential [98] -significantly below levels which would require 
labeling the materials as hazardous. 

In order to assess toxicity and ecotoxicity behavior, it is, of course, necessary 
to have an agreed set of test methods and limits for determining acceptable perfor- 
mance. Unfortunately there is still no complete international agreement in the area 
and national requirements can differ. In Europe, however, a set of toxicity require- 
ments are laid down in the Luxembourg Report [48], which details methods for the 
testing of acute toxicity in terms of the following: 

Acute oral toxicity (LD,,,) 
Skin and eye irritation 
Toxicity of hot and cold aerosols 
Toxicity of thermal decomposition products 
Neurotoxicity (for phosphate esters) 

For a product to meet the requirements, it must not only pass each individual 
test but also meet a maximum points rating based on its behavior in each test. Triaryl 
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phosphates readily meet these requirements. However, although trialkyl phosphates 
have not been fully evaluated, some products are known to be skin irritants. 

In addition, European legislation on product labeling (Directive 93/2 l/EEC) 
[99] requires that its toxicity be assessed and the product labeled accordingly. In- 
cluded in the acute tests accepted for classification purposes are the following: 

Acute oral toxicity (LD,,,) 
Skin and eye irritation 
Skin sensitization 
Mutagenicity data (Ames test) 

Most of the data on triaryl phosphates given in Table 20.35 [1001 have been obtained 
against the requirements of the Luxembourg Report. Data on the alkyl and alkylaryl 
products may have been produced under dissimilar test conditions and, therefore, not 
be strictly comparable [101-1061. 

It should also not be assumed that the highest LD,,, data automatically equate 
with the lowest acute toxicity. In order to reduce animal tests, products, today, are 
evaluated at much lower dose levels than in the past. A product with a test pass at 
a single-dose level of 2 g k g  is now accepted as having a very low acute toxicity. 

In general, the results tabulated on acute toxicity are low. The skin irritant 
behavior of TBP and TiBP, however, requires additional care in their handling and 
use. As a result, TBP and TiBP currently require a hazard warning label (based on 
their toxicological properties) under EU guidelines. 

7.2 Ecotoxicity 

The 7th Luxembourg Report also recommends procedures for assessing the environ- 
mental behavior of hydraulic fluids. As a minimum, it advises the production of 
acute fish toxicity and information on biodegradability. Methods for assessing acute 
daphnia toxicity, bacterial toxicity, and bioaccumulation are also indicated for pos- 
sible use by competent authorities when determining their specific requirements. 

Included in the recommendations is the determination of the Water Hazard 
Classification. This rating scheme originated from the chemical industry in Germany 
(where it is known as the Wassergefiihrdungsklasse or WGK [1071) and uses acute 
toxicity and ecotoxicity data to rank products in terms of their pollution potential. 
The categories range from 0 (no pollution potential) to 3 (severe pollution potential) 
and most phosphates fall into category 1 (slight potential) and are, therefore, similar 
to or better than mineral oil in this respect (category 1-2). 

In Europe, under Directive 93/21/EEC [99], the environmental behavior of 
chemicals has to be assessed for labeling purposes. This takes into consideration 
biodegradability data on the fluid together with acute fish and daphnia or algal 
toxicity. 

The ecotoxicity data on phosphate esters are given in Table 20.36 [103- 
106,108,1091. Where adequate data exist, none of the products appears to have a 
serious pollution potential. It should be noted that testing of products, like some of 
the phosphates which have a very low solubility in water, can give misleading results. 
Dispersants used to “solubilize” the fluids in water can, themselves, influence the 
data-hence, the variation in fish toxicity data on IPPP/46. It has now also been 
found that the Daphnia toxicity tests for insoluble products produce anomalous re- 
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Table 20.35 Toxicity Behavior of Phosphate Esters 

Fluid 
~ ~ ~~ 

Property TBP TiBP TBEP TOP ODPP DDPP TXP IPP/46 TBPP/46 

Acute toxicity LD,,, 1.2 >5 >3 >5 >15 >15 >30 >20 >30 

Irritancy effects 
Slun Irritant Irritant None Irritant Slight Moderate None None None 
EY e None None None None Slight Slight None None None 

Exposure to hot and cold - - - No effect - Moderate No effect No effect No effect 
aerosols 

Toxicity of thermal - - - - - - Moderate- Moderate- Moderate-
decomposition reversible reversible reversible 
products 

Neurotoxicity Negative Negative Negative Negative - Negative Negative Negative Negative 

Mutagenicity Equivocal - Negative Negative - Negative Negative 
>10 g/kg 

Negative 
>25 g k g  

Negative 
>25 g k g  

EU hazard label Yes Yes No Yes No Yes No No No 
required? 
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Table 20.36 Ecotoxicity Behavior of Phosphate Esters 

Fluid 

Property TBP TBEP TOP ODPP DDPP TXP 1PPPl46 TBPPl46 
~~ 

Biodegradability - Readily Readily Readily - Inherently Readily (Readily)h 
Acute fish toxicity ( m a )  Moderate-high 

(2.4-13) 
Moderate 

(16-44) 
Low -moderate 

(20-> loo) 
High Moderate 

(7.6- 18) 
Low-hgh 

(0.16->1OO)” 
Low (>l.OOo) (High) 

( l - l O ) b  
Acute daphnia toxicity High Low Moderate - High Moderate Low (Moderate) 

Algal toxicity (mg/L) 
(2.6) (>75) (6.5-36.5) 

- - LOW 

(0.48) 3.9” 
-

>I00 (>lO)h 

(71-79) 
Bacterial toxicity (mg/L) - - >IO,OOo - >100 
WGK value (water 2 1 mL 

m 1 

pollution hazard) 
EU environmental label N o  No No Yes No No 

required? 

“Values are well above the solubility of product in water at ambient temperature 
’Values given are based on the evidence available to date. 
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sults due to physical immobilization of the organisms rather than as a result of 
chemical “poisoning.” 

The low water pollution potential of phosphates has been confirmed by a U.S. 
industry aquatic surveillance program, which sampled river water close to sites where 
phosphates were manufactured or used. The results showed the absence of a signif- 
icant concentration of aryl phosphates in surface water [ 1101. A study carried out by 
the Japanese authorities produced similar findings [ 1 111 .  

Testing continues on many of these products, particularly in view of the dif- 
ficulty in evaluating products that have a very low solubility in water, and the user 
is advised to consult the fluid supplier for the latest health, safety, and environmental 
information. 

7.3 Disposalof Used Phosphate Esters 

One aspect of the use of phosphate esters that has become increasingly important to 
end users is their disposal, normally as a result of excessive degradation but also 
due to contamination. Depending on the extent of degradation and/or contamination, 
reclamation by the fluid supplier or by a specialist reclaimer may be feasible, and 
several alternative procedures are available. The most widely used is high-tempera- 
ture incineration, either in admixture with mineral oil by an authorized waste-disposal 
company or, possibly, in a cement kiln. A new technique is to hydrogenate the 
phosphate and use the product as fuel. Landfill, although no longer environmentally 
favored, is still occasionally used in secure and approved sites, and phosphates are 
said to be beneficial in assisting the biodegradation process by acting as a nutrient 
for the bacteria. In all cases, the local regulations regarding disposal of chemicals 
must be met. 

The disposal or recycling of used fluid normally requires transportation of the 
fluid to the disposer or reclaimer. However, strict regulations now control the labeling 
and transportation of waste-particularly if this involves movement across national 
borders and the waste is classified as hazardous. As the regulations are still evolving 
and vary from country to country, it is essential that the user consult an authorized 
waste disposal company and the fluid supplier when considering the most appropriate 
means of disposal. 

Obviously, the quantity of phosphate fluid requiring disposal can be minimized 
by good maintenance and particularly by the use of in situ conditioning. 

8 ADDITIVE SOLVENCY AND THE FORMULATION OF 
HYDRAULIC FLUIDS 

The polar nature of phosphate esters makes them good solvents for most types of 
additives, with the possible exception of nonpolar products based on aliphatic hy- 
drocarbons (e.g., polymeric thickeners). 

In the same way that additives are used to improve the performance of mineral 
oil in many applications, it is also possible to improve the behavior of phosphate 
esters [84]. Not all additive types have a beneficial effect and their use will depend 
on the application. For example, polymeric thickeners and other highly polar addi- 
tives, such as rust or corrosion inhibitors, can promote foaming, emulsification, and 
a reduction in volume resistivity, and are removed quite rapidly from solution by 
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some adsorbent solids used in fluid purification. The benefits of these products-in 
certain applications -are therefore outweighed by their disadvantages. On the other 
hand, the use of stabilizers (i.e., antioxidants, metal passivators and acid scavengers) 
can be very beneficial, particularly in applications where no on-line purification is 
available. Small amounts of antifoams and dyes for identification purposes may also 
be added to phosphate esters. Dyed fluids, however, can be more difficult to reclaim 
for future use because of the variety of colors produced; the dyes can also interfere 
with the measurement of acidity by colorimetric techniques. 

9 FLUIDOPERATINGLIFE 

The economics of using a hydraulic fluid should not only take purchase price into 
consideration but also other fluid-related variables, including operating life, main- 
tenance, and disposal costs. Predicting fluid life is, however, difficult because of the 
use of different system designs, but the important factors that affect fluid life in 
service can be identified as indicated in Fig. 20.20. 

9.1 System Design 

Many aspects of system design can affect fluid life. These include operating pressures 
and temperatures, tank design and fluid circulation rate, the type and design of the 
pump, the routing of the pipe work, and so forth [1121. If a fluid-related problem 
appears, although the outward manifestation can be a change in fluid condition or 
performance, the actual origin of the problem is often design related. 

9.2 Leakagemop-up Rates 

In heavy engineering processes, leakage rates can be high. Obviously, it can be less 
expensive to suffer leaks than to shut down equipment, and if a low cost fluid is 
being used, there is less incentive to employ good housekeeping (or adequate main- 
tenance). In some cases, the rate of leakage is so high that the fluid is never phys- 
ically replaced, the amount of top-up compensating for any fluid degradation and 
depletion of additives. 

9.3 Fluid Type 

As was indicated earlier in this chapter, the chemistry of the different fluid types 
available can play an important part in deciding their suitability for specific appli- 

FLUIDTYPE I 

FLUID QUALITY FLUID LEAKAGWOP-UP RATE I 

FLUID MAINTENANCE I 

Figure 20.20 Major factors influencing fluid life. 
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cations. Thus, in an environment where significant water contamination is likely, a 
hydrolytically stable product should be used. 

9.4 Fluid Quality 

To control the quality of fluids used in hydraulic systems, there are national and 
international specifications available which specify limits on the most important fluid 
parameters. A list of these standards is given in Appendix 1. 

9.5 System Maintenance 

It is widely accepted that effective mechanical filtration significantly improves the 
life of system components and, in certain cases, of the fluid itself. Mention has 
already been made of the adverse effects of solid particles on resistivity, foaming. 
and demulsification. Depending on the size and hardness of the particles, the wear 
performance of the fluid can also be impaired. The use of filters appropriate to the 
degree of cleanliness required for the correct functioning of the system and to the 
tolerances found in system components is therefore essential. 

9.6 Fluid Maintenance 

In service, phosphate esters can degrade either due to contamination or through 
interaction with their environment (e.g., through thermal stress). In practice, there is 
considerable overlap between the effect of contaminants and the degradation caused 
by system operation. Indeed, one can lead to the other. If, for example, the phosphate 
is contaminated by mineral oil, the air content of the fluid is increased. This, in turn, 
can lead to fluid oxidation by compression of the air bubbles in the pump. Although 
fluid maintenance is often less for phosphate esters than for other types of fire- 
resistant fluids, it is still necessary to monitor and control the contamination of the 
fluid, whether from internal sources such as wear particles or from the external 
environment (moisture, dust, etc.), to ensure satisfactory operation of equipment and 
extend fluid life [1131. 

In the case of phosphate esters, considerable attention has also been given to 
controlling the generation of acidic degradation products, as they normally impair 
the performance and, hence, the life of the fluid. This aspect is discussed in greater 
detail in Section 11. 

The most common contaminants are, of course, water, dirt, and mineral oil. 
Even air (certainly when in excess) can be regarded as a contaminant. Less frequently 
found, but still detrimental, are chlorinated solvents, as they can promote servo-valve 
erosion [114] when they are converted to ionic chloride and, in sufficient quantities, 
cause disposal problems. 

The principal effects of contaminants on phosphate ester performance are 
shown in Fig. 20.21 [1151. 

10 MONITORINGOF FLUID CONDITION 

The following determinations are routinely carried out on phosphate ester fluids: 

Viscosity change is often used as a measure of oxidative degradation. However, 
phosphate esters do not normally display significant viscosity changes in use. 
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Figure 20.21 Impact of contaminants and fluid degradation products on phosphate ester 
performance. 

If such changes are noted in a short period, they are more likely to result 
from contamination (e.g., with water or mineral oil). 

Acidity is an indicator of both oxidative and hydrolytic breakdown. It is per- 
haps the single most important parameter for monitoring phosphate ester 
condition. A decision to replace the fluid or the conditioning media is usually 
made on the basis of this determination. 

Water content is monitored in view of the sensitivity of esters to moisture and 
the subsequent development of acidity. 

Particulate levels are monitored for the reasons outlined in Section 9.5. 
Appearance is a simple check to see if the color is changing quickly, which 

may indicate excessive degradation or, if the fluid is becoming turbid, of 
water contamination. 

These checks are required by equipment builders for general fluid applications. Ad- 
ditional tests, such as foaming, air release, and volume resistivity, would be required 
for specialist uses. The frequency of testing will depend on the severity of the op- 
erating conditions and the sophistication of the equipment (e.g., whether fine toler- 
ance valves are used). The testing will also be more frequent during commissioning 
of the system or after refurbishment. In normal operation, samples of phosphate esters 
might be evaluated on a monthly or quarterly basis, but not all the tests would 
necessarily have the same frequency. A general list of methods used to assess fluid 
quality is given in Appendix 2. Guidance on the frequency of testing and proposed 
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operating limits are given in the standards listed in Appendix 1. In addition to these 
nationaVinternationa1 standards, individual equipment builders frequently have their 
own specifications and it is important for the end user to follow the manufacturer’s 
requirements, particularly during the warranty period. 

11 CONTROL OF FLUID DEGRADATION AND PERFORMANCE 

As contaminants are often responsible for initiating fluid degradation (oxidative and 
hydrolytic) or impairing the physicaVchemica1 properties, which then lead to reduced 
performance, one method of maintaining fluid quality and extending fluid life is to 
remove the contaminants as soon as they enter the system. (It is, of course, preferable 
to avoid their entry, but this is not completely possible because of system design, 
and, often, inadequate maintenance). There are techniques for removing most of the 
common contaminants either on-line or off-line. Table 20.37 [1151 lists the most 
widely used methods together with those recommended for removing acidic degra- 
dation products. With the exception of mechanical filtration, most of the techniques 
are rarely used. Only in power-generation applications with phosphate esters has 
there been any attempt to date to introduce on-line conditioning. The reasons for 
this include cost and the fact that it makes little sense in systems with high leakage 
rates. In the power-generation industry, however, leakage rates are more tightly con- 
trolled and the treatment significantly improves the cost-effectiveness of the fluid. 
Steam turbine hydraulic systems are also more likely than most to suffer from water 
ingress, and with this treatment, fluid life can be considerably extended. As a result 

Table 20.37 Common Hydraulic Fluid Contaminants and Techniques Used for 
Their Removal 

Contaminant On-line removal Off-line removal 
~~ 

Water Vacuum dehydration Vacuum dehydration 
Water-absorbing polymers 
Adsorbent solids 
Physical separation (e.g., 

centrifuging, siphoning) 
Increased bulk temperature 

Acid Adsorbent solids (e.g., fuller’s earth, Water or alkali washing 
ion-exchange resins) 

Particulates Cellulose or glass filters 
Adsorbent solids 
Electrostatic precipitatiodfiltration 
Magnetic filtration 

Chlorinated solvents Vacuum techniques Distillation 
Degradation products can be removed 

by adsorbent solids 
Mineral oil No suitable procedure for removing Precipitation by cooling 

small quantities Distillation 
Large amounts may be removed by 

centrifuging 
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Water 

1
Heat111,Phosphate ester II+ Acid t Increased oxidation 

fluid treatmentI
Metal salts II, Greater ah retention 

Figure 20.22 The fluid degradation cycle. 

of an increasing emphasis on reducing process costs and the expense of disposing 
of waste fluid, a greater use of on-line conditioning in other industries seems 
inevitable. 

The use of adsorbent solids to remove acid degradation products has not been 
without its problems! For many years, Fuller’s earth and activated alumina have been 
used to remove the acid from phosphates by circulating a small quantity of fluid on 
a bypass loop from the main reservoir through the adsorbent solid. Unfortunately, 
the solids contain impurities which react with the acid degradation products to form 
metal soaps, which are initially soluble. These soaps, which can reach high molecular 
weights [115,116], adversely affect the surface-active properties of the fluid, and as 
a result of a deterioration in the air-release properties, fluid oxidation increases with 
the generation of more acid [116,117]. Thus, a cycle of degradation (Fig. 20.22) 
[1151 begins. Under certain conditions, the soaps precipitate and form gelatinous 
deposits in the tank, valves, filters, and so forth. Systems that seem clean when 
operational can, on cooling, show evidence of deposits. These problems have more 
frequently been associated with the “synthetic” phosphates, probably because of 
their inferior hydrolytic stability. 

Fortunately, new techniques for acid removal, such as the use of ion-exchange 
resins, are now available which do not have the above-indicated side effects [1 151, 
and where these are in use, phosphate ester life has been extended to such an extent 
that it approaches that of the equipment. Quite apart from the savings on the cost of 
replacement fluid, the difficulty (and expense) of the disposal of used material should 
now be almost eliminated. 

12 APPLICATIONS 

Phosphate ester fire-resistant hydraulic fluids are ideally suited for most industrial 
processes involving high temperatures, or where system designs are unsuitable for 
the use of water-based fluids. These applications include the following: 

Continuous casting machines Hydraulic mining equipment 
Die-casting machinery Ship control systems 
Hydraulic presses Gate valve activators 
Centrifugal compressors Steam turbine governor systems 
Glass-working machinery Aircraft hydraulic systems 
Hydraulic jigs Clay guns 
Injection-molding machines Ingot manipulators 
Oven controls Foundry equipment 
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Automatic welders Fork lift trucks 
Billet loaders Hydraulic lifts 
Furnace mechanisms Aerial bucket trucks 
Gas turbine hydraulics Fluid couplings 
Hot-roll mills 

There are also some applications where the fluid serves as a combined hydraulic 
fluid and lubricant, for example, in steam and gas turbines [86]. 

APPENDIX 1 

International Specifications and Use Guides for Fire-Resistant Hydraulic Fluids Including 
Phosphate Esters 

Organization Standard no. Title 
~ 

I S 0  6743-4 Lubricants, industrial oils and related products (class L). 
Classification-Part 4:Family H (Hydraulic systems) 

I S 0  7745 Hydraulic Fluid Power-Fire-resistant (FR) fluids- 
Guidelines for use 

I S 0  12922 Lubricants, industrial oils and related products-fire 
resistant hydraulic fluids for hydraulic systems 

IEC 97 8 Maintenance and use guide for triaryl phosphate ester 
turbine control fluids 

IEC 1221 Petroleum products and lubricants-triaryl phosphate 
ester turbine control fluids (category ISO-L-TCD)- 
specifications 

CETOP RP 86H Guidelines for the use of fire-resistant fluids in hydraulic 
systems 

CETOP RP 97H Fluids for hydraulic transmissions-fire-resistant 
fluids-specifications 

EC Mines Safety Requirements and tests applicable to fire-resistant 
& Health hydraulic fluids used for power transmission and 
Commission control (hydrostatic and hydrokinetic)-seventh 

edition. 

Additional National Specifications and Use Guides for Fire-Resistant Fluids Including 
Phosphate Esters 

Organization Standard no. Title 

ANSI B93.5-1979 Practice for the Use of Fire-Resistant Fluids for 
(R 1988) Industrial Hydraulic Fluid Power Systems 

AAMA 525 Fire-Resistant Hydraulic Fluids 
VDMA 243 17 Schwerentflammbare Druckflussigkeiten-Richtlinien 

Key to Appendix 1 

IS0  International Standards Organization 
IEC International Electrotechnical Commission 
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CETOP European Oil Hydraulics and Pneumatics Committee 
ANSI American National Standards Institute 
NFPA National Fluid Power Association (USA) 
AAMA American Automobile Manufacturers Association 
VDMA German Association of Machinery and Engineering 

APPENDIX 2 

Suitable Test Methods for Monitoring Phosphate 
Ester Quality 

Fluid property Test method 

Kinematic viscosity IS0  3104 
Neutralization no. IS0 6618/6619 
Pour point IS0  3016 
Density I S 0  3675 
Foaming I S 0  6247 
Air release IS0  9120 
Rust prevention IS0  7120 
Corrosion protection CETOP RP48H 
Water content I S 0  760 
Flaswfire points IS0  2592 
Particulate levels I S 0  4407/4406 
Emulsion stability IS0  6614 
Color IS0  2049 
Volume resistivity IEC 247 
Chlorine content Micro-coulometry 
Mineral oil Thin-layer chromatography 
Metal content ASTM D-2788 (mod) 
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Vegetable-Based Hydraulic Oils 

LOU A. T. HONARY 
Universitql of Northern Iowa, Cedar Falls, Iowa 

1 INTRODUCTION 

The use of vegetable oils as fuel, lubricating fluid, and energy transfer media has 
been known for many years. Their usage, however, has depended on the availability 
of petroleum. Both World Wars, for example, saw an increased usage of vegetable 
oils for fuel, lubrication, and energy transfer. Similarly, the oil embargo of 1973 
resulted in an increased interest in the use of vegetable-based oils as well as other 
alternatives such as water-based lubricants. 

Concern for the environment has created a new impetus for the use of vegetable 
oils in industrial applications. The environment factor promises to be a more steady 
and persistent force in promoting the use of vegetable oils than the fluctuating avail- 
ability of petroleum. Either because of imposed environmental regulations or soci-
ety’s desire for a more environment-friendly lubricant, the interest and increased use 
of vegetable-based hydraulic fluids and industrial lubricants will continue. Therefore, 
the engineer dealing with industrial lubricants should become familiar with vegetable 
oils and their characteristics related to industrial use. Because this chapter deals with 
hydruulicfluids,the emphasis will be placed on the use of vegetable oils for hydraulic 
systems. Furthermore, the chapter provides information on the chemistry of vegetable 
oils, the general performance requirement of hydraulic fluids, standard test proce- 
dures required for the oil approval, and the performance reports on some of the 
vegetable-based hydraulic oils. Also, issues of biodegradability and toxicity will be 
discussed. 

2 VEGETABLE OILS 

Oils and fats are important ingredients in human dietary food. Besides being an 
important source of food energy, they also act as carriers for soluble vitamins and 
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give food its necessary sensory characteristics. Plants and animals are the main 
sources of oils and fats. The world production of edible oils is made up of 71% 
vegetable oils, 26% animal fat, and 2% marine animal fats (Fig. 21.1). According to 
the United States Department of Agriculture (USDA) reports [ 11, the world produc- 
tion of major oilseed in 1994-1995 was 260.60 million metric tons (MMT). Of this, 
the U.S. production was reported at 79.72 MMT, or one-third of the world produc- 
tion. The world production of vegetable oils was reported at 69.04 MMT, of which 
8.58 MMT was produced in the United States [2]. Soybean oil contributed one-third 
of the world’s oilseeds, with almost one-half produced in the United States. 

Vegetable oils may be classified into three categories based on their production, 
use, and volume: (1) major oils, (2) minor oils, and (3) nonedible oils [3]. Major 
oils are those known for human or animal feed consumption and often play important 
economic roles in the regions producing them. Table 21.1 presents major vegetable 
oils and their volume production. A second source (Fig. 21.2) illustrates the annual 
production of some of the major vegetable oils in gallons. 

Oils that are known for their uses but do not match the large production mag- 
nitude of major oils are considered minor oils. These oils have fatty acid profiles 
that could make them effective for industrial uses. Table 21.2 presents a list of minor 
oils and some of their volumes. 

The majority of oil plants are cultivated for food applications. Nevertheless, a 
number of nonedible oils such as linseed, castor, tung, and tall are commercially 
grown for their unique chemical constituents that are important for the industry 
(Table 21.3). They are used in nonlubricant applications such as soaps, paints, var- 
nishes, resins, plastics, and the agrochemicals. 

Figure 21.1 Worldwide production of edible oils and fats. (From Meike and Co., in Ref. 
3.) 
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Table 21.1 World Production of Major Vegetable Oils 

Production % Total 
Oil 1987-1988 (MMT) production Relative rank 

Soybean 15S O  29.1 1 
Palm 8.52 16.0 2 
Rapeseed 7.03 13.2 3 
Sunflower 7.00 13.1 4 
Cottonseed 3.31 6.0 5 
Coconut 2.71 5.1 6 
Peanut 2.69 5 .O 7 
Olive 1.63 3.1 8 
Palm kernel 1.14 2.1 9 
Corn 1.13 2.1 10 
Linseed 0.65 1.2 11 
Sesame 0.58 1.1 12 

Source: USDA (1988). 

3 CHEMISTRY OF VEGETABLE OILS 

The basic units of fats and oils consist of one molecule of glycerol combined with 
three molecules of fatty acids such that they form either liquid (oil) or solid (fat). 
Because of the three fatty acids, the resulting molecule is called a triglyceride. Pat-
terson [4]illustrates a triglyceride in Fig. 21.3. 
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Figure 21.2 Worldwide production of vegetable oils in gallons. (From A. J .  Kaufman and 
R.  J. Ruebusch, Inform, 1990, 1, pp. 1034-1048.) 
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Table 21.2 World Production of 
Minor Vegetable Oils 

Production 
Oil 1000 metric tons 

Niger 200 
Olive 1.965 
Mango kernel 14,635 

POPPY 
Cocoa bean 2,002 
Shea 
Hemp seed 25.3 
Grape seed 64,770 
Perilla 
Chinese V. tallow 
Ethiopian mahogany 
German sesame 
Watermelon 28,128 
Avocado 1.780 
Apricot 

Source: USDA (1988). 

Fatty acids contain a chain of carbon atoms combined with hydrogen (forming 
hydrocarbon). They terminate in a carboxyl group. If the three fatty acids are alike, 
the molecule is a simple triglyceride; if they are different, it is a mixed triglyceride: 

Fatty acids can be divided into two classes: saturated and unsaturated. Each 
carbon atom along the chain has the ability to hold two hydrogen atoms. The fatty 
acid is saturated if all hydrogen atoms are in place; in other words, when all available 
carbon valencies for hydrogen are satisfied. If two adjacent carbons are missing 
hydrogen atoms, the carbons bond doubly to one another, creating a point of un- 
saturation. If there is more than one double bond, the fatty acid is polyunsaturated, 
as compared to monounsaturated when there is only one double bond. The relative 
amounts of these fatty acids vary for the different vegetable oils. When 1 mol of the 
triglyceride molecule is hydrolyzed, it would give 3 mol of fatty acids and 1 mol of 
glycerol. 

Unsaturation is inversely related to the liquidity of the oil or its melting point 
and directly related to its solubility and chemical reactivity. With an increase in 
unsaturation, the melting point goes down while solubility and chemical reactivity 
increase, resulting in oxidation and thermal polymerization. Saturated oils, in general, 
show more oxidative stability but have high melting points, like palm oil, which is 
solid at room temperature. 

Patterson [5] indicates that unsaturation may be distributed in different ways 
along the chain which impacts the chemical properties of both the fatty acid and the 
glyceride. The distribution in a chain with a single bond may be such that the two 
hydrogen atoms from each side of the double bond lie on the same side of the chain. 
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Table 21.3 World Production of Nonedible Vegetable Oils 

Oil Major Fatty Acid 

Linseed Linolenic (57%) 
Castor Ricinolenic (89) 
Neem Oleic (49-6 1%) 
Mahua Oleic (43%) 
Karanjlpangam Oleic (61%) 
Undi Oleic (48-53%) 
Kusum Oleic (60%) 
Khakan Lauric (47%) 
Pisa Lauric (96%) 
Kokum Stearic (56%) 
Nahor Oleic (55-66%) 
Sal Oleic (4 1.4%) 
Dhupa Stearic (49%) 

Source: Bhatia (1983), Pryde (1982), Weiss (1983), Bringi (1987) in 
Salunkhe, D.K. et a1 ( 1992): World Oilseeds: Chemistry, Technology, 
and Utilization, Van Nostrand Reinhold; New York, 1992. 

This is a cis configuration, where the chain is shaped into a rigid arc and the hydrogen 
atoms are toward the outside of the arc. Alternately, the hydrogen atoms may be 
positioned on opposite sides of the chain. In this case the configuration is a trans as 
follows: 

H H
I I cis 

-CH,-CH,-C=C-CH,-CH 

H 

I 
-CH2-CH2- C=C -CH2-CH trans

I 

H 

Whereas for a normal single-bond atom, there is complete freedom of rotation, 
there is rigidity at a double bond and only two fixed positions of cis and trans are 
possible. Because the saturated fatty acids have no double bonds to distort the chain, 
they pack more easily into crystal forms and, therefore, have higher melting points 
than unsaturated fatty acids of the same length. They are also less vulnerable to 
attack. 

Fatty acid 1 

Fatty acid 2GlycerolfFatty acid 3 

Figure 21.3 Structure of a triglyceride. (From Ref. 4.) 
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Table 21.4 Fatty Acids in Crude and in Partially Hydrogenated Soybean Oils 
~~ ~ 

Common name Systemic name Symbolic notation Formula 

Saturated 
Lauric Dodecanoic 12:o CH1(CHz)&OOH 
Myristic Tetradecanoic 14:O CH,(CH,),,COOH 
Palmitic Hexadecanoic 16:O CH,(CHZ),,COOH 
Stearic Octacanoic 18:O CH,(CH2)&OOH 
Archidic Eicosanoic 20:o CH,(CH2),,COOH 
Behenic Docosanoic 22:o CH ,(CH,),COOH 

Monounsaturated 
H\ /H
/ c=c\Pdmitoleic cis-9-Hexadecenoic 9~-16:1 

CH,(cH2)5 (CH2)7COOH 
H H 
\c=c/Oleic cis-9-Octadecenoic 9 ~ - 1 8 :1 

CH3(CH2d \(CH2)7COOH 
CH’j(CH2)7, (CH2)7COOH 

Elaidic truns-9-Octadecenoic 9r-16: 1 H/c=c
/ 

\ 

CH3(CH2), (CH2),COOH 
truns-x-Octadecenoic ‘c=c /

Positional isomers 9f-16: I(where x = 2 to 16) H’ ‘H 
m+n = 14 

H\ /H 
cis-9-Eicosenoic 9 ~ - 2 0 :1 

CH’j(cH2)g
/c=c\ 

(CH2)7COOH 
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Diunsaturated 

Linoleic cis-9, cis-12-Octadecadienoic 9c-, 1 2 ~ - 1 8 ~ 2  

9 (10) c-, I 1  (12) 

Conjugated diene 
cis-9-Hexadecenoic 
Octadecadienoic 

rn = 2 or 3 usually 
n = 7 or 8 usually 

C - 1 8 ~ 2  

r n + n = l O  

Nonconjug atable 
diene 

ci.r-9-trans-1 3-Octadecadienoic 9 ~ ,13t-18:2 

Triunsaturated 

Linolenic 
cis-9-, cis-12-, cis-15-

Octadecadienoic 
9c, 1 2 ~ - 1 5 ~ - 1 8 : 3  

also 18:3  wl 3 (CH2)7COOH 

Tetraunsaturated 

Arachidonic 
c i s - 5 ,  ciu-S-, cis-1 I- ,  cis- 14-

Eicosatetraenoic 
SC-, X<.-, Ilc- ,  1 4 ~ - 2 0 : 4  

CH3(CH3)3 (CH2)7COOH 

Source: Ref. 6 
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There are many factors that affect the fatty acid makeup of vegetable oils. In 
addition to their natural makeup, changes in environmental factors such as photo- 
period, light intensity and quality, and nutrition impact the properties of vegetable 
oils. Because the fatty acid composition of oils and fats is unique, their characteristics 
are different. These fatty acids are expressed in either their common names, their 
systemic names, by symbolic notation, or by their formula. Table 21.4 shows fatty 
acids in crude and partially hydrogenated soybean oils. The only process that can 
affect the types of fatty acid present is partial hydrogenation, which results in the 
formation of small amounts of geometrical and positional isomers of the present 
unsaturated acids. 

4 HYDROGENATION 

Most triglycerides contain both saturated and unsaturated fatty acids. Hydrogenation 
is a way to affect the fatty acid contents of the oils. Simply stated, hydrogenation is 
one way of saturating the double bonds. In the geometrical isomers, the cis bonds 
are partially converted to the trans form. In the positional isomers, however, the 
original cis -9 double bonds, such as the oleic acid, is converted partially to a 
mainly double bond at other positions in the chain [6]. Linolenic acid, which is 
higher in some oils such as soybean, is a polyunsaturated fatty acid that can lead to 
a higher degree of autoxidation, which, in turn, results in off-flavor and odor. 
Through partial hydrogenation, the linolenic acid can be lowered. 

Direct addition of hydrogen to the double bond of an unsaturated fatty acid 
involves overcoming a considerable energy barrier. However, both hydrogen and 
unsaturated bonds are readily absorbed at the surface of a catalyst such as nickel. In 
this case, the energy barrier is smaller and the reaction can be much faster and energy 
is released. Also, the desorption of the reaction products from the surface of nickel 
requires overcoming a modest energy barrier before more energy is released. When 
hydrogenation takes place, the net energy release for a drop of one unit in iodine 
value is sufficient to raise the temperature of the oil by approximately 1.7”C. This, 
of course, depends on the specific heat of the oil, which varies with temperature. 
The exothermic heat of reaction has been computed as 1.7 BTU/lb. or 0.942 kcall 
kg per unit drop in iodine value [7]. The degree of hydrogenation is expressed by 
the iodine value (I.V.). The iodine value is defined as the number of grams of iodine 
absorbed under standard conditions by 100 grams of fat;  it represents the degree of 
unsaturation in the fatty acid chain. The saponification number, defined as the number 
of milligrams of potassium hydroxide required to saponifi I g of fat ,  is a measure 
of the average molecular weight of fatty materials. 

With partial hydrogenation, the amounts of linolenic and linoleic acid contents 
are reduced while increasing the amount of the monoene content. This not only 
saturates naturally occurring cis double bonds but also isomerizes them to a higher- 
melting trans form [8]. Partial hydrogenation can also lead to an increase in the 
amount of saturated fatty acid content. By increasing the extent of hydrogenation, 
the oil begins to change physically and turn into semisolids and solids, which are 
suitable for margarine and shortening uses. Soybean salad oil, for example, which 
is partially hydrogenated to improve its shelf life, could be used for industrial uses. 
However, where a lower pour point and higher degree of fluidity are desired, a 
partially hydrogenated oil may need to be “winterized” to reduce the amount of 
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solids (high-melting triglycerides). The pour point is the loMiest temperature at which 
JEuid movement can be detected. The cloud point is the temperature at which paraffin 
wax or other solids begin to crystallize when the liquid is chilled. The cloud point 
is usually several degrees higher than the pour point. Both values are important at 
low temperatures. If the ambient temperature falls below the pour point, oil will not 
flow through the system. 

Erickson et al. [9]provides a simple description of winterization which involves 
chilling the fat at a prescribed rate and allowing the solid portions to crystallize. 
Then, through some sort of filtration, the solids can be separated. If the oil is allowed 
to cool too rapidly, small crystals are formed that are more difficult to filter. Filtering 
cold oil, which presents a higher resistance to flow, requires energy and is time- 
consuming, thus increasing the cost of the process. 

A more descriptive explanation of the hydrogenation process is provided by 
Mounts [ lO]  as the reaction of fats and oils with hydrogen gas in the presence of a 
catalyst. By adding hydrogen to the oil, unsaturated bonds are transformed to satu- 
rated bonds. Hydrogenation is the reaction of fats and oils with hydrogen gas in the 
presence of a catalyst, causing unsaturated bonds of fatty acids to be saturated. Partial 
hydrogenation of an oil results in the shifting of the melting point to higher tem- 
peratures and improvement in stability (in relation to oxidation and flavor deterio- 
ration). Hydrogenation can result in hardening of the oil, but when hydrogenation 
of an oil remains light, the oil maintains its liquidity while exhibiting increased 
stability at high temperatures. Hydrogenation can also result in the shifting of double 
bonds and twisting to produce trans fatty acids (from the cis form) with higher 
melting points. 

Before processing, a catalyst (most often nickel) is added to the oil to increase 
the rate of reaction. The action of the catalyst will be decreased by the presence of 
free fatty acids, soap, water, sulfur, or phosphatides, so the oil must be free of these 
substances. The hydrogenation process is generally performed in a cylindrical pres- 
sure vessel with the capability of varying the pressure. During the process, hydrogen 
gas is dispersed into the oil as fine bubbles, and agitators mix the oil and gas. The 
oil is then cooled by coils, which are used in heating and cooling of the mixture. 
When hydrogenation is complete, the oil is filtered until clear. 

Certain fatty acids will be hydrogenated more quickly, and each fatty acid has 
its own rate of reaction. Mono-, di-, and tri-unsaturated fatty acids undergo hydro- 
genation in sequential fashion. Varying the temperature, pressure, catalyst concen- 
tration, or agitation of the process can alter hydrogenation selectivity. Increasing the 
temperature decreases the selectivity of fatty acids hydrogenated, but it increases the 
formation of the trans form of fatty acids and increases the hydrogenation rate in 
general. Increasing the pressure causes decreasing selectivity of fatty acids hydro- 
genated and decreasing formation of trans fatty acids, but it increases the rate of 
hydrogenation. An increase in agitation decreases the selectivity of hydrogenation 
and decreases selectivity of trans fatty acid formation, but it increases the rate of 
hydrogenation. An increase in the concentration of the catalyst leads to increases in 
selectivity of fatty acid hydrogenation, trans fatty acid formation, and the rate of 
hydrogenation. 

It is believed that flavor problems with vegetable oils are related to the linolenic 
acid content present. Possible remedies for this problem include using a copper 
catalyst during the hydrogenation process. This catalyst can produce an oil that has 
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a linolenic acid content of less than 1%. Copper catalysts, however, are more sen- 
sitive to deactivating substances (free fatty acids, phosphatides, etc.) and are also 
less active than nickel catalysts. Another option is to use a nickel-silver catalyst, 
which produces high linolenic selectivity during hydrogenation. Hydrogenation re- 
actions are mostly accomplished using nickel catalysts. Copper catalysts are also 
used as an alternate to nickel, although copper catalysts are less active. By choice 
of conditions and the percentage of nickel catalyst, the unsaturated fatty acids begin 
a reaction sequence in which linolenic acid (18:3) is converted to linoleic (18:2), 
the linoleic acid is converted to oleic (18: l), and the oleic acid is converted to 
stearic (18 :0) [111. It should be noted that all of these conversions occur simulta- 
neously, which means that during the conversion of linolenic acid to linoleic, the 
linoleic acid is also changing to oleic. 

Another means of changing properties of a vegetable oil to become more com- 
parable with those of low viscosity oils is by converting them chemically to mono- 
esters. The process used to make this conversion involves reacting an alcohol with 
the vegetable oil in the presence of a catalyst. Three mono-ester molecules and a 
glycerol molecule are obtained from each triglyceride molecule. The glycerol, a by- 
product, is removed by water extraction. The final ester product is termed a methyl 
ester if methyl alcohol is used and an ethyl ester if ethyl alcohol is used. 

5 GENETIC MODIFICATION 

Interestingly, agronomists and food scientists have been investigating the genetics of 
the oilseeds for the development of healthier food. It is now clear that through genetic 
modification of the seeds, the fatty acid profile of the oil seeds can be altered. This 
concept eliminates the need for hydrogenation and thus reduces the cost of the base 
oil for use in industrial application. 

Genetic modification, changing the chemical composition of the seed, has been 
accomplished for some of the vegetable oils, including rapeseed, sunflower, and 
soybean. Salunkhe et al. [12] reported on the changes in the genetic makeup of 
rapeseed oil starting in the late 1960s. Accordingly, prior to 1970, rapeseed oil con- 
tained 20-50% erucic acid. The first Canadian low-erucic-acid variety, containing 
about only 3% erucic acid, was licensed in 1968. In 1974, a yet lower acid variety 
containing less than 0.3% erucic acid was introduced, following the Canadian gov- 
ernment’s encouragement to switch to low-acid varieties. Canola is the Canadian 
version of the rapeseed with distinctly low erucic and low glucosinolate. It has a 
linoleic to linolenic acid ratio of 2 : I .  In the United States, various genetically mod- 
ified seeds for canola, sunflower, and soybean are developed by major seed and 
chemical companies. Currently, the availability of these oils with high oleic acids of 
up to 80-90% and excellent oxidative stability promise to create many new oppor- 
tunities for vegetable-based industrial lubricants and hydraulic fluids. 

Perhaps the most promising new research advance to date is the development 
of new mutant lines of soybeans, which lead to new lines of soybeans. These mutant 
lines with improved fatty acid profiles of the oil can be cloned and then integrated 
into high-yielding elite lines by providing molecular markers. Clone genes are intro- 
duced into soybeans to create transgenetic lines with increased lysine, oleic, or stearic 
acid contents. These are oils with a very low content of polyunsaturated fatty acids 
and show high oxidative stability. 
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Kinney [131 reported on the design of transgene constructs, which were assisted 
by using soybean somatic embryos in suspension culture as a model system for 
soybean seed transformation. The system has allowed the selection of those genes 
and promoters that are the most effective way of achieving the desired phenotypes 
in soybeans. According to Kinney, in soybeans, gene-transgene suppression is a 
more effective means of silencing endogenous genes than antisense. Sense suppres- 
sion of genes encoding microsomal, fatty acid omega-6 desaturates, has resulted in 
soybean lines with over 80% oleic acid in their seed oil. This is over four times the 
oleic acid content of most commodity soybean oils. The high-oleic trait is reported 
to show stability in over at least three generations [141. Accordingly, in one of the 
new lines, the oleic acid content was 81.3% and the seeds had an average of 7.6% 
palmitic acid, 5.9% stearic acid, 1.3% linoleic acid, and 3.1% linolenic acid. 

6 FATTY ACID NAMES AND FORMULAS 

Table 21.5 shows fatty acid components found in vegetable oils. The effect of each 
component on the oxidative stability of the oil in an industrial use is not known. 
However, some of the fatty acids, particularly those that are common to major oils, 
have been studied and their effects on the performance of the hydraulic oil are 
reported. 

Table 2 1.6 shows the percentage of fatty acid components of selected vegetable 
oils. These percentage compositions are determined by gas -liquid chromatography 
and exclude acids that occur in trace amounts. 

7 FATTY ACID AND OXlDATlVE STABILITY 

Most studies dealing with the performance of vegetable oils in hydraulic systems 
use the percentage of some of the fatty acids, particularly oleic, linolenic, and euricic, 
as factors affecting the oil’s resistance to oxidation. Canola oil, for example, is very 
low to trace on euricic acid (low-euricic version of rapeseed). Most specialty oils 
used for lubricant preparation are high in oleic and often low in linolenic acids. A 
vegetable oil that has poor oxidative stability, once exposed to the high pressure, 
high temperature, and metallic surfaces in a hydraulic system, will quickly thicken 
with a noticeable change in viscosity. A highly oxidized oil could begin to polymerize 
with layers of plastic forming on the exposed surface of the oil. Eventually, the entire 
body of the oil will polymerize. 

Honary [151 reported that most untreated vegetable oils meet ASTM wear pro- 
tection requirements of hydraulic pumps because they naturally adhere better to metal 
surfaces preventing boundary lubrication. In ASTM D-2882, for example, untreated 
crude soybean oil showed 40 mg wear. It is the lack of oxidative stability, however, 
that results in increased viscosity of the oil and, in extreme cases, leads to poly- 
merization. Therefore, in studying the performance of vegetable oil in hydraulic 
pumps, the changes in viscosity should be carefully monitored. An increase of less 
than 10% in viscosity for an oil tested in an ASTM D-2271 is desirable. It is also 
observed that although the addition of additive packages to vegetable oils improves 
many of the oils’ characteristics, it could negatively impact its natural lubricity. 
For vegetable-based hydraulic fluid, tests that are longer in duration, such as 
ASTM D-2271 (1000-h), are more desirable than shorter-term tests such as ASTM 
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Table 21.5 Fatty Acid Components Found in Vegetable Oils 

Carbon atoms: double bonds Fatty acids 

c 4  Butanoic (butyric) 
C6 Hexanoic (caproic) 
C8 Octanoic (caprylic) 
c10 Decanoic (capric) 

c10: 1 Decenoic 
c12 Lauric (dodecanoic) 

c12:  1 cis-9-Dodecenoic 
C14 Myristic (tetradecanoic) 

C14: 1 cis-9-Teradecenoic 
C15 Pentadecanoic 
C16 Palmitic (hexadecanoic) 

C16: 1 cis-9-Hexadecenoic 
C17 Heptadecanoic 
C17: 1 Heptadecenoic 
C18 S tearic (oc tadecanoic) 

C18: 1 Oleic (cis-9-oc tadecenoic) 
C18:2 Linoleic (c*is-9-, cis- 12-octadecadienoic) 
C18:3 Linolenic (cis-9-,cis- 12-, cis- 15-octadecatrienoic) 
C18:4 cis-6-, cis-9-, cis-12-, cis-15-Octadecateraenoic 
C18:l (OH) Ricinoleic ( 12-hydroxy-cis-9-octadecenoic) 
C18 (OH)? Dihydroxysteraric 

C19 Nonadec anoic 
c20  Eicosanoic (arachidic) 

c20:  1 cis-9-, or cis- 1 1-Eicosenoic 
c20:2 Eicosadienoic 
C20: 3 Eicosatrienoic 
C20:4 Arachidonic (cis-5-, cis-8-, cis-1 1-,cis- 14- 

Eicosatetraenoic) 
C20:5 Eicosapentaenoic 

c22 Docosanoic (behenic) 
c22: 1 cis- 13-Docosenoic (euricic) 
c22 :2 Docosahexaenoic 
C22:5 4,8,12,15,19-Docosapentaenoic 
C22 :6 Docosahexaneoic 

C24 Tetracosanoic (lignoceric) 
C24: 1 Tetracosenoic 

Source: Karlshamns USA, Inc., Tjpical Fat0 Acid Compositions of Selected Edible Fats and Oils, 
Karlshamns USA, Inc., Janesville, WI (no date). 

D-2882 (100-h). Increased oleic acid combined with a reduced percentage of lino-
lenic acid, as developed through new genes, could present improved oxidative sta- 
bility, as well as a reduced cost of the base oil, due to elimination of the need for 
chemical modification such as hydrogenation. 

In the production of vegetable oils, soybean, palm, rapeseed, and sunflower 
oils together account for about 73% of all vegetable oils produced [ 161. These oils 
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Table 21.6 Average Compositions for Crude and Refined Soybean Oils 

Composition Crude oil Refined oil 

Triglycerides (%) 95-97 >99 
Phosphatide (%) 1.5-2.5 0.003-0.01 5 
Unsaponifiable matters (%) 0.6 0.3 

Plant sterols (TO) 0.33 0.13 
Tocopherols (%) 0.15-0.21 0.11-0.18 
Hydrocarbon (squalene) (%) 0.014 0.0I 

Free fatty acids (%) 0.3-0.7 0.05 
Trace metals 

Iron (ppm) 
Copper (ppm) 

1-3 
0.03-0.05 

0.1-0.3 
0.02-0.06 

Source: Pryde ( 1  980) in Ref. 3. 

have also been researched and used for various industrial applications, including use 
as hydraulic fluids. 

8 BRIEF DESCRIPTION OF SELECTED VEGETABLE OILS 

8.1 Soybean 

There are three species of soybean (Glycine rnax): glycine ussuriensis (wild), glycine 
max (cultivated), and glycine gracillis (intermediate) [17]. It is the world’s most 
important oil seed, with more than 50% of the world’s production in the United 
States. Other countries producing soybeans include Canada, Argentina, Brazil, Par- 
aguay, China, India, Indonesia, Korea, Thailand, Italy, and Romania. 

8.1.l Chemical Composition of Soybean 

Salunkhe et al. [181 documented that the protein and oil makeup about 60% of the 
bean, and about one-third consists of carbohydrates, including polysaccharides, stach- 
yose (3.8%), raffinose (1.1%), and sucrose (5.0%).Accordingly, phosphatides, ster- 
ols, minerals, and other constituents are also present as minor constituents. In terms 
of oxidative stability, soybean oil contains more than 50% polyunsaturated fatty acids 
and about 15% saturated fatty acids, most of which is palmitic acid [19]. The oil is 
usually chemically hydrogenated to improve its oxidative stability. Optimized, hy- 
drogenated soybean oils have been developed mainly for increased shelf life in the 
kitchen and stability during frying. The same technology can be applied for improv- 
ing the oil’s stability for use in industry uses such as hydraulic fluids. 

8.1.2 Lipids Content and Composition 

Soybean lipids are deposited in spherosomes and can be identified by electron mi- 
croscopy. The spherosomes in soybean cotyledons are interspersed between protein 
bodies and are about 0.2-0.5 pm in diameter. The total lipid content in soybean 
ranges from 18% to 23%. Soybean oil contains 88.1% neutral lipids, 9.8% phos-
pholipids, and 1.6%glycolipids [20].Neutral lipids primarily consist of triglycerides, 
accompanied by a smaller proportion of free fatty acids, sterols, and sterol esters. 
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The main components in neutral lipids, phospholipids, and glycolipids are palmitic, 
oleic, linoleic, and linolenic acids [21]. 

The average oil content on a moisture-free basis in soybean seed is about 20%. 
However, temperature has a marked effect on both polyunsaturated fatty acids and 
the oil content of soybean. Soybeans produced under controlled-temperature condi- 
tions showed oil contents of 23.2% at 85"F, 20.8%at 77"F, and 19.5% at 70°F [22]. 
Basically, growing conditions, especially temperature, have a significant impact on 
the fatty acid profile of the beans. In the United States, most of the soybeans grown 
are processed into defatted meal flakes and crude oil. The meal is used mainly for 
animal feed and the oil is processed as edible vegetable oil. 

8.1.3 Changes Due to Processing 

A bitter flavor in soybeans along with rancid odor can be sensed when soybean oil 
oxidizes in the presence of oxygen, metals, and temperature. Saponins are complex 
glycosides of triterpenoid alcohols and occur in soybean to the extent of 0.5%. 
Because of their polarity, saponins are insoluble in hexane and remain in defatted 
meal, Defatted meal contains 0.6% saponins [23]. 

Storage 

Freshness of the vegetable-based oil is essential for use in hydraulic and other in- 
dustrial applications. Soybeans are usually dried to reduce the moisture content of 
the beans to less than 12%. With an initial 12% moisture, soybeans will usually store 
without change in grade for 2 years. However, high-moisture beans (14% or more) 
deteriorate during storage. In the long-term storage of soybeans, the nutritive value 
can be lowered more than that in wheat or corn. Soybeans are easy to store and 
have a high bulk density. Honary [24] reported that soybean oil which showed good 
oxidative stability in a hydraulic system failed to perform as well when the oil was 
improperly stored for a period of time. Compared to their petroleum counterparts, 
vegetable oils require storage facilities that protect the oil from exposure to oxygen. 
In short, the oil should be kept fresh by storing in cold storage facilities and pref- 
erably topped off with nitrogen to prevent exposure to oxygen. The Handbook of 
Soy Oil Processing and Utilization, which is a joint publication of the American 
Soybean Association and American Oil Chemist Society, provides extensive coverage 
of the storage and transportation requirements for soybeans. Such information can 
be applied to most other vegetable oils as well. 

8.1.4 Processing Soybean for Oil 
Extracting oil requires three basic steps: ( I )  bean preparation, (2) oil extraction, and 
(3) solvent stripping and reclamation [25]. After processing, the oil may be de- 
gummed for use in food-related applications. Small on-the-farm extruder/expeller 
units are finding popularity among farmers wishing to extract the meal for feed 
purposes. These units do not use the conventional oil-extraction techniques. Instead, 
the bean is forced through an extruder unit, which creates high-pressure-induced 
temperatures. The shear and grinding process results in the rupture of the cell walls. 
When the cell walls, particularly the oil cell walls rupture, they release some of the 
natural tocopherols, which are antioxidant, as well as some of the lecithin. Honary 
[26] reported that crude soybean oil obtained through this process showed more 
oxidative stability using ASTM D-2271 (hydraulic pump test) than the crude oil 
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obtained through conventional hexane-extracted processing. This could be attributed 
to the retention of the natural antioxidant (tocopherol) in the oil by the extrusion 
process. The oil is then extracted from the meal by the use of an expeller, which is 
essentially a mechanical press. Figure 21.4presents the extruder-expeller process in 
concept; Fig. 21.5 shows a unit commonly used for extruding the soybean and many 
other vegetable seeds. The extruded meal will need to be pressed to extract the oil. 

8.1.5 Refining 

Refining is a purifying treatment designed to remove free fatty acids, phosphatides 
and gums, coloring matter, insoluble matter, settlings, and other unsaponifiable ma- 
terials from the triglycerides [27]. Accordingly, oils such as soybean are refined 
through chemically refining, caustic refining, and physical or steam refining. Refining 
removes particles, such as free fatty acids, coloring and insoluble matters, phospha- 
tides, and so forth and is used as a purifying process. This prevents foaming, smok- 
ing, cloudiness, and so on when the oil is heated. 

In the process of chemical refining, an alkali solution is used. The alkali com- 
bines with free fatty acids to form soaps that can be separated (process of saponi- 
fication). Phosphatides and gums absorb the alkali and are coagulated through hy- 
dration or degradation. Coloring is degraded, absorbed by gums, or made water 
soluble by the alkali. The caustic process of refining involves analyzing the amount 
of free fatty acids and neutral oil in order to determine the amount of caustic soda 
to be added. The formation of different density layers occurs as one layer containing 
most of the oil and the other layer most of the unwanted particles. These are separated 
using a centrifuge. 

Physical refining does not use caustic soda and does not have soapstock. Treat- 
ment with phosphoric acids removes phosphatides. This oil can then be used in steam 
refining. Steam refining uses a stripping steam to remove odor from the oil, and it 
also removes free fatty acids. 

Another related refining process is known as the Zenith process. This process 
removes non-fatty-acid substances with concentrated phosphoric acid. The acid treat- 
ment removes calcium and magnesium from gums. Table 21.6 shows the average 
compositions for crude and refined soybean oils. 

8.1.6 Degumming 

Degumming is defined as the removal of phospholipids and other nontriglyceride 
materials. A by-product of degumming is lecithin, which can be used as an emulsi- 
fying agent. Treating crude soybean oil with caustic soda neutralizes free fatty acids, 
hydrolyzes phosphatides, and removes some colored pigments and unsaponifiable 
matters. 

8.1.7 Bleaching 

Bleaching is an important technique which uses activated earth to absorb pigments, 
oxidation products, phosphatides, soaps, and trace metals. Natural clays or earths 
(Fuller’s earth), which are basically hydrated aluminum silicates are used for bleach- 
ing. The process is simple. The neutralized oil is mixed with the appropriate amount 
of clay, heated to the bleaching temperature, and then filtered. 
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Figure 21.4 Extruder-expeller concept. (Courtesy of Insta-Pro@ International, Des 
Moines, IA.) 

8.1.8 Deodorizing 

Deodorization primarily removes volatile substances and converts the oil into a 
bland-tasting, clear liquid [28]. Noticeable flavor and odor will have essentially dis- 
appeared when the free fatty acid content is lowered to 0.01% to 0.03% and the 
protein content is miniscule. The process of deodorizing involves heating, steam 
stripping, and cooling the oil before exposing it to the atmosphere. The high tem- 
perature is needed to remove triglycerides, which are less volatile than the flavor 
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Figure 21.5 Extruder. (Courtesy of Insta-Pro@ International, Des Moines, IA.) 

and odor components present in the oil. These substances must be volatilized to 
condense and, subsequently, remove them from the oil. Stripping steam is added to 
increase the rate of this process. The process removes free fatty acids, but the content 
cannot be reduced below 0.005% because of interactions with the stripping steam. 
Steam distillation also may result in the conversion of up to 25% of the linolenic 
acid present from the cis form to the trans form due to elevated temperature and 
time periods. 
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8.1.9 Protection Against Oxidation 

For edible oils, several methods are used to prevent oxidation. These methods can 
be applied to industrial lubricants uses as well and include (1) exclusion of air during 
processing, (2) cooling the deodorized oil before exposing it to the atmosphere, (3) 
preventing exposure of oil to air by a cover of nitrogen, and (4) addition of chemical 
antioxidants and metal excavengers [29]. Propyl gallate and tertiary butyl hydroqui- 
none (TBHQ) may be added to increase oxidative stability, and t-butylhydroxy tol- 
uene (BHT) or t-butyl hydroxyanisole (BHA) may be added to increase shelf life. 
These additives may be used in amounts of up to 0.01% singly or 0.02% in com- 
bination. The oil is then filtered after the deodorization process has been completed 
to remove any solids that have formed or been introduced. After the process is 
completed, the free-fatty-acid content should be less than 0.03% (gram weight) and 
peroxide values should be zero: 

Density: 0.9075 
Viscosity: 30.52 cSt at 40°C (7.42 at 100°C) 
Viscosity index: 224 
TAN (ASTM 664): 0.10 
Pour point: 16°F (-9°C) 
Flash point: 597°F (314°C) 
Gross heat of combustion (BTUAb.): 16,770. 

8.2 Palm Oil 

Palm oil is a competitive product for use as fuel, lubricants, and other nonfood new 
uses such as palm ink. Oil palm (Elueis guineensis Jacq.) is an important edible oil 
obtained from either palm fruit or from the palm kernel. Palm kernel is obtained as 
a minor product during the processing of oil palm fruit. Honary [30] reported that 
untreated palm olein tested in a ASTM D-2271 hydraulic pump test showed high 
oxidative stability as measured by changes in the oil viscosity. Palm oil contains 
some triglyceride species that are completely saturated. It consists of mostly 
monoglycerides (48 -55%) and diunsaturated glycerides (30-43 %) with small quan- 
tities of saturated (6-8%) and unsaturated glycerides (6-8%) [31]. The fatty acid 
composition of palm kernel was reported by Godin and Spensley [32] to be caprylic 
(3-4%), capric (3-7%), lauric (46-52%), myristic (15- 17%), palmitic (6-9%), 
stearic (1 -3%), oleic (13- l9%), and linolenic (0.5-2.0%). 

Maiti et al. [33] reported the fatty acid profile of palm oil to be myristic (0.5-
6.0%),palmitic (35-40%), stearic (40-50%), oleic (40-50%), and linolenic (5- 11 %) 
acid contents. These values change for palm oil produced in different parts of the 
world and various sources. Palm olein is the liquid fraction of palm oil and is used 
worldwide as cooking oil. Honary [34] reported on the performance of an untreated 
palm olein as a hydraulic fluid with a supplier-reported fatty acid composition of 
lauric (0.2%), myristic (1 .0%),palmitic (39.6%), stearic (4.6%), oleic (43.3%), lin- 
olenic (1 1 %), and arachidic (0.3%). Accordingly, the oil contained 43.3% monoun- 
saturates, 11.0% polyunsaturated, and a high level of 45.7% saturates with 0% in 
tram acids. This type of oil showed excellent oxidative stability in a hydraulic pump 
test, but had the drawback of a very high melting point of about 75"F, being solid 
at room temperature. 
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8.3 Rapeseed 

Agronomically, rapeseed is good for northern climates; it thrives well in a cool, 
moist climate and is grown extensively in northern Europe and Canada [35]. Ac- 
cordingly, the so-called zero-erucic variety contains 53% oleic acid and 11% lino- 
lenic acid. After soybean and palm, rapeseed is the largest produced vegetable oil in 
the world. Other countries growing rapeseed include India, China, Pakistan, and 
Australia. Like soybean, the meal obtained after extraction of oil is used as animal 
feed. 

Rapeseed refers to more than one plant species and is often used to denote the 
seeds derived from oil-yielding members of the Brassica family, including some 
mustard seeds grown for edible or industrial oil [36]. Brassica napus and B. cam-
pestris are the two most important and widely grown species with summer types 
grown in North America and a mixture of summer and winter types grown in Europe. 
B. juncea and B. campestris are grown in India and the Far East. Wild populations 
of B. campestris have been reported from different regions of Europe and Asia. B. 
napus, which is derived genetically from a natural hybridization of B. campestris 
and B. oleracea, occurs naturally in more restricted areas, mainly Europe and North 
Africa. 

8.3.1 Chemical Composition 

Chemical composition of rapeseed varies widely depending on both genetic and 
environmental factors. The oil content ranges from 33.2% to 47.6% (8.5% moisture 
basis) and protein content from 29.5% to 57.5% (oil-free meal, 8.5% moisture basis). 
Rapeseeds, in general, contain about twice as much oil as soybeans, and the oil-free 
meal has only slightly less protein. Table 21.7 presents a comparison of proximate 
compositions of rapeseed and soybeans [37]. 

Lipids 
The crude oil initially extracted from rapeseed is like other oils, made up mainly 
(95-98%) of triacylglycerols (triglycerides). Other constituents, present in greater or 
lesser amounts, include phosphatides, fatty acids, sterols, hydrocarbons, alcohols, 
tocopherols, lipochromes, pigments, sulfur compounds, and minerals [381. 

The fatty acid composition of rapeseed oil varies from cultivar to cultivar, 
mainly due to wide variations in their erucic acid (C22: 1) contents. Rapeseed oil 
and oils from other members of the Cruciferae family are unusual in that they contain 
substantial amounts of long-chain fatty acids (C 18). The triacylglycerol composition 
of rapeseed oil is characterized by the occurrence of C20-C24 fatty acids almost 

Table 21.7 Comparison of Proximate Compositions of Rapeseed and Soybeans 

Component Rapeseed (%) Soybean (%) 

Moisture 69 11-14 
Oil content (moisture-free basis) 38-50 16-22 
Protein content (moisture- and oil-free bases) 36-44 45-60 
Fiber content 11-16 3.3-6.4 

Source: Anjou et al. (1977), in Ref. 3. 
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exclusively in the 1 and 3 positions, C18 fatty acids in the 2 position, and a pref- 
erence of linoleic and linolenic acids for the 2 position in zero erucic acid oils [39]. 
The positioning of polyunsaturated fatty acids might be of technological importance, 
giving a greater tendency to oxidative stability compared to soybean oil, which has 
a random distribution of linolenic acid. Reduction in the erucic acid (C22 : 1) content 
has resulted in a marked increase in oleic acid (C18: l) ,  along with smaller increases 
in linoleic (C 18 :2) and linolenic (C 18 :3) acid contents. 

Canola (CANadian Oil Low Acid, which is a low erucic acid version of rape- 
seed) is a major base oil for industrial lubricants uses. Canola (B.  nupus L. and B. 
campestris L.) contains less than 2% erucic acid (C22: 1) in its oil and less than 
30 kmol of glucosinolates per gram of fat-free meal [40]. Accordingly, features that 
have given prominence to canola are the following: lower saturated fat than other 
vegetable oils (6%), which is less than safflower (10%), sunflower (1 l%), corn 
(13%), olive (14%), soybean (15%), and tropical oils (about 50%), and a high con- 
centration of monounsaturated fat (oleic acid at 62%)-only olive oil has a higher 
level of oleic acid (77%). The balance of a high monounsaturated fat combined with 
low saturated fat results in a nutritionally healthy oil. The high oleic acid content 
resulting in a higher oxidative stability makes the oil suitable for industrial lubricant 
applications. Genetically modified, high-oleic versions of canola oil have been tested 
for hydraulic and other industrial lubricants uses with good results. 

Properties 

Rapeseed oils exhibit a saponification value of 168- 192 and an iodine value of 8 1 -
112. Vaisey-Genser and Ylimaki [41] found BHABHT with monoglyceride citrate to 
be ineffective against oxidation of canola oil. A polymeric antioxidant, unoxomer, 
effectively inhibited oxidative changes in canola oil stored for 12 days at 65°C when 
added at levels of 2000-4000 ppm. The levels of 500 and 1000 ppm unoxomer 
delayed oxidation. 

Erucic acid (C22: 1) confers certain physical properties to rapeseed oil. Ap- 
pleqvist [42] reported that high-erucic-acid rapeseed oils had lower specific gravities 
(in the range of 0.906-0.914) than low-erucic-acid oils. Their results indicate a 
specific gravity of 0.9171 for canola oil (0.7% erucic acid) compared to 0.9159 for 
the high erucic acid (23%) fully refined oil. The higher specific gravity of 0.9187 
observed for soybean oils was explained by the high linoleic acid content of this oil 
compared to canola, a high-oleic-acid oil. 

Other Lipids 
The nontriacylglycerol portion of crude rapeseed oil makes up 2-3% of the total oil 
and consists primarily of free fatty acids, monoacylglycerols and diacylglycerols, 
phosphatides, glycolipids, and unsaponifiables. Free fatty acids (about 1 % of the 
total oil) and partially esterified glycerols are related in composition to the triacyl- 
glycerol fraction [43]. 

8.3.2 Functional Properties 

SoIU bi lity 
The isoelectric pH of rapeseed protein has been reported to be lower (pH 3.5) than 
soybean proteins. 
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Water Absorption 

The water-binding properties of a protein determine the extent of its interaction with 
water. Sosulski et al. [44] reported that rapeseed protein products had a high water 
absorption. 

Oil Absorption 
Naczk et al. [45] reported that canola meals prepared by the methanol-ammonia 
treatment showed higher fat absorption than laboratory-produced, hexane-extracted 
canola meals. 

Etnulsihing and Foaming Properties 
Khalil [46] studied the foaming capacity of proteins of several oilseed. Foaming 
capacity was best for rapeseed protein, followed by soybean and sunflower seed 
protein. It was concluded that the foaming behavior follows a pattern paralleling pH 
solubility profile. 

8.4 Sunflower Oil 

Sunflower oil has major uses as a cooking oil and margarine. The oil has differing 
fatty acid composition if it is grown in northern climates as compared to southern 
climates. According to Erickson et al. [47], oil from northern-grown seeds has a high 
linoleic acid content (64%) and low linolenic acid content ( ~ 1 % ) ;  whereas oil from 
southem-grown seeds contains a low linoleic acid content (49%) and a high oleic 
acid content (34% vs. 21%). 

Sunflower [Hefianthus annuus variety macrocarpus (DC) Ckll] is known in 
two types: oilseed and nonoil or confectionary. The confectionary type is consumed 
as whole roasted seed and represents less than 10% of total sunflower production 
[48]. The fatty acid composition of sunflower oil is primarily palmitic (7.2%), stearic 
(4.1%), oleic (16.2%), and a large portion of linoleic (72.5%) [49]. 

Sunflower oil is extracted from the seed or kernels using similar equipment 
and conditions as for soybean oil. After cleaning, drying, and dehulling, the oil is 
extracted by either mechanical-extraction, prepress solvent-extraction, or by direct 
solvent-extraction methods. Other processes such as bleaching, deodorizing, and win- 
terization are also used to prepare the oil for food uses. Sunflower oil is considered 
a premium oil as well as being one of the most palatable vegetable oils. Recent 
developments in genetic modification of the seeds have resulted in new high oleic 
and "ultrahigh oleic" sunflower oils with high oxidative stability. Naegley [50] and 
Honary [51] reported on the performance of sunflower oil for industrial applications. 

Naegley [52] compared the oxidative stability of several vegetable oils includ- 
ing high-oleic and very high-oleic sunflower oils in the presence of oxygen (Fig. 
21.6). In order to further improve the oxidative stability of sunflower oil, Naegley 
compared the effects of two antioxidants, tocopherol and TBHQ, on the oil using 
the Active Oxygen Method (AOM) (Fig. 21.7). 

The physicochemical characteristics of sunflower oil were reported by Weiss 
(1983) in Ref. 3 as follows: 

Density at 60°C: 0.894-0.899 
Titer ("C): 17-20 
Melting point ("C): 0 
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Figure 21.6 Viscosity increase of base oils in the presence of oxygen (10 L/h) at 120°C. 
(From Ref. 52.) 

Figure 21.7 Effect of TBHQ and tocopherol on the stability of high-oleic sunflower oil 
(From Ref. 52.) 
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Smoke point ("C): 250* 
Refractive index (at 25°C): 1.4597 
Iodine value: 128 
Saponification value: 191 
Free fatty acids (%): 0.01-0.03" 
Unsaponifiables (%): 0.3-0.5 
AOM time (h): 10-15" 

8.5 Corn 

Corn is one of the major cereal grains, after wheat and rice, grown throughout the 
world. The oil content of the corn kernel, on a moisture-free basis, is about 5% as 
compared to soybean, which is about 20% [53]. New genetic research has resulted 
in the development of the soy called high-oil corn, which contains about 8% oil. 
The high-oil corn, however, can be directly utilized for commercial oil extraction. 
The high-oil types are generally low yielders and need to be genetically improved 
for better agronomical performance. The oil is concentrated in the germ and is re- 
covered both by wet milling, in the production of starch, and by dry milling, in the 
production of grits, meal, and flour. More than 90% of the corn grain produced is 
processed and fed to animals in the Western world, whereas in Asia and Africa, 
almost all grain produced is utilized for human consumption by traditional process- 
ing, without separating the germ [54]. 

Corn is a premium oil because of its high polyunsaturated fatty acid content 
and its low content ( ~ 1 % )  of linolenic acid. Leibovitz and Ruckenstein [55] list the 
fatty acid composition of corn oil as follows: lauric acid (0.1 %), myristic acid (0.2%), 
palmitic acid (1 1.8%), palmitoleic (trace), stearic acid (2.0%), oleic acid (24. I %), 
linoleic acid (61.9%), and linolenic acid (0.7%). 

The physicochemical characteristics of corn oil were reported by Salunkhe et 
al. [56] as follows: 

Specific gravity: 0.91 8-0.925 
Density at 60°C: 0.892 -0.897 
Titer ("C): 18-20 
Melting point ("C): 0 
Refractive index (at 25°C): 1.4596 
Iodine value: 103-133 
Saponification value: 187-195 
Free fatty acids, as oleic (%): 0.03 -4 
Unsaponifiables (%): 1.2-2.8 

8.6 Safflower Oil 

Safflower is grown in the southwest United States and has been considered for use 
in industrial applications. Safflower oil has a high linoleic acid content (73%) and a 
low linolenic acid content (<1 %), therefore commanding premium prices. A high- 
oleic variety containing 78% oleic and 12% linoleic is available [57]. According to 
Salunkhe et al. [58], the ranges for five important fatty acids of high oleic safflower 

*Note: For refined, bleached, and deodorized oil [Adams (1982) in Ref. 31. 
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Table 21.8 Fats and Oils Composition 

Fatty acid component 
Vegetable based 

coco 
Canola CLStOI butter Coconut Corn Cotton Crambe Linseed Olive 

c 4  Butanoic (butync) 
C6 Hexanoic (caproic) 
C8 Octanoic (capryhc) 7 6  
c 1 0  Decanoic (capnc) 1.7  
CI0: I Decenoic 
Total C10 7.3 

C12 Launc (dodecenoic) 48.2 0. I 0.1 
C12:I crs-9-Dodecenoic 
Total C12 48.2 0. I 0.1 
Cl4 Myristic (tetradeceoic) 0.5 16.6 0.7 0.7 
c14:  I cis-9-Tetradecenolc 
Total C14 0 5  16.6 0.7 

CI5 Pentadecanoic 
Total C15 

C16 Palmitic 3.2 12 25 .0 8.0 11.5 21.6 2.0 5.5 9.0 
(hexadecanoic) 

C16: I ris-9-Hexadecenoic 0.2 1.0 0.6 0.4 0.6 

Total C16 3.2 1.4 25.0 9.0 115 222 2.4 5 5  9.6 
C17 Heptadecanoic 0.1 
C17: 1 Heptadecenoic 0.1 
Total C17 0.2 

C18 Stearic (octadecanoic) 0.9 1 .0 34.5 3.8 1.2 2.6 0.4 3.5 2.7 
C18: 1 Oleic (crs-9- 60.8 3.0 36.5 5 .0 26.6 18.6 16.9 19.1 80.3 

octadecenoic) 
C18:2 Linoleic (cis-9.. cis- 19.0 3.5 2.5 58.7 54.4 8.6 15.3 6.3 

12-
octadecatrienoic) 

C18:3 Linolenic (cis-9-, cis- 9.1 0.2 0.5 0.8 0.7 6.4 56.6 0.7 
I?-
octadecadienoic) 

C18:4 crs-6-. cis-9-,crs-12-. 
<is-15-
octadecatnenoic 
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C18 4 (0H)  Ricinoleic (12- 89.2 
hydroxy-cis-9-
occadeconoic) 

C18(OH), Dihydrox ystearic 1.4 
TOWC18 95.8 98.3 74.5 113 88.3 76.3 32.3 94.5 90.0 
C19 Nonadecanoic 
Total C19 

c 2 0  Eicossanoic (1.3 0.3 0.5 0.4 
(arachidic) 

c 2 0  1 crs-9-. or cis-I I - 3.2 
Eicosenoic 

c 2 0  2 Eicosadienoic 
c 2 0  3 Eicosanienoic 
c 2 0  4 Arachidonic (cis-S-,  

crs-8.. cis-1 I-. crs-
14-eicosaretraenoic) 

c 2 0  5 Eicosapentaenoic 
Total C20 0.3 0 3  3.7 0.4 

c 2 2  Docosanoic (behenic) 0.2 2.0 
c 2 2  I cis-13-Docosenoic 1.0 57.2 

(erucic) 
c 2 2  2 Docosadienoic o.x 
c 2 2  5 4,8,12,15,19-

Docosapentaenoic 
C22 6 Docosahexacnoic 
Total C22 1.O 0.2 60.0 

C24 Tebacosanoic 
(ligonocenc ) 

C24 I Tetracownoic 
Total C24 
Other\ I .6 
Toial 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Chermcal Values 
Iodine baluc 94- 126 81-91 81-91 7-12 I IX-128 YK-llX 91 155-205 80-88 
SAP value 186-198 176-187 177-187 250-264 187-193 I89- I98 I 69 188- 196 188-196 
of 011 

Melting point -20 to -10 23-26 - 1 2 1 0 - 10 -2  to 2 -20 
("C I 

Titcr (of \pht 20- 24 14-20 30- 37 19-21 17-26 
acids) f"C) 
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Table 21.8 Continued 

Fatty acid component 
Vegetable based 

Palm kernel Palm oil 

Palm kernel Olein Steanne Palm oil Olein Steanne Peanut Rapeseed Safflower 

c 4  Butanoic (butyric) 
C6 Hexanoic (caproic) 0.2 0.1 
C8 Octanoic (caprylicj I .4 4.3 2.4 
CIO Decanoic (capric) 2.9 3.7 3.2 
c10:  I Decenoic 
Total C10 2.9 3.7 3.2 

c12 Launc (dodecenoicj 50.9 42.6 55.2 0.3 0.2 0.7 
c12:  I cm9-Dodecenoic 
Total C12 50.9 42.6 552 0 3  0.2 0.7 

C14 Mynstic (tetradeceoic) 18.4 12.4 19.9 1.1 1.o 1.5 0.I 0.1 
C14: I as-9-Tetradecenoic 
Total C14 18.4 12.4 19.9 1.1 1.0 1 5  0.1 0.1 

c15 Pentadecanoic 
Total C15 

Clh Palminc 8.7 8.4 8.1 42.9 39.8 55.7 11.1 4.0 6.5 
(hexadecanoic) 

C16: I cis-9-Hexadecenoic 0.2 0.2 0.2 0.1 
Total C16 8.7 8.4 8.1 43.1 40.0 55.7 113 4.1 6 5  

C17 Heptadecanoic 0.1 
C17:l Heptadecenoic 0.1 0.1 
Total C17 0.1 0.2 

Cl8 stearic (octadecanolc) I .9 2.5 3.3 4.6 4.4 4.8 2.4 1.3 2.5 
C18: 1 Olev (cis-9- 14.h 22.3 6.9 39.3 42.5 29.5 46.7 17.6 12.5 

ocradecenoic) 
CIX:2 Linoleic (cis-9-, CIS- 3.4 0.8 10.7 11.2 7.2 32.0 12.7 17.5 

12-octadecanienoic) 
1.2 

C18:3 Linolenic (cis-9-. cis- 0.4 0.2 0.I 5.3 
12-octadecadienoic) 

C18:4 cis-6.. cis-9.. cis-I 2.. 
cis-1 5-octadecatnenoic 

C18 :*OH) Ricinoleic (1 2-
Hydroxy-c-9-
octadeconoic) 
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C18(OH), Dihydroxystearic 
Total C18 17.7 28.2 11.0 55.0 583 41.6 81.1 36.9 92.5 

C19 Nonadecanoic 
Total C19 

c20 Eicossanoic 0.1 0.1 0.3 0.4 0.4 1.3 0.9 0.5 
(arachidic) 

c20:1 crs-9- or cis-11- 0.1 1.6 10.6 0.5 
Eicosenoic 

c20:2  Eicosadienoic 
c20:  3 Eicosatrienoic 
C20:4 Arachidonic (cis-5-. 

cis-8-, cis-1I - ,  cis-
14-eicosatetraenoic) 

C20:5 Eicosapentaenoic 
Total CM 0.2 0.1 0.3 0.4 0.4 2.9 115 1.o 
c22 Docosanoic (Behenic) 0.I 0.I 0.1 2.9 0.7 
c22:  1 cis-13-Docosenoic 45.8 

(erucic) 
C22:2 Docosadienoic 0.1 
c 2 2 : s  4.8,12,15,19-

Docosapentaenoic 
C22 :6 Docosahexaenoic 
Total C22 0.1 0.1 0.1 2.9 46.6 

C24 Tetracosanoic I .5 0.2 
(Iignnixenc) 

C24 : I Tetrxosenoic 0.6 
Total C24 1 5  0.8 
Orhers 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Chemical 
values 

Iodine 14-19 23-31 6-9 50-55 56 min. 48 max. M-100 100-110 140-150 
Value 

SAP Value 245-25.5 196-202 188- 195 183-188 188-194 
of 011 

Melting 24-26 27-50 -2  -710 -10 I8 to -16-
point ("C) 

Titer (of split 20-28 40-47 26-32 23-26 16-18 
acids) ("C) 
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Table 21.8 Continued 

Fatty acid component 
Vegetable based Animal based Marine based 

Yellow 
soybean Sunflower Tall oil Butter Lard Tallow grease Herring Menhaden Sardine 

c 4  Butanoic (butync) 2.3 
C6 Hrxanuic (caproic) 1.6 
C8 Octanorc Icaprylic) 1.5 
CI0 Decanoic (capnc) 2.2 
C10. I Decenoic 0.4 
Total C10 2.6 
C12 Launc (didedecenoic) 2.5 0.3 
C12: I cr\-9- Dodecenoic 0.2 
Total C12 2.7 0.3 

C14 Mynvuc (tetradeceoic) -0.1 8.2 1.7 3.O 2.6 7.6 7.3 6.0 
C14. I cis-9-Teuadecenoic 2.6 0.2 0.4 0.3 
Total C14 0.1 10.8 1.9 3.4 2.9 7.6 7.3 6.0 

C15 Pentadecanoic 0.1 0.4 0.4 
Total C15 0.1 0.4 0.4 
C l 6  Palmitic 10.5 7.0 0 2  25.8 26.2 26.3 26.3 18.3 23.6 10.0 

(hexadecanoic) 
C l 6 :  1 cis-9-Hexadecenoic 4.6 4.0 2.6 3.2 8.3 9.9 13.0 
Total C16 10.5 7.0 0.2 30.4 30.2 2a.9 29.5 26.6 335 23.0 

C17 Hepradecanoic 0.5 0.4 0.3 0.5 0.9 
C17: 1 Heptadecenoic 0.3 0.4 
Total C17 0.8 0.8 0.3 0.5 0.9 

C18 Steanc (cctadecanoic) 3.2 9.1 13.5 22.4 18.4 2.2 2.6 2.0 
C18: I Olric (ri.7-9- 22.3 3.3 32. I 42.9 43.1 45.3 16.9 17.0 24.0 

octadecenoic) 
CIB:2 Linoleic (ris-9.. cis- 21 0 36.0 4.Y 9.0 1.4 3.6 1.6 1.2 

12-octadecamenoic) 
54.5 

CIX.3 6X.0 2.U 0.3 0.6 

8 3  
Cl8 :4  c15-6-. cis-9-, <is-l2-, 0.7 4.1 

cis- IS-cmadecatrienoic 
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C1X :4(OH) Ricinoleic (12- 
hydroxy-cis-9-
octadeconoic) 

ClX(OH), 
Total C18 

Dihydrox ystearic 
883 93.0 96.8 48.1 65.7 66.9 673 213 24.9 26.0 

C19 Nonadecanoic 1.2 
Total C19 1.2 

c20 Eicossanoic 0.2 0.7 0.2 
(arachidic) 

c 2 0 :  I cis-9.. or ris-l l- 0.9 0.7 0.8 9.4 
eicosenoic 

c 2 0 : 2  Eicosadienoic 0.3 
c 2 0 : 3  Eicosatrienoic 0.2 
C20 :4 Arachidonic (cis-5.. 0.4 3.4 26.0 

cis-X-. cis-11-,C I S -

c20:5  
Total Cu) 

14-eicosatetraenoic) 
Eicosapentaenoic 

1.1 1A 1 .o 
8.6 
18.4 

12.0 
15.9 26.0 

c22 Dcxosanoic (hehenic) 
c 2 2  : 1 C I S -13-Docosenoic 11.6 

c 2 2  ;2 
(erucic) 

Docosadienoic 1.7 
c22  :5 4.8.12.1 5.19- 1.3 9. I 19.0 

Docosapentaenoic 
C2? :6 Docosahexaenoic 7.6 
Total C22 20.5 10.8 19.0 

C24 Tetracosanoic 

C24 1 Teiracosenoic 
(Iigoncrenc) 

0.4 0.8 
Total C24 0.4 0.8 

Others 1.6 4.3 4.3 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Chemical 
values 

Iodine value 120- 141 125- 116 122-142 25-42 s3-57 4n-s2 50-65 123-142 140-1xx 170-193 
SAP value I R9- 195 IRR-194 197-200 233-240 1%-202 192-202 190-202 1x0-192 189-193 1x9- 191 
of 011 

Melting -27 to -20 -18 to -16 28-35 33-46 40-47 
point ("0 

Titer (of \plit 20-21 16-20 4-15 33-38 12-47 40-47 39-43 23-27 27-28 3 1-37 
acids) ("C) 

Noie. Typical percent composition determined by chromotography. Some values obtained f rcm literature. 
Source: Karlshamns USA, Inc., T ~ p i c dForp Acid Composilions of Selrrrrd Ediblc Fats and Oik. Karlshamns USA, Inc.. Jmnrsville. W I  (no date) 
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1124 Honary 

oil were palmitic acid (0.9-3.1%), stearic acid (9.4- 12.0%), oleic acid (65.9-
73.4%), and linoleic (65.9-73.4%). 

Many other vegetable oils have been explored for industrial and hydraulic uses. 
Recently, due to environmental concerns, most growers groups in the United States 
have explored new uses of their vegetable oils. Table 21.8 presents the fatty acid 
profiles of several vegetable oils, including most of the aforementioned oils. These 
are products that are commercially available in the United States and are represen- 
tative of the fatty acid compositions. 

9 VEGETABLE OILS IN HYDRAULIC USE 

Although all of these fatty acids play an important role in the characteristics of the 
oil, various research results have indicated that some are more critical if the oil is 
to be used as hydraulic fluid. Naegley [59] used the active oxygen method (AOM) 
to show how the percentage of oleic acid (total 18:1) relates to the oxidative 
stability, which is an inherent weakness of most vegetable oils (Fig. 21.8). Hydraulic 
and other industrial fluids must have a high degree of oxidative stability to perform 
in the demanding industrial applications where high pressures, high temperatures, 
exposure to metals, and moisture could cause the oil to oxidize. Naegley's data 
present only the percentage of oleic acid and their relationship to oxidative stability. 
Other fatty acids, too, have an impact on the oxidative stability of the vegetable oils, 
although to a lesser extent than oleic acid. One that is particularly observed is the 
percentage of linolenic acid, which, due to its unsaturated nature, plays an important 
role in the oxidative stability. 

4 nn
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Figure 21.8 Oxidative stability versus percent oleic value. (From Ref. 52.) 
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1125 Vegetable-Based Hydraulic Oils 

Honary [60] showed that common vegetable oils in their untreated but fresh 
crude form pass the wear protection of the ASTM D-2882 pump test. When crude 
and filtered commodity soybean oil, for example, was used in the ASTM D-2882 
pump test, the cam ring and vanes showed a combined wear amount of 40 mg. 
Figure 21.9 shows vane pump components used in the ASTM D-2882 and D-2271 
tests. This is less than the typical 50-mg limit of wear expected of an oil to pass this 
test. The oil, however, showed a considerable amount of change in viscosity, indi- 
cating oxidation. This problem was evident in tests of hydrogenated soybean oil, as 
well as other vegetable oils. In fact, in some cases, it was observed that the addition 
of antiwear additive packages resulted in a poorer wear-protection performance for 
the vegetable oil than the untreated oil. This is a cause for concern regarding the 
suitability of some of the pump tests that have been designed for petroleum-based 
fluid. Untreated vegetable oils used in the ASTM D-2882 showed high levels of 
polymerization after use. 

Figure 21.10 illustrates the hydraulic test setup for the ASTM D-2882 and D-
227 1. These tests require a Vickers 104-C vane pump to be operated at 13.79 t 
0.28 MPa (2000 t 40 psig) for 100 h at an elevated temperature of 65 2 3°C (150 
2 5°F) for the ASTM D-2882 test and 6.89 -t 0.14 MPa (1000 +_ 20 psig) for 1000 
h at 79 t 3°C (175 t 5°F) for the ASTM D-2271 test. According to Honary, most 
vegetable oils perform well in the ASTM D-2882, which is a 100-h test to determine 
wear-protection performance of antiwear hydraulic fluids. It is the changes in the 
viscosity of the vegetable oils that need to be the focus of most tests dealing with 
vegetable-based oils. The ASTM D-2271 is a 1000-h test and untreated vegetable 
oils show as much as 100% or more change in their viscosity by the end of this test. 
Furthermore, pump tests that use higher pressures than either D-2882 and D-2271 
increase the viscosity change dramatically. For example, according to Honary [61], 
a vegetable-based tractor hydraulic fluid which showed only 7% change in viscosity 

Figure 21.9 ASTM pump wear-test setup as presented by ASTM (1990). 
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1126 Honary 
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Figure 21.10 Components of the Vickers 104-C pump as presented by ASTM (1990). 

in an ASTM D-2271 test, showed 67% change in viscosity when the same test was 
modified and run at 3000 psi, instead of the standard 1000 psi. 

To test vegetable-oil performance in hydraulic pump tests, Honary [62] rec- 
ommended the use of ASTM D-2271, which is a 1000-h test at a lower pressure 
(1000 psi) versus 2000 psi for ASTM D-882, but at a higher temperature of 79°C 
(175 2 5°F) instead of 65°C (150 2 5°F) in ASTM D-2882. The reason was to 
expose the oil to an extended period of time to better assess its oxidative stability 
as observed by increases in viscosity. Honary [63] further used hydraulic pump test 
results to confirm the relationship between percentages of fatty acids and changes in 
viscosity as a measure of oxidative stability (Table 21.9). 

The three fatty acids which have the most noticeable impact on the viscosity 
of the oil are as expected: oleic, linoleic, and lenolenic. Figures 21.1 1, 21.12, and 
2 1.13 present graphical representations of the relationships between individual fatty 
acid contents and changes in viscosity in the ASTM D-2271 tests. 

Vegetable oils also show a dramatic change in their total acid number (TAN) 
when they oxidize. Oxidation of untreated vegetable oils in a hydraulic system cor- 
respond to an increase in the TAN along with rancidity odor. Vegetable-based hy- 
draulic fluids should be tested for changes in viscosity as well as TAN, along with 
other properties such as cleanliness that are commonly tested on conventional hy- 
draulic fluids. Honary [64] documented changes in the TAN of several vegetable oils 
in ASTM D-2271. Table 21.10 presents the results of several tests. 

10 ROLE OF LUBRICANTS IN HYDRAULIC SYSTEMS 

Hydraulic oil performs several major functions, including energy transfer, sealing, 
heat removal, removal of wear materials, friction reduction, and self-conditioning. 
The self-conditioning of the oil is its property to dissipate heat and entrapped air, to 
allow settling of suspended contaminants, and to present a certain degree of emul- 
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1127 Vegetable-Based Hydraulic Oils 

Table 21.9 Relationship Between Fatty Acid Contents and Changes in Viscosity in ASTM D-2271 (104-C), loo0 Hours at 79°C 

Percentage of fatty acids 
A Viscosity (cSt) 

1 6 : O  16: I 18 :O 18:1 18:2 18:3 in 1000-h test 
Vegetable-oil types (Palrnitic) (Palmitoleic) (Stearic) (Oleic) (Linoleic) (Linolenic) (% change) 

Cmde soy oil (extracted) I 1  0.1 4.2 23.4 52.5 8.8 43.86 (146.6%) 
Low-linolenic soy oil 9.7 0.0 4.2 32.9 50.3 2.9 39.56 (126.3%) 
PHW soybean oil 9.5 4.0 37.5 42.31 4.7s 17.83 (46.2%) 
Crude soy oil (expelled) 11 0.I 4.2 23.4 52.5 8.8 34.25 (1 10%) 
UHO sunflower oil 4.0 0.0 1.4 86.8 6.2 0.1 16.23 (40.1 %) 
HO sunflower 3.5 0.1 4.8 78.2 13.3 0.I 19.24 (50.03%) 
HO canola oil 3.4 0.2 2.0 76.5 8.1 7.0 19.53 (51.13%) 
HO canola (low linolenic) 4.0 3.0 76.0 I 1  3.0 14.08 (da)  
Palm olein 39.6 4.6 43.3 1 1  12.97 (31.04%) 

~ ~~~~~ 

Nore: Crude soy oil (extracted) = conventional hexane extracted soyhean oil; crude soy oil (expelled) = extruded and then expelled soybean oil; PHW = partially 
hydrogenated wintenzed; UHO = ultrahigh oleic: HO = high oleic. 
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Figure 21.11 Relationship between the oleic acid content and changes in viscosity. 

sification while maintaining a desired level of demulsibility. Additionally, the oil 
should be able to maintain its chemical properties when exposed to various chemicals 
in the presence of pressure-induced heat [65]. When evaluating a vegetable-based 
oil for hydraulic use, parameters to look for are the following: 

Viscosity of the oil according to ASTM D-445 and D-88 at specific 
temperatures
Viscosity index of the oil as determined from tables in ASTM D-2270, 567, 
and 39B 
Oxidation stability using ASTM D-943, 942, 2893, 2272, and 2619 

Untmted 0118, Fatty Acld 18:P VI.Chanw 
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Figure 21.12 Relationship between the linoleic acid content and changes in viscosity. 
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Figure 21.13 Relationship between the linolenic acid content and changes in viscosity. 

Thermal stability using ASTM standards for % viscosity increase (ASTM 
D-2161) 
Antifoaming properties using ASTM D-892 
Antiwear performance using ASTM D-2882 and D-2271 
Hydrolytic stability using ASTM D-2619 
Shear stability using ASTM standards 
Extreme-pressure test using ASTM D-2509, 2782, 2596, 2783, and 2672 
Load-carrying ability using ASTM standards 
Electric strength using ASTM standards 
Rust and oxidation inhibition using ASTM B-117, D-1748, D-665, D-1743 
Pour point using ASTM D-97 
Flash point using ASTM D-92 
Water emulsification ASTM D-27 1 1 and demulsification D- 140 1 

11 CHEMISTRY OF PETROLEUM-BASED HYDRAULIC OILS 

The term “oil” is ambiguous and has several legitimate meanings. Two that are 
often confused are hydrocarbon and triglyceride oils. Triglyceride, which is vegetable 
or seed based, is not a hydrocarbon, which is a compound of hydrogen and carbon; 
rather, it is a mixture of partially oxygenated hydrocarbons [66]. Most hydraulic oils 
are petroleum based. Petroleum in its crude form is made up of various hydrocarbons 
differentiated by their molecular weight and structure. Table 21.1 1 presents a variety 
of hydrocarbons found in crude oil and their approximate boiling range and the 
ranges of their boiling points [67]. 

Figure 21.14 illustrates typical hydrocarbon configurations. In addition to the 
hydrocarbons, crude oils contain various other compounds, some of which are en- 
vironmentally undesirable and functionally pose performance limitations. Those com- 
pounds include sulfur, nitrogen, oxygen, various metals such as vanadium and nickel, 
and some water and salt [68]. Comparatively, the fatty acids common in most veg- 
etable oils are presented in Table 2 1.12. 
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Table 21.10 Relationship Between Fatty Acid Contents and Changes in TAN in ASTM D-2271 (104-C), loo0 Hour at 79°C (175 t 5°F) 

Percentage of fatty acids 

16:O 16: 1 18:O 18: 1 18:2 18:3 A TAN 
Vegetable-oil types (Palmitic) (Palmitoleic) (Stearic) (Oleic) (Linoleic) (Linolenic) (5% change) 

Crude soy oil (extracted) 1 1  0.1 4.2 23.4 52.5 8.8 0.17 (26.2%) 
Low-linolenic soy oil 9.7 0.0 4.2 32.9 50.3 2.9 - 1.39 (- 70.2%) 
PHW soybean oil 9.5 - 4.0 47.5 42.3I 4.75 0.17 (45.9%) 
Crude soy oil (expelled) 11 0.1 4.2 23.4 52.5 8.8 0.20 (40%) 
UHO sunflower oil 4.0 0.0 1.4 86.8 6.2 0.1 -0.23 (-9.3%) 
HO canola oil 3.4 0.2 2.0 76.5 8.1 7.0 -0.33 (-39.8%) 
HO canola (low linolenic) 4.0 - 3.0 76.0 1 1  3.0 0.18 (58.1%) 

Nor?: Crude soy oil (extracted) = conventional hexane extracted soyhean oil; Crude soy oil (expelled) = extruded and then expelled soybean oil; P H W  = partially 
hydrogenated winterized; UHO = ultrahigh oleic; HO = high oleic. 
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Table 21.1 1 Hydrocarbon Components and Approximate 
Boiling Range (in “C) 

Natural gas hydrocarbons Below -20 
Gasoline components 30-200 
Diesel and home heating oils 200-350 
Lubricating oils and heavier fuels Above 350 

Source: Ref. 67. 

Gapinski et al. [69] reported the percentages of saturates, monounsaturates, and 
polyunsaturates in common vegetable oils. Table 21.13 presents these percentages 
for 10 of the most common vegetable oils in their natural state (no hydrogenation 
or genetic modification). 

Both petroleum and vegetable oils are subject to oxidation, particularly when 
used in industrial applications such as hydraulic fluid. Oxidation of hydrocarbons at 
low temperatures is called autoxidation. In its initial stage, it is characterized by a 
slow reaction with oxygen, followed by a phase of increased conversion, until the 
process eases continuation [70]. The degradation is driven by an autocatalytic re- 
action consisting of four distinct stages: ( 1 )  initiation of the radical chain reaction, 
(2) propagation of the radical chain reaction, (3) chain branching, and (4) termination 
of the radical chain reaction. This is similar to the polymerization process, which is 
often terminated by the introduction of impurities or elimination of the free radicals. 

In vegetable oils, the fatty acid compositions play an important role in the 
stability of the oil. As the amount of unsaturation increases, for example, so does 
the relative rate of oxidation. A vegetable oil that has a high degree of polyunsatur- 
ation would tend to oxidize and polymerize when exposed to the metallic components 

H H H H H  H H H H  
I I I  I I I I  I I 

H - C - H - H - C - C - C - C - H  H - C -  CnC-  C - H  ”\ r 
I I I I I I I 7H H H H  H H H /‘\H 

H - C - C - H  
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Figure 21.14 Typical hydrocarbon configurations. (From Ref. 68.) 
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Table 21.12 Fatty Acids Common in Most Vegetable Oils 

Name Abbrev. Formula Class 

Palmitic C16 CH,(CHZ),,-COOH Saturated 
Stearic C18 CH,(CH,),,-COOH Saturated 
Oleic 
Linoleic 

C18: 1 
C18:2 

CH,(CH2),-CH=CH-(CH2),-C0OH
CH,(CHJ,-CH=CH-CH,-CH=CH-(CHL)I-COOH 

Unsaturated 
Polyunsaturated 

Linolenic C18:3 CH,CH2-CH=CH-CH,-CH=CH-CH2-CH=CH-(CH,),-COOH Polyunsaturated 
~~ 

Source: Kaufman in Ref. 66. 
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Table 21.13 Composition of Common Vegetable Oils 

Oil Monounsaturates Pol yunsaturates Saturates 

Olive 75% 11% 14% 
Canola 58% 36% 6% 
Peanut 48% 34% 18% 
Palm 39% 10% 51% 
Corn 25% 62% 13% 
Soy be an 24% 61% 15% 
Sunflower 20% 69% 1 1 %  
Cottonseed 19% 54% 27% 
Safflower 13% 78% 9% 
Coconut 6% 2% 92% 

Source: Ref. 69. 

of the hydraulic system, in the presence of oxygen and pressure induced heat. Table 
21.14 presents the relative rates of oxidation of unsaturated fatty acids [7 13. 

The melting points of fatty acids vary due to their levels of saturation or un- 
saturation. As indicated earlier, the melting point of partially hydrogenated vegetable 
oils could be reduced by the winterization process. The melting points of individual 
fatty acids were reported by Swern [72]. Although the oil’s melting point may differ 
as a whole, Table 21.15 shows the melting points of individual fatty acids. 

Vegetable oils are excellent producers of energy. The potential use of vegetable 
oil as diesel fuel has resulted in the creation of a large body of knowledge about 
this area of use. The overall efficiency for sunflower oil, for example, is the highest 
of all the farm fuel alternatives. Studies of the use of vegetable oils as diesel fuel 
indicate that there are similarities between the two areas. Shultz and Morgan [73] 
reported that for bio-diesel fuels, different fatty acids affect the stability and melting 
point of an oil. Unsaturation is a desirable property for maintenance of liquidity at 
low temperature, but undesirable with respect to oxidative stability. 

In general, vegetable oils are water insoluble. The vegetable-oil molecule has 
a carbon chain that is much longer than the carbon chain of a diesel fuel. Vegetable 
oils have 5- 18% less energy content than diesel fuel. The amount of decrease in 
energy content compared to diesel fuel depends on the type of the vegetable oil. 

Table 21.14 Relative Rates of Oxidation 
of Unsaturated Fatty Acids 

Fatty acid Relative oxidation rate 

Stearic 0.6 
Oleic 6 
Linoleic 64 
Linolenic 100 

Source: Ref. 7 I .  
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Table 21.15 Melting Points of Selected Triglycerides 

Fatty acid Carbons Melting point ("C) 

Myristic 14 :0 57.00 
Palmitic 16 :0 63.5  
Stearic 18:O 73.1 
Oleic 1 8 :  1 5.5 
Linoleic 1 8 : 2  - 13.1 
Linolenic 18 : 3 -24.2 

Source: Ref. 72. 

An empirical equation can be used to calculate the gross heat of combustion 
based on the saponification value and the iodine value. Kaufman [74] presented the 
equation as follows: 

Heat of combustion (caVg) = 11,380 - (Iodine value) 
- 9.15(Saponifaction value). 

Kaufman et al. [75] compared the fuel properties of No. 2 diesel fuel with crude 
(filtered) sunflower oil (Table 21.16). 

Other physical property differences between vegetable oils and diesel fuel in- 
clude higher specific gravities along with higher flash, cloud, and pour points for 
vegetable oils. High specific gravities result in greater densities and weight per unit 
volume. A higher flash point reduces fire hazard. Higher cloud and pour points may 
become a limitation for the use of vegetable oils as fuel in colder climates. 

One method of changing the physical properties of the vegetable oils to be 
more comparable with those of diesel fuels is to blend the vegetable oils with diesel 
fuel. Vegetable oils blend well with diesel fuel and do not show tendencies to separate 
or settle out. 

Several tests of (treated) soybean oil mixed with petroleum-based hydraulic 
fluid showed that vegetable oils mix well with petroleum oils. Honary [76] reported 
the result of ASTM D-2271 tests using a mixture of soybean-based hydraulic fluid 
with a typical antiwear petroleum-based hydraulic fluid. The mixture showed little 
increase in the viscosity of the oil. Further testing of a soybean-based hydraulic fluid 
in mobile equipment that had some residual petroleum-based hydraulic oil showed 
no adverse impact on the performance of the vegetable-based oil (Table 2 1.17). 

11.1 Solubility 

Vegetable oils are miscible with many organic solvents, particularly those that do 
not form hydrogen bonds (that are polar and aprotic). Several solvents have been 
experimented on for miscibility because of their use in the solvent-extraction process 
of the seed oil. Pride [77] indicates that in order to have miscibility, the oil and the 
solvent should have properties in the same order of magnitude. Solubility character- 
istics can be estimated from dielectric constants or solubility parameters as a measure 
of polarity. Examples of the dielectric constants of some of the common liquids are 
as follows: water (dielectric constant = 78.5), ethanol (dielectric constant = 24.3), 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



Vegetable-Based Hydraulic Oils 1135 

Table 21.16 Comparison of Fuel Properties of No. 2 Diesel Fuel and Sunflower Oil 

Sunflower oil 
Property No. 2 diesel fuel crude/fil tered 

Density 847 921 
Gross heating value (HL)  3 8,400 36,600 
Cetane rating 48 28 
Viscosity (mm'/s) 

0°C 6.4 188 
100°C 2.4 34 

Pour point ("C) -50 -9 
Cloud point ("C) -17 -7 

Source: Ref. 75. 

hexane (dielectric constant = I .89), and vegetable oils (dielectric constant = 3.0-
3.2). 

12 COMPATIBILITY WITH RUBBER HOSES 

In general, vegetable oils are shown to be compatible with common hydraulic hoses. 
Several tests of compatibility were conducted to determine the interaction of various 
vegetable oils with rubber hoses [78]. The test procedure included exposing a seg- 
ment of a hydraulic hose to a specific volume of the test oil for a period of 72 h at 
100°C (212°F) and measuring the increase in the volume of the hose. This test was 
described by Hedges [79] for use when no information is available on the compat- 
ibility of the elastomeric material for a given fluid. Accordingly, a clean 1000-mL 
glass flask is filled with 700 mL of the fluid to be tested and the rubber hosing to 
be used is cut into a convenient segment. The chunk of rubber hosing should be 
measured, obtaining values for mass, width, length, and height of the sample. The 
volume of the sample before testing is determined by immersing it in water to 
determine the amount of water displaced by the sample. Observations should be 
made and recorded for the appearance and feel of the sample. A hot plate is set up 
with a thermal control device to heat the fluid to a constant temperature of 100°C. 
A segment of the rubber hosing is placed into the flask with the fluid, and the flask 
is placed on the hot plate to be heated at 100°C (212°F) for 72 h, magnetically 
stirring the hose. The flask may be heated for 72 continuous hours or the testing 
time may be broken up into convenient time periods to equal 72 h. After the test is 
completed, the rubber sample should be removed from the fluid and washed in soap 
and water. The sample should be inspected for any stickiness or visual swelling. Any 
change in appearance or consistency, such as wearing away of the rubber or gum- 
miness due to chemical reaction, should be recorded. Volumetric expansion of each 
sample can be determined by immersing it in water and determining the amount of 
water displaced. Length, width, height, and mass of the sample should be measured. 
All measurements should be recorded and compared to the original values, and any 
significant differences should be noted. Honary [80] reported on the results of three 
tests of hose compatibility as follows: 
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Table 21.17 Performance of Mixtures of Soybean Hydraulic Fluid and Conventional Hydraulic Fluid in ASTM D-2271 

Percentage of fatty acids 
A Viscosity (in cSt) 

1 6 : O  16: 1 18:O 18: 1 18:2 18:3 in 1000-h test 
Vegetable-oil types (Palmitic) (Palmitoleic) (Stearic) (Oleic) (Linoleic) (Linolenic) (% change) 

1. PHW soybean oil 9.5 - 4.0 47.5 42.3I 4.75 17.83 (46.2%) 
2. HO canola (low linolenic) 4.0 - 3.0 76.0 1 1  3.0 14.08 (da)  
3. Mixture of 50-50 of oils 1 and 2 16.76 (46.5%) 

(above) 
4. Conventional petroleum hydraulic oil 0.67 ( I  .5%) 
5. Soybean-based tractor hydraulic fluid 2.05 (4/6%) 

(based on PHW above) 
6. Mixture of 50-50 of oils 4 and 5 0.67 (1.6%) 

(above) 

Note: PHW = partially hydrogenated winterized; HO = high oleic. 
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1. Rubber hosing tested at 104°C (219.2"F) for 94 h in crude soybean oil. 
The sample showed an increase of less than 10%for all the measurements 
with 0% water volume displacement (as measured). No significant signs 
of wear were evident on the sample. No corrosion of the rubber or burning 
was noted. Some swelling of the ends of the hosing was noted, but the 
amount was small. Compatibility with the rubber hosing does not appear 
to be a significant problem for the crude soybean oil. 

2. Rubber hosing tested at 100°C (212°F) for 100.5 h. The expansion for all 
measurements was less than 10%, with 0% water volume displacement (as 
measured). When the rubber hosing was wiped with a paper towel, some 
rubber wiped off on the towel. However, it was discovered that rubber 
hosing which had undergone no testing performed in the same manner. 

3. Rubber hosing tested in a commercially available rapeseed-based hydraulic 
oil containing full additive package at 103°C (217.4"F) for 78.25 h. The 
hose volume increase from 7.5 cm' to 8.0 cm', an increase of 6.25%. This 
expansion, although within the acceptable limits of under 10%, could be 
attributed to the presence of additives in the oil. 

Volume expansions of 40-50% were noted when the same test was repeated 
for methyl esters derived from various vegetable oils. This is mainly due to the 
solvent properties of the esters, which when used as bio-diesel could interact with 
the rubber fuel lines. 

13 OTHER PROPERTIES OF VEGETABLE OILS 

13.1 Film Thickness 

Film thickness tests of three soybean oils and a fully formulated soybean-based 
mobile hydraulic fluid were conducted using an optical interferometry elasto-hydro- 
dynamic (EHD) rig [811. Furthermore, a conventional petroleum-based mobile hy- 
draulic fluid was tested for comparison purposes. The rig incorporated a 3/4-in. steel 
ball rolling against a 6-in. glass disk. The film thickness interference fringes were 
obtained under the following conditions: 

Load ( W )  = 40 Ib-ft (max. Hertzian pressure Ph = 153 ksi) 
Temperature ( T )  = 40°C (104°F) and 75°C (167°F) 
Rolling Speed U,,,= 10, 20, and 40 in./s 
Viscosity and density of the tests oils as presented in Table 21.18 

Table 2 1.19 presents the film thicknesses of the test oils and three rolling speeds 
at the two temperatures. In lubricants, the measured film thickness increases with 
the rolling speed and decreases with the temperature. The lower thermal reduction 
factors (defined as + = -dH/dT) the higher resistance to film thickness variation as 
the temperature changes. In this case, soybean oil showed more favorable film 
thickness- temperature characteristics than the formulated petroleum sample. Both 
crude soybean oils (both were expelled oils) showed a high resistance to temperature- 
induced film-thickness variations. Under elastohydrodynamic conditions, the viscos- 
ity of lubricants tend to increase drastically with pressure. To describe such behavior, 
an experimental function may be used to model the viscosity-pressure relationship: 
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Table 21.18 Viscosity and Density of the Test Oils 

Viscosity (cSt) at 
Density 

Test oil 40°C 100°C (g/cm') 

Crude soybean #1 30.7 7.8 0.890 
Crude soybean #2 31.1 7.4 0.885 
Partially hydrogenated soybean 35.6 7.9 0.830 
Formulated soybean hydraulic oil 48.1 10.5 0.897 
Formulated petroleum hydraulic oil 56.9 9.4 0.874 

Table 21.19 Film Thickness at Selected Temperatures and Rolling Speeds 

Temperature Rolling speed Film thickness 
Oil ("C) (in./s) b i n . )  

Crude soybean #1 40 10 3.O 
20 3.6 
40 6.7 

75 10 2.1 
20 3.1 
40 3.8 

Crude soybean #2 40 10 3.1 
20 5.4 
40 6.5 

75 10 2.2 
20 3.O 
40 5.8 

Partially hydrogenated soybean 40 10 2.3 
20 4.9 
40 7.5 

75 10 2.2 
20 2.7 
40 4.3 

Formulated soybean hydraulic oil 40 10 2.5 
20 6.5 
40 10.3 

75 10 2.4 
20 2.7 
40 3.3 

Formulated petroleum hydraulic oil 40 10 2.7 
20 6.9 
40 11.8 

75 10 2.2 
20 2.3 
40 3.1 

Soume: Ref. 81. 
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Table 21.20 Estimated Viscosity-Pressure Coefficients 

Estimated viscosity-pressure 
Test oil coefficients (MPa- ') 

Crude soybean #1 1.91 X 10-' 
Crude soybean #2 1.17 X 10-' 
Partially hydrogenated soybean 2.01 x 10-' 
Formulated soybean hydraulic fluid 2.71 X 10-* 
Formulated petroleum hydraulic fluid 2.64 X 10-' 

Source: Ref. 81. 

where '1 is the viscosity at pressure p ,  qodenotes the viscosity at ambient pressure, 
and a is the viscosity-pressure coefficient. Direct measurement of OL is a difficult 
task because high pressures of 1 GPa are required. This is not often available from 
the lubricant suppliers and, therefore, a safe estimated value for mineral oils was 
used (a= 2 X 10-* MPa-'). This is a rather safe estimate, as the viscosity-pressure 
coefficients of most lubricants is around this value. Using regression from the mea- 
sured film thickness, values which were shown in Table 21.19, the estimated 
viscosity-pressure coefficients of the test oils were determined and are presented in 
Table 21.20. 

Finally, another property of vegetable oils reported [82] is the ultrasonic ve- 
locities in some vegetable oils. Using a simple Hartley circuit with a piezoquartz in 
the oscillating circuit, ultrasonics of about 7 mcycle/s were generated. To determine 
the ultrasonic velocities in the oils, the following procedure was used: (1) A parallel 
beam of monochromatic light was passed through the oil; (2) the sound waves were 
passed through the light, focusing onto a photographic plate; and (3) the diffraction 
rate of effect produced was used to calculate the sound velocities. Using this method, 
Table 21.21 shows the sound velocities determined for several vegetable oils. The 
data presented in Table 21.21 indicate that despite their higher viscosity than other 
organic compounds, the sound velocity is below 100 m / s  observed in glycerine [83]. 
However, due to the fact that (1) lowering of velocity occurs in esters and (2) gly-

Table 21.21 Sound Velocities Determined for Several Vegetable Oils 

Temperature Frequency of Sound velocity 
Oil ("C) oscillation (mcycleh) W S >  

Olive oil 32.5 7.03 1381 
Sesame oil 32.5 7.189 1432 
Rapeseed oil 30.75 6.977 1450 
Coconut oil 31.0 6.970 1490 
Peanut oil 31.5 7.054 1562 
Linseed oil 31.5 7.107 1772 
Mustard oil 31.5 6.934 1825 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



1140 Honary 

Table 21.22 Adiabatic Compressibility of Several Vegetable Oils 

Adiabatic 
Temperature compressibility 

Oil (“C) Density ( X  lO/atm) 

Olive oil 32.5 0.904 58.73 
Sesame oil 32.5 0.916 53.94 
Rapeseed oil 30.75 0.912 52.71 
Coconut oil 31.5 0.916 49.79 
Peanut oil 31.5 0.914 44.35 
Linseed oil 31.5 0.922 34.97 
Mustard oil 31.5 0.904 33.61 

cerine having three OH groups takes three acid radicals during esterification, the 
observed velocities conform to previous works. The lower velocity in such high- 
viscosity oils give absorption coefficients very near the theoretical values. 

Using the determined sound velocities and the densities of these oils, Pancholy 
et al. calculated the adiabatic compressibilities of the vegetable oils. Table 2 1.22 
presents the results of their calculations. Because the chemical compositions of the 
oils are not definite, the values of velocities and compressibilities of these oils can 
be taken as representative for each case. 

14 BIODEGRADABILITY 

One of the most important advantages of vegetable oils for use in industrial appli- 
cations is their inherent biodegradability. There are reasons, other than regulatory 
requirements, for users to switch to vegetable-based hydraulic fluids. These include 
long-term risk management, a genuine concern for the environment, and the fact that 
vegetable oils are renewable and often home-grown. In Europe, there have been 
government mandates requiring the use of “biodegradable’ ’ lubricants in some ap- 
plications or regions; in the United States the future of such regulations is sketchy. 
Many of the standards of biodegradation, as well as definitions associated with bio- 
degradability, are still under development. A recent survey of hydraulic fluids sold 
in the United States as biodegradable indicated that such claims are based on varied 
interpretations. With time, however, there will be more uniformity and acceptability 
of some of the current standards. There will be additional standards created to more 
directly address biodegradability of vegetable oils. 

According to the California Advertising Statute, amended in 1991, a manufac- 
turer cannot claim a product is biodegradable unless it meets the following definition: 

Biodegradable means that a material has the proven capability to decompose in the 
most common environment where the material is disposed of within 3 years through 
natural biological processes into nontoxic carbonaceous soil, water, carbon, dioxide or 
methane [84]. 

Several ASTM committees have been working on developing approved definitions 
and standards for biodegradability, biotoxicity, and ecotoxicity. Many of the defini- 
tions that apply to vegetable oils are recently approved or are still in the approval 
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process. As detailed discussion of biodegradability is not in the scope of this chapter, 
ASTM publications should be consulted when designing hydraulic fluids for 
biodegradability. 

Biodegradation may be defined as the process of chemical breakdown or trans- 
formation of a oil caused by organisms or their enzymes. A material may be consid- 
ered completely biodegraded if it is totally utilized by micro-organisms and even- 
tually forms carbon dioxide and water; this is called ultimate biodegradation. For an 
oil to be considered biodegradable, it should meet the ultimate biodegradability test. 
This is a test that estimates the extent to which the carbon in a material is converted 
to CO, or methane. This can be accomplished either by measuring the CO, or meth- 
ane or by measuring the 0, consumption and indirectly determining CO, consump- 
tion. A recognized test of ultimate biodegradation is the Modified Sturm Test or the 
OECD 301B. A recently completed standard by ASTM for ultimate biodegradation 
is ASTM D-5864, which is similar to the Modified Sturm Test and is especially for 
determining the aerobic aquatic biodegradability of all lubricants and their compo- 
nents. Both tests measure the evolution of CO, in 28 days. ASTM D-5864 is the 
Test Method for Determining the Aerobic Aquatic Biodegradation of Lubricants. 

Primary biodegradation refers to degradation of the oil by microorganisms re- 
sulting in a change in its physical andor chemical properties. The most common 
test for primary biodegradation is one designed by the Coordinating European Coun- 
cil for Biodegradability of Two-Stroke Cycle Engine Oils in Water, CEC L-33-A-94 
(formerly CEC L-33-T-82). This test is one of the most often mentioned methods of 
determining and claiming biodegradability by oil manufacturers, but the test is only 
for determining the primary biodegradability of lubricants and does not meet the 
standard for (ultimate) biodegradability. In this method, infrared spectroscopy is used 
to measure the disappearance of certain hydrocarbons over a 2-day period, when the 
lubricant is mixed with inoculum-containing microorganisms. 

Harold [84] reported on typical biodegradability values of common oils in the 
CEC L-33-T-82 (Table 21.23). 

Many European test methods and standards have been adopted or redesigned 
in the United States. Although it is most desirable to determine the evolution of CO, 
in the test oil, easier methods have been used to measure the oxygen uptake. Com- 

Table 21.23 CEC L-33-T-82 Test Results for 
Common Oils 

Amount 
Type of oil biodegraded 

Mineral oil 15-35% 
White oil 25-45 % 
Natural and vegetable oils 70- 100% 
PAO 5-30% 
Polye ther 0-25% 
PIB 0-25% 
Phthalate and trimellitate esters 5-80% 
Polyols and Diesters 55-100% 

Source: Ref. 84. 
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Table 21.24 Comparison of Biodegradability Test Procedures for Oil-Soluble Lubricants 

Test Sample 
Aeration duration Temp. conc. Inoculum Inoculum Biodegradation Pass 

Test method (days) ("C) (mg/L) (CFU) source Medium parameter Criteria 

CEC L-33-T-82 Shaken 21 25 50 10" Sewage Nutrient IR absorption 70-80% loss 
effluent solution CH2-CH, loss 

Modified Sturm Blowing 28 20-25 10-20 10"to 20 Sewage Nutrient CO2 released/DOC 60% CO2 
OECD 301 B air x 106 effluent solution within 28 

days 
Modified MITI Stimng 28 20-25 100 107-10R Mixed sewage Nutrient 0, depletion/DOC Biodegrade to 

OECD 301 C from 10 solution 60% of 
different BOD in 28 
plants days (70% 

loss of 
parent 
compound) 

OECD 301 C Closed 28 20 20-10 104-106 Mixed sewage Nutrient O2 depletion 60% of 
bottle from solution theoreticdo, 

specified depletion in 
sources 28 days 

Source: Ref. 84. 
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monly accepted tests for measuring the consumption of 0, include the Closed Bottle 
Test (OECD No. 301D), the MITI test (OECD No. 301C), and the Biological Oxygen 
Demand (BOD) versus Chemical Oxygen Demand (COD) method. In the BOD/COD 
test, BOD is measured by the oxygen content in a closed bottle containing water 
and a contaminated substance for a 0-, 5-, 1 5 ,  and 28-day period, whereas COD 
involves boiling the substance with chromic plus sulfuric acid to obtain total chem- 
ical oxidation and to measure the remaining oxidant capacity of that mixture through 
Fe,/Fe, titration. Table 21.24 presents a comparison of some of these tests for 
lubricants. 

The following is a list of relevant standards and organizations useful for ref- 
erences: 

ASTM E-943, Definition of Terms Relating to Biological Effect and Envi- 
ronmental Fate 
ASTM E-1440, Acute Toxicity Test with the Rotifer Brachions 
ASTM D-5864, Test Method for Determining the Aerobic Aquatic Bio- 
degradation of Lubricants 
IS0  Test 9439:1990, Technical Corrigendum 1, Water Quality Method by 
Analysis of Released Carbon Dioxide (International Organization for 
Standards) 
Organization for Economic Cooperation and Development (OECD) Guide- 
lines for Testing of Chemicals: 

OECD 301B, CO2 Evolution Test (the Modified Sturm Test). 
OECD 301C, Modified MITI Test. 
OECD 301F, Manometric Respirometry Test 
OECD 201, Alga, Growth Inhibition Test 
OECD 202, Daphnia sp., Acute Immobilization test and Reproduction 
Test 
OECD 203, Fish, Acute Toxicity Test 
OECD 207, Earthworm Acute Toxicity Test 
OECD 208, Terrestrial Plants Growth Test 

US EPA Aerobic Aquatic Biodegradation Test, 40 CFR 796.3260 (EPA Pub- 
lication 560/6-82-003, number CG-2000) 

15 GLOSSARY 

Acid Number. A measure of the amount of KOH needed to neutralize all or 
part of the acidity of a petroleum product. 

Acid Value (Neutralization Value). The number of milligrams of potassium 
hydroxide required to neutralize one gram of sample. 

Acute Ecotoxicity. The propensity of a material to produce adverse behavior, 
biochemical, or physiological effects in non-human organisms or populations 
in a short period of time, usually not constituting a substantial portion of the 
life span of the organism. 

Aerobic. (1) Taking place in the presence of oxygen; (2) living or active in 
the presence of oxygen. 

Anaerobic. (1) Taking place in the absence of oxygen; (2) living or active 
in the absence of oxygen. 
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Bactericide. Additive to inhibit bacterial growth in the aqueous component 
of fluids, preventing foul odors. 

Base Number. The amount of acid (perchloric or hydrochloric) needed to 
neutralize all or part of a lubricant’s basicity, expressed as KOH equivalents. 

Boiling Point. The temperature at which a liquid substance turns into a gas 
or liquid. Assumed to be at standard pressure unless otherwise indicated. 
Sometimes present as a temperature range if an exact value is unavailable. 
Sometimes accompanied by a note such as dec (decomposes) or expl 
(explodes). 

Boundary Lubrication. Lubrication between two rubbing surfaces without 
the development of a full fluid lubricating film. It occurs under high loads 
and requires the use of antiwear or extreme-pressure (EP) additives to pre- 
vent metal-to-metal contact. 

Caprylic Acid. A fatty acid obtained from coconut oil for use in synthesizing 
dyes, drugs, perfumes, antiseptics, and fungicides. 

Carbon Chain Composition. The carbon chain composition, based on 
weight percent, usually determined by gas chromatography. 

Cetane Number. A measure of the ignition quality of a diesel fuel, as deter- 
mined in a standard single cylinder test engine, which measures ignition 
delay compared to primary reference fuels. The higher the Cetane Number, 
the easier a high-speed, direct-injection engine will start and the less “white 
smoking” and “diesel knock’’ after start-up. 

Cloud Point. The temperature at which a cloud of wax crystals appears when 
a lubricant or distillate fuel is cooled under standard conditions. Indicates 
the tendency of the material to plug filters or small orifices under cold- 
weather conditions. 

Color. A means of quantifying the effect of color-bearing moieties, typically 
determined by percent transmission at 440/5550 nanometers (nm), Lovibond 
(5:-in. cell), APHA and 1963 Gardner tube. 

Demulsibility. A measure of a fluid’s ability to separate from water. 
Denatured Ethyl Alcohol. Made by yeast fermentation of carbohydrates or 

by hydrolysis of ethylene for solvents, cosmetics, and as a oxygenated gas- 
oline additive. 

Ecotoxicity. The propensity of a material to produce adverse behavioral, bi- 
ochemical, or physiological effects in nonhuman organisms or populations. 

Elasto-hydrodhynanic Lubrication (EHD). A lubricant regime character- 
ized by high unit loads and high speeds in rolling elements where the mating 
parts deform elastically due to the incompressibility of the lubricant film 
under very high pressure. 

Emulsifier. Additive that promotes the formation of a stable mixture, or emul- 
sion, of oil and water. 

Evaporation Rate. The rate of evaporation for a liquid, in unitless values 
relative to butyl acetate, which is assigned an evaporation rate of 1. 

Fat. An animal- or marine-derived triglyceride. 
Fatty Acid, Food Grade (FG). Fatty acid food-grade additives are defined 

by the USA Food and Drug Administration in 21 CFR, Section 172.860 
which includes “. . . manufactured from fats and oils derived from edible 
sources.’ ’ 
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Fatty Acid. National Formulary (NF). Includes those fatty acids exempt 
from the edible source requirements as defined in USP/NF 1995 edition. 
These fatty acids are derived from edible sources and may be used internally. 

Fatty Acid. National Formulary -External Use Only (NF-EXT). These 
fatty acids are exempt from the edible source requirements as defined in 
USP/NF. 

Flash Point. The temperature at which the vapor of a liquid can be made to 
ignite in air. 

Free Fatty Acid (as Oleic). A method for expressing the percentage of free 
acids in terms of oleic. Usually, it is used to indicate the degree of refining 
of the glycerides. 

Furfural. Obtained by steam distillation of acidified plant materials for poly- 
mers and foundry binders. 

Glycerine. A by-product of splitting or saponification of fats and oils, or 
made by petrochemical synthesis for cosmetics, food, drugs, and polyure- 
thane polymers. 

Glycerine, High Gravity. A technical-grade glycerine used for industrial 
applications. 

Glycerine, USP. A high quality glycerine manufactured to meet the specifi- 
cations contained in the U.S. Pharmacopoeia, Vol. 23, 1995 edition. These 
products are used in demanding applications, including the cosmetics, food, 
and pharmaceutical industries. 

Hydrogenation. The process of reducing unsaturation, as measured by the 
iodine value. 

Hydrolytic Stability. Ability of additives and certain synthetic lubricants to 
resist chemical decomposition (hydrolysis) in the presence of water. 

Inoculum. Spores, bacteria, single-celled organisms or other live materials 
that are introduced into a test medium. 

Iodine Value (IV). A measure of the degree of unsaturation of a product, 
expressed as centigrams of iodine absorbed per gram of sample. 

Lecithin. A by-product of soy-oil extraction used as an emulsifying agent 
and antioxidant in foods. 

Magnesium Stearate. A surfactant made from tropical-oil fatty acids and 
inorganic materials for use in lubricant, adhesive, and detergent 
manufacturing. 

Melting Point. The temperature at which a solid substance becomes a liquid, 
or at which a liquid substance solidifies. Assumed to be at standard pressure 
unless otherwise indicated. Sometimes present as a temperature range if an 
exact value is unavailable. Sometimes accompanied by a note such as dec 
(decomposes) or sub1 (sublimes). 

Myristic Acid. Obtained by fractional distillation of coconut and other veg- 
etable oils for soaps, cosmetics, and synthesis of esters for flavors and 
perfumes. 

Neutralization Number. A measure of the acidity or alkalinity of an oil. The 
number is the mass in milligrams of the amount of acid (HCI) or base (KOH) 
required to neutralize one gram of oil. 

Oleic Acid. Obtained by fractional crystallization from mixed fatty acids for 
candles, soaps, and synthesis of other surfactants. 
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Oxidation. Occurs when oxygen attacks petroleum fluids or vegetable oils. 
The process is accelerated by heat, light, metal catalysts, and the presence 
of water, acids, or solid contaminants. It leads to increased viscosity and 
deposit formations. 

Oxidation Inhibitor. Substance added in small quantities to a lubricant prod- 
uct to increase its oxidation resistance, thereby lengthening its service or 
storage life; also called antioxidant. 

Pumpability. The low-temperature, low shear stress -shear rate viscosity 
characteristics of an oil that permit satisfactory flow to and from the unit’s 
oil pump and subsequent lubrications of moving components. 

RTECS. A substance’s identification number on the U.S. Registry of Toxic 
Effects of Chemical Substances, a database by the National Institute for 
Occupational Safety and Health (NIOSH). More information is available at 
the RTECS home page at NIOSH. 

Saponification Value. Number of milligrams of potassium hydroxide nec- 
essary to convert all saponifiable constituents into potassium soap. Measures 
the combined and free fatty acids present and allows for the calculation of 
average molecular weight. 

Saturated (Hard). Describes the intentional hydrogenation of the double 
bonds in a fatty acid or glyceride, resulting in less unsaturation. Measured 
by iodine value. 

Sebacic Acid. Made by high-temperature cleavage of castor oil for use as an 
intermediate chemical in the manufacture of polymers and plasticizers. 

Specific Gravity. The ratio of the mass of a substance to the mass of an 
equal volume of distilled water at 4°C. A unitless quantity. 

Stoke (St). A unit. Kinematic measurement of a fluid’s resistance to flow 
defined by the ratio of the fluid’s dynamic viscosity to its density. 

Tall Oil (Crude). A by-product of paper production (chemical pulping) that 
is refined into rosin and fatty acids. 

Tallow Fatty Acids. Made from splitting tallow for direct use as lubricants 
or in greases, and for separation into pure fatty acids. 

Titer (Titre). Solidification point of fatty acid or acids resulting from hydro- 
lysis of the glyceride. It is a function of the chain length and the degree of 
saturation of the component acids and is commonly expressed in degrees 
centigrade, as determined by standard methods established by the American 
Oil Chemists’ Society (AOCS). 

Viscosity Index (VI). A measure of the oil’s resistance to viscosity change 
at extreme temperatures. High-viscosity-index fluids tend to display less 
change in viscosity with temperature than low-viscosity-index fluids. 

Unsaponifiable Matter. Measurement of the nonfatty matter present in the 
product, other than moisture and insolubles. 

Unsaturated (Soft). Describes the existence of double bonds in a fatty acid 
or glyceride, measured by iodine value. 

Vegetable (Veg). Describes a fatty acid source from all vegetable materials. 
Water Solubility. An indication of the solubility in a substance, sometimes 

listed in relative terms (very soluble); sometimes listed quantitatively (5 mg/ 
mL). 
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Electro-rheological Fluids 

CHRISTIANWOLFF-JESSE 
Hoveloh 6a, Ascheberg, Germany 

1 INTRODUCTION 

The term “electro-rheological fluid” (ERF) refers to a substance whose rheological 
behavior can be varied by the influence of a strong electrical field. Depending on 
field strengths, the physical state of ERFs can be varied from a solid to a liquid 
within a millisecond, depending on the field strength. In hydraulics, the electro- 
rheological (ER) effect may be used to control pressures and volume flows in electro- 
rheological flow resistors and for the construction of valves of simple design, which 
operate without moving parts. The ER effect was discovered in 1939 by Winslow 
L 2 1 .  

Electro-rheological fluids consist of a dispersion of conductive solid particles 
within a dielectric carrier fluid. The addition of “activators,” which may be dispersed 
into the ERF, may be required to facilitate or reinforce the ER effect. For many 
years, water was considered one of the most important components for the formu- 
lation of electro-rheological fluids. However, the poor reproducibility of fluid prop- 
erties and highly temperature-dependent behavior of water-containing ERFs inhibited 
development of electro-rheological applications. These early problems have been 
overcome through evolutionary technical developments which will be discussed here. 

In closed systems, the ER effect can be used to dissipate energy. In open 
systems, actuators may be constructed which transfer hydraulic energy from pump 
flow into mechanical work. The development of new anhydrous ERF particles com- 
posed of soft synthetic materials to avoid the danger of abrasive effects within the 
hydraulic circuit has facilitated the design of hydraulic systems employing ERFs. 

Electro-rheological fluids are typically used in applications that fit one of three 
possible operational modes: shear, flow, and squeeze modes. (These will be discussed 
in detail in Sec. 2.2.) In the shear mode, the electrodes are moved relative to each 

1153 
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cluch engine mount 

Figure 22.1 Possible methods of application of ERF in the shear mode. 

other, as illustrated in Fig. 22.1. This operational mode is utilized in clutches and 
engine mounts [3,4]. 

The flow mode occurs when the ERF flows between two stationary electrodes. 
Possible fields of application for the flow mode include hydraulic valves, engine 
mounts, shock absorbers in motor vehicles and aircraft chassis, and vibration dampers 
for machine tools [5-91. Figure 22.2 represents the application of ERF in the flow 
mode in an adaptive motor vehicle shick absorber [101. 

In the squeeze mode, the electrodes are moved in the field direction relative to 
one another. The squeeze mode produces considerable forces with small amplitudes, 
such as those present in vibration dampers [11,12]. 

In addition to electro-rheological fluids, magneto-rheological fluids (MRFs) are 
also gaining ever-greater commercial acceptance. MRFs are also dispersions whose 
rheological properties vary in proportion to an applied magnetic field. However, 
because the magnetizable material in MRFs are normally metallic, these fluids are 
not suitable for use in hydraulic equipment because of their abrasive properties [ 131. 

In this chapter, various aspects of ERFs will be discussed; they include the 
following: 

Basic properties and operational modes 
Fluid structure -property relationships 
Testing and measurement of the ER effect 
Hydraulic application behavior of ERFs 
Hardware considerations for ERF hydraulic applications 

2 ELECTRO-RHEOLOGICAL FLUID FUNDAMENTALS 

Even after years of intensive research, a fundamental correlation of the physico- 
chemical properties involved in the ER effect has not been adequately developed. 
Nevertheless, models and calculation formulas which are suitable for the design of 
electro-rheological flow resistors are available and will be presented here. 
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,>--

Figure 22.2 ERF vehicle shock absorber. 

2.1 Electro-Rheological Theory 

One important theory is the model of chain formation. If an electrical field is applied 
to a nonoperative ERF via two electrodes, the formation of chain structures can be 
observed under the microscope. As represented in Fig. 22.3, the particles at first 
move freely within the dispersion before the electrical field is applied. When an 
electrical field is applied, the particles are polarized and the dipolar particles formed 
attract each other. This results in the formation of long chains orientated in direction 
of the lines of the electric field. However, it is important to note that this effect is 
not due solely to dipolar attraction forces but also to the conductivity of the particles 
and the carrier fluid [ 141. 

2.2 Rheological Basics 

Rheology is a branch of mechanics and is concerned with the flow properties of 
materials. The shear gradient, D,is defined as the variation of the velocity of neigh- 
boring fluid layers in direction y of the gap height, h (see Fig. 22.4) and the following 
correlation is effective: 

dvD = - (22.1)
dY 

The interrelationship between the shear stress, T ,  and the shear gradient, D,is the 
“flow law. ’ ’ 

Newtonian fluids possess a linear correlation between the load D and the re- 
sulting shear stress T.  The proportionality factor is defined as dynamic viscosity q. 
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Figure 22.3 Theory of chain formation. 

The slope of the straight line corresponds to dynamic viscosity q.This results in the 
Newtonian flow law (Newton's equation): 

T = qD (22.2) 

Fluids which exhibit nonlinear flow behavior are non-Newtonian fluids. 
Mathematical modeling of flow properties is application dependent. For ex- 

ample, dilatant behavior is characterized by increasing viscosity with increasing shear 
rate. Decreasing viscosity with increasing shear rates is characteristic of structure-
viscous (thixotropic) behavior. 

t 

shear rate D 

Figure 22.4 Flow curves. 
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The rheological behavior of an ERF in an electrical field can be modeled as a 
Bingham body. At lower shear stresses, these materials behave like elastic or vis- 
coelastic solids. Above a threshhold shear stress, the yield stress, the material be- 
comes fluid. The flow law for a Bingham body is 

T = 70 + r\BD (22.3) 

with D = 0 for T 5 T~),where rlB is the Bingham viscosity, T~)is the yield stress, and 
D is the shear gradient. 

2.3 Operational Modes 

As discussed earlier, the ER effect is utilized in one of three operational modes. 
These will be discussed in detail here. 

2.3.1 Shear Mode 

In the shear mode, the ERF is subjected to a stationary drag flow through a parallel 
gap. Assuming that the pressure is constant in the flow direction, both for Newtonian 
and an “ideal” ERF without field impact, the linear velocity profile within the gap 
is represented by Fig. 22.5. 

The shear mode can be employed in applications such as variable torque trans- 
fer in clutches and breaks, the adjustment of different damping characteristics in 
dampers and engine mounts and the determination of flow properties in rotary vis- 
cometers. In rotary viscometers, the fluid is sheared in an annular gap and the fluid 
parameters are deduced from the rotational frequency of the measuring body and the 
torque transmitted by the fluid for the determination of the flow curve and the flow 
law. 

2.3.2 Squeeze Mode 

In the squeeze mode, the electrodes are moved but not in the direction of the electric 
field lines, as illustrated in Fig. 22.6. The ERF is compressed and squeezed to the 
edge of the gap. In a low-load electric field, the ERF behaves like an elastic solid 
particle. It has been shown that under these conditions, significantly higher forces 
can be attained with correspondingly lower deformation amplitudes. 

Figure 22.5 Velocity profile of a Newtonian fluid in the shear mode. 
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Figure 22.6 Application of the ER effect in the squeeze mode. 

2.3.3 Flow Mode (Poiseuille Flow) 

The flow mode most often used in ERF hydraulic circuit design is the flow mode. 
In the flow mode, the ERF fluid is transmitted via a stationary throttle gap due to 
an adjacent pressure difference. E m s  can, from a rheological perspective, be con- 
sidered as plastic materials. When a sufficient electric field is applied, they exhibit 
a threshhold flow limit. At electric fields above this limit, fluid flow begins. Fluid 
shear stress is dependent on the shear gradient. Without the electric field, the ERF 
behaves like a Newtonian fluid. 

If the pressure gradient over the gap length is constant, the shear stress is linear 
over the gap height. The wall shear stress can be obtained from the balance of forces 
of pressure and friction. Generally, the following equation is applied: 

(22.4) 

where 

T~ = wall shear stress 
Ap = pressure difference 

h = gap height 
I = gap length 

For a Newtonian fluid, the paradolic velocity pro le illustrated in Fig. 22.7 
results. However, in the presence of an electric field, the E W  behaves like a Bingham 
body and exhibits the flow profile illustrated in Fig. 22.8. Decreasing shear stress in 
the direction of the gap center causes the development of the plug flow. The plug 
height h(E) is directly dependent on the yield stress T(E)  and is modeled by Eq. 
(22.5): 

(22.5) 

The shear areas at the edge exhibit a parabolic flow profile because the flow behavior 
is Newtonian. The relationship between volume flow and the adjacent pressure dif- 
ference Ap can be established from [151 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



Electro-rheologicalFluids 1159 

Figure 22.7 Velocity profile of a Newtonian fluid in the flow mode. 

(22.6) 

where 

Q = volume flow 
Ap = pressure difference 
q = dynamic at zero field 

T(E)= the electrorheological influenced yield stress 
h = gap height 
b = gap width 
I = gap length 

The complexity of the equation makes a theoretical calculation of flow res i stance 
very expensive. Therefore, a simplified calculation of the real flow behavior of an 
ERF in the flow mode was developed. 

2.4 Simplified Equations to Calculate the Flow Behavior of ERF 

A comparison of the pressure difference over an electrode gap is dependent on the 
volume flow in the flow mode and is illustrated in Fig. 22.9. The flow curve of a 
Bingham body, shown in Fig. 22.4, shows that the attainable pressure difference can 

4 
YL. 


Figure 22.8 Velocity profile of a Bingham plastics in the flow mode. 
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flow rate Q field strength E 

Figure 22.9 Idealized lamina flow characteristics of an ERE 

also be described as the sum of an electro-rheological yield pressure difference Ap(E) 
and a Newtonian basic pressure difference Ap(0): 

Ap = Ap(E) + Ap(0) (22.7) 

If the yield pressure difference Ap(E) depends only on the field strength and not on 
the shear gradient or on the volume flow, the flow pressure difference according to 
Eq. (22.4) is 

According to Eq. (22.8), the total pressure difference over an electrode gap is de- 
pendent on the yield stress and the geometrical dimensions: 

1 12Qql
Ap = 27(E) - + - (22.9)

h bhs 

This equation shows that the attainable pressure difference of an electro-rheological 
flow resistor with a given yield stress is dependent on gap geometry, viscosity, and 
volume flow. 

The switching ratio, G, which is the ratio of yield pressure difference Ap(E) 
and initial pressure difference Ap(O), is used in practical applications: 

(22.10) 

In this way, the ER effect in electro-rheological flow resistors can be quantitatively 
determined. 

3 STRUCTURE AND PROPERTIES OF AN ER HYDRAULIC FLUID 

3.1 Special Requirements of Hydraulic Fluids 

The use of electro-rheological fluids in hydraulic applications requires the use of 
ERFs with specific physical and chemical properties because they are not only used 
for the control of pressures and volume flow but also for the transfer of hydrostatic 
power. The design and construction of the hydraulic system necessitates particular 
properties of the pressure medium. Therefore, physical and chemical properties of 
the pressure fluid must be available. 
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In the subsequent discussion, the fluid properties and performance data of an 
ERF which was investigated in detail as part of a research project at the Department 
of Fluidpower Transmission and Control at the Rheinisch-Westfalische Hochschule 
Aachen will be presented as an example [16]. 

3.2 General Structure of the ERF 

The ERF that will be discussed here was a dispersion of conductive particles in a 
dielectric base fluid, or dispergent; in this case, a silicone fluid. The dispersed phase 
contained synthetic network-polyurethane particles. To improve serviceability, ad- 
ditional auxiliary dispersants and stabilizers were added to the dispersion 
[7,13,17,18]. Figure 22.10 illustrates the fundamental structure of the ERF [191. 

The silicone fluid was a synthetically produced, clear, odorless fluid commonly 
used in various industrial applications. Because of their extremely low conductivity 
and high breakthrough resistance, silicone fluids are very suitable for use as an ERF 
base fluid. Another advantage is that silicone fluids are obtainable in different vis- 
cosity categories and they are mutually compatible. Therefore, ERF fluid viscosity 
may be varied. 

To minimize flow loss in hydraulic resistors, an ERF should, if intended for 
use as a pressure transmission medium, exhibit a minimal viscosity. However, be- 
cause low-viscosity silicone fluids are poor lubricants, antiwear additives must be 
added to minimize wear in the hydraulic system. 

Although dispersant properties significantly affect thermal and tribological 
characteristics of the dispersion, the structure and the arrangement of the dispersed 
phase also significantly influences the electro-rheological effect. The minimal abra- 
siveness of soft polyurethane plastics are adequate for use in hydraulic circuits. 

The polarizability of the polyurethane particles, which is required for the elec- 
tro-rheological effect, is provided by the use of metal salts introduced into the poly- 
mer matrix. The quantity and the quality of the dissolved salts imparts the required 
electrical properties, which are dependent on polymer chemistry [171. 

3.3 Propertiesof the ERF 

An important property of pressure transmission media is the viscosity- temperature 
behavior. Figure 22.11 provides a comparison of the viscosity-temperature behavior 

dispersed phase I continuous phase 

polydimetylsiloxane oil crosslinked polyurethane 

= dissolved salts .dispersing agents 

volume fraction < 60% .stabilizers 

particle size app. 3-5 pm m density app. 0.92 g/cm3 

density app. 1.09 gkm3 

Figure 22.10 General design of the ERE 
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Figure 22.1 1 Viscosity-temperature behavior of the ERE 
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of an ERF dispersion (VI 492) and ISO-VG 32 and HLP 46 mineral oils (VI 91-
102). The superior viscosity-temperature behavior of the ERF becomes is apparent, 
as it exhibits the flattest viscosity versus temperature response, which is reflected in 
the viscosity index (VI). 

The viscosity -pressure behavior of the ERF at three different temperatures is 
illustrated in Fig. 22.12. The viscosity -pressure relationship at constant temperature 
can be approximated from 

(22.11) 

where qatmis the dynamic viscosity at atmosphere pressure, b = 0.69 X 10-3bar-' 
(ERF), and b = 1.7 X 10-3bar-' (mineral oil). The ERF exhibits a lower b value 
(pressure-viscosity coefficient) relative to the mineral oil, which means that the ERF 
will exhibit a lower load capacity. Lower b values indicate lower viscosity at the 
same pressure than a fluid with a higher b value. Because the load capacity of an 
oil is proportional to its viscosity under a given load, the ERF will exhibit a lower 
load capacity than the mineral oil. Therefore, the lower load capacity of the ERF 
must be accommodated in the design of highly loaded hydrodynamic mounts to 
minimize wear and avoid seizure. 

In Fig. 22.13, the primary hydraulic characteristics of the ERF are compared 
with a silicon fluid. The temperature behavior of the ERF is controlled by the prop- 
erties of the base oil. The low bulk modulus of the ERF will also influence the 
behavior of hydraulic control systems. 

4 CHARACTERISTICSOF ER FLUIDS IN HYDRAULIC SYSTEMS 

It has been shown that shear stress and shear gradients of ERFs, which are deter- 
mined by viscometry in the shear mode, cannot be transferred into the flow mode 
where hydraulic systems typically operate. Therefore, experimental examinations of 
ERFs in a flow resistor are required to determine the ER effect. The primary factors 
influencing flow behavior of an ERF in a hydraulic flow resistor will be discussed 
in the subsequent discussion. 

4.1 Test Equipment and Measuring Technique 

4.1.1 Test Bench 

A test bench, which was constructed mostly from conventional hydraulic compo- 
nents, was designed to examine flow properties of the ERF under the most realistic 
conditions. The hydraulic circuit diagram for the test bench is provided in Fig. 22.14. 
The pressure supply, which provides a constant volume flow of Qp= 11.4l/min, is 
provided by a gear pump driven by an electric motor. During testing and measure- 
ments, variable volume flow may be obtained using the flow control unit. The fluid 
is delivered through an electrode gap. At both the inlet and at the output, a pressure 
transducer is used to record the pressure difference. 

A 4/3-way switch valve which controls a hydraulic cylinder was installed be- 
hind the ER flow resistor. A simple analogous electronic system switches the valve 
to automatically reverse the cylinder in the end positions. Behind the actuator, an 
adjustable pressure relief valve, to increase the system pressure to pPRV= 70 bars, is 
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Figure 22.12 Viscosity-pressure behavior of the ERF. 

introduced into the circuit. Temperature controls, such as cooler and heating devices, 
are positioned in front of the reservoir. 

Because of the special structure of the ERF and the associated sedimentation 
tendency, the reservoir consists of a stainless-steel cylinder with a conical bottom, 
which is illustrated in Fig. 22.15. The reservoir return line is situated below the oil 
level, thus ensuring a favorable mixing of the ERF while minimizing the risk of 
foaming. 

The filter element indicated in Fig. 22.14 is exclusively used for cleaning the 
system with pure base fluid. ERF filtration is not possible because the dispersed 
phase would plug the filter element within a short time. 

4.1.2 Design of the ER Flow Resistor 

The electro-rheological behavior of the ERF is recorded using a flow resistor, as 
illustrated in Fig. 22.16 in sectional view. The flow resistor was designed as an 
annular gap consisting of a mandrel and a sleeve. This is constructed of dynamically 
balanced pivoting parts, which provides the advantage of low cost. In addition, the 
gap dimensions can easily be adjusted by varying the sleeve and mandrel. 

High voltage is applied to the outer-electrode sleeve and the inner electrode 
and all the other component parts are grounded. Insulation is provided at the ends 
of the sleeve to ensure centering of the sleeve and mandrel and to provide dimen- 
sional precision of the electrode gap. The cover and bottom of the resistor contains 
bolt holes where the pressure and temperature transducers are situated. The modular 
design of the resistor allows an easy variation of the gap geometry by making use 
of different sleeves and mandrels. 
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I parameter I dimension 1 silicon oil 1 ERF 

~ density g I m 3
(at 25°C) 

0,92 1,w 

dynamic viscosity mPa s
(at25°C) 

4,6 50 

kinematic viscosity mmZI s 
(at 25°C) 

5 48 

viscosity index 450 492 

ftame point 

ignition point 

thickening point 

neutralization number 

water content 

I 
I
1 
1 

OC 

OC 

mgKOH1g 

?40 

I 120 

400 

-100 

0,OO 

0,Ol 

1 
1
1 
1 

110 

400 

-60 

0,25 

0.04 

heat transfer I W I m K  0,116 I useless 

specific heat 

Bunsen number 

1 J b K  1,51 

0,174 

1 
1 

unknown 

unknown 

steam pressure 

specific volume 

1mbar (at 25°C) 

cmSI g 

1,93~10'~ 1 
1,09 1 

unknown 

unknown 

bulk modulus 'm2(at 1 bar) 9,843x 1O8 1,597.10' 

dielectricity DIN 5348350 Hz 2 3  unknown 

specifc resistor 4-1014 

break throw resistance kv 'Tat 20°C) 
120 useless 

Figure 22.13 Listing of fluid parameters. 

4.2 Influencing Parameters in Flow Mode 

The impact of volume flow, temperature, and system pressure level on the ER effect 
will be discussed in this subsection. The dimensions of resistor used for these mea- 
surements were as follows: 

gap height (h):0.75 mm 
gap length ( I ) :  40 mm 
average diameter (d,,,):12.25 mm 
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Figure 22.14 Hydraulic circuit of the load testing bench. 

4.2.1 Flow Rate 

Figure 22.17 illustrates the flow behavior of the ERF when subjected to an electric 
field. The solid line at the bottom of the figure, which describes the behavior without 
an applied electric field, shows the proportional flow behavior in a laminar throttle, 
which is typical of a Newtonian fluid. When influenced by an electrical field, the 

Figure 22.15 Design of the reservoir. 
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108 + gap length 

inletoutlel 

hoiJ olt 

transducer outer inner electrode lsolierung transducer 
connection electrode connection 

Figure 22.16 Cross section of the ER resistor. 

yield pressure difference develops, which is dependent on the height of the field 
strength. As the pressure continues to increase, the fluid begins to flow and the 
volume flow increases. Interesting, the curves in Fig. 22.17 are almost parallel. 

Figure 22.18 illustrates the effect of the pressure difference on field strength 
with respect to three different volume flows. The maximum pressure difference at- 
tainable at these gap dimensions is Ap = 8 bars. Before the application of an electric 
field, a small pressure difference exists with increasing volume flow. Figure 22.18 
illustrates that increases in the pressure difference only occur above a limiting electric 
field strength, Eo, which is dependent on volume flow. The limiting field strength 
increases with rising volume flow. 

The correlation between the attainable pressure difference and electric current 
is illustrated in Fig. 22.19. At a relatively low flow rate, Q = 2 L/min, the correlation 
is nearly linear. However, the correlation is increasingly nonlinear with increasing 

16 

L 


12

B U t9= 50 "Cc 


;
E 8  7 E= OkVImm 
a, 
 ---- E = 2,7kV I mmL
3 E....... E= 5,3kW I mm

v) 
v) ................... ........ 

g 4  ........... -.-.- E =  8kVlmm 


--*--- ER gap:*
----I-0 
0 2 4 6 8 h = 0,75mm 

flow rate / (Mmin) 

Figure 22.17 Influence of the flow rate on the pressure difference. 
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-Q = 2 I/min 

Q = 6 Vmin 
.......Q = 10 Vmin 


ER gap: 
I = 4 0 m m  

h = 0,75 mm 

8 dm= 12,25 mm0 2 4 6 
field strength / (kV/mm) 

Figure 22.18 Influence of the field strength on the pressure difference. 

flow rates. Generally, the increase in the pressure difference-current relationship is 
greater with decreasing flow rate. 

These results show that the ER effect in the flow mode is dependent on the 
flow rate delivered through the gap. This is reasonable because the flow-rate depen- 
dence on gap geometry also influences the shear gradient in the fluid. 

4.2.2 Temperature 

Fluid temperature also contributes to the ER effect. Figure 22.20 illustrates the effect 
of the pressure difference on the electric field strength. The pressure difference Ap(0) 
decreases with increasing temperature because the flow resistance decreases with 
decreasing viscosity. However, an increase in temperature with higher field strengths 

a U 6=50 "C
E 

-Q = 2 Umin 

----Q = 6 Vmin 
.......Q = 10 I/min 


ER gap: 
/ = 4 0 m m  

0 h = 0,75 mm 

0 2 4 6 8 

pressure differencd bar 

Figure 22.19 Conductivity in relation to the pressure difference. 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



1169 Electro-rheological Fluids 

16 

kl 
12 

B Q = 2 VminC
al 

b s 8 
U 
 ---- ,y= 5 0 " ~s ....... zY= 80°C
v)

v)

al 4h 


I =  40 mm 
h = 0,75mm0 


0 2 4 6 8 

field strength/ (kV/mm) 

Figure 22.20 Influence of the temperature on the pressure difference. 

increases the ER effect. This is indicated by the increasing slopes of the field 
strength-pressure difference curves. 

The effect of electric current on field strength is temperature dependent. In Fig. 
22.21, the current increases with increasing temperature, and at a temperature of 
6 = 8OoC, the power limit of the voltage supply used for this work was achieved. 
The attainable pressure difference and switching relation was enhanced with increas- 
ing temperature, but the current flowing through the electrode gap increases at the 
same time. 

Not only the maximum pressure difference and the switching relation but also 
electrical control power must be considered in the analysis of the ER effect. The 
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Figure 22.21 Influence of the temperature on the electrical conductivity. 
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importance of electrical control power of each individual ER valve must be consid- 
ered during the analysis of the entire hydraulic system. 

4.2.3 System Pressure Level 

According to Eq. (22.9), the attainable pressure difference is primarily dependent on 
the geometry of the electrode gap. Thus, it is theoretically possible to produce any 
magnitude of pressure difference by diminishing the gap height or enlarging the gap 
length. However, the limits of the reduction of gap height and enlargement of gap 
length are both set by the practical application. Whereas a reduction of the gap height 
increases the risk of electrical breakthrough, an increase of the gap is limited pri- 
marily by problems arising from the construction of the circuit. However, a series 
circuit of several single resistors may be used to achieve pressure differences of 150 
bars [16]. 

5 APPLICATION OF ERF IN HYDRAULIC SYSTEMS 

For the commercial application of ERFs, they must be stable, both in performance 
and oxidatively. To prevent wear damage by the solid particles due to high shear 
stress which would reduce the ER effect, they must neither be abrasive nor may they 
be too soft. In addition to determining ERF aging stability, compatibility with con- 
ventional hydraulic components is also important in the assessment of potential 
applications. 

To assess the applicability of the ERFs, hydraulic tests were conducted where 
the ERF was loaded with a system pressure of p L= 30 bars and a flow rate of QL= 
6 L/min in a bench test over a period of 2000 h. After 400 h of operation, the 
pressure-difference dependence on the field strength was determined using the mea- 
suring equipment described in Section 4. l .  l .  

5.1 Aging Stability 

Figure 22.22 illustrates the results of the ERF endurance test. These data indicate 
that no substantial changes which would impair the ER effect have occurred in the 
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Figure 22.22 Influence of test duration on the pressure difference. 
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Figure 22.23 Influence of test duration on the conductivity. 

fluid. It should be noted that the effect initially increases and then remains almost 
constant. Although the magnitude of this behavior was not always observed, gen- 
erally the fluids examined fluids typically exhibited an improvement, not a deterio- 
ration of the ER effect. 

Apart from the hydraulic power losses due to the pressure drop in the ER gap, 
electrical power consumption also plays an important role in the assessment of ERF 
efficiency. A correlation between the load duration and conductivity can be observed 
through power consumption, as illustrated in Fig. 22.23. Although the curves are 
subject to a certain degree of scattering, there is a clear tendency toward an increase 
of conductivity with prolonged load duration. 

Although the reason for the increase of conductivity was not clearly evident 
from this work, chemical characterization work has shown that trace amounts of 
metal ions accumulated in the ERE However, no metal particles attributable to ab- 
rasive wear processes was evident. The source of increase of the ferric ions in the 
ERF was not resolved. An accumulation of metal particles due to abrasive wear 
processes in the system, however, cannot be excluded because of insufficient 
filtration. 

In addition to the detection of the electro-rheological data such as the current 
and the pressure difference dependence on the field strength, the impact of viscosity 
and density of the ERF performance was examined. No significant variations due to 
the continuous-load test were observed. 

In summary, under the moderate conditions applied in these tests, the ERF 
showed an excellent aging behavior. The conductivity increase poses the only po-
tential problem that must be considered during the application of the ERF in a 
hydraulic system. 

5.2 Hydraulic Component Compatibility 

5.2.1 Elastomer Behavior 

To examine the compatibility of the ERF with different elastomers, swelling tests 
with different materials at ambient temperature and 74°C were conducted. After 5 
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days and at the end of the test, the mass, volume, and dimensions of the samples 
were measured and compared with the initial state. Figure 22.24 illustrates the results 
of these tests. 

The NBR materials examined showed a marked temperature dependence with 
regard to variation of mass, volume, and diameter. In each case, a volume decrease 
and weight loss occurred. Furthermore, the variation depends on the hardness of the 
material. The softer the material, the greater the variation of the volume or mass. 
Unfortunately, material hardness variation was not determined. 

The measured property variations of fluourocarbon (FKM) lies within the range 
of measuring accuracy. Only an increase in diameter was observed during the tests. 
Therefore, this material appears to be compatible with the ERE 

Relative to the NBR materials, the variations (FTFE) and polyurethane (PU) 
also indicate that they are compatible with the ERF fluid. However, there is a greater 
tendency for swelling based on volume and mass increase data relative to FKM. 

In addition to chemical compatibility, an evaluation of the sealing properties 
of grooved-ring sealings of different materials was also performed. This test was 
conducted at a chamber pressure of 30 bars over a period of 167 h. The ERF with 
all the rod seals exhibited moderate leakage behavior. 

In summary, although NBR is generally suited as a seal material for most 
hydraulic fluids, a small volume and mass decrease leads to a deterioration of the 
sealing behavior in dynamic seals. To avoid this, FKM is compatible with ERF and 
should be used as dynamic seals. 

5.2.2 Sedimentation Stability 

The ERF is relatively resistant to sedimentation because of the minimal differences 
in density between the dispersed phase and the dispersant. Furthermore, the ERF 
exhibits excellent redispersing capacity because the particles mix almost completely 
when the test bench is first started. Only in areas with a low flow velocity, such as 
in manifolds and connecting parts and in unfavorably arranged piping, durable sed- 
imentation of the particles is possible. If necessary, separated particles may be readily 
redispersed by mechanical agitation. Except for minimal loss of the ER effect, no 
negative effects ensued from this level of sedimentation. Sediment formation should 
be avoided, however, in the design of the suction conditions in the hydraulic pump 
inlet because of potential damage and loss of suction pressure. Also, when resistance 
heaters are used, there is the danger of thermal decomposition of the polyurethane 
particles due to overheating at the heating elements. Therefore, heating of the ERF 
should be avoided. 

5.2.3 Wear Interact ion 

In addition to ERF behavior under a shear load in a hydraulic system, the influence 
of the fluid on the hydraulic components parts must also be evaluated to determine 
its applicability in hydraulic applications. In this study, gear pumps and radial piston 
pumps with check valve distribution were used. Although gear pumps provided trou- 
ble-free operation, there was some operational problems with the radial piston pumps 
early in the tests. Pump disassembly revealed that some pistons did not move freely 
in the cylinder bore and that the spring power was insufficient to fill the cylinder 
chamber. Enhancement of the piston operation prevented recurrence of these prob- 
lems. These results illustrate that gear and radial piston pumps are generally ac- 
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Figure 22.24 Swelling behavior of sealing materials. 
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ceptable for use with ERFs. Increased wear due to the dispersed particles was not 
observed in these studies. 

Two types of valves were evaluated for use with E m s :  seated and slide valves. 
Pressure-relief valves, which are seated valves, did not exhibit any problems. There 
were occasional operational problems due to particle agglomeration with slide valves. 
These disturbances occurred only after long downtimes of when the test bench was 
not filled with ERF for a relatively long period of time. It should be noted that the 
hydraulic components used for the test bench were those conventionally used with 
mineral-oil-based hydraulic fluids. 

Increased wear attributable to dispersed solid particles was not observed for 
the components evaluated. Because of their low contamination sensitivity, seated 
valves are generally more suited for use with ERFs than slide valves. Fittings and 
bore sizes for system components should be sufficient to avoid plugging by particles 
in the ERF, which would certainly lead to functional disturbances. 

6 ELECTRO-RHEOLOGICAL HYDRAULIC ACTUATOR 

One of the main advantages of ER technology is in the short reaction time of the 
ER effect. The dynamic properties of ERFs have been studied previously, both ex- 
perimentally and theoretically [20,213. In this section, a hydraulic cylinder actuator 
in which the ERF assumes the control function and for hydraulic power transmission 
is discussed. Therefore, a compact cylinder with respect to design and time behavior 
which differs from conventional cylinder drive systems should be developed. 

6.1 Control Designs for ER Actuators 

Different circuit designs may be used to control hydrostatic drives. Important factors 
for circuit-design selection are expected system behavior and dynamics and circuit 
cost. In ER technology, each electro-rheological flow resistor is equivalent to one 
metering edge in a valve. For example, Fig. 22.25 illustrates two circuit designs for 
electro-rheological control of a hydrostatic cylinder. The upper part of the figure 
illustrates valve control with four metering edges. In this case, two resistors are 
switched consecutively using the bridge circuit represented in the figure. This circuit 
design is recognizable by its high reinforcement of velocity and power [22]. A dis-
advantage is that control of the four ER flow resistors requires at least two power 
supply units. The lower portion of Fig. 22.25 illustrates the use of a differential 
cylinder that may reduce the number of necessary flow resistors required by one- 
half. 

The disadvantage of both designs shown in Fig. 22.25 is that at least two flow 
resistors and two pressure supply units are required for the control. The initial pres- 
sure drop passes via the unswitched valve directly as an efficiency balance loss. In 
high flow rates, a deterioration of the circuit efficiency will result. 

To control an actuator with only one flow resistor, the circuit variants repre- 
sented in Fig. 22.26 can be used. Variants I and I1 permit actuator positioning by 
means of a constant and adjustable control resistor. Running-in of the cylinder to 
variant I1 is conducted mechanically using a spring. In variant I, running-in is per- 
formed hydraulically using the supply pressure. 

Variant I11 presents the simplest design of a single edge control for a differential 
cylinder. In this case, the recoil force is provided via an external force using a spring 
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Figure 22.25 General design of a cylinder control unit with ER flow resistors. 

or a load. The flow into the reservoir is controlled by an adjustable resistor. In this 
circuit variant, supply pressure is dependent on load pressure, and system dynamics 
depends on the pressure from the pressurized oil volume. 

6.2 Hardware Design 

6.2.1 Test Equipment 

The test stand, which has been described in Section 4, provides the basis of the 
cylinder test stand illustrated schematically in Fig. 22.27. Besides characteristics such 
as pressure, flow rate, and temperature, additional variables such as stroke, velocity, 
and acceleration must also be recorded. A different procedure has been generally 

Figure 22.26 Simple circuit conceptions for cylinder actuators. 
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Figure 22.27 Schematic representation of the cylinder test bench. 

used in practical applications because of the employment of micro-electronics. In 
this method, only the stroke is recorded using a transducer and it is input to the 
computer. Velocity and acceleration are then calculated by differentiation from the 
position signal. 

6.2.2 Actuator Design 

As illustrated in Fig. 22.28, construction consists of several nested cylinder tubes 
and two connection blocks. The blocks, which are attached to the front of the tubes, 
serve as guides for centering the tubes and are connected to each other via four 

housing base piston cylinder liner insulator high voltage 
connection

I insulator piston rod A spring r\ top ,'1 
piston rod gland 

inlet inner electrode electrode gap outer electrode(+) outlet
(earth)L- 230 + 100 (stroke) 

Figure 22.28 Design of the ER actuator. 
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preloaded threaded rods. The inner cylinder tube fulfills a double function. On the 
one hand, it serves as a cylinder tube and as a guide for the piston; on the other 
hand, it functions as a grounded inner electrode of the ER flow resistor. Another tube 
is arranged around the cylinder tube, forming the external ring of the electrode gap. 
The external electrode is contained within another tube, which is coated on the inside 
with synthetic material for the purpose of insulation. The connection blocks are 
equipped with bore holes for the hydraulic connections and for temperature and 
pressure transducers. The piston rod is mounted on a carriage attached to a linear 
guide. The carriage guide permits the actuator to be loaded by mounting a spring or 
by adding additional masses. 

A pressure develops over the electrode gap which is dependent on field 
strength. As long as the pressure required for extending the piston is not attained, 
complete flow rate discharges via the resistor. If the pressure independent of the field 
strength exceeds the load pressure, the piston is accelerated and the piston rod is 
extended. When the valve is completely closed, the actuator reaches its maximum 
extending velocity. Exactly at the moment when the cylinder is totally extended, the 
whole flow rate discharges via the ER resistor. This ensures a pressure limit in the 
system. As soon as the field strength in the gap is reduced or switched off, the system 
pressure decreases and the piston is pushed back by the force of the preloaded spring 
or an external load. 

6.3 System Characteristics 

In addition to the compact design, another advantage of ER technology is the fact 
that electro-rheological resistors eliminate the need for mobile parts. Pressure de- 
velopment and, thus, the dynamic behavior of the valve is primarily dependent on 
the reaction time of the effect and the system dynamics of the hydraulic system. 

6.3.1 High-Voltage Power Supply 

Because of the complexity of the electro-rheological effect, voltage production and 
the resulting design of the high-voltage supply play an important role. With regard 
to dynamic behavior, where rapid reduction in the development of electrical field is 
observed, efficiency potential of the high-voltage supply has a fundamental impact 
on the ER effect. In these studies, two different high-voltage supplies differing pri- 
marily in their time behavior were used. Depending on the DC power pack, the 
supply voltage is divided into rectangular signals using a high-frequency transducer 
transformed onto the high voltage. Variation of the basic voltage is realized by the 
variation of the impulse width of the divided DC signal. The high voltage is sub- 
sequently rectified and smoothed using a RC filter. 

This type of voltage supply has the advantage of a simple and low-cost design. 
A disadvantage is unfavorable time-response behavior because the basic voltage is 
smoothed via capacitors. When the control signal is varied in steps, low-dynamic 
behavior of the basic signal follows because of the high capacitive internal resistance. 
When the voltage is switched off, voltage reduction occurs only through Ohm’s 
resistance of the connected load, which leads to extremely long switching-off delay 
times. 

Compared to a single-quadrant amplifier, high-voltage amplifiers operating with 
two or four quadrants provide a distinctly better time-response behavior. These 
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amplifiers have both a source and a sink. Thus, it is possible to produce almost any 
dynamic behavior of the high-voltage signal. The disadvantage of these devices, 
however, is high cost. However, for special cases, individually tuned amplifier con- 
ceptions that will provide sufficient dynamic system behavior with a warrantable 
expenditure are possible. 

6.3.2 Time Response Behavior of ER Resistors 

Because no spool position signal is available in electro-rheological flow resistors, 
the time-response behavior can only be measured from the pressure signal. In this 
case, the actual dynamic behavior of the valve is superimposed by the system dy- 
namics of the connected hydraulic system. For the analysis of the time-response 
behavior, a four-quadrant high-voltage amplifier with a rectangular voltage signal 
was controlled and the pressure difference and the basic voltage were recorded. The 
measurement results in Fig. 22.29 show that pressure development occurs simulta- 
neously with the increase of the high voltage and achieves its final value after ap- 
proximately t = 10 ms. When the field is switched off, no delay time of the pressure 
signal can be observed. The pressure variation during switching on or off can be 
attributed to the influence of the connected hydraulic system. 

Time -response behavior becomes even more apparent when the step response 
is encountered. Figure 22.30 shows that the pressure increase occurs after less than 
1 ms. 

To characterize the time-response behavior of hydraulic valves, characteristics 
such as - 3  dB frequency or 90" frequency is typically used. Because no spool 
position is available as a variable in ER valves, dynamic behavior can only be 
measured indirectly by the pressure difference as a variable and it be compared with 
the input signal. Pressure development, however, is influenced by the capacity of the 
oil volume pressurized between the pump and ER valve and by volume flow, which 
means that it is not valve dynamics but system dynamics that is recorded. Specifi- 
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Figure 22.29 Step response behavior of the ER valve. 
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Figure 22.30 Time-response behavior of the ERF in the flow mode. 

cation of characteristics such as -3 dB frequency and the 90" frequency is not 
possible for electro-rheological flow resistors. 

6.3.3 Closed-LoopControlled Actuator 

Test-bench control and regulation are implemented using a microcomputer. This per-
mits easy and flexible programming by control algorithms. Data exchange and con-
trol of the high-voltage supply are performed using A/DD/A converters. 

In hydrostatic drives, where dynamic behavior of the control element typically 
exceeds that of the controlled subsystem, a three-input controller has prevailed in 
the market [23,24]. With the control design illustrated in Fig. 22.31, in addition to 

Figure 22.31 Structure of the three-input-state controller. 
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the control error, velocity and acceleration are loaded and applied for the calculation 
of the correcting variable. Therefore, theoretically, any dynamic behavior can be used 
for the control subsystem. For compensation of the stationary position error, an 
integrator is switched in parallel switching into the correcting variable [25].Unstable 
control behavior due to large steps of nominal value can be avoided. To compensate 
for the impact of the spring force of the recoil spring, an off-set depending on the 
nominal value can also be switched on the control signal by means of a factor Ks. 
The variables, velocity and acceleration, are calculated in the computer by means of 
differentiation from the position signal. Therefore, special demands with regard to 
signal quality, solution, and precision must be made. 

Figure 22.32 represents a positioning process of the actuator. A nominal step 
signal value with an amplitude of 50 mm was given. The actuator is loaded with a 
load of m = 21 kg. Because the behavior of the controlled subsystem depends pri- 
marily on the particular operating point, the regulator can be adjusted separately for 

Figure 22.32 Positioning behavior of the ER actuator. 
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both nominal positions. The position signal in the upper portion of the figure indi- 
cates that the actuator attains the upper nominal value, overshoot-free, with excellent 
dynamic behavior. The maximal pump volume flow limits extending velocity to 
approximately 0.25 m / s .  The maximal running-in velocity is almost twice as high. 
To reduce the motion energy, the delay time is longer and the maximal acceleration 
in breaking the actuator down to standstill is higher than 10 m/s' .  In the control unit, 
this has been considered a form of slightly higher speed amplification in the lower 
nominal value. The acceleration feedback, must to be reduced to avoid high fre- 
quency vibrations in the position signal. The regulator is damped too much to permit 
an overshoot-free attainment of the nominal positions. The positioning accuracy is 
excellent and the maximum deviation in both nominal positions amounts to only 
-0.1 mm. 

Studies have shown that it is possible to use electro-rheologically controlled 
actuators in a closed-loop control. ER technology has been used successfully in three- 
input control designs. When the positioning processes are run with extremely high 
speed, the quality of the position signal is insufficient and may cause an unstable 
regulator behavior. Because of the very short response times of ER valves, new 
control engineering methods must be applied to better utilize the possibilities of ER 
technology. Direct measurement of the variables using suitable transducers and the 
improvement of the system dynamics using a valve control with two or four metering 
edges could provide potential starting points. Using a separate highly dynamic con- 
trol of each metering edge, new control designs are possible. 

7 CONCLUSIONS 

After 50 years of intensive ER technology research, commercialization of this tech- 
nology has not occurred. Particularly in hydraulic systems, the use of ERF as a 
pressure-transfer medium has, until now, failed because of the abrasive effect of the 
dispersed particles and the inability to reproduce ERFs with reproducible ER prop-
erties. It was only by the development of novel, anhydrous, and nonabrasive ER 
fluids that new possibilities for the application of this technology has been possible. 

The results of fundamental investigations with respect to the use of ERFs in 
hydraulic systems discussed in this chapter illustrate both the possibilities and lim- 
itations of ER technology. Recent research results have shown that in the regions of 
pressure and volume flow studied, ERFs exhibit sufficient shear stability toward the 
loads occurring in hydraulic systems. Provided that considerable dead volumes are 
avoided in the choice of the hydraulic component parts and in system design, the 
sedimentation tendency of the fluid can be controlled. The accumulation of ER par-
ticles which may damage the suction line of the pump must be avoided in reservoir 
design. 

The hydraulic components used in testing did not show any wear or operational 
problems. Because of decreased lower sensitivity to solid-phase sedimentation in 
narrow gaps, seated valves are preferred for use with ERFs. 

A cylinder actuator, which was controlled with an ER valve, was designed and 
constructed. As a result of the simple design of electro-rheological flow resistors, the 
valve function could be integrated directly into the hydraulic cylinder, permitting 
compact design of the actuator. A three-input control design allows the actuator to 
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be positioned in a closed-loop control with an excellent dynamic performance and 
high precision. 

In conclusion, it may be said that employment of ERFs in hydraulic systems 
is now possible, which should lead to the commercialization of ER technology. 
However, these systems currently require a high-voltage supply. Large and expensive 
laboratory devices must be substituted by smaller, compact voltage amplifiers with 
a low-power consumption. The advantages of ER technology, including easy design 
of control elements and high system dynamics, are achieved in practical applications. 
This technology offers a variety of new possibilities for the future of fluid power. 
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Standards for Hydraulic Fluid Testing 

PAUL MICHAEL 
Benz Oil, Milwaukee, Wisconsin 

1 INTRODUCTION 

ASTM, ISO, DIN, and other organizations develop and periodically update test meth- 
ods used for predicting and preventing hydraulic fluid problems [11.  These standard- 
ized laboratory procedures evaluate either physical or performance properties of hy- 
draulic fluids. Many of these tests measure the ability of a fluid to prevent wear or 
resist the detrimental effects of fluid contamination and high temperatures. Others 
measure simple physical characteristics of the fluid. By selecting the appropriate 
method, standardized tests may be used as a problem-solving tool or to predict fluid 
performance. In addition, standardized tests are the basis for worldwide hydraulic 
fluid specifications. These specifications have been developed to help users of hy- 
draulic fluids select products that meet hydraulic equipment performance require- 
ments. In this chapter, hydraulic fluid test methods and specifications are reviewed. 

2 HIGH-TEMPERATURE TESTS 

One of the most important characteristics of a hydraulic fluid is its ability to with- 
stand high temperatures. This is because horsepower losses in hydraulic systems 
directly result in the transfer of heat to the fluid. The amount of energy transferred 
to the fluid may be calculated using horsepower and temperature rise equations (see 
Fig. 23.1) [2]. 

The majority of hydraulic fluids are hydrocarbon, specifically mineral-oil based, 
and are susceptible to degradation caused by heat [3]. High temperatures (in excess 
of 60°C) can cause hydraulic fluid to thermally degrade and oxidize [4-61. Rate 
constants for oxidation of saturated hydrocarbons at 125°C are as much as 40 times 
higher than rate constants at 60°C [7 ] . Thus, fluid oxidation is highly dependent on 
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The following equations permit calculation of the maximum fluid temperature rise as it flows 
through restrictions in a hydraulic system, such as a pressure relief valve: 

Temperature increase (OF) = heat generation rate @tu/min) 
oil specific heat (Btu/lb/"F) x oil flow rate (lb/min) 

1 hp =42.4Btdmin = 2544 Btu/hr 
specific heat of oil = 0.42Btu/lb/ OF 
oil flow rate (lb/min) = 7.42x oil flow rate (gpm) 

Example 

Oil at 120 O F  and loo0psi is flowing through a pressure relief valve at 10 gpm. What is the 
downstream oil temperature? 

Solution 

First calculate the horsepower lost and convert to the heat generation rate in Btu/min: 

Horse power = P ( D S i b o ( ~m1 = [1000)410) = 5.83 hp 
1714 1714 


Btu/min = 5.83 x 42.4 = 247 Btdmin 

Next calculate the oil flow rate in lb/min and the temperature increase: 

oil flow rate = 7.42x 10 = 74.2lb/min 

temperature increase = 247 = 7.9O F  

0.42x 74.2 

downstream oil temperature = 120+ 7.9 = 127.9OF 

Figure 23.1 Calculating fluid temperature rise in hydraulic systems [2]. 

hydraulic system operating temperatures. Thermal degradation is another common 
temperature-dependent fluid degradation mechanism. It occurs in the relative absence 
of oxygen, whereas oxidation requires the presence of oxygen. Thermal degradation 
and oxidation are significant to hydraulic system performance because the by-prod- 
ucts of these reactions have poor solubility in oil and tend to agglomerate into 
particles of brown resinous sludge. Consequently, high-temperature degradation of 
hydraulic fluids results in the formation of varnishlike deposits in coolers, valves, 
and suction strainers [8]. An abbreviated reaction scheme for liquid-phase oxidation 
of hydrocarbons is shown in Fig. 23.2 [7]. 

One of the most common methods for measuring the ability of a fluid to resist 
oxidation is ASTM D-943-9 1 ,  Standard Test Method for Oxidation Characteristics 
of Inhibited Mineral Oils 191 [also known as the Turbine Oil Oxidation Stability Test 
(TOST)]. In this test, 300 mL of fluid and 60 mL of distilled water are placed in a 
large test tube together with coils of copper and iron wire (see Fig. 23.3) [9]. 
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Initiation I (initiator) +2r* 

Initiation r* + RH+ R* + rH 

Propagation R* + 0,+ROO* 

Propagation R-H + ROO" 3ROOH + R* 

Branching ROOH +RO* + *OH 

Branching ROOH + CH2=CHX+RO* +HOCH,C*HX 

Branching 2ROOH+ROO*+ H20+ RO* 

Branching ROOH + RH+RO* + H20 + R* 

Termination R* + ROO* +ROOR 

Termination ROO* + ROO* -+ RIO + ROH + O2 

Termination R* + R* +R-R 

Figure 23.2 Mechanism of liquid-phase oxidation of hydrocarbons [7] 

The fluid is heated to 95°C (203°F) and oxygen is bubbled through the fluid 
at a controlled rate. The test is complete when the total acid number (TAN) of the 
fluid reaches 2.0 mg KOWg. As can be seen from the reaction scheme in Fig. 23.2, 
precursors to carboxylic acids are among the chemical by-products of hydrocarbon 
oxidation. The amount of acidic additives and oxidation byproducts present in the 
fluid can be determined by titration with bases. For the D-943 test, a variation on 
ASTM D-664 Acid Number of Petroleum Products by Potentiometric Titration [9] 
is used. This method, ASTM D-3339, Test Method for Acid Number By Semi-Micro 
Color Indicator Titration [lO], is utilized because it permits a 0.2-1.0-g sample size 
for total acid numbers in the 0.5-3.0 range. The number of hours to form 2.0 mg 
of KOH equivalents of acidic oxidation products per gram of fluid reflects the oxi- 
dation life of the fluid. Typical values for the oxidation life of various hydraulic 
fluids are shown in Table 23.1. In general, turbine oils provide longer oxidation life 
than antiwear hydraulic fluids because they do not contain zinc dithiophosphate, 
which is subject to hydrolysis. Ester-based fluids such as rapeseed oil are also subject 
to hydrolysis, which accounts for their poor performance in the D-943 test. When 
the D-943 test is run without water (dry method), the oxidation life of a synthetic 
ester can be extended by nearly a factor of 100. 

The amount of sludge produced in the TOST test may be measured by ASTM 
D-4310 [lO]. Standard Test Method for Determination of the Sludging Tendencies 
of Inhibited Mineral Oils. In this test, the fluid is subjected to D-943 test conditions 
for 1000 h. At the end of this time, the sludge produced is determined gravimetrically 
by filtration of the oxidation tube contents through 5-km-pore size cellulose acetate 
filter disks. To a certain extent, the D-943 and D-4310 tests evaluate different mech- 
anisms of high-temperature degradation. In the D-943 test, the acidity is measured 
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Figure 23.3 ASTM D-943, oxidation cell with sampling tube [9] .  

and this acidity is usually due to formation of carboxylic acids by the conventional 
liquid-phase oxidation mechanism shown in Fig. 23.2. Sludge formation in hydraulic 
oils is frequently the result of thermal degradation of the zinc dialkyldithiophosphate 
(ZDP) antiwear additive which may be present in the fluid. Consequently, the D4310 
test is used to evaluate thermal stability of ZDP, whereas the D-943 test is used to 
evaluate the stability of the base oils and the effectiveness of oxidation inhibitors. 
Figure 23.4 is a model for the mechanism of sludge formation by zinc dialkyldi- 
thiophosphate [31. 

Another test for measuring the sludging tendency of an oil is the Cincinnati 
Milacron Thermal Stability Test [1I]; see Table 23.2 for test performance require- 
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Table 23.1 Typical Values for the Oxidation Life of Some 
Hydraulic Fluids 

Hours to TAN of 
2.0 by the 

Fluid description D943 method 

Rapeseed-based hydraulic oil” 28 
Synthetic ester with antioxidantb 65 
Mineral oil without additives‘ 300 
Antiwear hydraulic fluids“ Up to 4000 
Synthetic ester with antioxidant, dry methodb 5500 
Turbine oilsd u p  to 5500 

“Data from J. M. Wain, “The Development of Environmentally Acceptable Hy- 
draulic Oil Formulations,” SAE Technical Paper Series, Paper 9 10965, 1991. 
hData from M. Hutchings, CIBA Corp, presented at the Meeting of the N Y  
Section of STLE, 1997. 
‘Data from A. Laning, personal communication, Lubrizol, 1997. 
dData from T. Warne and P. Vienna, “High Temperature Oxidation Testing of 
Lubricating Oils,” Lubr. Eng., 1984, 40, 4. 
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Figure 23.4 Mechanism of sludge formation by zinc dialkyldithiophosphate [3] .  
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Table 23.2 Cincinnati Milacron 
Thermal Stability Test 
Performance Requirements 

Condition of steel rod 
Visual: No discoloration 
Deposit: 3.5 mg max. 
Corrosion: 1.0 mg max. 

Condition of copper rod 
Visual: 5 max. 
Corrosion: 10.0 mg max. 

Condition of fluid 
Viscosity: 5% change max. 
Sludge: 25 mg/100 mL max. 
Total acid number: 550% max. 

ments. In this test, polished preweighed copper and steel rods are placed in a beaker 
containing 200 cm3 of oil and heated to 135°C (275°F) for 168 h. At the end of the 
test, the copper and steel rods are examined for discoloration due to corrosion caused 
by carboxylic acids and sulfur compounds formed by thermal degradation. Sludge 
content and viscosity increase are also measured. 

The combined forces of heat and moisture may cause hydrolytic degradation 
of a hydraulic fluid. Hydrolytically unstable oils form acidic and insoluble contam- 
inants, which can cause hydraulic system malfunctions similar to those produced by 
oxidation and thermal degradation of fluids. In addition, hydrolytic stability is a key 
factor in the wet filterability behavior of hydraulic oils [12]. The ASTM D-2619 
Standard Test Method for Hydrolytic Stability of Hydraulic Fluids (Beverage Bottle 
Method) [lO] is used to measure this fluid property. In this test, 75 g of fluid and 
25 g of water are sealed in a beverage bottle with a copper strip present for 48 h at 
93°C (200°F). At the end of the test, the oil and water layers are separated and 
insolubles are weighed. Viscosity and acid numbers are also determined. Based upon 
the Denison HF-0 specification (see Sec. 7 for details), the weight loss of the copper 
specimen should be less than 0.209 mg and the acid number of the water phase 
should be less than 4.0 mg KOWg. Because exposure to water can be expected 
throughout the life of a fluid, hydrolytic stability is an important design characteristic 
of hydraulic fluids. 

3 CORROSION AND RUST TESTING 

Corrosion of hydraulic system components can be caused by fluid contamination and 
the by-products of fluid degradation, resulting in accelerated wear, rust, valve stick- 
ing, and systemic deposits. Ferrous-metal corrosion in a hydraulic system is most 
often caused by water contamination, whereas copper and its alloys are particularly 
susceptible to attack by high-temperature fluid degradation by-products. Two strat- 
egies for dealing with water contamination in hydraulic fluids are (1) protection of 
the system by formulating hydraulic fluids to assure rapid separation of water con- 
tamination and (2) protection of the system by incorporating corrosion-inhibitor ad- 
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ditives to provide a chemical barrier to corrosion. Although both strategies are ben-
eficial to system performance, often the best strategy is to exclude water 
contamination by preventing ingress through reservoir breathers, rod wiper seals, 
reservoir covers, and inlet line fittings [13]. 

The ability of fluids to prevent rusting of ferrous parts due to water contami- 
nation may be measured by ASTM D-665, Rust-Preventing Characteristics of Inhib- 
ited Mineral Oil in the Presence of Water [9]. In Part A of this test, 10% distilled 
water is added to oil that has been heated to 60°C (140°F). Round steel rods are 
polished to remove their oxide coating and immersed in the oil. The oil-water mix-
ture is continuously stirred to avoid separation while the temperature is maintained 
at 60°C. At the end of 24 h, the specimens are inspected for rust (see Fig. 23.5). 

Figure 23.5 Test specimen for D-665 rust test. (Courtesy of Koehler Instrument Co.) 
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In Part B of the method, the same procedure is used, except synthetic seawater 
is substituted for distilled water. As described in Part B of the method, synthetic 
seawater is made by the addition of sodium chloride, magnesium chloride, calcium 
chloride, and several other ionic compounds to distilled water. Part B is particularly 
pertinent in maritime hydraulic fluid applications, where seawater contamination, 
rather than fresh water or condensation, is a likely source of contamination. 

The speed with which water is separated from oil and the tendency of an oil 
to form a cuff of emulsified oil at the interface between the oil and water phases 
may be measured by ASTM D-1401, Standard Test Method for Water Separability 
of Petroleum Oils and Synthetic Fluids 191. In this test, a 40-mL sample of oil and 
40 mL of distilled water are stirred for 5 min at 54°C (130°F) in a graduated cylinder. 
The time required for the emulsion formed to split into water and oil phases is 
recorded. An oil with good demulsibility will completely separate in 30 min or less 
without a “cuff” of emulsified oil between the phases (see Fig. 23.6) [14]. 

Some hydraulic fluids, particularly those used in applications that require en- 
hanced fire resistance, are formulated with water. Such fluids have entirely different 

Figure 23.6 Example oil fluids with good and poor demulsibility. 
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corrosion-inhibition requirements. For instance, water-glycol hydraulic fluids must 
also prevent corrosion in the vapor phase above the liquid due to evaporation. Thus, 
they are formulated with a vapor-phase corrosion inhibitor. The standard test method 
for measuring vapor-phase corrosion inhibition of hydraulic fluids is ASTM D-5534, 
Test Method for Vapor-Phase Rust-Preventing Characteristics of Hydraulic Fluids 
[15]. In this test, a steel specimen is attached to the cover of a ASTM D-3603 test 
apparatus that contains hydraulic fluid maintained at a temperature of 60°C (140°F). 
(ASTM D 3603 is the Horizontal Disk Method for Rust-Preventing Characteristics 
of Steam Turbine Oils in the Presence of Water [15].) The specimen is then exposed 
to water and hydraulic fluid vapors for a period of 6 h. At the end of this time, the 
specimen is inspected for evidence of corrosion and results are reported on a pass- 
fail basis. This test is particularly relevant for water-glycol and invert emulsion 
hydraulic fluids because corrosion of the underside of reservoir covers is known to 
occur in systems that use these fluids. 

Accelerated corrosion can occur when dissimilar metals are in electrical contact 
in the presence of an electrolyte (i.e., conductive solution). This corrosion mecha- 
nism, known as galvanic corrosion, has been found to be particularly relevant for 
certain biodegradable oils [16]. The ability of a fluid to prevent galvanic corrosion 
may be measured by FTM 5322.2 [17]. In this test, a brass clip is fitted to the oil-
coated surface of a steel disk. The bimetallic (brass-steel) couple is then stored in 
approximately 50% relative humidity for 10 days. At the end of the 10-day period, 
the surfaces are inspected for evidence of staining as depicted in Fig. 23.7. The steel 
disks are rated on a pass-fail basis. 

Figure 23.7 Staining on test specimens due to galvanic corrosion. (Courtesy of Benz Oil, 
Milwaukee, Wisconsin.) 
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Table 23.3 Copper Strip Classifications 

Classification Designation 

Freshly polished None 
la Slight tarnish 
Ib Slight tarnish 
2a Moderate tarnish 
2b Moderate tarnish 
2c Moderate tarnish 
2d Moderate tarnish 
2e Moderate tarnish 
3a Dark tarnish 
3b Dark tarnish 
4a Corrosion 
4b Corrosion 
4c Corrosion 

From Ref. 9. 

Michael 

Description 

Light orange, almost the same as a freshly polished strip 
Dark orange 
Claret red 
Lavender 
Multicolored, lavender, blue, or silver over claret red 
Silvery 
Brassy 
Magenta overcast on brassy strip 
Multicolored showing red and green (peacock) 
Transparent black, dark gray, or brown 
Graphite or lustrous black 
Glossy or jet black 

Sulfur-containing additives such as sulfurized olefins, organic poly sulfides, and 
thiocarbamates may be used as antiwear and extreme-pressure additives in hydraulic 
fluids, particularly farm tractor hydraulic fluids [18]. Depending on the chemical 
activity of these sulfur compounds, oils can exhibit varying degrees of corrosiveness 
to copper. The standard test method for measuring the copper-corrosion properties 
of an oil is ASTM D-130, Standard Test Method for Detection of Copper Corrosion 
from Petroleum Products by the Copper Strip Tarnish Test [9]. In this test, a polished 
copper strip is immersed in an oil and heated for a predefined period of time. At the 
end of the test, the copper strip's appearance is compared to a standard. The rating 
system used for the D-130 test appears in Table 23.3. Color standards are also avail- 
able from ASTM* for rating these strips. 

4 FOAM AND AERATION TESTS 

Fluid recirculation through hydraulic systems and reservoirs may cause mechanical 
introduction of air into hydraulic fluids, particularly if reservoir size or design do 
not promote air separation. Air may be present in the fluid in one or more possible 
forms: dissolved air, entrained air, or foam [191. Foam appears as a separate layer 
of bubbles on the surface of the liquid, entrained air appears as subsurface bubbles, 
and dissolved air is invisible (unless a vacuum is placed on the fluid, which causes 
it to come out of solution). Hydraulic fluid performance is dependent on the presence 
of air contamination. First, air is much more compressible than oil and, therefore, 
the responsiveness of a hydraulic system that contains entrained air tends to be 
sluggish. Second, compression of entrained air can cause cavitation, which may lead 
to wear and cause hydraulic systems to be noisy. Finally, an oil that produces a lot 
of foam may bubble out of hydraulic reservoir breathers, creating a fluid spill. Be- 

*ASTM Headquarters, 19 16 Race Street, Philadelphia, PA 19 103. 
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Table 23.4 Air-Release Requirements DIN Specification 5 1524 

Property 
~~~ 

Spec ./method Viscosity grade 

I S 0  Grade DIN 51519 15 32 46 68 100 
Air release (min) DIN 51381 5 5 10 10 14 

cause of the importance of properly managing air contamination in hydraulic fluids, 
there are a number of standardized test methods for evaluating this feature of fluid 
performance. 

The foaming tendency and stability of an oil may be measured by ASTM D- 
892 (Fig. 23.14), Standard Test Method for Foaming Characteristics of Lubricating 
Oils [9]. In this test, an oil sample is equilibrated at 24°C (75°F). Oil is blown with 
air for 5 min and allowed to settle for 10 min. The volume of foam is measured at 
the end of both periods. The test is repeated at 93.5"C (200°F) and again at 24°C 
(75°F) after the foam breaks. Various levels of foaming tendency are permitted by 
industry standards, but stable foam is generally not tolerated [20,21]. 

Not only must a hydraulic fluid resist the tendency to form stable foam, it also 
must allow air to rapidly rise and separate from the fluid. The Waring blender test 
is one test method that may be used to measure the air-release properties of fluids 
[22,23]. In this test, 700 mL of the fluid is stirred at an agitation rate approaching 
20,000 rpm for 25 s. The fluid is then poured into a 1000-mL graduated cylinder 
and the rate of air-bubble loss is observed. Air-release properties of a hydraulic fluid 
may also be quantified by IP 3 13, DIN 5 138 1, or ASTM D-3427 [101, Standard Test 
Method for Gas Bubble Separation Time of Petroleum Oils. In these tests, the time 
in minutes for finely dispersed air in oil to decrease to 0.2% under standard test 
conditions is measured using a density balance. Air-release times and specifications 
vary with oil viscosity. Table 23.4 lists DIN 51524 requirements for air-release times. 

5 SHEAR STABILITY TESTS 

Mobile hydraulic equipment such as excavators, cranes, and timber harvesters fre- 
quently are required to operate under extreme high- and low-temperature conditions. 
In order to accommodate wide-ranging environmental conditions, multigrade hy- 
draulic fluids are often employed. These fluids typically contain viscosity-index- 
improving polymers such as polymethacrylate and ethylene-propylene copolymers 
that thicken oil at high temperatures while having little impact upon their low-tem- 
perature fluidity [18]. Conceptually, a 10W30 multigrade oil consists of a 1OW base 
oil and sufficient polymer to thicken the oil at 100°C to a viscosity equal to that of 
a 30 weight oil. Multigrading benefits hydraulic performance because increasing the 
high-temperature viscosity of a fluid improves lubrication and the volumetric effi- 
ciency of pumps. High pressures generated in hydraulic systems subject fluids to 
shear rates up to 10' s-' [24]. Not only does this hydraulic shear cause fluid tem- 
perature rise and air entrainment within a hydraulic system, shear may bring about 
permanent and temporary viscosity loss in hydraulic fluids (Fig. 23.8) [25]. Perma- 
nent viscosity loss results from mechanical scission of less stable polymer molecules 
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TEMPORARY AND PERMANENT 
VISCOSITY LOSSES 

Quiescent Polymer Coil in 
Oil Solution 

Ru ture of Coil and 
Orientation of Coil dstqucnt  Orientation 
Under Shar Forces Under Shear Forces 

- 7 A v  I____, 
Temporary 

viuosity Loss 

Figure 23.8 Viscosity-index-improvers are relatively large molecules that are subject to 
permanent and temporary viscosity loss due to mechanical shear. 

in multigrade hydraulic fluids and often occurs after a relatively short period of time 
(<24 h of operation). The polymer (as opposed to the base oil) is susceptible to 
mechanical shear because it has a higher molecular weight and, therefore, a larger 
molecular volume. As a result, with polymer-containing multigrade hydraulic fluids, 
the functional viscosity of an oil may differ from that predicted from kinematic 
viscosity measurements of new oil [26]. 

Several laboratory test methods are designed to stress multigrade oils so that 
they produce a permanent viscosity loss such as would take place in service. The 
two methods most generally used are sonic shearing with a high-frequency sonic 
oscillator and mechanical shearing with a Bosch diesel fuel-injection pump. In ASTM 
D-3945, Standard Test Method for Shear Stability of Polymer-Containing Fluids 
Using a Diesel Injector Nozzle, the polymer-containing fluid is passed through a 
diesel injector nozzle at a shear rate that causes polymer molecules to degrade [ 151. 
Under standard test conditions, the kinematic viscosity of the fluid is measured after 
30-250 cycles through the injector pump in order to determine the extent of per- 
manent viscosity loss that has taken place. In ASTM D-5621, Standard Test Method 
for Sonic Shear Stability of Hydraulic Fluid, the polymer-containing oil is irradiated 
with a sonic oscillator for 40 min and changes in kinematic viscosity are measured 
[15]. Based on data from Kopko and Stambaugh, the Fuel Injector Shear Stability 
Test lacks the necessary severity to predict permanent viscosity loss produced by 
hydraulic equipment [27]. However, 40 min of irradiation with a high-frequency 
sonic oscillator produced viscosity changes that closely correlate to that experienced 
in the ASTM D-2882 Vane Pump Test. Consequently, this test method has become 
the basis for an ASTM multigrade hydraulic fluid viscosity classification system [151. 
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6 IN-SERVICE FLUID MONITORING 

Whereas the above-described standard performance tests are primarily used to eval- 
uate new hydraulic fluids, there are also a number of standard analytical methods 
for condition monitoring of in-service hydraulic fluids. The characteristics most com- 
monly measured are water content, particulate contamination, fluid degradation, and 
wear metals concentration. Through these analytical methods it  is possible to check 
for fluid degradation and contaminants as well as to detect mechanical problems 
within the hydraulic system. As a result, condition monitoring of in-service hydraulic 
fluids can reduce equipment downtime and maintenance costs. The following section 
provides descriptions of common hydraulic fluid analytical methods used to detect 
water contamination, fluid degradation, and wear. (See Chapter I2 for a detailed 
discussion of particle-counting techniques.) 

Various methods may be used to monitor water content of hydraulic fluids. In 
ASTM D-95, Standard Test Method for Water in Petroleum Products and Bituminous 
Materials by Distillation, the material to be tested is diluted with a water-immiscible 
solvent such as toluene and heated under reflux conditions [191. The resulting dis- 
tillate is condensed and separated in a trap. The amount of water present in the 
sample is determined by observing the volume of water that settles in the graduated 
section of the trap. (See Fig. 23.9.) 

Centrifuge tests such as ASTM D-96, Standard Test Method for Water and 
Sediment in Crude Oil by Centrifuge Method, can also be used for nonemulsified or 
insoluble water contamination in fluids. Although distillation and centrifuge methods 
provide reasonably accurate results for samples that contain free-water contamina- 
tion, these methods are generally not sensitive enough to quantify trace quantities of 
water (<loo0 ppm). A more accurate method for determining trace quantities of water 
is the Karl Fischer test [28]. (ASTM D-1744, Standard Test Method for Determi- 
nation of Water in Liquid Petroleum Products by Karl Fischer Reagent). In this test, 

E 2 3  
SCALE (APPROX.) 

Figure 23.9 Distillation apparatus for measuring water content of petroleum products [9]. 
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the fluid is dispersed in a solvent such as methanol and titrated with standard Karl 
Fisher reagent to an electrometric endpoint. The endpoint of the titration, at which 
free iodine is liberated, may be registered either potentiometrically or by color in- 
dication. Although this method has the capability to be more accurate than distillation 
or centrifuge techniques, the Karl Fisher test is not without its limitations. Zinc- 
dialkyldithiophosphate, calcium sulfonate, magnesium sulfonate, and other oil ad- 
ditives react with iodine and have been known to interfere with the titration [29]. 

In a recent round-robin conducted by the ASTM Committee D-2 Interlab Cross- 
check Program [30], 62 laboratories evaluated a sample of oil that was found to 
contain a mean water content of 963.2 ppm. The standard deviation of the round- 
robin data was 739.8 ppm. Thus, discrepancies of several hundred parts per million 
in the comparison of Karl Fischer results among laboratories are probably to be 
expected. Although these results may not be considered to indicate a high level in 
reproducibility, the reproducibility of a sample that contains less than 1% water in 
the ASTM Distillation Test is on the order of 2000 ppm, whereas dissolved water 
often is entirely undetectable in centrifuge tests. 

The use of spectrometric wear metals tests for monitoring hydraulic fluid con- 
dition is common. There are two different analytical methods for wear metals testing: 
emission spectroscopy and absorption spectroscopy [3 11, Emission spectrometers de- 
tect light emitted by elements in a sample as the result of the sample being aspirated 
into a plasma of ionized gas that excites the sample to the point of atomic emission. 
Atomic absorption spectrometers detect light absorbed by elements in a sample as 
the result of the sample being aspirated into a high-energy flame. In the case of 
emission spectroscopy, when a substance is excited by a plasma or electrical dis- 
charge (arc or spark), the elements present emit light at wavelengths that are specific 
for each element. In the case of absorption spectroscopy, ground-state atoms absorb 
energy from an external, element-specific light source, such as a hollow-cathode 
lamp. The light emitted is dispersed by a grating or prism monochrometer. The 
spectral lines produced are recorded by diode arrays andor  photomultiplier tubes 
linked directly to a computer-driven data processing system. Although both tech- 
niques have been used to great advantage in military, railroad, trucking, aviation, 
and other applications, wear metals analysis is often of limited benefit in hydraulic 
applications [32]. The major limiting factor of this analytical technique is that it is 
designed to measure ppm quantities of iron, copper, lead, chromium, tin, silicon, and 
other wear particles produced by bearing, compression ring, and cylinder wear in 
reciprocating equipment. Because it is difficult to excite large particles to the point 
of atomic emission or adsorption, the maximum particle size these techniques can 
detect is in the 2-10-pm range (Fig. 23.10). In hydraulic applications, the internal 
clearances of pumps and valves are in the 2-15-pm range. 

Thus, particles larger than those detectable through spectrometric wear metal 
analysis are critical to system performance. Another reason why elemental analysis 
is of limited value in hydraulic applications is that it does not provide an indication 
of the chemical state of the element. For instance, zinc dithiophosphate is a com- 
monly used antiwear additive that contains the elements zinc and phosphorus (as 
well as sulfur, carbon, hydrogen, and oxygen). If one were to measure the zinc and 
phosphorus contents of used and new antiwear hydraulic fluids by spectroanalysis, 
it is likely that the fluids would contain roughly equal levels of these elements. 
However, when ZDP oxidizes, it forms polyphosphates, zinc polypyrothiophosphates, 
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Figure 23.10 Detection limits of fluid tests based on particle size 1331. 

and other chemical species [33]. Although these changes have a minimal impact on 
the total zinc and phosphorus content of a fluid, degraded fluids have inferior oxi- 
dation stability and antiwear performance [34]. Thus, spectrometric methods cannot 
be used to measure additive depletion in used hydraulic fluids. 

There are, however, a number of analytical methods for measuring the additive 
composition of fluids. Many of these methods are used as quality control tools for 
inspecting new fluids. For hydrocarbon-based fluids, a spectroscopic technique 
known as infrared analysis is widely employed. Infrared absorption results from 
changes in the vibrational and rotational state of a molecule [35].In infrared (IR) 
analysis, cells consisting of transparent salts such as silver chloride, potassium bro- 
mide, and sodium chloride are usually filled by capillary action and irradiated by a 
source of infrared light and the amount of light transmitted through the sample is 
measured. Whereas emission and absorption spectroscopy detect elements, an IR 
spectroscope identifies actual chemical species. For instance, there are distinct dif- 
ferences between the infrared spectra of zinc dithiophosphate and its degraded poly- 
phosphate form. Figure 23.1 1 [36] depicts the changes in ZDP infrared spectra that 
occurs when it thermally degrades. In addition to qualitative and quantitative additive 
measurement, comingling of fluids, water contamination, additive depletion, and oxi- 
dation can be detected by IR analysis. 

Thermal degradation of hydraulic fluids in service is often both the result of 
and a consequence of additive depletion and oxidation of the base fluid; for instance, 
when the antioxidant in a conventional mineral-based hydraulic fluid becomes de- 
pleted, carboxylate compounds, including carboxylic acids, frequently appear in the 
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Figure 23.11 Infrared spectra of zinc dialkyldithiophosphate heated to 180°C [37]. 

IR spectra as shown in Fig. 23.12 [37]. These carboxylates are the result of base-oil 
oxidation. Although thermal degradation of mineral-oil-based hydraulic fluids is read- 
ily detectable by infrared analysis [38], IR analysis of water-containing fluids such 
as water-glycols is complicated by spectral interference from water itself. Nonethe- 
less, water- glycol hydraulic fluids are susceptible to depletion of their amine-based 
additive system and oxidation of the glycol base fluid to form carboxylic acids [39]. 

LUIRICMT 6RME 8 lW40  

Figure 23.12 Infrared spectra of new and used oils: a indicates traces of water contami- 
nation, b indicates formation of oxidation debris (carboxylic acids), and c indicates depletion 
of zinc antiwear additive [38]. 
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Figure 23.13 Correlation between pH and reserve alkalinity. 

Formic acid, in particular, is known to have a detrimental effect on the antiwear 
characteristics of these fluids. In addition, depletion of corrosion inhibitors may be 
the result of tramp-oil contamination, hard-water contamination, and evaporation 
brought about by high temperatures. The additive or amine concentration of a water- 
glycol hydraulic fluid is designated as “reserve alkalinity.” Measuring the reserve 
alkalinity of a fluid is generally done by titrating a sample of the diluted fluid with 
0.IN HCI. The results are conventionally reported as the milliliters of 0.1N hydro- 
chloric acid (HC1) required to titrate 100 mL of fluid to a pH of 5.5 [40]. Another 
method for monitoring the condition of a water-glycol fluid is the pH test. Whereas 
the reserve alkalinity test is a direct measure of the free-amine content of the fluid, 
pH provides an indirect measurement of fluid alkalinity by determining the hydrogen 
ion content of the fluid. There is poor correlation between pH and reserve alkalinity 
(see Fig. 23.13) (G. E. Totten, unpublished data). This is because the pH of a solution 
depends to a greater extent on the dissociation constant than concentration [41]. 

7 FLUID CLASSIFICATIONS AND SPECIFICATIONS 

Commercial, military, national, and international standards organizations have estab- 
lished classification schemes for various fluid types such as mineral oil, water- 
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Figure 23.14 ASTM D-892 apparatus. (Courtesy of Koehler Instrument Co.) 

glycol. and biodegradable fluids. These organizations also have established perfor- 
mance specifications for many fluid types as well. In general, the purposes of per- 
formance standards are the following: 

Define minimum performance requirements for hydraulic fluids 
Provide fluid suppliers with performance targets 
Improve the availability of suitable hydraulic fluids 
Provide a user-friendly, internationally recognizable classification system 

Many of these standards, such as the commercial standards listed in Table 23.5 and 
the regional standard listed in  Table 23.6, rely upon the tests described earlier in this 
chapter to evaluate fluid suitability. 

Although commercial standards provide useful selection guidelines for certain 
applications, oftentimes hydraulic systems use components from multiple suppliers 
based on different continents throughout the world. Consequently, international stan- 
dards, particularly those developed by the International Standards Organization 
(ISO), have increasing importance in the hydraulics industry. The IS0  Standard for 
classifying hydraulic fluids is IS0  6743-4. This classification system provides stan- 
dard symbols for different fluid types, such as mineral-oil-based hydraulic fluids 
(Table 23.7) and fire-resistant hydraulic fluids (Table 23.8). IS0  6743-4 is currently 
being revised to include symbols for biodegradable hydraulic lluids (Table 23.9). 
Performance specifications for mineral-oil-based fluids are defined in IS0  11158. 
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Table 23.5 Commercial Hydraulic Fluid Specifications 
~~~~~~~~ 

Denison Vickers Cincinnati Milacron 

Specification HF-0 HF-2 M-2950-S 1-286-S P68, P-69, P-70 

Pump wear tests 
Denison T-6-C Pass 
Denison P-46 Pass Pass 
Vickers 35VQ-25 Pass 
Vickers V-lWC, mg <50 <50 

High-temp. tests 
Turbine Oil Oxidation Life ASTM D943, hours >loo0 >loo0 >loo0 
loo0 Hour Sludge Test, mg. Insolubles, D-4310 <200 <400 
Copper wt. loss, mg 4 0  <200 
Iron wt. loss, mg c50 cl00 
Hydrolytic stability TAN rng KOH/g, D2619 <4.0 <6.0 
Cincinnati Milacron Thermal Stability Pass Pass 

Water tolerance tests 
Demulsibility D 1401 Pass" Pass" 
Rust Test D665 
Part A Pass Pass Pass" Pass* Pass 
Part B Pass Pass Pass" Pass" 

Filterability TP 02100 <600 
(a) 1.2 prn without water 
(b) 1.2 prn with water c2 X (a) 

Miscellancous tests 
Foam D8Y2 at 10 min. Nil Nil 
Viscosity Index, min. 90 90 90 

'Evidence of satisfactory performance required, test method unspecified. 
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Table 23.6 DIN Standard 51524 

DIN 51 524 Part 1 Part 2 Part 3 

Classification HL HLP HLVP 
IS0 grade DIN 51 519 10-100 10-100 15-100 
Viscosity index 1 0 s  2909 NR NR 2 140" 
Flash point ("C) DIN 51 367 Pass Pass Pass 
Pour point ("C) DIN 51 597 Pass Pass Pass 
Demulsibility DIN 51 599 Pass Pass Pass 
Air release DIN 51 381 Pass Pass Pass 
Foam test DIN 51 566 150/0-75/0- 150/0 150/0-75/0- 150/0 150/0-75/0- 150/0 
Copper corrosion DIN 51 759 2 2 2 
Stee1 corrosion DIN 51 585 max. 0-A max. 0-A max. 0-A 
Seal compatibility 

Volume change-NBR DIN 53 521 Pass Pass Pass 
Hardness change-NBR DIN 53 505 Pass Pass Pass 

FZG Test DIN 51 354 
(a) Damage stageh NIA 10 10 
(b) Wear (mg/kW h) 0.27 0.27 

Vickers vane pump DIN 51 389 
(a) Wear of ring (mg), max N/A 120 120 
(b) Wear of vanes (mg), max 30 30 

Oxidation Test DIN 51 558 
TAN@lOOO h c2.0 c2.0 c2.0 

"2120 for I S 0  VG 100. 
hNot required for I S 0  VG < 32. 

Table 23.7 Comparison of Classification Symbols for Mineral-Oil-Based 
Hydraulic Fluids 

~~~~ 

Governing organization I S 0  AAMA DIN ASTM 
Applicable standard 6743-4" 524" 5 1524 D6 158' 
Hydraulic oils-mineral-oil based H H H H 
Noninhibited mineral oils HH - - HH 
Rust and oxidation hydraulic oils HL HL H L ~  HL 
Antiwear hydraulic oils HM HM HLP' HM 
Multigrade antiwear hydraulic oils HV HV HVLP' 
Antiwear hydraulic slide-way oils with HG 

antislip/stick properties 
Multigrade rust and oxidation hydraulic i l s  HR HR 

~~~~~ ~~~ 

"IS0 6743-4: 1982, Lubricants, Industrial oils and related products (Class L)-Classification-Part 4: 
Family H (hydraulic systems). 
'AAMA 524, Lubricants, industrial oils, and related products Part 1, Type HF (Fire-resistant hydraulic 
fluids), 1996, American Automobile Manufacturers Association, Detroit, MI. 
'Reference 15. 
"HL Hydraulic Oils, Mininiicnr Requirements, DIN 51524 Part I ,  1990, Deutsche Norm, Beuth Verlag 
GmbH, Berlin. 
'HLP Hydraulic Oils, Minimitni Requirements. DIN 51524 Part II .  1990, Deutsche Norm, Beuth Verlag 
GmbH, Berlin. 
'HVLP Hydraitlic Oils, Mininruni Requirements. DIN 51524 Part III ,  1990, Deutsche Norm, Beuth Verlag 
GmbH. Berlin. 
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Table 23.8 IS0 Classification Symbols for Fire-Resistant 
Hydraulic Fluids 

Governing organization ISO” 
Applicable standard 6743-4 
Hydraulic oils-fire resistant HF 
Oil-in-water emulsion (fire resistant) HFAE 
Chemical solutions in water (fire resistant) HFAS 
Water-in-oil emulsion (fire resistant) HFB 
Water-glycol solutions (fire resistant) HFC 
Phosphate ester fluid (fire resistant) HFDR 
Chlorinated hydrocarbon fluids (fire resistant) HFDS 
Mixtures of HFDR and HFDS HFDT 
Other non-water-containing synthetic fluids HFDU 

“IS0 6743-4:1982, Lubricants, Industrial oils and related products 
(Class L)-Classification-Part 4:Family H (hydraulic systems). 

Table 23.9 Proposed Classifications for 
Biodegradable Hydraulic Fluids 

Governing organization IS0 
Applicable standard 6743-4” 
Hydraulic oils-biodegradable HE 
Triglyceride type HETG 
Polyglycol type HEPG 
Synthetic ester type HEES 
Poly alphaolefin type HEPR 

”ISOLFDIS 6743-4:1999(E), Lubricants, Industrial 
oils and related products (Class L)-Classifica-
tion-Part 4: Family H (hydraulic systems); under 
preparation. 
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Appendixes 

APPENDIX 1: TEMPERATURE CONVERSION TABLE 

Equivalent Temperature Readings for Fahrenheit and Celsius Scales [OF = (9/5)"C + 32; 
"C = (5/9)("F - 32)] 

"Fahrenheit "Celsius "Fahrenheit "Celsius "Fahrenheit "Celsius "Fahrenheit "Celsius 

-459.4 -273 -39 -39.4 -18.4 -28 2 - 16.7 
-436 -260 -38.2 -39 -18 -27.8 3 - 16.1 
-418 -250 -38 -38.9 -17 -27.2 3.2 -16 
-400 -240 -37 -38.3 -16.6 -27 4 -15.6 
-382 -230 -36.4 -38 -16 -26.7 5 - 15 

-364 -220 -36 -37.8 -15 -26.1 6 - 14.4 
-346 -210 -35 -37.2 - 14.8 -26 6.8 - 14 
-328 -200 -34.6 -37 - 14 -25.6 7 - 13.9 
-310 -190 -34 -36.7 -13 -25 8 - 13.3 
-292 -180 -33 -36.1 -12.0 -24.4 8.6 -13 

-274 -170 -32.8 -36 -11.2 -24 9 - 12.8 
-256 -160 -32 -35.6 -11 -23.9 10 - 12.2 
-238 -150 -31 -35 -10.0 -23.3 10.4 -12 
-220 -140 -30 -34.4 -9.4 -23 11 - 11.7 
-202 -130 -29.2 -34 -9 -22.8 12 - 11.1 

-184 -120 -29 -33.9 -8 -22.2 12.2 -11 
- 166 -110 -28 -33.3 -7.6 -22 13 - 10.6 
-148 - 100 -27.4 -33 -7 -21.7 14 - 10 
-139 -95 -27 -32.8 -6 -21.1 15 -9.4 
-130 -90 -26 -32.2 -5.8 -21 15.8 -9 

-121 -85 -25.6 -32 -5 -20.6 16 -8.9 
-112 -80 -25 -32.9 -4 -20 17 -8.3 
-103 -75 -24 -31.7 -3 -19.4 17.6 -8 
-94 -70 -23.8 -31.1 -2.2 - 19 18 -7.8 
-85 -65 -23 -30.5 -2 -18.9 19 -7.2 

-76 -60 -22 -30 - 1  - 18.3 19.4 -7 
-67 -55 -21 -29.4 -0.4 -18 20 -6.7 
-58 -50 -20.2 -29 0 -17.8 21 -6.1 
-49 -45 -20 -28.9 + 1  - 17.2 21.2 -6 
-40 -40 -19 -28.3 1.4 -17 22 -5.6 
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Equivalent Temperature Readings for Fahrenheit and Celsius Scales (Continued) 

"Fahrenheit "Celsius "Fahrenheit "Celsius "Fahrenheit "Celsius "Fahrenheit "Celsius 

23 -5 54 12.2 85 29.4 116.6 47 
24 -4.4 55 12.8 86 30 117 47.2 
24.8 -4 55.4 13 87 30.6 118 47.8 
25 -3.9 56 13.3 87.8 31 118.4 48 
26 -3.3 57 31.9 88 31.1 119 48.3 

26.6 -3 57.2 14 89 31.7 120 48.9 
27 -2.8 58 14.4 89.6 32 120.2 49 
28 -2.2 59 15 90 32.2 121 49.4 
28.4 -2 60 15.6 91 32.8 122 50 
29 - 1.7 60.8 16 91.4 33 123 50.6 

30 - 1.1 61 16.1 92 33.3 123.8 51 
30.2 - 1  62 16.7 93 33.9 124 51.1 
31 -0.6 62.6 17 93.2 34 125 51.7 
32 0 63 17.2 94 34.4 125.6 52 
33 +0.6 64 17.8 95 35 126 52.2 

33.8 1 64.4 18 96 35.6 127 52.8 
34 1.1 65 18.3 96.8 36 127.4 53 
35 1.7 66 18.9 97 36.1 128 53.3 
35.6 2 66.2 19 98 36.7 129 53.9 
36 2.2 67 19.4 98.6 37 129.2 54 

37 2.8 68 20 99 37.2 130 54.4 
37.4 3 69 20.6 100 37.8 131 55 
38 3.3 69.8 21 100.4 38 132 55.6 
39 3.9 70 21.1 101 38.3 132.8 56 
39.2 4 71 21.7 102 38.9 133 56.1 

40 4.4 71.6 22 102.2 39 134 56.7 
41 5 72 22.2 103 39.4 134.6 57 
42 5.6 73 22.8 104 40 135 57.2 
42.8 6 73.4 23 105 40.6 136 57.8 
43 6.1 74 23.3 105.8 41 136.4 58 

44 6.7 75 23.9 106 41.1 137 58.3 
44.6 7 75.2 24 107 41.7 138 58.9 
45 7.2 76 24.4 107.6 42 138.2 59 
46 7.8 77 25 108 42.2 139 59.4 
46.4 8 78 25.6 109 42.8 140 60 

47 8.3 78.8 26 109.4 43 14 1 60.6 
48 8.9 79 26.1 110 43.3 141.8 61 
48.2 9 80 26.7 111.1 43.9 142 61.1 
49 9.4 80.6 27 11 1.2 44 143 61.7 
50 10.0 81 27.2 112 44.4 143.6 62 

51 10.6 82 27.8 113 45 144 62.2 
51.8 1 1  82.4 28 114 45.6 145 62.8 
52 11.1 82.9 28.3 114.8 46 145.4 63 
53 11.7 84 28.9 115 46.1 146 63.3 
53.6 12 84.2 29 116 46.7 147 63.9 
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Equivalent Temperature Readings for Fahrenheit and Celsius Scales (Continued) 

"Fahrenheit "Celsius "Fahrenheit "Celsius "Fahrenheit "Celsius "Fahrenheit "Celsius 

147.2 64 179 81.7 210 98.9 24 1 116.1 
148 64.4 179.6 82 210.2 99 242 116.7 
149 65 180 82.2 21 1 99.4 242.6 117 
150 65.6 181 82.8 212 100 243 117.2 
150.8 66 181.4 83 213 100.6 244 117.8 

151 66.1 182 83.3 2 13.8 101 244.4 118 
152 66.7 183 83.9 2 14 101.1 245 118.3 
152.6 67.7 183.2 84 215 101.7 246 118.9 
153 67.2 184 84.4 215.6 102 246.2 119 
154 67.8 185 85 2 16 102.2 247 119.4 

154.4 68 186 85.6 217 102.8 248 120 
155 68.3 186.8 86 217.4 103 249 120.6 
156 68.9 187 86.1 218 103.3 249.8 121 
156.2 69 188 86.7 219 103.9 250 121.1 
157 69.4 188.6 87 219.2 104 25 1 121.7 

158 70 189 87.2 220 104.4 25 1.6 122 
159 70.6 190 87.8 22 1 105 252 122.4 
159.8 71 190.4 88 222 105.6 253 122.8 
160 71.1 191 88.3 222.8 106 253.4 123 
161 71.7 192 88.9 223 106.1 254 123.3 

161.1 72 192.2 89 224 106.7 255 123.9 
162 72.2 193 89.4 224.6 107 255.2 124 
163 72.8 194 90 225 107.2 256 124.4 
163.4 73 195 90.6 226 107.8 257 125 
164 73.3 195.8 91 226.4 108 258 125.5 

165 73.9 196 91.1 227 108.3 258.8 126 
165.2 74 197 91.7 228 108.9 259 126.1 
166 74.4 197.6 92 228.2 109 260 126.7 
167 75 198 92.2 229 109.4 260.6 127 
168 75.6 199 92.8 230 110 26 1 127.2 

168.8 76 199.4 93 23 1 110.6 262 127.8 
169 76.1 200 93.3 231.8 111 262.4 128 
170 76.7 20 1 93.9 232 111.1 263 128.3 
170.6 77 201.2 94 233 111.7 264 128.9 
171 77.2 202 94.4 233.6 112 264.2 129 

172 77.8 203 95 234 112.3 265 129.4 
172.4 78 204 95.6 235 112.8 266 130 
173 78.3 204.8 96 235.4 113 267 130.6 
174 78.9 205 96.1 236 113.3 267.8 131 
174.2 79 206 96.7 237 113.9 268 131.3 

175 79.4 206.6 97.7 237.2 114 269 131.7 
176 80 207 97.2 238 1 14.4 269.6 132 
177 80.6 208 97.8 239 115 270 132.2 
177.8 81 208.4 98 240 115.6 27 1 132.8 
178 81.1 209 98.3 240.8 116 271.4 133 
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Equivalent Temperature Readings for Fahrenheit and Celsius Scales (Continued) 

"Fahrenheit "Celsius "Fahrenheit "Celsius "Fahrenheit "Celsius "Fahrenheit "Celsius 

272 133.3 300 148.9 327.2 164 355 179.4 
273 133.9 300.2 149 328 164.4 356 180 
273.3 134 30 1 149.4 3 29 165 357 180.6 
274 134.4 302 150 330 165.6 357.8 181 
275 135 303 150.6 330.8 166 358 181.1 

276 135.6 303.8 151 33 1 166.1 359 181.6 
276.8 I36 304 151.1 332 166.7 359.6 182 
277 136.1 305 15 1.7 332.6 167 360 182.2 
278 136.7 305.6 152 333 167.2 361 182.8 
278.6 137 306 152.2 334 167.8 36 1.4 183 

279 137.2 307 152.8 334.4 168 362 183.3 
2 80 137.8 307.4 153.3 335 168.3 363 183.9 
280.4 138 308 153.3 336 168.9 363.2 184 
28 1 138.3 309 153.9 336.2 169 364 184.4 
282 138.9 309.2 154 337 169.4 365.6 185 

282.2 139 310 154.4 338 170 366 185.6 
283 139.4 31 1 155 339 170.6 366.8 186 
284 140 312 155.6 339.8 171 367 186.1 
285 140.6 3 12.8 156 340 171.1 368 186.7 
285.8 141 313 156.1 34 1 171.7 368.6 187 

286 141.1 3 14 156.7 34 1.6 172 369 187.2 
287 141.7 3 14.6 157 342 172.2 370 187.8 
287.6 142 3 15 157.2 343 172.8 370.4 188 
288 142.2 316 157.8 343.4 173 37 1 188.3 
289 142.8 316.4 158 344 173.3 372 188.9 

289.4 143 3 17 158.3 345 173.9 372.2 189 
290 143.3 318 158.9 345.2 174 373 189.4 
29 1 143.9 318.2 159 346 174.4 374 190 
29 1.2 144 3 19 159.4 347 175 
292 144.4 320 160 348 175.6 

293 145 32 1 160.6 348.8 176 
294 145.6 32 1.8 161 349 176.1 
294.8 146 322 161.1 350 176.7 
295 146.1 323 161.7 350.6 177 
296 146.7 323.6 162 35 I 177.2 

296.6 147 324 162.2 352 177.8 
297 147.2 325 162.8 352.4 178 
298 147.8 325.4 163 353 178.3 
298.4 148 326 163.3 354 178.9 
299 148.3 327 163.9 354.2 179 
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APPENDIX 2: SI UNIT CONVERSIONS 

Conversions of USCS to SI Units 

Energy 

British thermal unit (ISO/TC 12) Joule +03 1.055 06 
British thermal unit (International Joule +03 1.055 04 

Steam Table) 
British thermal unit (mean) Joule +03 1.055 87 
British thermal unit Joule +03 1.054 350 264 488 

(thermochemical) 
British thermal unit (39°F) Joule +03 1.059 67 
British thermal unit (60°F) Joule +03 1.054 68 
Calorie (International Steam Table) 

Calorie (mean) Joule +00 4.190 02 
Calorie (thermochemical) Joule +00 4.184 
Calorie (15°C) Joule +00 4.185 80 
Calorie (20°C) Joule +00 4.185 90 
Calorie (kilogram, International Joule +00 4.1868 

Steam Table) 
Calorie (kilogram, mean) Joule +03 4.190 
Calorie (lulogram, thermochemical) Joule +03 4.184 
Electronvolt Joule -19 1.602 10 

Foot-pound force (ft-lbf) 
Erg Joule 

Joule 
-07 1.00 
+00 1.355 817 9 

Foot poundal Joule -02 4.214 011 0 
Joule (International of 1948) Joule +00 1.000 165 
Kilocalorie (International Steam Joule +03 4.1868 

Table) 
Kilocalorie (mean) Joule +03 4.190 02 
Kilocalorie (thermochemical) Joule +03 4.184 
Kilowatt hour Joule +06 3.600 59 
Kilowatt hour (International of Joule +06 3.600 59 

1948) 
Ton (nuclear equivalent of TNT) Joule +09 4.20 
Watt hour Joule +03 3.60 

Energy/area time 
~ ~~~~~~ 

To convert from To Multiply by" 

Btu (thermochemical)/foot? second Wattjmeter' +04 1.134 8931 
Btu (thermochemical)/foot? minute 
Btu (thermochemical)/foot? hour 

Wattjmeter' +02 1.891 488 5 
+00 3.152 480 8 

Btu (thermochemical)/inch' second Wattjmeter' +06 1.634 246 2 
Calorie (thermochemical)/cm2 Wattjme te r2 +02 6.973 333 3 

minute 
Ergkentimeter? second Wattjmeter' -03 1.00 
Wattjcm' Wattjmeter' +04 1.00 
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Conversions of USCS to SI Units (Continued) 

To convert from 

Dyne 
Kilogram force (kgf) 
Kilopound force 
Kip 
lbf (pound force, avoirdupois) 
Ounce force (avoirdupois) 
Pound force lbf (avoirdupois) 
Pounds 

To convert from 

Footlsecond' 
Free fall, standard 
Gal (galileo) 
Inchhecond' 

To convert from 

Acre 
Circular mil 
Foot' 
Inch' 
Mile? (U.S. statute) 
Yard' 

To convert from 

Gramken time ter ' 
Ibm/inch' 
1bm/foot ' 
Slug/foot' 

To 

Newton 
Newton 
Newton 
Newton 
Newton 
Newton 
Newton 
Newton 

Acceleration 

To 

Metedsecond' 
Me ter/second' 
Meter/second' 
Meterhecond' 

Area 

To 

Meter' 
Meter' 
Meter' 
Meter' 
Meter? 
Meter' 

Density 

To 

Kilogradme ter ' 
KiIogram/me ter' 
Kilogradmeter' 
Kilogradme ter ' 

Appendixes 

Multiply by" 

-05 1.00 
+00 9.806 65 

+00 9.806 65 

+03 4.448 221 615 260 5 

+00 4.448 221 615 260 5 

-01 2.780 138 5 

+00 4.448 221 615 260 5 

-01 1.382 549 543 76 


Multiply by" 

-01.3048 

+00 9.806 65 

-02 1.00 
-02 2.54 

Multiply by" 

+03 4.046 856 422 4 

- 10 5.067 074 8 

-02 9.290 304 

-04 6.4516 
+06 2.589 988 110 336 

-01 8.361 273 6 


Multiply by" 

+03 1.00 
+04 2.767 990 5 

+01 1.601 846 3 

+02 5.153 79 


"The first two digits of each number represent a power of 10. 
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APPENDIX 3: COMMONLY USED PRESSURE CONVERSIONS; 
FRACTION NOTATION 

Commonly Used Pressure Conversions 

1 bar = 100,OOO Pa 1 MPa = 10 bar 
1 bar = 100 kPa 1 MPa = 1,000kPa 
1 bar = 0.1 MPa 1 MPa = 1,OOO,OOOPa 

1 W a  = 1000 Pa 1 bar = 14.5 psi 
1 kPa = 0.01 bar 
1 kPa = 0.001 MPa 

100kPa = 14.5 psi 
1 MPa = 14.5 psi 

Examples for Using Fractions and Multiples of Base Units 

Frac t./Mul t Symbol Pa m L N mW 

10-? m mm mL 
lop’ C cm 
lop‘ d dm” dL” 
10 da daN” 
10’ h hL 
1o2 h kPa km kW 
1o6 M MPa MN mW 

“Units used in Europe. 
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I 

APPENDIX 4: VOLUME AND WEIGHT EQUIVALENTS 

Volume and Weight Equivalents (Example: 20 U.S. Gallons 3.7854 = 75.708 Liters)

\Convert to 
Volume and weight equivalents Weight equivalent basis water at 60°F (15.6"C) 

Convert from gallonsu s .  Imperial Cubic Cubic 
gallons inches Cubic feet Liters meters Pounds U S .  tons Kilograms 

U.S. gallons I 0.8327 231 0.13368 3.7854 0.0037854 8.338 0.00417 3.782 
Imperial gallons 1.20094 I 277.39 0. I6054 4.546 0.004546 10.0134 0.005 4.542 
Cubic inches 0.004329 0.003605 1 0.0005787 0.016387 O.oooO16387 0.036095 55,409 0.01 6372 
Cubic feet 7.48052 6.229 1,728 I 28.317 0.02832 62.3714 0.03119 28.291 
Liters 0.2642 0.22 61.024 0.035315 1 0.001 2.2029 0.001I 0.1 
Cubic meters 264.2 220 61,024 35.315 1.ooo 1 2.202.65 1.10133 1,000 
Pounds 0.1199 0.09987 27.71 0.016033 0.4539 0.000454 I 0.0005 0.45359 
US.tons 239.87 199.7 55,409 32.066 907.9 0.908 2.000 1 907.2 
Kilograms 0.2644 0.2202 61.OS 0.03534 1 0.001 2.205 0.001 1 1 

Nore:The capacity of a barrel varies in different industries. For instance: 
1 bbl of beer = 31 U.S. gallons 

bbl of wne = 31.5 U S .  gallons 
1 bbl of oil = 42 U S .  gallons 
1 bbl of whiskey = 45 US. gallons 

Drums: The drum is not considered to be a unit of measure as is the barrel. Drums are usually built to specifications and are available in sizes from 2Yz gallons to 55 gallons; the most popular sizes are the 5 
gallon. 30 gallon, and 55 gallon drums. 
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APPENDIX 5: HEAD AND PRESSURE EQUIVALENTS 

Equivalents of Head and Pressure (Example: 15 lb/ft’ X 4.88241 = 73.236 kg/m’) 

Water (68°F)” Mercury (32°F)h Mega 
Pascals 

lblin.’ Ib/ft’ Atmospheres kglcm’ kdm’ in. ft  in. mm Bars‘ (MPa)‘ 

Iblin.’ 1 144 0.068046 0.070307 703.07 27.7276 2.3106 2.03602 51.715 0.06895 0.006895 
lblfi’ 0.0069444 1 0.00473 0.000488 4.88241 0.1926 0.01605 0.014139 0.35913 0.000479 0.0000479 
Atmospheres 
kglcm’ 
kglm’ 

14.696 
14.2233 
0.001422 

2,166.2 
2,048.155 

0.204768 

1 
0.96784 
0.0000968 

1.0332 
1 
O.Ooo1 

10,332.27 
10,Ooo 

1 

407.484 
394.38 

0.03944 

33.957 
32.865 

0.003287 

29.921 
28.959 

0.002896 

760 
735.559 

0.073556 

1.01325 
0.98067 

0.000098 

0.101325 
0.098067 

0.0000098 
in. Water” 0.036092 5.1972 0.002454 0.00253 25.375 1 0.08333 0.07343 1.865I 0.00249 0.000249 
ft Water” 0.43278I 62.3205 0.029449 0.03043 304.275 12 1 0.88115 22.3813 0.029839 0.0029839 
in. Mercuryh 0.49 1 154 70.7262 0.033421 0.03453 345.3 16 13.6185 1,1349 1 25.40005 0.033864 0.0033864 
mm Mercuryh 
Bars‘ 

0.0 193368 
14.5038 

2.7845 
2,088.55 

0.0013158 
0.98692 

0.0013595 
1.01972 

13.59509 
10,197.2 

0.53616 
402.156 

0.04468 
33.513 

0.03937 
29.53 

1 
750.062 

0.001333 
1 

0.0001333 
0.I 

MPa‘ 145.038 20,885.5 9.8692 10.1972 101,972 4,021.56 335.13 295.3 7,500.62 10 1 

Water at 68°F (20°C). 
hMercury at 32°F (0°C). 
‘MPa (megapascal) = 10 bars = 1,OOO.OOON/m’ (Newtondmeter‘). 
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APPENDIX 6: FLOW EQUIVALENTS 

Flow Equivalents-for Any Liquid (Example: 100 U.S. gaYmin X 0.0631 = 6.31 litedsec) 

us. Cu. ft per Barrels Barrels 
U.S. Imp. million sec Cu meters Liters per (42 gal) (42 gal) per 

gdmin gdmin  @day (sec-ft) per hour sec per min day 

U.S. gal/min 1 0.8327 0.00144 0.00223 0.2271 0.0631 0.0238 34.286 
Imp. gaUmin 1.201 1 0.00173 0.002676 0.2727 0.0758 0.02859 41.179 
U.S. million gaUday 694.4 578.25 I 1.547 157.7 43.8 16.53 23,810 
Cu ft/sec 448.83 373.7 0.646 1 101.9 28.32 10.686 15,388 
Cu &sec 15,852 13,200 22.83 35.35 3,600 1 ,OOo 377.4 543,462 
c u  d m i n  264.2 220 0.3804 0.5886 60 16.667 6.29 9,058 
c u  mflr 4.403 3.67 0.00634 0.00982 1 0.2778 0.1048 151 
Li tedsec 15.85 13.2 0.0228 0.0353 3.6 1 0.3773 543.3 
Litedmin 0.2642 0.22 0.00038 0.000589 0.06 0.0 167 0.00629 9.058 
Barrels (42 gal)/min 42 34.97 0.0605 0.0937 9.538 2.65 1 1.440 
Barrels (42 gal)/day 0.0292 0.0243 0.000042 0.000065 0.00662 0.00184 0.00069 1 

Nufe: I miners inch of water = 8.977 gprn (in Idaho, Kansas, Nebraska, New Mexico. N. Dakota, and Utah) 
= 11.22 gpm (in Arizona, California, Montana, Nevada and Oregon) 
= 11.69 gpm (in Colorado) 

Barrel per day = 3 1 gal X 0.02I53 = gpm (beer) 
3 1.5 gal X 0.021 8X = gpm (wine) 
42 gal X 0.02917 = gpm (oil) 
45 gal X 0.03125 = gpm (whiskey). 
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APPENDIX 7: VISCOSITY CONVERSION CHARTS 

Approximate Viscosity Conversions 

Seconds Seconds 
Say bolt Kinematic viscosity Saybolt Seconds Seconds 
Universal Furol Redwood 1 Redwood 2 Degrees Degrees 
(SSU) centistokes ft'/sec (SSF) Standard Admiralty Engler Barbey 

31 1.o O.oooO1076 29 - 1 .OO 6,200 
31.5 1.13 0.00001216 29.4 - 1.01 5,486 
32 1.81 0.00001948 29.8 - 1.08 3.425 
32.6 2.00 0.00002 153 30.2 - 1.10 3.100 
33 2.1 1 0.00002271 30.6 - 1.1 1 2,938 
34 2.40 O.oooO2583 31.3 - 1.14 2,583 
35 2.7 1 0.000029 17 32.1 - 1.17 2,287 
36 3.00 O.OooO3 22 9 32.9 - 1.20 2,066 
38 3.64 0.000039 18 33.7 - 1.26 1,703 
39.2 4.00 0.00004306 35.5 - 1.30 1,550 
40 4.25 0.00004575 36.2 5.10 1.32 1,459 
42 4.88 0.0000525 3 38.2 5.25 1.36 1,270 
42.4 5.00 0.00005382 38.6 5.28 1.37 1,240 
44 5.50 0.00005920 40.6 5.39 1.40 1,127 
45.6 6.00 0.00006458 41.8 5.5 1 1.43 1,033 
46 6.13 0.00006598 42.3 5.54 1.44 1,011 
46.8 7.OO 0.00007 5 3 5 43.1 5.60 1.48 885 
50 7.36 0.00007 922 44.3 5.83 1.58 842 
52.1 8.00 0.0000861 1 46.0 6.03 1.64 775 
55 8.88 0.00009558 48.3 6.30 1.73 698 
55.4 9.00 O.OooO968 8 48.6 6.34 1.74 689 
58.8 10.00 O.Oo0 1076 51.3 6.66 1.83 620 
60 10.32 0.000111 1 52.3 6.77 1.87 601 
65 11.72 0.0001262 56.7 7.19 2.01 5 29 
70 13.08 0.000 1 408 60.9 7.60 2.16 474 
75 14.38 0.000 1548 65.1 8.02 2.37 43 1 
80 15.66 O.OO0 1686 69.2 8.44 2.45 396 
85 16.90 0.0001819 73.4 8.87 2.59 367 
90 18.12 0.0001950 77.6 9.30 2.73 342 
95 19.32 0.0002080 81.6 9.71 2.88 321 

100 20.52 0.0002209 85.6 10.12 3.02 302 
120 25.15 0.0002707 102 11.88 3.57 246 
140 29.65 0.0003 19 1 119 13.63 4.11 209 
160 34.10 0.0003670 136 15.39 4.64 182 
180 38.52 0.0004146 153 17.14 5.12 161 
200 42.95 0.0004623 170 18.90 5.92 144 
300 64.6 0.0006953 253 28.0 8.79 96 
400 86.2 0.000927 8 338 37.1 11.70 71.9 
500 108.0 0.001 163 423 46.2 14.60 57.4 
600 129.4 0.00 1393 507 55.3 17.50 47.9 
700 151.0 0.001625 592 64.6 20.44 41.0 
800 172.6 0.001 858 677 73.8 23.36 35.9 
900 194.2 0.002090 762 83.0 26.28 31.9 

1,000 215.8 0.002323 846 92.3 29.20 28.7 
1,200 259.0 0.002788 1,016 111 35.1 23.9 

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



1220 Appendixes 

Approximate Viscosity Conversions (Continued) 
~ ~ ~ ~~ ~~~~ 

Seconds Seconds 
Saybolt Kinematic viscosity Saybolt Seconds Seconds 
Universal Furol Redwood 1 Redwood 2 Degrees Degrees 
(SSU) centistokes ft’/sec (SSF) Standard Admiralty Engler Barbey 

1,400 302.3 0.003254 143 1,185 129 40.9 20.5 
1,600 345.3 0.0037 17 163 1,354 148 46.7 18.0 
1,800 388.5 0.004 182 183 1,524 166 52.6 15.6 
2,OOo 431.7 0.004647 204 1,693 185 58.4 14.4 
2,500 539.4 0.005 806 254 2,115 23 1 73.0 11.5 
3,OOo 647.3 0.006967 305 2,538 277 87.6 9.6 
3,500 755.2 0.008 129 356 2,96 1 323 102 8.21 
4,000 863.1 0.009290 408 3,385 369 117 7.18 
4,500 970.9 0.01045 45 8 3,807 415 131 6.39 
5 ,OOo 1,078.8 0.01 161 509 4,230 46 1 146 5.75 
6,000 1,294.6 0.01393 610 5,077 553 175 4.78 
7,000 1 3  10.3 0.0 1626 712 5,922 646 204 4.1 1 
8,Ooo 1,726.1 0.01858 8 14 6,769 738 234 3.59 
9,000 1,941.9 0.02092 916 7,615 830 263 3.19 

10,000 2,157.6 0.02322 1,018 8,46 1 922 292 2.87 
15,000 3,236.5 0.03438 1,526 12,692 438 1.92 
20,000 4,315.3 0.04645 2,035 16,923 5 84 1.44 
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Viscosity-Unit Conversions 

Kinematic viscosity" 
fi2/sec 92,903.04 Centistokes 
ft'/sec 0.092903 Sq. meterdsec 
Sq. meterdsec 10.7639 ft'/sec 
Sq. meterdsec 1,000,000 Centistokes 
Centistokes 0.000001 Sq. meterdsec 
Centistokes 0.0000107639 ft'/sec 

Absolute or dynamic viscosityh 
lbf-sec/ft2 47,8 80.26 Centipoises 
lbf-sec/ft' 47.8803 Pascal-sec 
Centipoises 0.000102 kg-sec/sq. meter 
Centipoises 0.0000208 854 lbf-sec/sq. ft* 
Centipoises 0.001 Pascal-sec 
Pascal-sec 0.0208854 lbf-sec/sq. ft* 
Pascal-sec 1,000 Centipoises 

Absolute to kinematic viscosity 
Centipoises l/density (gkm') Centistokes 
Centipoises 0.00067 197/density (lb/ft') ft'/sec 
lbf-sec/ft2 32.174/density (lb/ft') ft'/sec 
kg-sec/m' 9.80665/density (kg/m') Sq. meterdsec 
Pascal-sec 1000/density (g/cm3) Centi stokes 

Kinematic to absolute viscosity 
Centistokes Density (g/cm3) Centipoises 
Sq. meterdsec 0.10197 X density (kg/m') kg-sec/sq. meter 
ft2/sec 0.03108 X density (lb/ft3) lbf-sec/ft' 
ft2/sec 1488.16 X density (Ib/ft') Centipoises 
Centistokes 0.001 X density (g/cm') Pascal-sec 
Sq. meterdsec 1000 X density (g/cm3) Pascal-sec 

aSee previous page for conversion in SSU, Redwood, and so forth. 
hSometimes absolute viscosity is given in terms of pounds mass; in this case: centipoises X 0.000672 
= Ib d f t  sec. 
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APPENDIX 8: NUMBER OF U.S. GALLONS IN ROUND AND 
RECTANGULAR TANKS 

Number of U.S. Gallons in Round Tanks for One Foot in Depth (1 to 23’ diameter) 

Cubic ft Cubic ft Cubic ft 
No. and No. and No. and 

Diameter U.S. area in Diameter U.S. area in Diameter U S .  area in 
of tanks gals ft’ of tanks gals ft2 of tanks gals ft’ 

5.87 0.785 41-71’ 123.42 16.50 12’-6 918 122.72 
6.89 0.922 4’-8’‘ 127.95 17.10 12’-9” 955.09 127.68 
8 1.069 4’-9” 132.56 17.72 13’ 992.9 1 132.73 
9.18 1.227 4’- 10” 137.25 18.35 13’-3” 103 1.50 137.89 

10.44 1.396 4‘- 11” 142.05 18.99 13’-6” 1070.80 143.14 
11.79 1.576 5’  146.88 19.63 13’-9” 1 1  10.80 148.49 
13.22 1.767 51-1fi 151.82 20.29 14’ 1151.50 153.94 
14.73 1.969 5’-2“ 156.83 20.97 14’-3” 1193 159.48 
16.32 2.182 51-31’ 161.93 2 1.65 14’-6” 1235.30 165.13 
17.99 2.405 51-4” 167.12 22.34 14’-9” 1278.20 170.87 
19.75 2.640 51-51! 172.38 23.04 15’ 132 1.90 176.7 1 
2 1.58 2.885 51-6“ 177.72 23.76 15’-3” 1366.40 182.65 
23.50 3.142 5‘-7” 183.15 24.48 15 ’-6” 141 1.50 188.69 
25.50 3.409 5’-8” 188.66 25.22 15 ’-9” 1457.40 194.83 
27.58 3.687 51-91! 194.25 25.97 16’ 1504.10 20 1.06 
29.74 3.976 5’- 10” 199.92 26.73 16’-3” 155 1.40 207.39 
3 1.99 4.276 5‘- 1 1” 205.67 27.49 16’-6” 1599.50 2 13.82 
34.3 1 4.587 6’ 21 1.51 28.27 16’-9” 1648.40 220.35 
36.72 4.909 6’-3” 229.50 30.68 17’ 1697.90 226.98 
39.2 1 5.241 6’4’’ 248.23 33.18 17’-3” 1748.20 233.71 
41.78 5.585 6’-9’’ 267.69 35.78 17’-6” 1799.30 240.53 
44.43 5.940 7’ 287.88 3 8.48 1 7 -9” 185 1.10 247.45 
47.16 6.305 71-31! 308.8 1 41.28 18’ 1093.60 254.47 
49.98 6.68 1 71-6” 330.48 44.18 18’-3” 1956.80 26 1.59 
52.88 7.069 71-9” 352.88 47.17 18‘-6” 20 10.80 268.80 
55.86 7.467 8’ 376.01 50.27 18’-9” 2065.50 276.12 
58.92 7.876 8’-3” 399.88 53.46 19’ 2 120.90 283.53 
62.06 8.296 8’-6” 424.48 56.75 19’-3” 2177.10 29 1.04 
65.28 8.727 8l-9” 449.82 60.13 19’-6” 2234 298.65 
68.58 9.168 9’ 475.89 63.62 19’ -9” 229 1.70 306.35 
7 1.97 9.62 1 91-31’ 502.70 67.20 20’ 2350.10 3 14.16 
75.44 10.085 9’-6“ 530.24 70.88 20’-3” 2409.20 322.06 
78.99 10.559 91-91’ 558.5 1 74.66 20’-6” 2469.10 330.06 
82.62 11.045 10’ 587.52 78.54 20’-9” 2529.60 338.16 
86.33 11.541 10’-3” 6 17.26 82.52 21’ 259 1 346.36 
90.13 12.048 10’-6” 642.74 86.59 2 1’-3” 2653 354.66 
94 12.566 10’-9 678.95 90.76 2 1’-6“ 27 15.80 363.05 
97.96 13.095 11’ 7 10.90 95.03 2 1’-9’‘ 2779.30 37 1.54 

102 13.635 11‘-3” 743.58 99.40 22’ 2843.60 380.13 
106.12 14.186 1 1’-6” 776.99 103.87 22 1-31~ 2908.60 388.82 
110.32 14.748 1 1’-9’’ 81 1.14 108.43 22’-6” 2974.30 397.61 
114.61 15.321 12’ 846.03 113.10 22’-9“ 3040.80 406.49 
118.97 15.90 12‘-3” 88 1.65 117.86 23’ 3 108 415.48 
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Number of U.S. Gallons in Round Tanks for One Foot in Depth (23’-3”to 32’-9”diameter) 

Cubic ft Cubic ft Cubic ft 
No. and No. and No. and 

Diameter U.S. area in Diameter U.S. area in Diameter U.S. area in 
of tanks gals ft? of tanks gals ft’ of tanks gals ft’ 

2 3 ’-3” 3175.90 424.56 26’-6” 4125.90 551.55 29‘-9” 5199.90 695.13 
2 3 ’-6” 3244.60 433.74 26’-9“ 4204.10 562 30’ 5287.70 706.86 
23‘-9“ 3314 443.01 27 ‘ 4283 572 30’-3” 53 76.20 7 18.69 
24’ 3384.10 452.39 27 ‘-3” 4362.70 583.21 30’-6” 5465.40 730.62 
24‘-3“ 3455 461.86 27’-6” 4443.10 593.96 30’-9 5555.40 742.64 
24 ’-6’’ 3526.60 47 1.44 27 ’-9” 4524.30 604.8 1 31’ 5646.10 754.77 
24’-9” 3598.90 481.1 1 28‘ 4606.20 615.75 31’-3” 5737.50 766.99 
25‘ 3672 490.87 2 8 ‘-3” 4688.80 626.80 3 1’-6” 5829.70 779.31 
25’-3” 3745.80 500.74 2 8 ‘-6” 4772.10 637.94 31’-9” 5922.60 79 1.73 
25’-6” 3820.30 510.71 2 8 ‘-9” 4856.20 649.18 32’ 6016.20 804.25 
25‘-9“ 3895.60 520.77 29’ 494 1 660.52 3 2 ‘-3” 61 10.60 816.86 
26’ 397 1.60 530.93 29’”’’ 5026.60 67 1.96 32’-6” 6205.70 829.58 
26’-3” 4048.40 541.19 29’-6” 5112.90 683.49 3 2 -9” 6301S O  842.39 

. 
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Number of U.S. Gallons in Rectangular Tanks for One Foot in Depth 

Length of lank 
Width 
oflank 3' 3 ' 4"  4' 4 ' 4 "  5' 5 '4"  6' 6'-6" 7' 7'-6" 8' 8'-6" 9' 9'-6" 10' 

2' 74.81 82.29 89.77 97.25 104.73 112.21 1 19.69 127.17 134.65 142.13 149.61 
2'-6" 93.51 102.86 112.21 121.S6 130.91 140.26 149.61 I 5x.w 16X.31 177.66 187.01 
3' 112.21 123.43 134.65 14s.87 157.W 168.31 179.53 IYo.75 201.97 213.19 224.4 I 
3 '4" 130.9I 144.00 157.09 170.18 183.27 1%.36 20 .45  222.54 235.54 248.73 26 I .82 
4' 149.61 164.57 179.53 194.49 2W.45 224.4 1 239.37 254.34 269.30 284.26 299.22 
4'-6" 168.31 185.14 201 .97 218.80 235.63 252.47 269.30 286. I3 302.Y6 319.79 336.62 
5 '  187.01 205.71 224.47 243.1 I 261 3 2  280.52 2YY.22 317.92 336.62 355.32 374.03 
5'-6" - 226.28 246.M 267.43 288.00 308.57 329.14 349.71 370.85 3YO.85 411.43 
6' _- -. 269.30 29 I .74 314.18 336.62 359.06 38 1 .so 403.Y4 426.39 448.83 
6'4 '  - - - 3 16.05 340.36 364.67 388.98 413.30 437.60 461.92 486.23 
7' - .- - - 366.54 392.72 418.91 44.5.09 471.27 497.45 523.64 
7'-6" - .  - - - .- 420.78 448.83 476.88 504.93 532.98 561.04 
8 '  - - - - - - 478.75 508.67 538.59 5611.51 598.44 
8'-6" .- - - - - - - 540.46 572.25 MM.05 635.84 
9' - - - - - - _  - - 605.92 639.58 673.25 
9 ' 4 "  - - - - - - - - - 675.1 1 7 10.65 

10' - - - - - - - - - - 748.05 
10'-6" _ - - - - - - - ..- - ._ -

1 1 '  - _ - - - - - - - _ -
I 1'-6" - -. - - - - - - - - -

12' - - - - - _ - .- - .- -

10'-6" I I '  11'-6" 12' 

157.OY 164.57 172.05 179.53 
1%.36 20S.71 215.06 224.4 I 
235.63 246.86 258.07 269.30 
274.YO 288.00 301.09 314.18 
314.18 329.14 344.10 359.06 
353.45 370.28 387.1 I 403.94 
392.72 411.43 430.13 448.83 
432SK) 452.57 473.14 493.71 
471.27 493.71 516.15 538.59 
510.54 534.85 559.16 583.47 
549.81 575.99 602.18 628.36 
589.08 617.14 645.19 673.24 
628.36 65X.29 688.20 718.12 
667.36 6YY.42 731.21 763.00 
706.90 740.56 774.23 807.89 
746.17 781.71 817.24 852.77 
785.45 822.M 860.26 897.66 
824.73 864.00 903.26 942.56 
- YO5.14 946.29 987.43 
- - vn9.29 1032.3 
- - - 1077.2 
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1225 Appendlx 9: Water Vapor Pressure Chart 

APPENDIX 9: WATER VAPOR PRESSURE CHART 

Vapor pressure Vapor pressure Vapr pressure Vapor pressure 

Temp. mm Head Temp. mm Head Temp. mm Head Temp. mm Head 
("C) Hg Iblin. (ft) ("C) Hg Ib/in. (ft) ("C) Hg Ib/in. (ft) ("C) Hg Ib/in. (ft)  

0 4.579 0.09 0.2 I 26 25.209 0.49 1.15 51 97.20 I .91 4.4 76 301.4 6.00 13.9 
I 4.926 0.10 0.23 27 26.739 0.53 1.22 52 102.09 2.01 4.6 77 314.1 6.15 14.2 
2 5.294 0.10 0.24 28 28.349 0.56 I .3 53 107.20 2.11 4.9 78 327.3 6.42 14.8 
3 5.655 0.1 I 0.26 29 30.043 0.59 I .35 54 112.51 2.22 5 . I 79 34 I .O 6.68 15.5 
4 6.101 0.12 0.28 30 31.284 0.62 1.4 55 118.04 2.33 5.4 80 355.1 6.92 16.1 
5 6.543 0.13 0.30 31 33.695 0.66 1.5 56 123.80 2.44 5.6 81 369.7 7.25 16.8 
6 7.013 0.14 0.32 32 35.663 0.70 I .6 57 129.82 2.55 5.9 82 384.9 1.55 17.5 
7 7.5 I3 0.15 0.35 33 37.729 0.74 I .7 58 136.08 2.67 6.2 83 400.6 7.85 18.2 
8 8.045 0.16 0.37 34 39.898 0.78 I .8 59 142.60 2.80 6.5 84 416.8 8.16 18.9 
9 8.609 0.17 0.39 35 42.175 0.83 1.9 60 149.38 2.94 6.8 85 433.6 8.50 19.6 

10 9.209 0.18 0.4 I 36 44.563 0.88 2.0 61 156.43 3.07 7.1 86 450.9 8.83 20.4 
I 1  9.844 0.19 0.44 37 47.067 0.93 2. I 62 163.77 3.21 7.4 87 468.7 9.15 21.2 
12 10.518 0.2 I 0.48 38 49.692 0.98 2.3 63 171.38 3.36 7.8 88 487.1 9.55 22.I 
13 11.231 0.22 0.51 39 52.442 I .03 2.4 64 179.3I 3.5I 8. I 89 506.1 9.92 22.9 
14 I I .987 0.24 0.55 40 55.324 I .09 2.5 65 187.54 3.68 8.5 90 525.8 10.3 23.8 
15 12.788 0.25 0.58 41 58.34 1.15 2.7 66 196.09 3.84 8.9 91 546. I 10.7 24.8 
16 13.643 0.27 0.62 42 61.50 1.21 2.8 67 204.96 4.02 9.3 92 567.0 1 1 . 1  25.6 
17 14.530 0.29 0.66 43 64.80 I .27 2.9 68 214.17 4.20 9.7 93 588.6 11.6 26.8 
18 15.477 0.30 0.69 44 68.26 1.34 3. I 69 223.73 4.38 10.2 94 610.9 12.0 27.7 
19 16.477 0.32 0.74 45 7 1.88 1.41 3.3 70 233.7 4.57 10.7 95 633.9 12.4 28.6 
20 17.535 0.34 0.78 46 75.65 I .49 3.5 71 243.9 4.78 1 1 . 1  96 657.6 12.9 29.8 
21 18.650 0.37 0.84 47 79.60 I .57 3.7 72 254.6 5.00 11.6 97 682. I 13.4 31.0 
22 19.827 0.39 0.90 48 83.71 I .65 3.8 73 265.7 5.21 12.1 98 707.3 13.9 32. I 
23 2 I .068 0.4 I 0.95 49 88.02 I .73 4.0 74 277.2 5.43 12.5 99 733.2 14.3 33.0 
24 22.377 0.44 I .02 50 92.5 I 1.82 4.2 75 289. I 5.67 13.1 I 0 0  760 14.7 34.0 
25 23.756 0.47 I .08 
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APPENDIX 10: PHYSICAL PROPERTIES OF ETHYLENE, 
DIETHYLENE, AND PROPYLENE GLYCOL 

1 Freezing Points of Aqueous Glycol Solutions 
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2 Boiling Points and Condensation Temperatures versus 
Composition of Aqueous Ethylene Glycol Solutions at 
Various Pressures 
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3 Boiling Points and Condensation Temperatures versus 
Compositionof Aqueous Diethylene Glycol Solutions at 
Various Pressures 
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4 Boiling Points and Condensation Temperatures versus 
Composition of Aqueous Propylene Glycol Solutions at 
Various Pressures 
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5 Vapor Pressures of Glycols at Various Temperatures (NOTE: 
Ethylene glycol and hexylene glycol have similar vapor pressures in this 
temperature range.) 
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6 Vapor Pressuresof Aqueous EthyleneGlycol Solutions 

TEMPERATURE, "C. 
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7 Vapor Pressuresof Aqueous DiethyleneGlycol Solutions 

TEMPERATURE, "C. 
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8 Vapor Pressuresof Aqueous Propylene Glycol Solutions 
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9 Viscosities of Aqueous EthyleneGlycol Solutions 
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10 Viscosities of Aqueous Diethylene Glycol Solutions 
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11 Viscosities of Aqueous Propylene Glycol Solutions 
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12 Specific Heats of Aqueous Ethylene Glycol Solutions 
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13 Specific Heats of Aqueous Diethylene Glycol Solutions 
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14 Specific Heats of Aqueous Propylene Glycol Solutions 
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15 Thermal Conductivities of Aqueous Ethylene Glycol Solutions 
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16 Thermal Conductivities of Aqueous Diethylene 
Glycol Solutions 
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17 Thermal Conductivities of Aqueous Propylene Glycol Solutions 
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APPENDIX 11: COMMON WEAR PROBLEMS RELATED TO LUBRICANTS AND HYDRAULIC FLUIDS 

Names of wear Syniptoms
Su\ccprihle niachinc Cmdiiions promoiing 

Preferred Other Definition pan.\ wear [Inaided eye Micro.xopically Oil analysi\ 

Mild Normal' Generally. transference 01 All Mudcrate load\. \peed\ 1 . 0 ~rate\ of wear Smooth microplateau\ among 1-5 ppni wear metals hy 
adhewn matenal from one sur- and teinpcrature\ No damage onginal gnnding marks emission spcctroscopy 

Pace tn another due to Good. clean. dry Ikcpcr onginal gnnding Slight coloraiion due to films Low 4 solids by filtration 
adhesion and whsr- luhncants mark\ \ t i l l  vi\ihle Metal \alu (oxides. sulfides. 
qucnt Ionscning during Proper surface fini\h phosphates. etc.) in wear 
relative motion Mild fragments by x-ray 
adhesion involve\ diffraction 
transfer and Ioosening 
of surface films only 

Scvcre Scufting Cold welding of metal F%ton ring\ and cyl High loads. sped5  Rough. torn. melted or Rough imgular \urface Large metallic wear fragment\ 
adhesion Galling surfaces due to inti- inder hmel \  andlor iempcratures plastically deformed Metal from one surface ad- of irregular \hapc' 

Scoringb mate metal-to-metal Valve train Ilse of stainless steels metal hand or streaks henng to other surface by 
contact Rolling & \Iiding or aluminum High-lempcrature spot test or microprobe 

hcanngs Insufficient lubncmt oxidation analym 
Gear\ Lack of antixuff High fnction. high rates 
Cutting tool\ additives of wear 
Metal seal\ No hreak Po\sihle s c i ~ ~ r c  
Chains 

Ahrasion Cutting Cutting and deformation All urfaces in rela- Hard panicles contan- Scratches or parallel Clean furrows. hum. chips High-metal contents in oil 
Scratching of matenal hy gard tive motion inating oil furrows in h e  direc- Embedded abrasive panicles and high silicon (>I0 ppm) 
"Wire wool" particles (three-body) Insufficient metal tion of motion similar In sliding heanngs with soft by emission spectroscopy 

damage or hard protubernces hardness 10 "sanding" overlay embedded pani- High 90solid\ hy filtralion 
Gouging (tWO-hody) Hard metal with rough High rate\ of wear cles cause polished nngs Chips and h u m  by 
Sconng aurface against soft ferrogaph y 

metal 
Erosion Solid panicles Cutting of matenals hy Journal hcanng\ near High-velocity gas or Smooth broad grooves Shon V-shaped furrows hy Elements o f  hard panicles hy 

impact hard panicles in a oil hole\ liquid-containing in direction of fluid scanning electron emission spcctrograph 
ero\ion high-velocity fluid im- Valves solids impinging on flow micmscopy Chips B h u m  hy ferrography 

pinging on a wrface Noirle\ a surface' Matte texture clean Embedded hard panicles 
metal similar to 

sandhlasting 
Polishing Bore polishing Continuous removal of Cylinder bore\ of Comhination of corro- High wear but a bright Featureless surface excepl Comhination ol fine-metal 

surface films hy very diescl engine\ m e  liquid and tine mirror finish \cratches at high magnifi- corrosion product\ 8c fine 
fine ahrasives Cear teeth ahrasive on oil Wavy profile cation hy electron ahra\ive hy x-ray 

Valve Iiftcrs microscopy diffraction 
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Contact 
fatigue 

Fatigue wear 
Frosting 
Surface fatigue 
Spalling 

Metal removal by crack- 
ing and pitting. due to 

cyclic elastic smss 

during rolling and 

Rolling and sliding 

Valve train pans 
G e a r s  

hearings 
Cyclic smss over long 

Water or din in oil 
Inclusions in steel 

penods 
Cracks. pits. & spalls Combination of cracks & 

pits with sharp edges 
Subsurface cracks by melal-

lographic cross section 

Panicles of metal with sharp 

Metal spheres by elec~ron 
edges 

microscopy 

Corrosion Chemical wear 
Oxidative wear 

sliding 
Ruhhing off of corrosion 

products on a surface 
All bearings 
Cylinder walls 

Corrosive environment 
Corrodible metals 

Corroded metal surface 
Numerous metal inclusions 
Scale. lilms, pits containing 

corrosion products 
Detection of corrosion prod- 

ucts of worn metal 
Corrosive film Valve train Rust-promoting Dissolution of one phase in Detection of anion such as 

wear G e m  conditions two-phase alloy chlonde by x-ray 
Seals and chains High temperatures fluorescence 

Fretting 
corrosion 

False hnnelling 
Fretting 

Wear between two solid 
surfaces expenencinp 

Vibrating machines 
Bearing housing 

Vihration causing rela- 
tive motion 

Corroded stained 
surfaces' 

Thick films of oxide 01 
lllCCal for steel) hy x-ray 

Identify metal oxide (a-FelOl 

Friction oscillatory relative mo contacts Loose colored debris Red t black for steel diffraction 
oxidation tion of low amplitude Splines. keys. around real contact 

couplings WCaS 

Fasteners Rouge (Fe,O') colored 
films. debris. grease 
or oil for steel 

Elecuo-
corrosion 

"Erosion" 
Electrical 

Dissolution of a melal in 
an electrically conduc- 

Aircraft hydraulic 
valves 

High-velocity liquid 
flow causing slream-

Local corroded areas 
Black spots such as 

Corrosion piu. films. disso- 
lution of metals 

Detection of corrosion 
products 

erosion 
Elecuochemical 

tive liquid by low-am- 
perage currents 

Hydraulic pumps 
and motors 

ing potentials 
Stray currents 

made hy a small drop 
o f  acid 

Electrically conductive 
liquids' 

wear Galvanic metal C o d e d .  worn meter- 
Elecuical attack comhinations ing edges 

Electncal 
disharge 

Eleculcal pitting 
Sparking 

Removal of metal hy 
high-amprage elecui- 
cal discharge or spark 
between two surfaces 

Beanngs in high- 
speed rotating ma 
chinery such as 
compressors. 

High-speed rotation 
High-velocity two- 

pha\e fluid mixtures 
High-potential contacis 

Metal surface appears 
etched 

In thrust hearing. sparks 
make tracks like an 

Pits near edge or damage 
showing once molten 
state. such as smooth bot-
toms. rounded particles. 

Detection of large rounded 
panicles hy microscopic 
examination o f  filtrate or in 
ferrograph 

atomimrs Sparks electrical engraver gas holes 
Static charge Rounded particles near pits. 

Cavitation 
damage 

Cavitation 
erosion 

Fluid erosion 

Removal of metal hy 
bubble implosion in a 
cavitating liquid 

producers 
Hydraulic parts. 

pumps valves. 
g e u  teeth 

Cylinder linen. pi\-

Sudden changes in Iiq-
uid preswre due to 
change5 in liquid 
vclocity or to \hape 

Clean frosted or rough 
appcaring metal 

Dccp rough pits or 
grooves 

welded to surface 
Clean. metallic. hnght. rough 

metal. pit\ 
Removal of softer phase 

from two-phase metal' 

Ohservalion of large chunks 
or \pheres of metals in oils 

ton nngs or motion of p;ul\ 

Sliding heannps 
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1244 Appendixes 

Appendix 1 I (Continued) 

Name\ of wear Prevention 

Prclerred Other Mechanical changes Luhncant changes 

Mild adhesion Normal' None None 

Severe adhesion Scuffing 
Galling 
Sconng' 

Reduce load. speed. and temp 
Improve o i l  cooling 
Ilw compatihle mewlb 

Use more viscous oil to separate surfaces 
Use "extreme pressure" additives such as a 

\ulfur-phosphorus or horate compound 
Apply surtace coating\ \uch as phorphacing 

Ahrasion Cutting 
Scratching 

Modiiy surface. \uch as ion implanwlion" 
Remove ahrwve hy improved air & oil tillenng. clean 011. 

handling practicc.i. improved seals. flushing & liequenl 
Oil free of ahrasive pmicles 
Use more viscous oil 

"Wire wool" damage oil changes' 
Gouging Increase hardness of metal surtaces 

Erosion 
Sconng 
Solid panicle\ impact ero\ion Same as ahove Same as ahovc 

Pnlirhing Bore polishing 
Reduce impact angle to less than I 5 O  
None Choose less chemically active additive 

Remove corrosive contminant 
Remove ahrawe 

Conwct fatigue Fatigue wear 
Frosting 
Surface fatigue 
Spalling 

Reduce contact pres\ure\ Xr trequcncy 0 1  cyclic we\ \  
U s  high-quality vacuum-melted steels 
Uw less ahusive surface finish 

Ilw clean. dry oil  
Uw more viscous o i l  

Uw oil wilh higher-pressure viscosity 
codticient 
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Corrosion Chemical wear Use more ~ o r r ~ s i ~ n - r e ~ i ~ t a n tmetal (not stainless) 
Oxidative wear Reducc operating temperature 
Corrosive film wear Eliminate corrosive material 

Fretting corrosion False bnnclling Reducc or stop vibration hy tighter tit or higher load 
Fretting Impriive luhrication hctween surfaces hy rougher (than 
Fnction oxidation honed) surface tinirh 

Elecuo-comision "Erosion" Decrease liquid velocity & velocity gradients 
Electrical erosion Use corrosion-resistant metals 
Elecuochemical wear Eliminate stray currents 
Electrical attack Use nongalvanic couples 

Electncal Electrical pitting Improve electrical insulation of hearings 
discharge Sparking Degauss magnetic rotating parts 

Install brushes on shaft 
lmprove machine pounding 

Cavication Cavitation erosion Use hard. lough metals such as tool steel 
damagc Fluid erosion Reduce vibration. flow velocities. & pressures 

Avoid restriction & obstructions to liquid flow 
~~~ ~ 

'Mild adhesion is a desirable wear condition. 
'Scoring is not recommended because it  implies a scratch or furrow cut. 
'Emission spectroscopy usually misses large (>S pm)  wear fragments. 
"Increasing metal hardness does not reduce scuffing. 
The nist cinnih wear prohlem. 
'Do not shot p e n .  head. or sandhlast any surface in a luhncatcd machine because ahrasive cannot readily he removed properly. 
"Sandhlastingemheds \and in surf~ces. 
'An exainple of polishing combination in oil i s  active sulfur additive and Fe,O, (jeweler's rouge) 
'A new additive reduces promotion of contact fatigue hy water, some extreme prcsure additives are suspcted of promot~ngcontact fatigue. 
'Rust (hydrated iron oxide Fe.O,H,O) is common corrosion prcduct of ferrous metal. 
'Damage on one surface is mirror image of damage on other. 
'Highly compounded oils can hc electncally conductive--or electrolytes: phosphate ester hydraulic fluids are conductivc. 
'"Not 10 hc confused with pump c~vitati~in.  which i s  a different phenomenon. 
"Corrosion and abrasive in oil increare cavitation damage. 
Graphite phaw i n  cast-iron \usceptihle t i i  removal by cavitation. 

Remove corrosive matenal such as loo chemi-
cally active additive & contaminants 

Uw improved corrosion inhibitor 
Use fresh oil 
Use 1111 of lower viscosity 
Reluhricate frequently' 
Use rixidation inhibitors in oil 
Decreaw or increase electncal conductivity of 

lubncanrs or hydraulic fluids 

Use of oil of  higher electrical conductivity 

Avoid low-vapor-pressure. aerated. wet oils 
Use noncorrosive oils 
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Abrasion wear: 
mechanism, 621 

ploughing, 620 

3-body wear, 150 

2-body wear, 621 


Accelerometers, 59 1 

Accumulators, 47 

AC Fine Test Dust, 153 

Acoustical analysis (see Vibrational 

analysis) 
Acoustic impedance, 578 

Actuators, 46 

Additives: 

additive analysis, 768 

additive response, 762 

air-release agents, 818 

antifoams, 8 17 

antiwear, 762, 764, 806 

ashless fluid technology, 766 

base-oil effects, 761 

boundary lubrication, 762 

demulsifiers, 8 19 


[Additives] 
detergents, 805 

dispersants, 803 

extreme pressure, 762, 809 

friction modifiers, 762, 764, 819 

function and chemical type, 763(T), 

800 

interaction, 803 

oxidation inhibitors, 8 I 1 

pour point depressants, 816 

rust inhibitors, 739, 814 

rust preventatives, 739, 8 14 

viscosity index (VI) improvers, 8 14 

ZDDP additives, 765, 809 


Adhesion, 367 

Adhesion wear: 

mechanism, 625 

microwelding, 622 

polishing, 628 

six laws of, 626 

smearing, 624 

tempering colors, 624 


1247 
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Adsorption isotherms, 807 

Air entrainment: 

bubbly oil viscometer, 243 

dissolved air, 221 

entrained air, 227 

free air, 227 

hydraulic problems, 22 1, 608 

in-line analysis, 25 1 

system sources, 221 

tests, 243 

TUV method, 246 

Waring blender test, 246 


Air release: 
air dissolution, 237 

drag coefficients, 235 

Hadamard-Rybcznski model, 232 

pressure, effect on, 238 

Reynolds number, 234 

specifications, 252 

Stokes model, 235 

viscosity, effect on, 238 


Aliasing, 565 

Aniline point, 715 

Antifoam, 817 


mechanism, 23 1 

Antioxidants 
Antiwear additive, 798, 806, 997 

Aquatic toxicity, 442 

Ashless fluid technology, 766 

Asperities, 92, 342, 364, 365, 373 


Bankroft rule, 863 

Bearing number, 948 

Beer’s Law, 768 

Bench tests: 

Aachen sliding wear, 532 

Cameron-Plint, 532 

cyclic contact stress, 529 

FZG gear, 531 

Gamma-Falex, 527 

Leeds testing machine, 532 

Mizuhara and Tsuya 

recommendations, 542 

modified Amsler disk, 535 

pin-on-V-block, 527 

pump test correlations, 525 

sequential 4-ball, 526 

Shell 4-ball, 525, 768, 769 


Index 

[Bench tests] 
SRV test, 528 

Timken test, 528 

Unisteel rolling fatigue, 533 


Bifurcation, 375 

Bingham fluid, 321, 1157 

Biodegradability specifications, 450, 


455 

Biodegradable fluids, 430 

Biodegradation: 

aquatic biodegradability, 44 1 

aquatic toxicity, 442 

CEC-L-33-A-94, 440 

hazard evaluation, 450 

inherent biodegradation, 437 

Modified Sturm, 440 

OECD tests, 438 

primary biodegradation, 43 1 

ready biodegradation, 43 1 

soil biodegradability and toxicity, 

445 

standard tests, 437 

test strategies, 438 

ultimate biodegradation, 43 1 


Boundary lubrication, 366, 376, 796 

Brinelling, 659 

Bubbly oil, 243 

Bulk modulus, 60, 252 


adiabatic, 253 

effect of fluid aeration, 261 

effect of oil type, 267 

Hayward equation, 26 1 

isothermal bulk modulus, 257 

measurement, 266 

prediction, 264 

secant bulk modulus, 255 

tangent bulk modulus, 260 

variation with pressure and 

temperature, 260 


Cavitation: 
bubble-collapse mechanism, 280 

cavitation pressure, 277 

erosion rates, 284 

flow losses, 272 

gaseous, 268, 689 

in pumps and orifices, 275 

in spool and poppet valves, 277 
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[Cavitation] 
jet, 278 

material effects, 28 1 

test methods, 285 

vaprous, 268, 689 

vibrational analysis, 597 


Cavitation numbers, 269, 271, 689 

Cavitation wear: 

fluid viscosity at onset, 608 

Hobb’s correlation, 63 1 


Chemical adsorption, 367 

Chemical boundary lubrication, 376 

Cincinnati Milicron Thermal Stability 

Test, 755, 1188 

Clearances, component, 96 1 

Cloud point, 322 

Coefficient of friction, 331, 374, 797 

Cole chart, 156 

Colloidal particles, 850, 86 1 

Combined radius of curvature, 370 

Combustion inhibitors, 998 

Compressibility (see also Bulk 

modulus): 
adiabatic, 253 

isoentropic (mineral oil), 255 

fire-resistant fluids, 259(T) 

Conjunction zone, 355 

Contacts classification: 

conformal, 341 

geometry, 341, 538 

line contact, 371 

lubricated, 342 

nonconformal, 34 1 

point contact, 370 

scale, 341 


Contact-stress fatigue wear: 
causes, 647 

failure modes, 650 

fatigue life, 650 


Contact stress fields, 342 

Contact surface fatigue: 

bearing life rating, 82 

Contaminant control, 798 

Contaminant tolerance, 180 

Contamination, 24, 6 11 


particulate: 
AC Fine Test Dust, 153 

automatic particle counting, 162 


[Contamination] 
dynamic sampling, 160 

fluid sampling, 157 

gravimetric analysis, 164 

ingression, 149 

IS0 Solid Contaminant Code, 

164 

particle distribution, 156 

particulate lock, 15 1 

required cleanliness level, 160 

shape factor, 152 

sources, 148, 150 

static sampling, 160 

turbulent-flow sampling, 160 


Copper strip tarnish test, 743 

Corn oil, 1117 

Corrosion: 

causes, 634 

corrosion and rust testing, 740 

electrochemical methodology, 938 

galvanic corrosion, 635, 637, 1193 

prevention, 636 

pump tests for, 936 

static tests, 937 

turbine oil rust test, 937 

“200-hour’ ’ accelerated test, 939 


Corrosion wear: 
causes, 632 

electrochemical attack, 632 

electrochemical erosion, 638 


Critical micelle concentration, 853 

CV factor, 45 

Cylinder lunge, 60 

Cylinders, 46 


Darcy’s equation, 31, 610 

DC resistivity, 294 

Decibels, 579 

Density, 287 

Design, 18 

Displacement, 20 

Dissolved oxygen effects, 768 


Ecolabeling, 428 

Efficiency: 

mechanical, 7, 27 

overall, 7, 27 

volumetric, 7, 27 
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Einstein equation, 858 

Elasticity modulus, 76 

Elastohydrodynamic lubrication, 796 


conjunction zone, 355 

minimum film thickness, 75 


Elastomer: 
compounding, 472 

properties, 487 


Elastomeric seals, 469, 472, 476 

Electrical conductivity, 288 

Electrical current wear, 665 

Electrochemical erosion, 638 

Electrorheological fluids: 

actuator design, 1174, 1176, 1 179 

aging stability, 1170 

calculation of ERF flow behavior, 

1159 

ERF flow resistor design, 1164 

ERF properties, 1161 

ERF structure, 1161 

Flow rate, 1 166 

fluid fundamentals, 1 154 

fluid requirements, 1160 

hardware design, 1175 

influencing flow mode, 1165 

material compatibility, 1 171 

operational modes, 1157 

power supply, 1177 

rheological basics, 1 155 

sedimentation stability, 1172 

system pressure, 1170 

temperature effects, 1168 

test bench, 1175 

time response behavior, 1 178 

viscosity-pressure behavior, 1163 

wear interaction, 1172 


Ellipse parameter, 77 

Emulsions: 

base oil viscosity, effect of, 870 

biological stability, 888 

cavitation, 91 1 

classification, 848 

coalescence and emulsion type, 863 

conversion procedures, 908 

corrosion, 879 

ease of formation, 862 

emulsification, 85 1, 856 

emulsion inversion, 864 

emulsion stability, 864 


Index 

[Emulsions] 
emulsion stability test, 869, 888 

emulsion theory, 858 

emulsion thermal stability, 876 

emulsion turbidity, 861 

fatigue failure, 899 

fire resistance, 893 

fluid maintenance, 885 

fluid properties and pump design, 

900 

foaming and air entrainment, 878 

formulation, 850 

lubrication properties, 894 

material compatibility, 880 

oil-in-water (o/w) emulsion, 854 

oxidative stability, 878 

particle size on viscosity, effect of, 

86 1 

phase diagram characterization, 857 

preparation, 865 

pressure-viscosity, effect of, 899 

pump derating, 908 

pump selection, 910 

seal compatibility, 883 

shear rate, effect of, 870 

strainers, filters and screens, 885 

system preparation for conversion, 

910 

viscosity-pressure coefficients, 875 

viscosity-temperature behavior, 873 

water-in-oil (w/o) emulsion, 854 

water quality, effect of, 867, 869 


Entraining velocity, 386 

Environmental impact, 427 

Equivalent length, 52 

Erosion wear, 628 

Extreme pressure additive, 798, 997 


Failure analysis, 665 

Fanning’s equation, 6 10 

Fatigue, 383 


spalling, 383 

pitting, 383 


Fatigue life testing: 
Amsler two-disk machine, 955 

bearing test rig, 953 

Danner contact fatigue test rig, 

953 

4-ball test, 955 
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[Fatigue life testing] 
piston pump testing, 953 

Unisteel test, 953, 955 


Ferrography, 970 

Film thickness, 75, 358, 896 

Filterability, 738, 8 15, 1 190 

Filters: 

depth-type, I66 
performance factors, 190 

surface-type, 166 


Filter test systems: 
drawdown, 167 

filtration ratio, (aand p), 171 

flow and impulse effects, 173 

multipass, 167, 168 

pressure-drop, 170 

single-pass, 167 


Filtration performance, 167 

p-ratio, 188 

component contaminant tolerance, 

180 

dual flow, 175 

filtration and cleanliness guidelines, 

25 

full flow, 175 

off-line, filtration, 179 

partial flow, 175 


Fire: 
ignition sources, 395 

influencing factors, 395 

mechanisms, 394 


Flammability testing: 
autoignition temperature, 399 

ceramic wick test, 406 

cone calorimeter, 405 

flame propagation, 408 

fluid volatility, 397 

gunfire resistance, 403 

heating time, 405 

heat of combustion, 404 

high-pressure spray, 4 15 

hot channel ignition, 411 

hot manifold, 410 

hot surface ignition, 410 

Houghton hot surface ignition, 410 

linear flame propagation, 408 

low-pressure spray, 4 13 

molten metal, 410 

open-cup flash point, 398 


[Flammability testing] 
oxygen index, 398 

pipe cleaner wick test, 407 

pool fires, 404 

rapid compression, 40 I 

shock-tube ignition, 403 

soaked-cube flammability, 408 

spray flammability parameter, 4 15 

spray ignition, 413 

stabilized heat release, 4 19 


Flash temperature, 375 

Flow: 

control, 33 

dividers, 38 

equations, 26 

loss due to cavitation, 272 

slip, 26 


Fluid aeration, 212, 221, 243 

Fluid classification, 396 

Fluid cleanliness, 158 

Fluidity, 308 

Fluid oxidation testing procedures, 

752, 1152 

Fluid sampling, 157 

Flushing fluid, 782 

Flushing procedure, 782 

Foaming, 60 


ASTM D-892, 242 

hydraulic problems, 22 1 

stability, 229 

tests, 238 


Formic acid formation, 933, 935 

4-AAP test, 931 

Fretting corrosion, 664 

Friction, 356, 374, 378 

Friction modifier, 798 

Fuel Injector Stability Test, 929 


Galling, 383 

Galvanic couple, 635 (see also 

Corrosion wear) 
Gas solubility: 

Beerbower solubility parameter, 2 14 

Bunsen coefficient, 2 19 

Henry’s Law, 213 

Hildebrand and Scott solubility 

parameter, 220 

Ostwald coefficient, 2 14 
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Glycol, 920 

Gow-Joule effect, 506 


Hanning window, 587 

Head (NPSH), 610 

Hertzian contact, 75, 352 

HLB, 852, 855 

Horsepower, 6 

Hydraulic circuit: 

closed-loop, 22 

components, 47 

half closed-loop, 23 

open-loop, 2 1 

supercharge, 22 


Hydraulic failures, fluid causes: 
cavitation, 608 

contamination, 6 1 1 

fluid oxidation, 613 

foaming and aeration, 606 

improper viscosity, 61 6 

overpressurization, 6 16 

troubleshooting, 6 17(T) 

Hydraulic principles: 
efficiency, 7 

energy, 2 

horsepower, 6 

power, 2 

pressure, 5 

torque, 5 

work, 2 


Hydrodynamic bearings, 903 

Hydrodynamic films, 344 

Hydrodynamic lubrication, 349, 796 

Hydrodynamic pressure, 348 

Hydrodynamic squeeze film, 347 

Hydrogen embrittlement, 120 

Hydrostatic bearing, 901 


Inlet: 
friction head, 31 

net positive suction head, 27 


In-line analysis, 157 

IS0  Solid Contaminant Code, 164 


Karl Fischer analysis, 964 

Kurt Orbahn method, 929 


Index 

Lambda ratio, 389, 650, 654, 659, 

899, 948 


Leakage flow, 684 

Load-life (L,J relationship, 8 1, 900, 


951, 953 

Lubricant factor, 950 

Lubricant flow number, 654 

Lubricant purity factor, 83 

Lundberg and Palmgren, 126 


Material parameter, 76 

Mechanical seals, 5 14 

Mechanodegradation (see Shear 

degradation) 
Meshing frequency, 592 

Micelle, 849 

Microbial control, 89 1 

Micro-diesel effect, 238, 745 

Micro-EHD lubrication, 362 

Microphones, 59 1 

Microscuffing, 383 

Mineral oil hydraulic fluid 

classification: 
by additives, 724 

by IS0/6743/4, 726 

by oil type, 724 

by viscosity, 726 


Mineral oil hydraulic fluids: 
additives, 759 

air entrainment, 732 

ASTM Rust-Preventing 

Characteristics Test, 74 1 

chemical corrosion, 740 

Cincinnati Milicron Test, 755, 1 188 

common pump performance tests, 

772 

compressibility and bulk modulus, 

729 

Copper Strip Tarnish Test, 743 

corrosion and rust testing, 740, 


1190 

corrosion properties, 738 

demulsibility, 736, 1192 

density, 733 

dielectric strength, 735 

dissolved oxygen on wear, effect of, 

768 

electrical conductivity, 735 
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[Mineral oil hydraulic fluids] 
estimation of cavitation potential, 

729 

filterability, 738, 1190 

fluid cleanliness, 78 1 

fluid maintenance, 775, 1197 

fluid performance tests, 774 

fluid replacement, 782 

fluid wear classification tests, 77 1 

foaming, 730 

foaming and air entrainment, 745, 


1194 

galvanic corrosion, 1 193 

gas solubility, 730 

heat capacity, 734 

Hot Panel Coking Test, 753 

infrared spectroscopy, 755 

low temperature properties, 178(T) 
lubrication performance, 768 

maximum inlet viscosity, 728 

neutralization number, 750 

oil oxidation: 

effect of water and catalysts, 
744(T) 

mechanisms, 747, 1 187 

oxidation stability, 743, 1 189 

pour point, 733 

recycling and reclamation, 784 

Rotary bomb oxidation test 

(RBOT), 752 

seal compatibility, 735 

shear stability, 1195 

thermal conductivity, 734 

thermal expansion, 734 

Turbine Oil Stability Test (TOST), 

752, 1186 

vapor phase rust, 1193 

Vickers V-104 vane pump test, 

770 

viscosity, 727 

viscosity index, 728 

viscosity-pressure behavior, 728 


Mineral oils: 
calculation of composition from 

physical properties, 7 12 

effect of composition on properties, 

7 18(T) 

[Mineral oils] 
Fourier transform infrared 

spectroscopy, 723 

gel permeation chromatography, 723 

nomenclature, 72 1 

nuclear magnetic resonance 

spectroscopy, 722 

oil composition, 7 1 1, 1 129 

oil refining processes, 717 

thin-layer chromatography, 723 


Mixed film lubrication, 116, 378 

Moody diagram, 31 

Motors, 10 


Natural frequency, 54, 57, 287 

n-d-m Method, 7 14 

Near-surface region, 345 

Nitrosamine formation, 930 


Optical interferrometry, 359 

Overpressurization, 6 18 

Oxidation, 6 13 


Palm oil, 1 11 2 

Particles, 149, 151, 156 

Performance characteristics, 2, 4 

Performance maps, 387, 537 

Petroleum wax structure, 723 

Phenol content, 931 

Phosphate esters: 

additive solvency, 108 1 

air release, 1048 

aluminum bearing materials, use of, 

1043 

boiling point, 105 1 

bulk modulus, 1050 

compatibility, 1072 

demulsification, Z050 
disposal, 108 1 

ecotoxicity, 1078 

electrical properties, 1053 

fatigue life, 1043 

fire resistance, 1034 

fluid maintenance, 1083 

foaming, 1050 

FZG test results, 1043 

historical development, 1026 

hydrolytic stability, 1066 
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[Phosphate esters] 
low temperature viscosity 

properties, 1044 

lubricating properties, 1039 

manufacture, 1030 

mixed alkylaryl phosphates, 1033 

oxidative stability, 1063 

pour points, 1047 

radiation stability, 1069 

refractive index, 1057 

rusting and corrosion, 1070 

shear stability, 1055 

solubility data, 1057 

specifications, 1087(T) 
specific gravity, 1056 

structure/property effects, 1027 

system design, 1082 

thermal properties, 1052 

thermal stability, 1058 

toxicity, 1077 

trialkyl phosphates, 103 1 

triaryl phosphates, 103 1 

vapor pressure, 105 1 

viscosity-pressure effects, 1047 

viscosity properties, I044 

Pipes, hoses, and fittings: 
equivalent length values, 52 

friction losses, 31 

installation, 25 

pressure losses, 52, 960 

sizing, 49, 974 


Piping inspection and repair, 972 

Pitting, 383 

Poisson ratio, 76, 370 

Polymer chemistry, 469 

Polyol esters: 

antifoams, 998 

antioxidants, 994 

antiwear additives, 997 

biodegradability and toxicity, 101 3 

chemistry, 984 

combustion inhibitors, 998 

conversion procedures, 1014 

corrosion inhibitors, 996 

demulsifiers, 998 

dispersants, 999 

ester composition, 988(T) 
extreme pressure additives, 997 


Index 

[Polyol esters] 
filter media, 1008 

fire resistance, 10 10 

fluid maintenance, 1016 

lubrication properties, 1001 

manufacturing process, 989 

material compatibility, 1005 

oxidation and thermal stability, 1008 

physical and chemical properties, 

999 

polyol ester basestocks, 986 

pour point depressants, 999 

reclamation, 102 1 

shear stability, 993 

use temperature range, 1010 

viscosity index improvers, 992 


Pour point, 322 

Power law fluids, 199 

Pressure, 5 

Pressure-viscosity coefficient, 

effective, 946 

Protective film, 375 

Pumpability, 197 

Pump derating, 908 

Pump failure modes, 543, 606 

Pump lubrication, 564, 602 

Pumps and motors: 

displacement, 20 

efficiency, 7 

failure, causes, 606 

fluid viscosity limits, 196 

gear pumps-external, 11 

gear pumps-internal, 11 

head pressure estimation, 32 

inlet condition, 27 

lubrication, 602 

performance parameters, 4 

piston: 

axial, 15 

bent-axis, 15, 18 

pressure-compensated, 17 

radial, 15, 18 

variable displacement, I7 

positive displacement, 3 

proof and burst pressure, 26 

sizing and selection, 21 

vane pumps-balanced, 10 

vane pumps-unbalanced, 1 I 
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Pump tests: 
Bosch cycled-pressure vane pump, 

545 

Denison HFO pump test, 555 

Denison T5D-042 vane pump, 555 

evaluation of pump lubrication, 564 

fluid-specific properties, importance 

of, 544 

gear pump testing, 563 

Komatsu HPV35 + 35 piston 

pump, 559 

Manton Gaulin Model 500 piston 

pump, 561 

MP-1 vane pump, 545 

Rexroth A4VSO piston pump, 557 

Sundstrand Water Stability Test 

Procedure, 557 

Universal hydraulic pump test 

stand, 565 

Vickers AA65560- 1SC-4 piston 


pump, 557 

Vickers low-volume vane pump, 

549 

Vickers PV3-075- 15 piston pump, 

563 

Vickers 35VQ25 vane pump, 552 

Vickers 20VQ5 vane pump, 550 

Vickers V-104 vane pump, 545 

V- 104 test reproducibility problems, 


548 

PV-factor. 287 


Raleigh equation, 86 1 

Rapeseed oil, 11 13 

Rating life-L,", 81 

Recycling and reclamation, 784 

Refractive index, 964 

Relative working life, 78 

Relativity permitivity, 295 

Reserve alkalinity, 968 

Reservoir: 

air bubble removal, 223, 226 

air entrainment, 222 

design, 53, 222 

pressurization, 224 

venting, 227 


Response time, 54 


Reynolds equation, 349, 896 

Reynolds number, 50, 681 

Rho-C values, 729 

Rolling element bearings: 

abrasive wear, 90 

adhesive wear, 92 

alternative lubricant effects, 120 

bedding positions, 66 

coatings, 11 1 

corrosive wear, 94 

dynamic equivalent load, 82 

dynamic load rating, 81 

fatigue wear, 88 

fretting corrosion, 95 

lubrication, 1 13 

lubrication effectiveness, 78 

material selection, 104 

minimum oil film thickness, 75 

raceway curvature, 101 

selection, 74, 78 

size, 78 

static load rating, 78 

true brinelling, 134 

types, 67 

water contamination, 120 

wear, design effects, 97 


Root-cause analysis, 669 

Rotary bomb oxidation test (RBOT), 

1063 

Rust and oxidation (R&O) oils, 

800 

Rusting, 738 


Safflower oil, 11 17 

Scuffing, 382 


galling, 383 

microscuffing, 383 


Seal compatibility: 
compatibility testing, 482, 489 

empirical prediction methods, 480 

fluidelastomer selection guidelines, 

484 

physical property testing, 487 


Seal compatibility index, 735 

Seal compatibility testing, 482, 489, 


883 

Seal life, 5 11 
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Seal materials: 
ethylene propylene diene (EPDM), 

478 

fluorocarbon, 479 

nitrile materials, 476 

urethane, 479 


Seals-failure analysis, 5 13 

Seal-system design, 507 

Seal technology: 

compounding, 472 

molding, 473 

peroxide cure, 474 

sulfur cure, 474 

vulcanizing, 472 


Seal types, 495 

Shape factors, 152 

Shear degradation: 

pump rotational speed, effect on, 210 

stability tests, 208, 210, 1195 

viscosity, effect on, 209 


Shear stability, 326, 815 

Shear stability index, 328, 994 

Shennon’s theorem, 585 

Sherman equation, 86 1 

Signal analysis, 580 

Slide-to-roll ratio, 390 

Sliding velocity, 379, 387 

Snuffer fluids, 847 

Soil biodegradability, 445 

Sommerfield number, 906 

Soybean oil, 1017 

Spalling, 383 

Spray flammability parameter, 415 

Standards, 1201 

Steady-state pipe flow, 681 

Stribeck curve, 118, 524, 536 

Stuffing boxes, 494 

Subsurface region, 345 

Surface energy, 367, 807 

Surface films, 344 

Surface roughness, 389, 950 

Surfactants, 851 

Symbols, 47 

Synthetic hydrocarbons: 

alkyl aromatic fluids, 834 

development history, 826 

MIL-H-5606 fluid, 826 

Polyalphaolefins, 827 

Silahydrocarbon fluids, 837 


Index 

Tempering colors, 624 

Testing standards, 1185 

Thermal conductivity, 287 

Thermal correction factor, 77 

Thickening mechanism, 3 19 

Thixotropic, 1156 

TOST test, 1063, 1186 

Tri bochemical action, 3 76 

Tribocouples, 808 

Tribological aspect numbers, 538 

Tribology, systematic, 340 

Triglyceride, 1097 

Turbine oil rust test, 938 


Ultrasonic shear test, 929 


Valves: 
check, 41 

counterbalance, 40 

CV factor, 45 

directional control, 43 

flow, 45 

needle, 33 


flow calculation, 35 

pressure reducing, 40 

pressure relief, 39 


Vapor pressure, 210 

Vegetable oils: 

biodegradability, 1 140 

chemistry, 1097 

classification, 1096 

compatibility, 1 135 

compressibility, 1140 

corn oil, 11 17 

fatty acid composition, 1100, 1 106, 


1118 

film thickness, 1137 

genetic modification, 1 104 

heat of combustion, 1134 

hydraulic oil base stock, 1124 

hydrogenation, 1 102 

melting point, 1134 

nomenclature, 1 143 

oxidative stability, 1105, 11 12, 1128 

palm oil, 11 12 

rapeseed oil, 11 13 

safflower oil, 1117 

solubility, 1134 
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[Vegetable oils] 
sound velocity, 1 139 

soybean oil, 1107 

soybean oil processing, 1108 

sunflower oil, 1 115 

unsaturation, 1098 

viscosity, 1128 

viscosity index, 1128 

viscosity-pressure coefficient, 1 139 


Velocity parameter, 76 

Vibrational analysis: 

basic definitions, 578 

digital processing, 583 


Vegetable oils: 
filters, 589 

Fourier signal analysis, 580 

sensors, 590 

waveform sampling, 584 


Viscosity: 
absolute, 306 

Bingham fluid, 321 

Carreau model, 201 

chain entanglement, 3 19 

classification, 332, 726 

Couette flow, 306 

free-volume, relationship to, 3 18 

kinematic viscosity, 308 

molecular basis of, 3 15 

Newtonian, 198, 307 

Newton’s Law, 305 

Non-Newtonian, 199, 32 1 

Poiseulle equation, 308 

Poiseulle flow, 306 

polymer thickening, 3 19 

power-law fluids, 198 

pseudoplastic, 324 

pump viscosity limits, 196 


Viscosity Index, 309 

Viscosity-pressure relationship: 

Appeldoorn equation, 207 

ASTM slope, 204 

barus equation, 204, 312 

factors affecting, 3 14 

prediction, 207(T) 
Roeland’s equation, 3 13 

So and Klaus correlation, 205 

variation with mineral oil 

composition, 80, 203 


[Viscosity-pressure relationship] 
viscosity-pressure coefficient, 3 12, 


353 

Winer a*, 204 

Winer aOT,204 

Wu and Klaus correlation, 206 


Viscosity-temperature relationship: 
Andrade equation, 20 1 

Eyring and Ewe11 equation, 201 

mineral oil, 79 

temperature-viscosity coefficient, 

202 

Vogel equation, 202 

Walther equation, 202, 309 


Viscous flow, 346 

Viscous friction, 379 

von Mises equation, 373 


Water: 
chemical properties, 68 1 

physical properties, 676 

sea water, 675 

tap water, 675 


Water-gl ycol: 
additive precipitation, 967 

biodegradability and toxicity, 449 

compressibility -pressure 

relationship, 925(T) 
corrosion tests, 936 

density, 923 

film-forming properties, 944 

fire resistance, 976 

fluid classification, 9 18 

fluid composition, 91 8 

fluid maintenance, 956 

foaming and air release, 930 

formic acid content, 933 

hydrolubes, 9 17 

Karl Fisher analysis, 964 

material compatibility, 940 

nitrosamone formation, 930 

oxidation mechanism, 932 

oxidative stability, 93 1 

performance testing, 943 

pH, 969 

phenol content, 931 

pressure-viscosity coefficients, 

944 
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[Water-glycol] 
pump derating, 955 

reserve alkalinity, 968, 120 1 

rolling contact fatigue, 946 

shear stability, 928 

specific heat, 925(T) 
system conversion, 972 

thermal conductivity, 925(T) 
“200-hour” accelerated test, 939 

vapor pressure, 923 

viscosity, 923, 928 

water content: 

effects, 927 

by refractive index, 962 

by viscosity, 962 


[Water-gl ycol] 
water quality, 964 


Water hardness, 964 

Water hydraulics: 

actuators, 697 

pumps, 690 

valves, 693 


Water quality standards, 681 

Waveform processing, 584 

Wear: 

mild wear, 382 

polishing, 382 


Wear coefficients, 629 

Work function, 488 
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