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PREFACE 

The purpose of this text is to provide an introductory treatment of thermodynamics 
from a chemical-engineering viewpoint. We have sought to present material so 
that it may be readily understood by the average undergraduate, while at the 
same time maintaining the standard of rigor demanded by sound thermodynamic 
analysis. 

The justification for a separate text for chemical engineers is no different 
nOW than it has been for the past thirty-seven years during which the first three 
editions have been in print. The same thermodynamic principles apply regardless 
of discipline. However, these abstract principles are more effectively taught when 
advantage is taken of student commitment to a chosen branch of engineering. 
Thus, applications indicating the usefulness of thermodynamics in chemical 
engineering not only stimulate student interest, but also provide a better under
standing of the fundamentals themselves. 

The first two chapters of the book present basic definitions and a development 
of the first law as it applies to nonflow and simple steady-flow processes. Chapters 
3 and 4 treat the pressure-volume-temperature behavior of Ouids and certain heat 
effects, allowing early application of the first law to important engineering 

. p,rot,le,ms. The second law and some of its applications are considered in Chap. 
A treatment of the thermodynamic properties of pure Ouids in Chap. 6 allows 

,.allplication in Chap. 7 of the first and second laws to Oow processes in general 
in Chaps. 8 and 9 to power production and refrigeration processes. Chapters 

through 15, dealing with Ouid mixtures, treat topics in the special domain of 
engineering thermodynamics. In Chap. 10 we present the simplest 

of mixture behavior, with application to vapor/liquid equili
is expanded in Chaps. 11 and 12 to a general treatment ofvapor/liquid 

.. !luilibriurn for systems at modest pressures. Chapter 13 is devoted to solution 

·.'-:~;:~~~:S"':~'~~~i, providing a comprehensive exposition of the thermodynamic 
!Ii of Ouid mixtures. The application of equations of state in thermody

calculations, particularly in vapor/liquid equilibrium, is discussed in 

xi 
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Chap. 14. Chemical-reaction equilibrium is covered at length in Chap. 15. Finally, 
Chap. 16 deals with the thermodynamic analysis of real processes. This material 
affords a review of much of the practical subject matter of thermodynamics. 

Although the text contains much introductory material, and is intended for 
undergraduate students, it is reasonably comprehensive, and should also serve 
as a useful reference source for practicing chemical engineers. 

We gratefully acknowledge the contributions of Professor Charles Mucken
fuss, of Debra L. Saucke, and of Eugene N. Dorsi, whose efforts produced 
computer programs for calculation of the thermodynamic properties of steam 
and ultimately the Steam Tables of App. C. We would also like to thank the 
reviewers of this edition: Stanley M. Walas, University of Kansas; Robert G. 
Squires, Purdue University; Professor Donald Sundstrom, University of Con
necticut; and Professor Michael Mohr, Massachusetts Institute of Technology. 
Most especially, we acknowledge the contributions of Professor M. M. Abbott, 
whose creative ideas are reflected in the structure and character of this fourth 
edition, and who reviewed the entire manuscript. 

1. M. Smith 
H. C. Van Ness 
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CHAPTER 

ONE 

INTRODUCTION 

1.1 THE SCOPE OF THERMODYNAMICS 

The word thermodynamics means heat power, or power developed from heat, 
rellecting its origin in the analysis of steam engines. As a fully developed modem 
science, thermodynamics deals with transformations of energy of all kinds from 
one form to another. The general restrictions within which all such transformations 
are observed to occur are known as the first and second laws of thermodynamics. 
These laws cannot be proved in the mathematical sense. Rather, their validity 
rests upon experience. 

Given mathematical expression, these laws lead to a network of equations 
from which a wide range of practical results and conclusions can be deduced. 
The universal applicability of this science is shown by the fact that it is employed 
alike by physicists, chemists, and engineers. The basic principles are always the 
same, but the applications differ. The chemical engineer must be able to cope 
with a wide variety of problems. Among the most important are the determination 
of heat and work requirements for physical and chemical processes, and the 
determination of equilibrium conditions for chemical reactions and for the 
transfer of chemical species between phases. 

TheQl'odynamic considerations by themselves are not sufficient to allow 
calculation of the rates of chemical or physical processes. Rates depend on both 
driving force and resistance. Although driving forces are thermodynamic vari
ables, resistances are not. Neither can thermodynamics, a macroscopic-property 
formulation, reveal the microscopic (molecular) mechanisms of physical or 
chemical processes. On the other hand, knowledge of the microscopic behavior 

1 
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of matter can be useful in the calculation of thermodynamic properties. Such 
property values are essential to the practical application of thermodynamics; 
numerical results of thermodynamic analysis are accurate only to the extent that 
the required data are accurate. The chemical engineer must deal with many 
chemical species and their mixtures, and experimental data are often unavailable. 
Thus one must make effective use of correlations developed from a limited data 
base, but generalized to provide estimates in the absence of data. 

The application of thermodynamics to any real problem starts with the 
identification of a particular body of matter as the focus of attention. This quantity 
of matter is called the system, and its thermodynamic state is defined by a few 
measurable macrosCopic properties. These depend on the fundamental 
dimensions of science, of which length, time, mass, temperature, and amount of 
substance are of interest here. 

1.2 DIMENSIONS AND UNITS 

The fundamental dimensions are primitives, recognized through our sensory 
perceptions and not definable in terms of anything simpler. Their use, however, 
requires the definition of arbitrary scales of measure, divided into specific units 
of size. Primary units have been set by international agreement, and are codified 
as the International System of Units (abbreviated SI, for Systeme International). 

The second, symbol s, is the SI unit of time, defined as the duration of 
9,192,631,770 cycles of radiation associated with a specified transition of the 
cesium atom. The meter, symbol m, is the fundamental unit of length, defined 
as the distance light travels in a vacuum during 1/299,792,458 of a second. The 
kilogram, symbol kg, is the mass of a platinum/iridium cylinder kept at the 
International Bureau of Weights and Measures at Sevres, France. The unit of 
temperature is the kelvin, symbol K, equal to 1/273.16 of the thermodynamic 
temperature of the triple point of water. A more detailed discussion of tem
perature, the characteristic dimension of thermodynamics, is given in Sec. 1.4. 
The measure of the amount of substance is the mole, symbol mol, defined as the 
amount of substance represented by as many elementary entities (e.g., molecules) 

Table 1.1 Prefixes for SI units 

Fraction or 
multiple Prelix Symbol 

10-9 nano n 
10-6 micro P. 
10-3 milli m 
10-2 centi c 
10' kilo k 
10' mega M 
10' giga G 
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as there are atoms in 0.012 kg of carbon-I 2. This is equivalent to the "gram mole" 
commonly used by chemists. 

Decimal mUltiples and fractions of SI units are designated by prefixes. Those 
in common use are listed in Table 1.1. Thus we have, for example, that I cm = 

10-2 m and I kg = 103 g. 
Other systems of units, such as the English engineering system, use units that 

are related to SI units by fixed conversion factors. Thus, the foot (ft) is defined 
as 0.3048 m, the pound mass (Ibm) as 0.45359237 kg, and the pound mole (lb mol) 
as 453.59237 mol. 

1.3 FORCE 

The SI unit of force is the newton, symbol N, derived from Newton's second law, 
which expresses force F as the product of mass m and acceleration a: 

F=ma 

The newton is defined as the force which when applied to a mass of I kg produce, 
an acceleration of I m s -2; thus the newton is a derived unit representin~ 
I kgms-2. 

In the English engineering system of units, force is treated as an additional 
independent dimension along with length, time, and mass. The pound force (Ib,: 
is defined as that force which accelerates I pound mass 32.1740 feet per second 
per second. Newton's law must here include a dimensional proportionalit) 
constant if it is to be reconciled with this definition. Thus, we write 

whencet 

and 

I 
F=-ma 

go 

1(lb,} =.!. x 1(lbm} x 32.1740(ft)(s}-2 
go 

go = 32.1740(lbm)(ft)(lb,}-'(s}-2 

The pound force is equivalent to 4.4482216 N. 
Since force and mass are different concepts, a pound force and a pound ma" 

are different quantities, and their units cannot be cancelled against one another 
When an equation contains both units, (Ib,) and (Ibm), the dimensional constanl 
go must-also appear in the equation to make it dimensionally correct. 

Weight properly refers to the force of gravity on a body, and is therefon 
correctly expressed in newtons or in pounds force. Unfortunately, standards 01 

t Where English units are employed, parentheses enclose the abbreviations of all units. 
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mass are often called "weights," and the use of a balance to compare masses is 
called "weighing." Thus, one must discern from the context whether force or 
mass is meant when the word "weight" is used in a casual or informal way. 

Example 1.1 An astrQnaut weighs 730 N in Houston, Texas, where the local acceler
ation of gravity is 9 = 9.792 m S-2. What is the mass of the astronaut, and what does 
he weigh on the moon, where 9 = 1.67 m s-21 

SOLUTION Letting a = g, we write Newton's law as 

F=mg 
whence 

F 730N 
m = - = = 74.55 N m- I S' 

9 9.792ms' 

Since the newton N has the units kgms-2, this result simplifies to 

m = 74.55 kg 

This mass of the astronaut is independent of loc~tion, but his weight depends on the 
local acceleration of gravity. Thus on the moon his weight is 

Fmoon = mOmoon = 74.55 kg x 1.67 m S-2 

or 

Fmoon = 124.5 kg m s-' = 124.5 N 

To work this problem in the English epgineering system of units, we convert the 
astronaut's weight to (lb,) and the values of 9 to (ft)(s)-'. Since 1 N is equivalent to 
O.2248090b,) and 1 m to 3.28084(ft), we have: 

Weight of astronaut in Houston = 164.1 (lb,) 

gHn~'nn = 32.13 and gmoon = 5.48(ft)(s)-' 

Newton's law here gives 

Fg, 
m=-

9 

or 

164.1(lb,) x 32.174O(lbm )(ft)(lb,)-'(s)-' 
32.13(ft)(s) , 

m = 164.3(lbm ) 

Thus the astronaufs m!1ss in (Ibm) and weight in (lb f ) in Houston are numerically 
almost the same, but on the moon this is not the case: 

F = mgmoon = (164.3)(5.48) 28 O(lb) 
moon g, 32.1740 ., 

1.4 TEMPERATURE 

The most common method of temperature measurement is with a liquid-in-glass 
thermometer. This method depends on the expansion of fluids when they are 
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Thus a uniform tube, partially filled with mercury, alcohol, or some other 
can indicate degree of "hotness" simply by the length of the fluid column. 

Howev,er, numerical values are assigned to the various degrees of hotness by 
art,itr,ary definition. 

For the Celsius scale, the ice point (freezing point of water saturated with 
'r at standard atmospheric pressure) is zero, and the steam point (boiling point 

.:~pure water at standard atmospheric pressure) is 100. We may give a thermometer 
a numerical scale by immersing it in an ice bath and making a mark for zero at 
the fluid level, and then immersing it in boiling water and making a mark for 
100 at this greater fluid level. The distance between the two marks is divided into 
100 equal spaces called degrees. Other spaces of equal size may be marked off 
below zero and above 100 to extend the range of the thermometer. 

All thermometers, regardless of fluid, read the same at zero and 100 if they 
are calibrated by the method described, but at other points the readings do not 
usually correspond, because fluids vary in their expansion characteristics. An 
arbitrary choice could be made, and for many purposes this would be entirely 
satisfactory. However, as will be shown, the temperature scale of the SI system, 
with its kelvin unit, symbol K, is based on the ideal gas as thermometric fluid. 
Since the definition of this scale depends on the properties of gases, detailed 
discussion of it is delayed until Chap. 3. We note, however, that this is an absolute 
scale, and depends on the concept of a lower limit of temperature. 

Kelvin temperatures are given the symbol T; Celsius temperatures, given the 
symbol t, are defined in relation to Kelvin temperatures by 

tOC = T K - 273.15 

The unit of Celsius temperature is the degree Celsius, nc, equal to the kelvin. 
However, temperatures on the Celsius scale are 273.15 degrees lower than on the 
Kelvin scale. This means that the lower limit of temperature, called absolute zero 
on the Kelvin scale, occurs at - 273.l5°C. 

In practice it is the International Practical Temperature Scale of 1968 (IPTS-68) 
which is used for calibration of scientific and industrial instruments.t This scale 
has been so chosen that temperatures measured on it closely approximate ideal-gas 
temperatures; the differences are within the limits of present accuracy of measure
ment. The IPTS-68 is based on assigned values of temperature for a number of 
reproducible equilibrium states (defining fixed points) and on standard instru
ments calibrated at these temperatures. Interpolation between the fixed-point 
temperatures is provided by formulas that establish the relation between readings 
of the standard instruments and values of the international practical temperature. 
The defining fixed points are specified phase-equilibrium states of pure sub
stances,* a~ given in Table 1.2. 

t The English-language text of the definition of IPTS-68, as agreed upon by the International 
Committee of Weights and Measures, is published in Metralogia, 5:35-44, 1%9; see also ibid., 12:7-17, 
1976. 

t See Sees. 2.7 and 2.8. 
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Table 1.2 Assigned values for fixed points of the IPTS-68 

Equilibrium statet 

Equilibrium between the solid, liquid, and vapor phases of equi
librium hydrogen (triple point of equilibrium hydrogen) 

Equilibrium between the liquid and vapor phases of equilibrium 
hydrogen at 33,330.6 Pa 

Equilibrium between the liquid and vapor phases of equilibrium 
hydrogen (boiling point of equilibrium hydrogen) 

Equilibrium between the liquid and vapor phases of neon (boiling 
point of neon) 

Equilibrium between the solid, liquid, and vapor phases of oxy
gen (triple point of oxygen) 

Equilibrium between the liquid and vapor phases of oxygen 
(boiling point of oxygen) 

Equilibrium between the solid, liquid, and vapor phases of water 
(triple point of water) 

Equilibrium between the liquid and vapor phases of water (boil
ing point of water) 

Equilibrium between the solid and liquid phases of zinc (freezing 
point of zinc) 

Equilibrium between the solid and liquid phases of silver (freez
ing point of silver) 

Equilibrium between the solid and liquid phases of gold (freezing 
point of gold) 

13.81 

17.042 

20.28 

27.102 

54.361 

90.188 

273.16 

373.15 

692.73 

1,235.08 

1.337.58 

-259.34 

-256.108 

-252.87 

-246.048 

-218.789 

-182.962 

om 

100.00 

419.58 

961.93 

1,064.43 

t Except for the triple points and one equilibrium point (17.042 K), temperatures are for equi
librium states at l(atm). 

The standard instrument used from -259.34 to 630.74'C is the platinum
resistance thermometer, and from 630.74 to 1064.43'C the platinum-IO percent 
rhodium/ platinum thermocouple is used. Above 1064.43'C the temperature is 
defined by Planck's radiation law. 

In addition to the Kelvin and Celsius scales two others are in use by 
engineers in the United States: the Rankine scale and the Fahrenheit scale. The 
Rankine scale is directly related to the Kelvin scale by 

T(R) = 1.8T K 

and is an absolute scale. 
The Fahrenheit scale is related to the Rankine scale by an equation analogous 

to the relation between the Celsius and Kelvin scales. 

t('F) = T(R) - 459.67 

Thus the lower limit of temperature on the Fahrenheit scale is -459.67('F). The 
relation between the Fahrenheit and Celsius scales is given by 

t('F) = 1.8t'C + 32 

This gives the ice point as 32('F) and the normal boiling point of water as 212('F). 
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Celsius Kelvin Fahrenheit Rankine 

100'C -- 373.15 K -- 212('F) -- 671.67(R) -- Steam poinl 

o'C--- 273.15 K -- 32('F) --- 491.67(R) -- Ice poinl 

-273.15'C - 0 K --- -459.67(OF) - O( R)I----- Absolute zero 

Fllure 1.1 Relations among temperature scales. 

The Celsius degree and the kelvin represent the same temperature interva~ 
as do the Fahrenheit degree and the rankine. However, I 'C (or I K) is equivalent 
to 1.8('F) [or 1.8(R)]. The relationships among the four temperature scales are 
shown in Fig. 1.1. In thermodynamics, when temperature is referred to without 
qualification, absolute temperature is implied. 

Example 1.2 Table 1.3 lists the specific volumes of water , mercury, hydrogen at I(atm), 
and hydrogen at l00(atm) for a number oftemperatures on the International Practical 
Temperature Scale. Assume that each substance is the fluid in a thermometer cali
brated at the ice and steam points as suggested at the beginning of this sectidn. To 
determine how good these thermometers are, calculate what each reads at the true 
temperatures for which data are given. 

SOLUTION In calibrating a thermometer as specified, one assumes that each degree 
is represented by a fixed scale length. This is equivalent to the assumption that each 
degree of temperature change is accompanied by a fixed change in volume or specific 

Table 1.3 Specifie volumes in em' g-' 

I/'e Water Mercury H,I(alm) H,IOO(atm) 

-100 .... 
7,053 76.03 

0 1.00013 0.073554 11,125 118.36 
50 1.01207 0.074223 13,161 139.18 

100 1.04343 0.074894 15,197 159.71 
200 1.1590 0.076250 19,266 200.72 
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Table 1.4 Temperature readings for thermometers 

f/OC Water Mercury H2 t(atrn) H2 1OO(atm) 

-100 -100.0 -102.3 
0 0 0 0 0 

50 27.6 49.9 50.0 50.4 
100 100 100 100 100 
200 367 201.2 199.9 199.2 

volume of the thermometric fluid used. For water, the change in specific volume when 
t increases from 0 to 100°C is 

1.04343 - 1.00013 = 0.0433 em' 

If it is assumed that this volume change divides equally among the 100°C. then the 
volume change per degree is 0.000433 cm3 °C- 1

• When this assumption is not valid. 
the thermometer gives readings in disagreement with the International Practical 
Temperature Scale. 

The change in specific volume of water between 0 and 50°C is 

1.01207 - 1.00013 = 0.01194 em' 

If each degree on the water thermometer represents 0.000433 cm3
, the number of 

these degrees represented by a volume change of 0.01194 em' is 0.0\194/0.000433, 
or 27.6(degrees). Thus the water thermometer reads 27.6(degrees) when the actual 
temperature is 50°C. 

At 200~C. the specific volume of water is 1.1590 cm3
, and the change between 0 

and 2oo·C'is 1.1590 - 1.00013 = 0.1589 em'. Thus the water thermometer reads 
0.1589/0.000433, or 367(degrees), when the true temperature is 2OO·C. Table 1.4 gives 
all the results obtained by similar calculations. 

Each thermometer reads the true Celsius temperature at 0 and 100 because each 
was calibrated at these points. At other points, however, the readings may differ from 
the true values of the temperature. Water is seen to be a singularly poor thermometric 
fluid. Mercury, on the other hand, is good, which accounts for its widespread use 
in thermometers. Hydrogen at l(atm) makes a very good thermometric fluid, but is 
not practical for general use. Hydrogen at lOO(atm) is no more practical and is less 
satisfactory. 

1.S DEFINED QUANTITIES; VOLUME 

We have seen that in the international system of units force is defined through 
Newton's law. Convenience dictates the introduction of a number of other defined 
quantities. Some, like volume, are so common as to require almost no discussion. 
Others, requiring detailed explanation, are treated in the following sections. 

Volume V is a quantity representing the product of three lengths. The volume 
of a substance, like its mass, depends on the amount of material considered. 
Specific or molar volume, on the other hand, is defined as volume per unit mass 
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or per mole, and is therefore independent of the total amount of material 
considered. Density, p is the reciprocal of specific or molar volume. 

1.6 PRESSURE 

The pressure P of a fluid on a surface is defined as the normal force exerted by 
the fluid per unit area of the surface. If force is measured in N and area in m' 
the unit is the newton per square meter or N m-', called the pascal, symbol Pa: 
the basic SI unit of pressure. In the English engineering system the most common 
unit is the pound force per square inch (psi). 

The primary standard for the measurement of pressure derives from its 
definition. A known force is balanced by a fluid pressure acting on a known area; 
whence P = F / A. The apparatus providing this direct pressure measurement is 
the dead-weight gauge. A simple design is shown in Fig. 1.2. The piston is carefully 
fitted to the cylinder so that the clearance is small. Weights are placed on the 
pan until the pressure of the oil, which tends to make the piston rise, is just 
balanced by the force of gravity on the piston and all that it supports. With the 
force of gravity given by Newton's law, the pressure of the oil is 

Fipre 1.1 Dead-weight gauge. 

p=F=mg 
A A 

r------ Weight 

DllI'----- Pan 

------ Piston 

";~~ ........ ~ To pressure 
! source 
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where m is the mass of the piston, pan, and weights, 9 is the local acceleration 
of gravity, and A is the cross-sectional area of the piston. Gauges in common 
use, such as Bourdon gauges, are calibrated by comparison with dead-weight 
gauges. 

Since a vertical column of a given fluid under the influence of gravity exerts 
a pressure at its base in direct proportion to its height, pressure is also expressed 
as the equivalent height of a fluid column. This is the basis for the use of 
manometers for pressure measurement. Conversion of height to force per unit 
area follows from Newton's law applied to the force of gravity acting on the 
mass of fluid in the column. The mass m is given by 

m =Ahp 

where A is the cross-sectional area of the column, h is its height, and p is the 
fluid density. Therefore 

F mg Ahpg 
P=-=-=--=hpg 

A A A 

The pressure to which a fluid height corresponds depends on the density of the 
ftuid, which depends on its identity and temperature, and on the local ;lcceleration 
of gravity. Thus the torr is the pressure equivalent of I millimeter .. J,finercury at 
O·C in a standard gravitational field and is equal to 133.322 Pa. 

Another unit of pressure is the standard atmosphere (atm), the approximate 
average pressure exerted by the earth's atmosphere at sea level, defined as 
101,325 Pa, 101.325 kPa, or 0.101325 MPa. The bar, an SI unit equal to 10' Pa, 
is roughly the size of the atmosphere. 

Most pressure gauges give readings which are the difference between the 
pressure of interest and the pressure of the surrounding atmosphere. These 
readings are known as gauge pressures, and can be converted to absolute pressures 
by addition of the barometric pressure. Absolute pressures must be used in 
thermodynamic calculations. 

Example 1.3 A dead-weight gauge with a l-cm-diameter piston is used to measure 
pressures very accurately. In a particular instance a mass of 6.14 kg (including piston 
anQ pan) brings it into balance. If the local acceleqltion of gravity is 9.82 m S-2, what 
is the gauge pressure being measured? If the barometric pressure is 748(torr), what 
is the absolute pressure? 

SOLUTION The force exerted by gravity on the piston, pan, and weights is 

F = mg = (6.14)(9.82) = 60.295 N 

F 60.295 -2 
Gauge pressure = A = (1/4)( ,,)(1)2 = 76.77 N em 

The absolute pressure is therefore 

P = 76.77 + (748)(0.013332) = 86.74 N em-2 
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or 

P = 867.4kPa 

Example 1.4 At 27°C a manometer filled with mercury reads 60.5 em. The local 
acceleration of gravity is 9.784 m S-2. To what pressure does this height of mercury 
correspond? 

SOLUTION From the equation in the preceding text, 

P = hpg 

At 27·C the density of mercury is 13.53 g em-'. Then 

or 

or 

1.7 WORK 

P = 60.5 em x 13.53 g em-' x 9.784 m S-2 

= 8,009 g m S-2 cm-2 

P = 80.09 kPa = 0.8009 bar 

Work W is done whenever a force acts through a distance. The quantity of work 
done is defined by the equation 

dW= Fdl (1.1) 

where F is the component of the force acting in the direction of the displacement 
dt This equation must be integrated if the work for a finite process is required. 

In engineering thermodynamics an important type of work is that which 
accompanies a change in volume of a ftuid. Consider the compression or 
expansion of a ftuid in a cylinder caused by the movement of a piston. The force 
exerted by the piston on the ftuid is equal to the product of the piston area and 
the pressure of the ftuid. The displacement of the piston is equal to the volume 
change of the ftuid divided by the area of the piston. Equation (1.1) therefore 
becomes 

or, since A is constant, 
.... 

Integrating, 

V 
dW=PAd

A 

dW= PdV 

I
v, 

W= PdV 
v, 

(1.2) 

(1.3) 
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p 

v Figure 1.3 PV diagram. 

Equation (1.3) is an expression for the work done as a result of a finite 
compression or expllnsion process. t This kind of work can be represented as an 
area on a pressure-vs.-volume (PV) diagram, such as is shown in Fig. 1.3. In this 
case a gas having an initial volume V, at pressure P, is compressed to volume 
V, at pressure P, along the path shown from I to 2. This path relates the pressure 
at any point during the process to the volume. The work required for the process 
is given by Eq. (1.3) and is represented on Fig. 1.3 by the area under the curve. 
The SI unit of work is the newton-meter or joule, symbol J. In the English 
engineering system the unit often used is the foot-pound force (ft Ib,). 

1.8 ENERGY 

The general principle of conservation of energy was established about 1850. The 
germ of this principle as it applies to mechanics was implicit in the work of 
Galileo (1564-1642) and Isaac Newton (1642-1726). Indeed, it follows almost 
automatically from Newton's second law of motion once work is defined as the 
product of force and displacement. No such concept existed until 1826, when it 
was introduced by the French mathematician J. V. Poncelet at the suggestion of 
G. G. Coriolis, a French engineer. The word force (or the Latin vis) was used 
not only in the sense described by NeWton in his laws of motion, but also was 
applied to the quantities we now define as work and potential and kinetic energy. 
This ambiguity precluded for some time the development of any general principle 
of mechanics beyond Newton's laws of motion. 

Several useful relationships follow from the definition of work as a quantita
tive and unambiguous physical entity. If a body of mass m is acted upon by the 
force F during a differential interval of time dt, the displacement of the body 
is dL The work done by the force F is given by Eq. (1.1), which when combined 

t However. see Sec. 2.9 for limitations on its application. 
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with Newton's second law becomes 

dW = madl 

By definition the acceleration is a = du/ dt, where u is the velocity of the body. 
Thus 

which may be written 

du 
dW= m-dl 

dt 

dl 
dW= m-du 

dt 

Since the definition of velocity is u = dl/ dt, the expression for work becomes 

dW= mudu 

This equation may now be integrated for a finite change in velocity from u, to u,: 

W=m udu=m 2_~ f"' (u' u') 
Ul 2 2 

or 

W = m2u~ _ m;i = a( mn (1.4) 

Each of the quantities !mu' in Eq. (1.4) is a kinetic energy, a term introduced 
by Lord Kelvint in 1856. Thus, by definition, 

(1.5) 

Equation (1.4) shows that the work done on a body in accelerating it from an 
initial velocity u, to a final velocity u, is equal to the change in kinetic energy 
of the body. Conversely, if a moving body is decelerated by the action of a 
resisting force, the work done by the body is equal to its change in kinetic energy. 
In the SI system of units with mass in kg and velocity in m s -', kinetic energy 
EK has the units of kg m' s-'. Since the newton is the composite unit kg m s-', 
EK is measured in newton-meters or joules. In accord with Eq. (1.4), this is the 
unit of work. 

In the English engineering system, kinetic energy is expressed as !mu'/ goo 
where g, has the value 32.1740 and the units (Ibm )(ft)(lb f )-'(s)-'. Thus the unit 
of kinetic energy in this system is 

E - mu' _ (Ibm )(ft),(s)-' _ fi 
K - 2g, - (lb

m
)(ft)(Ib,) '(s) 2 - ( t Ib,) 

Dimensional cd'nsistency here requires the inclusion of gc. 

t Lord Kelvin, or William Thomson (1824-1907), was an English physicist who, along with the 
German physicist Rudolf Clausius (1822-1888). laid the foundations for the modem science of 
thermodynamics. 
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If a body of mass m is raised from an initial elevation z, to a final elevation 
z an upward force at least equal to the weight of the body must be exerted on 
itand this force must move through the distance z, - Z,. Since the weight of the 
b~dy is the force of gravity on it, the minimum force required is given by Newton's 
law as 

F=ma=mg 

where 9 is the local acceleration of gravity. The minimum work required to raise 
the body is the product of this force and the change in elevation: 

or 

W = mz,g - mz,g = Il(mzg) (1.6) 

We see from Eq. (1.6) that the work done on the body in raising it is equal to 
the change in the quantity mzg. Conversely, if the body is lowered against a 
resisting force equal to its weight, the work done by the body is equal to the 
change in the quantity mzg. Equation (1.6) is similar in form to Eq. (1.4), and 
both show that the work done is equal to the change in a quantity which describes 
the condition of the body in relation to its surroundings. In each case the work 
performed can be recovered by carrying out the reverse process and returning 
the body to its initial condition. This observation leads naturally to the thought 
that, if the work done on a body in accelerating it or in elevating it can be 
subsequently recovered, then the body by virtue of its velocity or elevation must 
contain the ability or capacity to do this work. This concept proved so useful in 
rigid-body mechanics that the capacity of a body for doing work was given the 
name energy, a word derived from the Greek and meaning "in work." Hence the 
work of accelerating a body is said to produce a change in its kinetic energy, or 

(
mu') W = IlEK = Il -2-

and the work done on a body in elevating it is said to produce a change in its 
potential energy, or 

W = IlEp = Il(mzg) 

Thus potential energy is defined as 

Ep = mzg (1.7) 

This term was first proposed in 1853 by the Scottish engineer Willia,m Rankine 
(1820-1872), In the SI system of units with mass in kg, elevation in m, and the 
acceleration of gravity in m s-', potential energy has the units of kg m' s-'. This 
is the newton-meter or joule, the unit of work, in agreement with Eq. (1.6). 
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In the English engineering system, potential energy is expressed as mzg / go' 
Thus the unit of potential energy in this system is 

E _ mzg _ (Ibm)(ft)(ft)(s)-' 
p - g, - (lbm)(ft)(lb,) '(s) , (ft Ib,) 

Again, g, must be included for dimensional consistency. 
In any examination of physical processes, an attempt is made to find or to 

define quantities which remain constant regardless of the changes which occur, 
One such quantity, early recognized in the development of mechanics, is mass. 
The great utility of the law of conservation of mass as a general principle in 
science suggests that further principles of conservation should be of comparable 
value. Thus the development of the concept of energy logically led to the principle 
of its conservation in mechanical processes. If a body is given energy when it is 
elevated, then the body should conserve or retain this energy until it performs 
the work of which it is capable. An elevated body, allowed to fall freely, should 
gain in kinetic energy what it loses in potential energy so that its capacity for 
doing work remains unchanged. For a freely falling body, we should be able to 
write: 

or 

mu~ mui 2-2+ mz,g - mz,g = 0 

The validity of this equation has been confirmed by countless experiments. Success 
in application to freely falling bodies led to the generalization of the principle 
of energy conservation to apply to all purely mechanical processes, Ample experi
mental evidence to justify this generalization was readily obtained. 

Other forms of mechanical energy besides kinetic and gravitational potential 
energy are possible. The most obvious is potential energy of configuration. When 
a spring is compressed, work is done by an external force. Since the spring can 
later perform this work against a resisting force, the spring possesses capacity 
for doing work. This is potential energy of configuration. Energy of the same 
form exists in a stretched rubber band or in a bar of metal deformed in the elastic 
region. 

To increase the generality of the principle of conservation of energy in 
mechanics, we look upon work itself as a form of energy. This is clearly permis
sible, because both kinetic- and potential-energy changes are equal to the work 
done in producing them [Eqs. ( 1.4) and (1.6)]. However, work is energy in transit 
and is never re!\l!.rded as residing in a body. When work is done and does not 
appear simultaneously as work elsewhere, it is converted into another form of 
energy. 

The body or assemblage on which attention is focused is called the system. 
All else is called the surroundings. When work is done, it is done by the surround
ings on the system, or vice versa, and energy is transferred from the surroundings 
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to the system, or the reverse. It is only during this transfer that the form of energy 
known as work exists. In contrast, kinetic and potential energy reside with the 
system. Their values, however, are measured with reference to the surroundings, 
i.e., kinetic energy depends on velocity with respect to the surroundings, and 
potential energy depends on elevation with respect to a datum level. Changes in 
kinetic and potential energy do not depend on these reference conditions, pro
vided they are fixed. 

Example 1.5 An elevator with a mass of 2,500 kg rests at a level of 10m above the 
base of an elevator shaft. It is raised to 100m above the base of the shaft, where the 
cable holding it breaks. The elevator falls freely to the base of the shaft and strikes 
a strong spring. The spring is designed to bring the elevator to rest and, by means of 
a catch arrangement, to hold the elevator at the position of maximum spring com
pression. Assuming the entire process to be frictionless, and taking 9 = 9.8 m S-2, 
calculate: 

(a) The potential energy of the elevator in its initial position relative to the base 
of the shaft. 

(b) The work done in raising the elevator. 
(c) The potential energy of the elevator in its highest position relative to the 

base of the shaft. 
(d) The velocity and kinetic energy of the elevator just before it strikes the spring. 
(e) The potential energy of the compressed spring. 
(f) The energy of the system consisting of the elevator and spring (I) at the 

start of the process, (2) when the elevator reaches its maximum height, (3) just before 
the elevator strikes the spring, and (4) after the elevator has come to rest. 

SOLUTION Let SUbscript I designate the initial conditions; subscript 2, conditions 
when the elevator is at its highest position; and SUbscript 3, conditions just before 
the elevator strikes the spring. 

(a) By Eq. (1.7), 

Ep , = mz,g = (2,500)(10)(9.8) = 245,000 1 

(b) W = J" Fdl = J" mgdl = mg(z, - z,) 
z, z) 

whence 

W = (2,500)(9.8)(100 - 10) = 2,205,000 1 

(e) Ep, = mz,g = (2,500)(100)(9.8) = 2,450,0001 

Note that W = Ep2 - Epl • 

(d) From the principle of conservation of mechanical energy, one may write 
that the sum of the kinetic- and potential-energy changes during the process from 
conditions 2 to 3 is zero; that is, 

or 
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However, Exz and EI\ are zero. Therefore 

EK ) = Epl = 2,450,000 J 

Since EK, = !m"~, 

, 2EK, (2)(2,450,000) 
"3 = m 2,500 

whence 
"3 = 44.27 m S-I 

(e) f1Ep•Ptl". + f1EK.,,!ev.u.r = 0 

Since the initial potential energy of the spring and the final kinetic energy of the 
elevator are zero, the final potential energy of the spring must equal the kinetic energy 
of the elevator just before it strikes the spring. Thus the final potential energy of the 
spring is 2,450,000 J. 

(f) If the elevator and the spring together are taken as the system, the initial 
energy of the system is the potential energy of the elevator, or 245,000 J. The total 
energy of the system can change only if work is transferred between it and the 
surroundings. As the elevator is raised, work is done on the system by the surroundings 
in Ule, amount of 2,205,000 J. Thus the energy of the system when the elevator reaches 
its maximum height is 245,000 + 2,205,000 = 2,450,000 1. Subsequent changes occur 
entirely within the system, with no work transfer between the system and surroundings. 
Hence the total energy of the system remains constant at 2,450,000 J. It merely changes 
from potential energy of position (elevation) of the elevator to kinetic energy of the 
elevator to potential energy of configuration of the spring. 

This example serves to illustrate the application of the law of conservation of 
mechanical energy. However, the entire process is assumed to occur without friction; 
the results obtained are exact only for such an idealized process. 

During the period of development of the law of conservation of mechanical 
energy, heat was not generally recognized as a form of energy, but was considered 
an indestructible fluid called caloric. This concept was so firmly entrenched that 
no connection was made between heat resulting from friction and the established 
forms of energy, and the law of conservation of energy was limited in application 
to frictionless mechanical processes. Such a limitation is no longer appropriate; 
the concept that heat like work is energy in transit gained acceptance during the 
years following 1850, largely on account of the classic experiments of J. P. Joule 
(1818-1889), a brewer of Manchester, England. These experiments are considered 
in detail in Chap. 2, but first we examine some of the characteristics of heat. 

1.9 HEAT ... 

We know from experience that a hot object brought in contact with a cold object 
becomes cooler, whereas the cold object becomes warmer. A reasonable view is 
that something is transferred from the hot object to the cold one, and we call 
that something heat Q. Two theories of heat developed by the Greek philosophers 
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have been in contention until modern tillies. The one most generally accepted 
until the middle of the nineteenth century was that heat is a weightless and 
indestructible substance called caloric. The other represented heat as connected 
in some way with motion, either of the ultimate particles of a body or of some 
medium permeating all matter. This latter view was held by Francis Bacon, 
Newton, Robert Boyle, and others during the seventeenth century. Without the 
concept of energy this view could not be exploited, and by the middle of the 
eighteenth century the caloric theory of heat gained ascendancy. However, a few 
men of science did retain the other view, notably Benjamin Thompsont (1753-
1814) and Sir Humphrey Davy (1778-1829). Both submitted experimental 
evidence contrary to the caloric theory of heat, but their work went unheeded. 
Moreover, the steam engine, a working example of the conversion of heat into 
work, had been perfected by James Watt (1736-1819) and was in common use 
at the time. 

One notable advance in the theory of heat was made by Joseph Black 
(1728-1799), a Scottish chemist and a collaborator of James Watt. Prior to Black's 
time no distinction was made between heat and temperature, just as no distinction 
was made between force and work. Temperature was regarded as the measure 
of the quantity of heat or caloric in a body, and a thermometer reading was 
referred to as a "number of degrees of heat." In fact, the word temperature still 
had its archaic meaning of mixture or blend. Thus a given temperature indicated 
a given mixture or blend of caloric with matter. Black correctly recognized 
temperature as a property which must be carefully distinguished from quantity 
of heat. In addition, he showed experimentally that different substances of the 
same mass vary in their capacity to absorb heat when they are warmed through 
the same temperature range. Moreover, he was the discoverer of latent heat. In 
spite of the difficulty of explaining these phenomena by the caloric theory, Black 
supported this theory throughout his life. Here the matter rested until near the 
middle of the nineteenth century. 

Among the early champions of the energy concept of heat were Mohr, Mayer, 
and Helmholtz in Germany; Colding, a Dane; and especially James P. Joule in 
England. Joule presented the experimental evidence which conclusively demon
strated the energy theory, and thus made possible the generalization of the law 
of conservation of energy to include heat. The concept of heat as a form of energy 
is now universally accepted and is implicit in the modern science of thermody
namics. 

One of the most important observations about heat is that it always flows 
from a higher temperature to a lower one. This leads to the concept of temperature 
as the driving force for the transfer of energy as heat. More precisely, the rate 
of heat transfer from one body to another is proportional to the temperature 
difference between the two bodies; when there is no temperature difference, there 
is no net transfer of heat. In the thermodynamic sense, heat is never !egarded 

t Better known as Count Rumford. Born in Woburn. Mass .• unsympathetic to the American cause 
during the Revolution. he spent most of his extraordinary Jife in Europe. 
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as being stored within a body. Like work, it exists only as energy in transit from 
one body to another, or between a system and its surroundings. When energy in 
the form of heat is added to a body, it is stored not as heat but as kinetic and 
potential energy of the atoms and molecules making up the body. Not surprisingly, 
the energy theory of heat did not prevail until the atomic theory of matter was 
well established. 

In spite of the transient nature of heat, it is often thought of in terms of its 
effects on the body from which or to which it is transferred. As a matter of fact 
until about 1930 definitions of the quantitative units of heat were based on th~ 
temperature changes of a unit mass of water. Thus the calorie was long defined 
as that quantity of heat which must be transferred to one gram of water to raise 
its temperature one degree Celsius. Likewise, the British thermal unit, or (Btu), 
was defined as that quantity of heat which must be transferred to one pound 
mass of water to raise its temperature one degree Fahrenheit. Although these 
definitions provide a "feel" for the size of heat units, they depend on the accuracy 
of experiments made with water and are thus subject to change with each 
incre~singly accurate measurement. The calorie and (Btu) are now recognized 
as umts of energy, and are defined in relation to the joule, the only SI unit of 
energy. It is defined as 1 N m, and is therefore equal to the mechanical work 
done when a force of one newton acts through a distance of one meter. All other 
energy u~its ar~ defined as multiples of the joule. The foot-pound jorce, for 
example, IS eqUivalent to 1.3558179J, and the calorie to 4.184OJ. The SI unit of 
power is the watt, symbol W, defined as an energy rate of one joule per second. 

Appendix A gives an extensive table of conversion factors for energy as well 
as for other units. . 

PROBLEMS 

1.1 Using data given in Table 1.3, confirm one of the results given in the last three columns of Table 
1.4. 

1.2 Pr~ssures up to 3.000 bar are measured with a dead-weight gauge. The piston diameter is 0.35 cm. 
What IS the approximate mass in kg of the weights required? 

1.3 ,:essures up to 3.000(atm) are measured With a'dead-weight gauge. The piston diameter is 
0.14(m). What is the approximate mass in (Ibm) of the weights required? 

1.4 A mercury manometer at 200e and open at one end to the atmosphere reads 38.72 cm. The local 
~cceleration of gravity is 9.790 m s-z. Atmospheric pressure is 99.24 kPa. What is the absolute pressure 
10 kPa being measured '! 

1.5 A mercury manometer at 75(OF) and open at one end to the atmosphere reads 16.810n). The 
local acceleration of gravity is 32.143(ft)(s)-z. Atmospheric pressure is 29.480n Hg). What is the 
absolute pressure in (psi~ being measured? 

~~. An. instrument to measure the acceleration of gravity on Mars is constructed of a spring from 
Ich IS suspended a mass of 0.24 kg. At a place on earth where the local acceleration of gravity is 

9.80ms-2 th . t d 061 Wh h· . . . ,e spnng ex en s . em. en t e mstrument package IS landed on Mars. It radios 
the tnformation that the spring is extended 0.20 em. What is the Martian acceleration of gravity? 

1.7 A group of engineers has landed on the moon, and would like to detennine the mass of several 
unusual rocks. They have a spring scale calibrated to read pounds mass at a location where the 
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apceleration of gravity is 32.20(ft)(S)-2. One of the moon rocks gives a reading of 25 on the scale. 
What is its mass? What is its weight on the moon? Take 9moon = 5.47(ft)(s)-2. 

.,8 A gas is confined by a piston. 5(in) in diameter, on which rests a weight. The mass of the piston 
¥d weight together is 6O(Ibm ). The local acceleration of gravity is 32.13(ft)(s)-2, and atmospheric 

f)ressure is 30.16(in Hg). 
(a) What is the force in (Ibr) exerted on the gas by the atmosphere, the piston. and the weight, 

~suming no friction between the piston and cylinder? 
(b) What is the pressure of the gas in (psia)? 
(c) If the gas in the cylinder is heated. it expands. pushing the piston and weight upward. If 

tfle piston and weight are raised 15(in). what is the work done by the gas in (ft lbr)? What is the 
cbange in potential energy of the piston and weight? 

1.9 A gas is confined by a pi~ton, 10 em in diameter, on which rests a weight. The mass of the piston 
and weight together is 30 kg. The local acceleration of gravity is 9.805 m S-2, and atmospheric pressure 
is 101.22 kPa. 

(a) What is the force in newtons exerted on the gas by the atmosphere, the piston, and the 
weight, assuming no friction between the piston and cylinder? 

(b) What is the pressure of the gas in kPa? 
(c) If the gas in the cylinder is heated, it expands, pushing the piston and weight upward. If 

the piston and weight are raised 40 cm, what is the work done by the gas in kJ? What is the change 
in potential energy of the piston and weight? 

1.10 Verify that the SI unit of kinetic and potential energy is the joule. 

1.11 An automobile having a mass of 1,500 kg is traveling at 25 m S-I. What is its kinetic energy in 
kJ? How much work must be done to bring it to a stop? 

1.12 Liquid water at O°C and atmospheric pressure has a density of 1.000 g em-3
. At the same 

conditions, ice has a density of 0.917 g em-3
• How much work is done at these conditions by 1 kg of 

ice as it melts to liquid water? 

2.1 JOULE'S EXPERIMENTS 

CHAPTER 

TWO 

THE FIRST LAW AND 
OTHER BASIC CONCEPTS 

During the years 1840-1878, J. P. Joulet carried out careful experiments on 
the nature of heat and work. These experiments are fundamental to an under
standing of the first law of thermodynamics and of the underlying concept of 
energy. 

In their essential elements Joule's experiments were simple enough, but he 
took elaborate precautions to ensure accuracy. In his most famous series of 
experiments, he placed measured amounts of water in an insulated container and 
agitated the water with a rotating stirrer. The amounts of work done on the water 
by the stirrer were accurately measured, and the temperature changes of the water 
were carefully noted. He found that a fixed amount of work was required per 
unit mass of water for every degree of temperature rise caused by the stirring. 
The original temperature of the water could then be restored by the transfer of 
heat through siIRJlle contact with a cooler object. Thus Joule was able to show 
conclusively that a quantitative relationship exists between work and heat and, 
therefore, that heat is a form of energy. 

t For a fascinating account of Joule's celebrated experiments, see T. W. Chalmers, Historic 
Researches, chap. II, Scribner. New York, 1952. 
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2.2 INTERNAL ENERGY 

In experiments such as those conducted by Joule, energy is added to the water 
as work, but is extracted from the water as heat. The question arises as to what 
happens to this energy between the time it is added to the water as work and the 
time it is extracted as heat. Logic suggests that this energy is contained in the 
water in another form, a form which we define as internal energy U. 

The internal energy of a substance does not include any energy that it may 
possess as a result of its macroscopic position or movement. Rather it refers to 
the energy of the molecules making up the substance, which are in ceaseless 
motion and possess kinetic energy of translation ; except for monatomic molecules, 
they also possess kinetic energy of rotation and of internal vibration. The addition 
of heat to a substance increases this molecular activity, and thus causes an increase 
in its internal energy. Work done on the substance can have the same effect, as 
was shown by Joule. 

In addition to kinetic energy, the molecules of any substance possess potential 
energy because of interactions among their force fields. On a submolecular scale 
there is energy associated with the electrons and nuclei of atoms, and bond energy 
resulting from the forces holding atoms together as molecules. Although absolute 
values of internal energy are unknown, this is not a disadvantage in thermody
namic analysis, because only changes in internal energy are required. 

The designation of this form of energy as internal distinguishes it from kinetic 
and potential energy which the substance may possess as a result of its macroscopic 
position or motion, and which can be thought of as external forms of energy. 

2.3 FORMULATION OF THE 
FIRST LAW OF THERMODYNAMICS 

The recognition of heat and internal energy as forms of energy suggests a 
generalization of the law of conservation of mechanical energy (Se~. 1.8) to ~pp~y 
to heat and internal energy as well as to work and external potenllal and kinetIC 
energy. Indeed, the generalization can be extended to still other f0n.ns, .such as 
surface energy, electrical energy, and magnetic energy. This generahzallon was 
at first no more than a postulate, but without exception all observations of ordinary 
processes support it. t Hence it has achieved the stature of a law of nature, and 
is known as the first law of thermodynamics. One formal statement is as follows: 
Although energy assumes many forms, the total quantity of energy is constant, and 
when energy disappears in one form it appears simultaneously in other forms. 

In application of the first law to a given process, the sphere of influence of 
the process is divided into two parts, the system and its surroundings. The part 

t For nuclear.reaction processes, the Einstein equation applies, E = me2
, where c is the velocity 

of light. Here, mass is transfonned into energy, and the laws of conservation of mass and energy 
combine to state that mass and energy together are conserved. 
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in which the process occurs is taken as the system. Everything not included in 
the system constitutes the surroundings. The system may be of any size depending 
on the particular conditions, and its boundaries may be real or imaginary, rigid 
or flexible. Frequently a system is made up of a single substance; in other cases 
it may be very complicated. In any event, the equations of thermodynamics are 
written with reference to some well-defined system. This allows one to focus 
attention on the particular process of interest and on the equipment and material 
directly involved in the process. 

However, the first law applies to the system and surroundings, and not to 
the system alone. In its most basic form, the first law may be written: 

/l(energy of the system) + /l(energy of surroundings) = 0 (2.1) 

Changes may occur in internal energy of the system, in potential and kinetic 
energy of the system as a whole, or in potential and kinetic energy of finite parts 
of the system. Likewise, the energy change of the surroundings may consist of 
increases or decreases in energy of various forms. 

In the thermodynamic sense, heat and work refer to energy in transit across 
the boundary between the system and its surroundings. These forms of energy 
can never be stored. To speak of heat or work as being contained in a body or 
system is wrong; energy is stored in its potential, kinetic, and internal forms. 
These forms reside with material objects and exist because of the position, 
configuration, and motion of matter. The transformations of energy from one 
form to another and the transfer of energy from place to place often occur through 
the mechanisms of heat and work. 

If the boundary of a system does not permit the transfer of mass between 
the system and its surroundings, the system is said to be closed, and its mass is 
necessarily constant. For such systems all energy passing across the boundary 
between system and surroundings is transferred as heat and work. Thus the total 
energy change of the surroundings equals the net energy transferred to or from 
it as heat and work, and the second term of Eq. (2.1) may be replaced by 

/l(energy of surroundings) = ±Q ± W 

The choice of signs used with Q and W depends on which direction of transfer 
is regarded as positive. 

The first term of Eq. (2.1) may be expanded to showe energy changes in 
various forms. If the mass of the system is constant and if only internal-, kinetic-, 
and potential-energy changes are involved, 

/l( energy of the system) = /l U + /lEK + /lEp ... 
With these substitutions, Eq. (2.1) becomes 

/lU + /lEx + /lEp = ±Q ± W (2.2) 

The traditional choice of signs on the right-hand side of Eq. (2.2) makes the 
numerical value of heat positive when it is transferred to the system from the 
surroundings, and the numerical value of work positive for the opposite direction 
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of transfer. With this understanding, Eq. (2.2) becomest 

!1 U + !1EK + !1Ep = Q - W (2.3) 

In words, Eq. (2.3) states that the total energy change of the system is equal to 
the heat added to the system minus the work done by the system. This equation 
applies to the changes which occur in a constant-mass system over a period of time. 

Closed systems often undergo processes that cause no changes in external 
potential or kinetic energy, but only changes in internal energy. For such processes, 
Eq. (2.3) reduces to 

(2.4) 

Equation (2.4) applies to processes involving finite changes in the system. 
For differential changes this equation is written: 

I dU= dQ-dW I (2.5) 

Equation (2.5) is useful when U, Q, and Ware expressed as functions of process 
variables, and like Eq. (2.4) applies to closed systems which undergo changes in 
internal energy only. The system must of course be clearly defined, as illustrated 
in the examples of this and later chapters. 

The units used in Eqs. (2.3) through (2.5) must be the same for all terms. In 
the SI system the energy unit is the joule. Other energy units still in use are the 
calorie, the foot-pound force, and the (Btu). 

2.4 THE THERMODYNAMIC STATE 
AND STATE FUNCTIONS 

In thermodynamics we distinguish between two types of quantities: those which 
depend on path and those which do not. Actually, both types are in everyday 
use. Consider for example an automobile trip from New York to San Francisco. 
The straight-line distance between these two cities is fixed; it does not depend 
on the path or route taken to get from one to the other. On the other hand, such 
measurements as miles traveled and fuel consumed definitely depend on the path. 
So it is in thermodynamics; both types of quantities are used. 

There are many examples of quantities which do not depend on path; among 
them are temperature, pressure, and specific volume. We know from experience 
that fixing two of these quantities automatically fixes all other such properties 
of a homogeneous pure substance and, therefore, determines the condition or 

t Those who prefer consistency over tradition make both heat and work positive for transfer to 
the system from the surroundings. Eq. (2.2), then becomes 

tJ.U+tJ.EK +tJ.Ep = Q+ W 
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state of the substance. For example, nitrogen gas at a temperature of 300 K and 
a pressure of \0' kPa (I bar) has a definite specific volume or density, a definite 
viscosity, a definite thermal conductivity; in short it has a definite set of properties. 
If this gas is heated or cooled, compressed or expanded, and then returned to 
its initial conditions, it is found to have exactly the same set of properties as 
before. These properties do not depend on the past history of the substance nor 
on the path it followed in reaching a given state. They depend only on present 
conditions, however reached. Such quantities are known as state functions. When 
two of them are fixed or held at definite values for a homogeneous pure substance, 
the thermodynamic state of the substance is fixed. 

For systems more complicated than a simple homogeneous pure substance, 
the number of properties or state functions that must be arbitrarily specified in 
order to define the state of the system may be different from two. The method 
of determining this number is the subject of Sec. 2.8. 

Internal energy and a number of other thermodynamic variables (defined 
later) are state functions and are, therefore, properties of the system. Since state 
functions can be expressed mathematically as functions of thermodynamic co
ordinates such as temperature and pressure, their values can always be identified 
with points on a graph. The differential of a state function is spoken of as an 
infinitesimal change in the property. The integration of such a differential results 
in a finite difference between two values of the property. For example, 

I
p, 

dP = P, - P, = !1P 
P, 

and Iu' 
dU= U,- U, =!1U 

u, 

Work and heat, on the other hand, are not state functions. Since they depend 
on path, they cannot be identified witli'points on a graph, but rather are repre
sented by areas, as shown in Fig. 1.3. The differeniials of heat and work are not 
referred to as changes, but are regarded as infinitesimal quantities of heat and 
work. When integrated, these differentials give not a finite change but a finite 
quantity. Thus 

I dQ= Q and I dW= W 

Experiment shows that processes which accomplish the same change in state 
by different paths in a closed system require, in general, different amounts of 
he~t and work, but that the difference Q - W is the same for all such processes. 
This gives experimental justification to the statement that internal energy is a 
state function. Equation (2.4) yields the same value of!1U regardless of the path 
~o~l~wed, provided only that the.change in the system is always from the same 
100tiai to the same final state. 

Another difference between state functions and heat or work is that a state 
function represents a property of a system and always has a value. Work and 
heat. appear only when changes are caused in a system by a process, which 
requires time. Although the time required for a process cannot be predicted by 
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thermodynamics alone, nevertheless the passage of time is inevitable whenever 
heat is transferred or work is accomplished. 

The internal energy of a system, like its volume, depends on the quantity of 
material involved; such properties are said to be extensive. In contrast, temperature 
and pressure, the principal thermodynamic coordinates for homogeneous ftuids, 
are independent of the quantity of material making up the system, and are known 
as intensive properties. 

The first-law equations may be written for systems containing any quantity 
of material; the values of Q, W, and the energy terms then refer to the entire 
system. More often, however, we write the equations of thermodynamics for a 
representative unit amount of material, either a unit mass or a mole. We can then 
deal with properties such as volume and internal energy on a unit basis, in which 
case they become intensive properties, independent of the quantity of material 
actually present. Thus, although the total volume and total internal energy of an 
arbitrary quantity of material are extensive properties, specific and molar volume 
(or density) and specific and molar internal energy are intensive. Writing Eqs. 
(2.4) and (2.5) for a representative unit amount of the system puts all of the 
terms on a unit basis, but this does not make Q and W into thermodynamic 
properties or state functions. Multiplication of a quantity on a unit basis by the 
total mass (or total moles) of the system gives the total quantity. 

Internal energy (through the enthalpy, defined in Sec. 2.5) is useful for the 
calculation of heat and work quantities for such equipment as heat exchangers, 
evaporators, distillation columns, pumps, compressors, turbines, engines, etc., 
because it is a state function. The tabulation of all possible Q's and W's for all 
possible processes is impossible. But the intensive state functions, such as specific 
volume and specific internal energy, are properties of matter, and they can be 
measured and their values tablflated as functions of temperature and pressure 
for a particular substance for future use in the calculation of Q or W for any 
process involving that substance. The measurement, correlation, and use of these 
state functions is treated in detail in later chapters. 

Example 2.1 Water flows over a waterfall 100 m in height. Consider 1 kg ofthe water, 
and assume that no energy is exchanged between the I kg and its surroundings. 

(a) What is the potential energy of the water at the top of the falls with respect 
to the base of the falls? 

(b) What is the kinetic energy of the water just before it strikes bottom? 
(c) After the I kg of water enters the river below the falls, what change has 

occurred in its state? 

SOLUTION Taking the I kg of water as the system, and noting that it ~xchanges 
no energy with its surroundings, we may set Q and W equal to zero and write 
Eq. (2.3) as 

IJ.U+IJ.EK+IJ.Ep~O 

This equation applies to each part of the process. 
(a) From Eq. (1.7), 

Ep = mzg = 1 kg x 100 m x 9.8066 m S-2 
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where 9 has been taken as the standard value. This gives 

Ep ~ 980.66 N m or 980.66 J 

(b) During the free fall of the water no mechanism exists for the conversion of 
potential or kinetic energy into internal energy. Thus A U must be zero, and 

IJ.EK + IJ.Ep ~ EK - EK + En - Ep ~ 0 
1 I '--2 I 

For practical purposes we may take EKI = Ep1 = O. Then 

EK, ~ Ep , ~ 980.66 J 

(c) ~ the I kg. of' water strikes bottom and mixes with other falling water to 
form a. nve~, there IS much turbulence, which has the effect of converting kinetic 
energy mto mternal energy. During this process, flEp is essentially zero, and Eq. (2.3) 
becomes 

or IJ.U~EK,-EK, 

However, the river velocity is assumed small, and therefore EK3 is negligible. Thus 

IJ.U ~ EK, ~ 980.66J 

!he ~verall result of the process is the conversion of potential energy of the water 
mto mternal ~nergy of the water. This change in internal energy is manifested by a 
temperature nse of ~he wat:r. ~ince energy in the amount of 4.IS4J kg-I is required 
for a ote~peratur~ nse of I C 10 water, the temperature increase is 980.66/4,184 = 
0.234 C, If there IS no heat transfer with the surroundings. 

Exa~ple 2.2 A gas is confined in a cylinder by a piston. The initial pressure of the 
gas. IS 7 bar, and the volume is 0.10 m3

• The piston is held in place by latches in the 
cylinder wall. The whole apparatus is placed in Motal vacuum. What is the energy 
change of the appa~at~s ~~ the retaining latches are removed so that the gas suddenly 
expands to double Its mltIal volume? The piston is again held by latches at the end 
of the process. 

SOLUTIO~ Since the q.uestion concerns the entire apparatus, the system is taken as 
the gas, piston, and cylinder. No work is done during the process, because no force 
~xtemal to the system moves, and no heat is transferred through the vacuum surround-
109 ~e apparatus. Hence Q and Ware zero, and the total energy of the system 
r~m~lOs . unchanged. Without further information we can say nothing about the 
distnbunon of energy among the parts of the system. This may well be different tha~ 
the initial distribution. 

Exa~pl~ 2.3 If the process described in Example 2.2 is repeated, not in a vacuum 
but 10 air at standard atmospheric pressure of 101.3 kPa, what is the energy change 
of the apparatus? Assume the rate of heat exchange between the apparatus and the 
surrounding air slow compared with the rate at which the process occurs. 

SOLUTION. The s~tem is chosen exactly as before, but in this case work is done by 
the system lo pushlOg back the atmosphere. This work is given by the product of the 
f~rce exerted by the atmospheric pressure on the piston and the displacement of the 
PIStOn. If the area of the piston is A, the force is F = PatmA The displacement of 



Z8 INTRODUCTION TO CHEMICAL ENGINEERING THERMODYNAMICS 

p 

the piston is equal to the volume change of the gas divided by the area of the piston, 
or 6..1 = 6.. V / A. The work done by the system on the surroundings, according to 

Eq. (1.1), is then 
W ~ F AI ~ p .. m A V 

W ~ (101.3)(0.2 - 0.1) ~ 10.13 kPa m' 

or 
W ~ 10.13 kNm ~ 10.13 kJ 

Heat transfer between the system and surroundings is also possible in this case, but 
the problem is worked for the instant after the process has occurred and before 
appreciable heat transfer has had time to take place. Thus Q is assumed to be zero 
in Eq. (2.3), giving 

A(energy of the system) ~ Q - W ~ 0 - 10.13 ~ -10.13 kJ 

The total energy of the system has decreased by an amount equal to the work done 
on the surroundings. 

Example 2.4 When a system is taken from state a to state b in Fig. 2.1 along path 
acb, 100 J of heat Hows into the system and the system does 40 J of work. How much 
heat Hows into the system along path aeb if the work done by the system is 20 J? The 
system returns from b to a along the path bda. If the work done on the system is 
30 J, does the system absorb or liberate heat? How much? 

SOLUTION We presume that the system changes only in its internal energy and that 
Eq. (2.4) is applicable. For path acb, 

6..Uab = Qacb - Wacb = 100 - 40 = 60 J 

b 

a ~_-'''''''' 

v Figure 1.1 Diagram for Example 2.4. 
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This is the internal energy change for the state change from a to b by any path. Thus 
for path aeb, 

.1 U ab = 60 = Qaeb - Waeb = Qaeb - 20 

whence 

Qa.b ~80J 

For path bda, 

A V ba ~ -A Vab ~ -60 ~ Qbda - Wbda ~ Qbda - (-30) 

thus 

Qbda ~ -60 - 30 ~ -90 J 

Heat is therefore liberated from the system. 

2.5 ENTHALPY 

In addition to internal energy a number of other thermodynamic functions are 
~n common use ~ecause of their practical importance. Enthalpy (en-thar-py) is 
Introduced In thIs sectIOn, and others are treated later. Enthalpy is explicitly 
defined for any system by the mathematical expression 

where U = internal energy 
P = absolute pressure 
V = volume 

I H= U+Pvl (2.6) 

The u~its of all terms of this equation must be the same. The product PV has 
the umts of energy, as does U; therefore H also has units of energy. In the SI 
system the basic unit of pressure is the pascal or N m-2 and, for volume, the m'. 
Thus the PV p.'oduct has the unit N m or JOUle. In the English engineering system 
~ common umt for the PV product is the (ft lb,), which arises when pressure is 
~ (.I~,)(ft)-2 with volume in (ft)'. This result is usually converted to (Btu) through 
d,,:,slOn by 778.16 for use in Eq. (2.6), because the common English engineering 
Umt for U and H is the (Btu). 

Since U, P, and V are all state functions, H as defined by Eq. (2.6) must 
also be a state function. In differential form Eq. (2.6) may be written 

dH = dU + d(PV) (2.7) 

This eq~ation applies whenever a differential change occurs in the system. 
Integrahon of Eq. (2.7) gives 

AH ~ AU + A(PV) (2.8) 

;n equation applicable whenever a finite change occurs in the system. Equations 
2.6) through (2.8) may be written for any amount of material, though they are 
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often applied to a unit mass or to a mole. Like volume and internal energy, 
enthalpy is an extensive property; specific or molar enthalpy is of course intensive. 

Enthalpy is useful as a thermodynamic property because the U + PV group 
appears frequently, particularly in problems involving flow processes, as illus
trated in Sec. 2.6. The calculation of a numerical value for llH is carried out in 
the following example. 

Example 1.S Calculate !1 U and AH for 1 kg of water when it is vaporized at the 
constant temperature of 100°C and the constant pressure of 101.33 kPa. The specific 
volumes of liquid and vapor water at these conditions are 0.00104 and 1.673 m

3 
kg-I. 

For this change, heat in the amount of 2,256.9 kJ is added to the water. 

SOLUTION The kilogram of water is taken as the system, because it alone is of 
interest. We imagine the fluid contained in a cylinder by a frictionless piston which 
exerts a constant pressure of 101.33 kPa. As heat is added, the water expands from 
its initial to its final volume, doing work on the piston. By Eq. (1.3), 

W = P a v = 101.33 kPa x (1.673 - 0.001) m' 

whence 

W = 169.4 kPam' = 169.4kN m-2 m' = 169.4 kJ 

Since Q = 2,256.9 kJ, Eq. (2.4) gives 

au = Q - W = 2,256.9 - 169.4 = 2,087.5 kJ 

With P constant, Eq. (2.8) becomes 

aH=aU+pav 
But P a v = W. Therefore 

aH = au + W = Q = 2,256.9 kJ 

2.6 THE STEADY-STATE FLOW PROCESS 

The applIcation of Eqs. (2.4) and (2.5) is restricted to nonflow (constant mass) 
processes in which only internal-energy changes occur. Far more important 
industrially are processes which involve the steady-state flow of a fluid through 
equipment. For such processes the more general first-law expression [Eq. (2.3)] 
must be used. However, it may be put in more convenient form. The term steady 
state implies that conditions at all points in the apparatus are constant with time. 
For this to be the case, all rates must be constant, and there must be no 
accumulation of material or energy within the apparatus over the period of time 
considered. Moreover, the total mass flow rate must be the same at all points 
along the path of flow of the fluid. 

Consider the general case of a steady-state-f1ow process as represented in 
Fig. 2.2. A fluid, either liquid or gas, flows through the apparatus from section 
I to section 2. At section I, the entrance to the apparatus, conditions in the fluid 
are denoted by subscript I. At this point the fluid has an elevation above an 
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u, 

Section I 

Q--I-

Figure 2.2 Steady-state flow process. 

Heat 
exchanger 

Datum level 

dz 

u, 

Section 2 Z2 

w, 

arbitra~y datum level of z" an av~rage velocity u" a specifiicvolume V" a pressure 
PI, an tntemal energy UI , etc. Similarly, the conditions 'in the fluid at section 2 
the exit of the apparatus, are denoted by subscript 2. ' 

The system is taken as a unit mass of the fluid, a";!d we consider the overall 
changes ~hich occur ~n this unit mass of fluid as it flows through the apparatus 
from sectIOn I to sectIOn 2. The energy of the unit mass may change in all three 
~f the forms taken into account by Eq. (2.3), that is, potential, kinetic, and 
tntemal. The kinetic-energy change of a unit mass of fluid between sections I 
and 2 follows from Eq. (1.5): 

aEK = !u~ - !ui = !au2 

In this equatio~ u represents the average velocity of the flowing fluid, defined 
as the volumetnc flow rate divided by the cross-sectional area. t As a result of 
Eq .. (1.7) we have for the potential-energy change of a unit mass of fluid between 
sectIOns I and 2 

llEp = z,g - zig = g llz 

Equation (2.3) now becomes 

llu' 
llU+T+gllz=Q-W (2.9) 

. t ~e development of the expression 1U 2 for kinetic energy in terms of the average fluid velocity 
IS Consldered in detail in Chap. 7. 
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where Q and W represent all the heat added and work extracted per unit mass 
of fluid flowing through the apparatus. 

It might appear that W is just the shaft work W, indicated in Fig. 2.2, but 
this is not the case. The term shaft work means work done by or on the fluid 
flowing through a piece of equipment and transmitted by a shaft which protrudes 
from the equipment and which rotates or reciprocates. Therefore, the term 
represents the work which is interchanged between the system and its surroundings 
through this shaft. In addition to W, there is work exchanged between the unit 
mass of fluid taken as the system and the fluid on either side of it. The element 
of fluid regarded as the system may be imagined as enclosed by flexible diaphragms 
and to flow through the apparatus as a fluid cylinder whose dimensions respond 
to changes in cross-sectional area, temperature, and pressure. As illustrated in 
Fig. 2.2, a free-body drawing of this cylinder at any point along its path shows 
pressure forces at its ends exerted by the adjacent fluid. These forces move with 
the system and do work. The force on the upstream side of the cylinder does 
work on the system. The force on the downstream side is in the opposite direction 
and results in work done by the system. From section I to section 2 these two 
pressure forces follow exactly the same path and vary in exactly the same manner. 
Hence, the net work which they produce between these two sections is zero. 
However, the terms representing work done by these pressure forces as the fluid 
enters and leaves the apparatus do not, in general, cancel. In Fig. 2.2 the unit 
mass of fluid is shown just before it enters the apparatus. This cylinder of fluid 
has a volume VI equal to its specific volume at the conditions existing at section 
I. If its cross-sectiional area is AI. its length is VI/AI' The force exerted on its 
upstream face is PIAl, and the work done by this force in pushing the cylinder 
into the apparatus is 

This represents work done on the system by the surroundings. At section 2 work 
is done by the system on the surroundings as the fluid cylinder emerges from the 
apparatus. This work is given by 

V, 
W, = P,A,- = P, V, 

A, 

Since W in Eq. (2.9) represents all the work done by the unit mass of fluid, it 
is equal to the algebraic sum of the shaft work and the entrance and exit work 
quantities; that is, 

In combination with this result, Eq. (2.9) becomes 

Il.u' 
Il.U +2+ g Il.z = Q - w, - P,V, + PI VI 
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or 

But by Eq. (2.8), 

Il.U + Il.(PV) = Il.H 

Therefore, 

(2.lOa) 

This equation is the mathematical expression of the first law for a steady-state-flow 
process. All the terms are expressions for energy per unit mass of fluid; in the 
SI system of units, energy is expressed in joules or in some multiple of the JOUle. 
For the English engineering system of units, this equation must be reexpressed 
to include the dimensional constant g, in the kinetic- and potential-energy terms: 

Il.u' g 
Il.H +-+-Il.z = Q - W 

2gc gc S 
(2. lOb) 

Here, the usual unit for Il.H and Q is the (Btu), whereas kinetic energy, potential 
energy, and work are usually expressed as (J!lb,). Therefore the factor 
778.16(ft Ib,)(Btu)-1 must be used with the appropriate terms to put them all in 
consistent units of either (ft Ib,) or (Btu). 

For many of the applications considered in thermodynamics, the kinetic- and 
potential-energy terms are very small compared with the others and may be 
neglected. In such a case Eq. (2.10) reduces to 

Il.H = Q - W, (2.1 1) 

This expression of the first law for a steady-How process is analogous to Eq. (2.4) 
~or a nonflow process. Here, however, the enthalpy rather than the internal energy 
IS the thermodynamic property of importance. 
. Equations (2.10) and (2.11) are universally used for the solution of problems 
Involving the steady-state How of Huids through equipment. For most such 
applications values of the enthalpy must be available. Since H is a state function 
and a property of matter, its values depend only on point conditions; once 
determined, they may be tabulated for subsequent use whenever the same sets 
of conditions are encountered again. Thus Eq. (2.10) may be applied to laboratory 
processes designed specifically for the determination of enthalpy data. 
. . One such process employs a flow calorimeter. A simple example of this device 
~s Illustrated schematically in Fig. 2.3. Its essential feature is an electric heater 
Immersed in a Howing Huid. The apparatus is designed so that the kinetic- and 
potential-energy changes of the Huid from section I to section 2 (Fig. 2.3) are 
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negligible. This requires merely that the two sections be at the same elevation 
and that the velocities be small. Furthermore, no shaft work is accomplished 
between sections I and 2. Hence Eq. (2.10) reduces to 

AH = H,-H, = Q 

Heat is added to the fluid from the electric resistance heater; the rate of energy 
input is determined from the resistance of the heater and the current passing 
through it. The entire apparatus is well insulated. In practice there are a number 
of details which need attention, but in principle the operation of the flow 
calorimeter is simple. Measurements of the rate of heat input and the rate of 
flow of the fluid allow calculation of values of AH between sections I and 2. 

As an example, consider the measurement of enthalpies of H,O, both as 
liquid and as vapor. Liquid water is supplied to the apparatus by the pump. The 
constant-temperature bath might be filled with a mixture of crushed ice and water 
to maintain a temperature of o·c. The coil which carries the test fluid, in this 
case, water, through the constant-temperature bath is made long enough so that 
the fluid emerges essentially at the bath temperature of O·C. Thus the fluid at 
section I is always liquid water at o·c. The temperature and pressure at section 
2 are measured by suitable instruments. Values of the enthalpy of H,O for various 
conditions at section 2 may be calculated by the equation 

H,= H, +Q 

where Q is the heat added by the resistance heater per unit mass of water flowing. 
Clearly, H, depends not only on Q but also on H,. The conditions at section I 
are always the same, i.e., liquid water at O·C, except that the pressure varies from 
run to run. However, pressure has a negligible eflect on the properties ·of liquids 
unless very high pressures are reached, and for practical purposes H, may be 
considered a constant. Absolute values of enthalpY,like absolute values of internal 
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energy, are unknown. An arbitrary value may therefore be assigned to H, as the 
basis for all other enthalpy values. If we set H, = 0 for liquid water at O·C, then 
the values of H, are given by 

H, = H, + Q = 0 + Q = Q 

These results may be tabulated along with the corresponding conditions of T 
and P existing at section 2 for a large number of runs. In addition, specific-volume 
measurements may be made for these same conditions, and these may be tabu
lated. Corresponding values of the internal energy of water may be calculated 
by Eq. (2.6), U = H - Pv, and these numbers too may be tabulated. In this way 
tables of thermodynamic properties may be compiled over the entire useful range 
of conditions. The most widely used such tabulation is for H,O and is known as 
the steam tables. t 

The enthalpy may be taken as zero for some other state than liquid at O·C. 
The choice is arbitrary. The equations of thermodynamics, such as Eq. (2.10), 
apply to changes of state, for which the enthalpy differences are independent of 
where the origin of values is placed. However, once an arbitrary zero point is 
selected for the enthalpy, an arbitrary choice cannot be made for the internal 
energy, for values of internal energy are then calculable from the enthalpy by 
Eq. (2.6). 

Example 2.6 For the Bow calorimeter just discussed, the following data are taken 
with water as the test Ouid: 

Flow rate = 4.15 g S-I 

P2=3bar 

Rate of heat addition from resistance heater = 12,740 W 

It is observed that the water is completely vaporized in the process. Calculate the 
enthalpy of steam at 300°C and 3 bar based on H = 0 for liquid water at ooe. 

SOLUTION If.i1z and .i1u2 are negligible and if ~ and HI are zero. then Hz = Q. and 

H, = I~:;~~ S~1 3,070J g-I 

Example 2.7 Air at 1 bar and 25°C enters a compressor at low velocity, discharges at 
3 bar. and enters a nozzle in which it expands to a final velocity of 600 m s -I at the 
initial conditions of pressure and temperature. If the work of compression is 240 kJ 
per kilogram of air, how much heat must be removed during compression? 

SOLUTION Since the air returns to its initial conditions of T and Po. the overall 
process produces no change in enthalpy of the air. Moreover, the potential-energy 
change of the air is presumed negligible. Neglecting also the initial kinetic energy of 

t Steam tables are given in App. C. Tables for varjpus other substances are found in the literature. 
A discussion of compilations of thermodynamic properties appears in Chap. 6. 
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the air, we write Eq. (2.lOa) as 

ul 
Q=-+ W, 

2 

The kinetic-energy term is evaluated as follows: 

lu~ = j(600)2 = 180,000 m2 S-2 

or 

~ul = 180,000 N m kg-I = 180 kJ kg-I 

Then 

Q = 180 - 240 = -60 kJ kg-I 

Thus, heat must be removed in the amount of 60 kJ for each kilogram of air compressed. 

Example 1.8 Water at 200('F) is pumped from a storage tank at the rate of 
50(gal)(min)-'. The motor for the pump supplies work at the rate of 2(hp). The 
water passes through a heat exchanger, where it gives up heat at the rate of 
40,OOO(Btu)(min)-I, and is delivered to a second storage tank at an elevation 
50(ft) above the first tank. What is the temperature of the water delivered to the 
second tank? 

SOLUTION This is a steady-flow process for which Eq. (2. lOb ) applies. The initial 
and final velocities of water in the storage tanks are negligible, and the term ~U2 /2gc 

may be omi~ed. The remaining terms are expressed in units of (Btu)(lbm)-I through 
use of appropriate conversion factors. At 200('F) tbe density of water is 60.1 (lbm)(ft)-', 
and I{ft)' is equivalent to 7.48(gal); thus the mass flow rate is 

(50)(60.1/7.48) = 402(1bm )(min)-1 

from which we obtain 

Q = -40,000/402 = -99.50(Btu)(lbm)-' 

Since I(bp) is equivalent to 42.4I(Btu)(min)-I, the sbaft work is 

W, = -(2)(42.41)/(402) = -0.21(Btu)(1bm )-' 

If the local acceleration of gravity is taken as the standard value of 32.174(ft)(s)-', 
the po~ential-energy term becomes 

P- tu = (32.174) (50) = O.06(Btu)(lb
m
)-' 

go 32.174 (778.16) 

Equation (2.lOb) now yields !l.H: 

!l.H = Q - w, - P-!l.z = -99.50 - (-0.21) - 0.06 
go 

!l.H = -99.35(Btu)(lbm )-' 

The enthalpy of water at 200('F) is given in the steam tables as 168.09(Bru)(1bm )-'. 

Thus 
!l.H = H, - HI = H, - 168.09 = -99.35 
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and 
H, = 168.09 - 99.35 = 68.74(Btu)(lbm )-' 

The temperature of water having this enthalpy is found from the steam tables to be 

I, = 100.74('F) 

In this example Ws and (g/ gel az are small compared with Q, and for practical 
purposes they could be neglected. 

2.7 EQUILIBRIUM 

Equilibrium is a word denoting a static condition, the absence of change. In 
thermodynamics it is taken to mean not only the absence of change but the 
absence of any tendency toward change on a macroscopic scale. Thus a system 
at equilibrium is one which exists under such conditions that there is no tendency 
for a change in state to occur. Since any tendency toward change is caused by 
a driving force of one kind or another, the absence of such a tendency indicates 
also the absence of any driving force. Hence a system at equilibrium may be 
described as one in which all forces are in exact balance. Whether a change 
actually occurs in a system not at equilibrium dellends on resistance as well as 
on driving force. Many systems undergo no measurable change even under the 
influence of large driving forces, because the resistance is very large. 

Different kinds of driving forces tend to bring about different kinds of change. 
Mechanical forces such as pressure On a piston tend to cause energy transfer as 
work; temperature differences tend to cause the flow of heat; chemical potentials 
tend to cause substances to react chemically or to be transferred from one phase 
to another. At equilibrium all such forces are in balance. Often we are content 
to deal with systems at partial eqUilibrium. In many applications of thermody
namics, chemical reactions are of no concern. For example, a mixture of hydrogen 
and oxygen at ordinary conditions is not in chemical equilibrium, because of the 
large driving force for the formation of water. In the absence of chemical reaction, 
this system may well be in thermal and mechanical equilibrium, and purely 
physical processes may be analyzed without regard to the possible chemical 
reaction. 

2_8 THE PHASE RULE 

As mentioned earlier, the state of a pure homogeneous fluid is fixed whenever 
two intensive thermodynamic properties are set at definite values. However, for 
more complex systems this number is not necessarily two. For example, a mixture 
of steam and liquid water in equilibrium at 101.33 kPa can exist only at 100'C. 
It is impossible to change the temperature without also changing the pressure if 
vapor and liquid are to continue to exist in equilibrium; one cannot exercise 
independent control over these two variables for this system. The number of 
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independent variables that must be arbitrarily fixed to establish the intensive state 
of a system, i.e., the degrees of freedom F of the system, is given by the celebrated 
phase rule of J. Willard Gibbs, t who deduced it by theoretical reasoning in 1875. 
It is presented here without proof in the form applicable to nomeacting systems:* 

I F=2-7T+N I (2.12) 

where 7T = number of phases, and N = number of chemical species. 
The intensive state of a system at equilibrium is established when its tem

perature, pressure, and the compositions of an phases are fixed. These are 
therefore phase-rule variables, but they are not an independent. The phase rule 
gives the number of variables from this set which must be arbitrarily specified 
to fix an remaining phase-rule variables. 

A phase is a homogeneous region of matter. A gas or a mixture of gases, a 
liquid or a liquid solution, and a solid crystal are examples of phases. A phase 
need not be continuous; examples of discontinuous phases are a gas dispersed 
as bubbles in a liquid, a liquid dispersed as droplets in another liquid with which 
it is immiscible, and a crystalline solid dispersed in either a gas or liquid. In each 
case a dispersed phase is distributed throughout a continuous phase. An abrupt 
change in properties always occurs at the boundary between phases. Various 
phases can coexist, but they must be in equilibrium for the phase rule to apply. 
An example of a system at equilibrium which is made up of three phases is a 
boiling saturated solution of a salt in water with excess salt crystals present. The 
three phases are crystalline salt, the saturated aqueous solution, and the vapor 
generated by boiling. 

The phase-rule variables are intensive properties, which are independent of 
the extent of the system and of the individual phases. Thus the phase rule gives 
the same information for a large system as for a sman one and for different 
relative amounts of the phases present. Moreover, the only compositions that are 
phase-rule variables are those of the individual phases. Overan or total composi
tions are not phase-rule variables when more than one phase is present. 

The minimum number of degrees of freedom for any system is zero. When 
F = 0, the system is invariant, and Eq. (2.12) becomes 7T = 2 + N. This value of 
7T is the maximum number of phases which can coexist at equilibrium for a 
system containing N chemical species. When N = I, this number is 3, and we 
have a triple point. For example, the triple point of water, where liquid, vapor, 
and the common form of ice exist together in equilibrium, occurs at O.OloC and 
0.00610 bar. Any change from these conditions causes at least one phase to 
disappear. 

t Josiah Willard Gibbs (1839-1903), American mathematical physicist. 
:j: The justification of the phase rule for nonreacting systems is given in Sec. 12.2, and the phase 

rule for: reacting systems is considered in Sec. 15.8. 

Example 2.9 How many degrees of freedom has each of the following systems? 
(a) Liquid water in equilibrium with its vapor. 
(b) Liquid water in equilibrium with a mixture of water vapor and nitrogen. 
(c) A liquid solution of alcohol in water in equilibrium with its vapor. 

SOLUTION 

(a) The system contains a single chemical species. There are two phases (one 
liquid and one vapor). Thus 

F=2- .. +N=2-2+1 = I 

This result is in agreement with the well-known fact that at a given pressure water 
has but one boiling point. Temperature or pressure, but not both, may be specified 
for a system consisting of water in equilibrium with its vapor. 

(b) In this case two chemical species are present. Again there are two phases. Thus 

F=2- .. +N=2-2+2=2 

We see from this example that the addition of an inert gas to a system of water in 
equilibrium with its vapor changes the characteristics of the system. Now temperature 
and pressure may be independently varied, but once they are fixed the system described 
can exist in equilibrium only at a particular composition of the vapor phase. (If 
nitrogen is taken to be negligibly soluble in water, we need not consider the composi-
tion of the liquid phase.) , 

(e) Here N = 2, and .. = 2. Thus 

F=2- .. +N=2-2+2=2 

The phase-rule variables are temperature, pressure, and the phase compositions. The 
composition variables are either the weight or mole fractions of the species in a phase, 
and they must sum to unity for each phase. Thus fixing the mole fraction of the water 
in the liquid phase automatically fixes the mole fraction of the alcohol. These two 
compositions cannot both be arbitrarily specified. 

2.9 THE REVERSIBLE PROCESS 

The development of thermodynamics is facilitated by the introduction of a special 
kind of nonftow process characterized as reversible. A process is reversible when 
its direction can be reversed at any point by an infinitesimal change in external 
conditions. 

To indicate the nature of reversible processes, we examine the simple 
expansion of a gas in a piston/ cylinder arrangement. The apparatus is shown in 
Fig. 2.4, and is imagined to exist in an evacuated space. The gas trapped inside 
the cylinder is chosen as the system; all else is the surroundings. Expansion 
p:ocesses result when mass is removed from the piston. To make the process as 
sImple as possible, we assume that the piston slides within the cylinder without 
friction and that the piston and cylinder neither absorb nor transmit heat. 
Moreover, because the density of the gas in the cylinder is low and because the 
mass of gas is sman, we ignore the effects of gravity on the contents of the 
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Filure 2.4 Expansion of a gas. 

cylinder. This means that gravity-induced pressure gradients in the gas are con
sidered very small relative to its pressure and that changes in potential energy of 
the gas are taken as negligible in comparison with the potential-energy changes 
of the piston assembly. 

The piston .in Fig. 2.4 confines the gas at a pressure just sufficient to balance 
the weight of the piston and all that it supports. This is a condition of equilibrium, 
for the system has no tendency to change. Mass must be removed from the piston 
if it is to rise. We imagine first that a mass m is suddenly slid from the piston to 
a shelf (at the same level). The piston assembly accelerates upward, reaching its 
maximum velocity at the point where the upward force on the piston just balances 
its weight. Its momentum then carries it to a higher level, where it reverses 
direction. If the piston were held in this position of maximum elevation, its 
potential-energy increase would very nearly equal the work done by the gas 
during the initial stroke. However, when unconstrained, the piston assembly 
oscillates, with decreasing amplitude, ultimately coming to rest at a new equilib
rium position at a level AI above its initial position. 

The oscillations of the piston assembly are damped out because the viscous 
nature of the gas gradually converts gross directed motion of the molecules into 
chaotic molecular motion. This dissipative process transforms some of the work 
initially done by the gas in accelerating the piston back into internal energy of 
the gas. Once the process is initiated, no infinitesimal change in external conditions 
can reverse its direction; the process is i"eversible. 

All processes carried out in finite time with real substances are accompanied 
in some degree by dissipative ellects of one kind or another, and all are therefore 
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irreversible. However, we can imagine processes that are free of dissipative effects. 
For the expansion process of Fig. 2.4, they have their origin in the sudden removal 
of a finite mass from the piston. The resulting imbalance of forces acting on the 
piston causes its acceleration, and leads to its subsequent oscillation. The sudden 
removal of smaller mass increments reduces but does not eliminate this dissipative 
ellect. Even the removal of an infinitesimal mass leads to piston oscillations of 
infinitesimal amplitude and a consequent dissipative ellect. However, one may 
imagine a process wherein small mass increments are removed one after another 
at a rate such that the piston's rise is continuous, with oscillation only at the end 
of the process. 

The limiting case of removal of a succession of infinitesimal masses from the 
piston is approximated when the mass m in Fig. 2.4 is replaced by a pile of 
powder, blown in a very fine stream from the piston. During this process, the 
piston rises at a uniform but very slow rate, and the powder collects in storage 
at ever higher levels. The system is never more than dillerentially displaced either 
from internal equilibrium or from equilibrium with its surroundings. If the removal 
of powder from the piston is stopped and the direction of transfer of powder is 
reversed, the process reverses direction and proceeds backward along its original 
path. Both the system and its surroundings are ulti"}ately restored to their initial 
conditions. The original process is reversible. 

Without the assumption of a frictionless piston, we cannot imagine a reversible 
process. If the piston sticks because of friction, a finite mass must be removed 
before the piston breaks free. Thus the equilibrium condition necessary to reversi
bility is not maintained. Moreover, friction between two sliding parts is a mecha
nism for the dissipation of mechanical energy into internal energy. 

Our discussion has centered on a single nontlow process, the expansion of 
a gas in a cylinder. The opposite process, compression of a gas in a cylinder, is 
described in exactly the same way. There are, however, many processes which 
are driven by other-than-mechanical forces. For example, heat tlow occurs when 
a temperature dillerence exists, electricity tlows under the intluence of an elec
tromotive force, and chemical reactions occur because a chemical potential exists. 
In general, a process is reversible when the net force driving it is only dillerential 
in size. Thus heat is transferred reversibly when it tlows from a finite object at 
temperature T to another such object at temperature T - dT. 

The concept of a reversible chemical reaction may be illustrated by the 
decomposition of calcium carbonate, which when heated forms calcium oxide 
and carbon dioxide gas. At equilibrium, this system exerts a definite decomposi
tion pressure of CO, for a given temperature. When the pressure falls below this 
value, CaCO, decomposes. Assume now that a cylinder is fitted with a frictionless 
piston and contains CaCO" CaO, and CO, in equilibrium. It is immersed in.a 
constant-temperature bath, as shown in Fig. 2.5, with the temperature adjusted 
to a value such that the decomposition pressure is just sufficient to balance the 
weight on the piston. The system is in mechanical equilibrium, the temperature 
of the system is equal to that of the bath, and the chemical reaction is held in 
balance by the pressure of the CO,. Any change of conditions, however slight, 
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FIgure 2.5 Reversibility of a chemical 
reaction .. 

upsets the equilibrium and causes the reacton to proceed in one direction or the 
other. If the weight is differentially increased, the CO, pressure rises differentially, 
and CO, combines with CaO to form CaCO" allowing the weight to fall slowly. 
The heat given off by this reaction raises the temperature in the cylinder, and 
heat flows to the bath. Decreasing the weight differentially sets off the opposite 
chain of events. The same results are obtained if the temperature of the bath is 
raised or lowered. If the temperature of the bath is raised differentially, heat 
flows into the cylinder and calcium carbonate decomposes. The CO, generated 
causes the pressure to rise differentially, which in tum raises the piston and 
weight. This continues until the CaCO, is completely decomposed. The process 
is reversible, for the system is never more than differentially displaced from 
equilibrium, and only a differential lowering of the temperature of the bath causes 
the system to return to its initial state. 

Chemical reactions can sometimes be carried out in an electrolytic cell, and 
in this case they can be held in balance by an applied potential difference. If 
such a eel! consists of two electrodes, one of zinc and the other of platinum, 
immersed in an aqueous solution of hydrochloric acid, the reaction that occurs is 

Zn + 2HCI "" H, + ZnCl, 

The cell is held under fixed conditions of temperature and pressure, and the 
electrodes are connected externally to a potentiometer. If the electromotive force 
produced by the cell is exactly balanced by the potential difference of the 
potentiometer, the reaction is held in equilibrium. The reaction may be made to 
proceed in the forward direction by a slight decrease in the opposing potential 
difference, and it may be reversed by a corresponding increase in the potential 
difference above the emf of the cell. 

In summary, a reversible process is frictionless; it is never more than-differen
tially removed from equilibrium, and therefore traverses a succession of equili
brium states; the driving forces are differential in magnitude; its direction can 
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be reversed at any point by a differential change in external conditions, causing 
the process to retrace its path, leading to restoration of the initial state of the 
system and its surroundings. 

In Sec. 1.6 we derived an equation for the work of compression or expansion 
of a gas caused by the differential displacement of a piston in a cylinder: 

dW= PdV (1.2) 

The work appearing in the surroundings is given by this equation only when 
certain characteristics of the reversible process are realized. The first requirement 
is that th6gystem be no more than infinitesimally displaced from a state of internal 
equilibrium characterized by uniformity of temperature and pressure. The system 
then always has an identifiable set of properties, including pressure P. The second 
requirement is that the system be no more than infinitesimally displaced from 
mechanical equilibrium with its surroundings. In this event, the internal pressure 
P is never more than minutely out of balance with the external force, and we 
may make the substitution F = PA that transforms Eq. (1.1) into Eq. (1.2). 
Processes for which these requirements are met are said to be mechanically 
reversible. For such processes, Eq. (1.3) correctly yields the work appearing in 
the surroundings: I 

fv" 
W= PdV 

v, 
(1.3) 

The reversible process is ideal in that it can never be fully realized; it represents 
a limit to the performance of actual processes. In thermodynamics, the calculation 
of work is usually made for reversible processes, because of their tractability to 
mathematical analysis. The choice is between these calculations and no calcula
tions at all. Results for reversible processes in combination with appropriate 
efficiencies yield reasonable approximations of the work for actual processes. 

Example 2.10 A horizontal piston-and-cylinder arrangement is placed in a constant
temperature bath. The piston slides in the cylinder with negligible friction, and an 
external force holds it in place against an initial gas pressure of 14 bar. The initial 
gas volume is 0.03 m3

. The external force on the piston is reduced graduallY, allowing 
the gas to expand until its volume doubles. Experiment shows that under these 
conditions the volume of the gas is related to its pressure in such a way that the 
product PV is constant. Calculate the work done in moving the external force. 

How much work would be done if the external force were suddenly reduced to 
half its initial value instead of being gradually reduced? 

SOLUTION The process, carried out as first described. is mechanically reversible, 
and Eq. (1.3) is applicable. If PV = k, then P = k/Y, and 

IV'dv v, 
W=k -=kln-

VI V VI 

But 

VI = 0.03 m' 
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and 
k ~ PV ~ P, V, ~ (14 x 10')(0.03) ~ 42,0001 

Therefore 
w ~ 42,000 In 2 ~ 29,1121 

The final pressure is 

k 42,000 
P, ~ - ~ -- ~ 700 000 Pa 

V2 0.06 ' 
or 7 bar 

In the second case, after half the initial force has been removed, the gas under
goes a sudden expansion against a constant force equivalent to a pressure of 7 bar. 
Eventually the system retuins to an equilibrium condition identical with the final 
state attained in the reversible process. Thus ti V is the same as before, and the net 
work accomplished equals the equivalent external pressure times the volume 
change, or 

w ~ (7 x 10')(0.06 - 0.03) ~ 21,000 J 

This process is clearly irreversible, and compared with the reversible process is said 
to have an efficiency of 

~~:~~ ~ 0.721 or 72.1% 

Example 2·.11 The piston-and-cylinder arrangement shown in Fig. 2.6 contains 
nitrogen gas trapped below the piston at a pressure of 7 bar. The piston is held in 

----- Mass 

~m.----- Pan 

-*--- Evacuated 
space 

1--- Cylinder 

~--1--- Piston 

Latch 

----I~-- Gas under 
pressure 

Figure 2.6 Diagram for Example 2.11. 
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place by latches. The space behind the piston is evacuated. A pan is attached to the 
piston rod and a mass m of 45 kg is fastened to the pan. The piston, piston rod, and 
pan together have a mass of 23 kg. The latches holding the piston are released, allowing 
the piston to rise rapidly until it strikes the top of the cylinder. The distance moved 
by the piston is 0.5 m. The local acceleration of gravity is 9.8 m S-2. Discuss the energy 
changes that occur because of this process. 

SOLUTION This example serves to illustrate some of the difficulties encountered 
when irreversible nonftow processes are analyzed. We take the gas alone as the system. 
According to the basic definition, the work done by the gas on the surroundings is 
equal to J P' dV, where P' is the pressure exerted on the face of the piston by the 
gas. Because the expansion is very rapid, pressure gradients exist in the gas, and 
neither P' nor the integral can be evaluated. However, we can avoid the calculation 
of W by returning to Eq. (2.1). The total energy change of the system (the gas) is its 
internal-energy change. For Q = 0, the energy changes of the surroundings consist 
of potential-energy changes of the piston, rod. pan. and mass m and of internal-energy 
changes of the piston, rod, and cylinder. Therefore, Eq. (2.1) may be written 

ti Usys + (ti Usurr + tiEp,uJ = 0 

The potential-energy term is 

Il.Ep,." ~ (45 + 23)(9.8)(0.5) ~ 333.2 N m 

Therefore 

Il.U,,, + Il.U .. " ~ -333.2 N m ~ -333.21 

and one cannot determine the individual internal-energy changes which occur in the 
piston-and-cylinder assembly. 

2.10 NOTATION; CONSTANT-VOLUME 
AND CONSTANT-PRESSURE PROCESSES 

To this point, extensive properties have been represented by plain uppercase 
letters, such as U and V, without specification of the amount of material to which 
they apply. Henceforth we denote by these symbols only specific or molar proper
ties. For a system of mass m or of n moles, we write mU or nU, m V or n V, etc., 
indicating explicitly the amount of material in the system. Thus, for a closed 
system of n moles, Eq. (2.5) is replaced by 

d(nU) = dQ - dW (2.13) 

where Q and W always represent total heat and work, whatever the value of n. 
The work of a mechanically reversible, nonllow process is given by 

dW= Pd(nV} (2.14) 

Whence Eq. (2.13) becomes 

d(nU} = dQ - Pd(nV} (2.15) 

This is the general first-law equation for a mechanically reversible, nonllow 
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process. If in addition the process occurs at constant volume, then 

dQ = d(nU) (const V) (2.16) 

Integration yields 

Q=ntJ.U (const V) (2.17) 

Thus for a mechanically reversible, constant-volume, nonflow process, the heat 
transferred is equal to the internal-energy change of the system. 

Equation (2.6), which defines the enthalpy, may be written 

nH = nU + P(nV) 

For an infinitesimal, constant-pressure change of state, 

d(nH) = d(nU) + Pd(nV) 

Combining this with Eq. (2.15) gives 

dQ = d(nH) (const P) (2.18) 

Integration yields 

Q = n tJ.H (const P) (2.19) 

Thus for a mechanically reversible, constant-pressure, nonflow process, the heat 
transferred equals the enthalpy change of the system. Comparison of the last two 
equations with Eqs. (2.16) and (2.17) shows that the enthalpy plays a role in 
constant-pressure processes analogous to the internal energy in constant-volume 
processes. 

2.11 HEAT CAPACITY 

We remarked earlier that heat is often thought of in relation to its effect on the 
object to which or from which it is transferred. This is the origin of the idea that 
a body has a capacity for heat. The smaller the temperature change in a body 
caused by the transfer of a given quantity of heat, the greater its capacity. Indeed, 
a heat capacity might be defined as 

dQ 
C=

dT 

The difficulty with this is that it makes C, like Q, a path-dependent quantity 
rather than a state function. However, it does suggest the possibility that more 
than one heat capacity might be usefully defined. . 

There are in fact two heat capacities in common use for homogeneous fluids; 
although their names belie the fact, both are state functions, defined unam
biguously in relation to other state functions: 

Heat capacity at constant volume 

C ~ (au) 
y aT y 

(2.20) 

Heat capacity at constant pressure 

C '" (aH) 
p aT p 

(2.21) 

These definitions accommodate both molar heat capacities and specific heat 
capacities (usually called specific heats), depending on whether U and Hare 
molar or specific properties. 

Although the definitions of C y and Cp make no reference to any process, 
each allows an especially simple description of a particular process. Thus, if we 
have a constant-volume process, Eq. (2.20) may be written 

dU = CydT (const V) (2.22) 

Integration yields 

f
T, 

tJ.U = CydT 
T, 

(const V~ (2.23) 

For a mechanically reversible, constant-volume process, this result may be com
bined with Eq. (2.17) to give 

f
T, 

Q=ntJ.U=n CydT 
T, 

(const V) (2.24) 

Consider now the case in which the volume varies during the process, but 
is the same at the end as at the beginning. Such a process cannot rightly be called 
one of constant volume, even though V2 = VI and tJ. V = O. However, changes in 
state functions or properties are independent of path and are, therefore, the same 
for all processes which lead from the same initial to the same final conditions. 
Hence, property changes for this case may be calculated from the equations for 
a truly constant-volume process leading from the same initial to the same final 
conditions. For such processes Eq. (2.23) gives tJ.U = J CydT, because U, Cy, 
and T are all state functions or properties. On the other hand, Q does depend 
on path, and Eq. (2.24) is a valid expression for Q only for a constant-volume 
process. For the same reason, W is in general zero only for a constant-volume 
process. This discussion illustrates the reason for the careful distinction made 
between state functions and heat and work. The principle that state functions 
are independent of path is an important and useful concept. Thus for the 
calculation of property changes an actual process may be replaced by any other 
process which accomplishes the same change in state. Such an alternative process 
may be selected, for example, because of its simplicity. 

For a constant-pressure process, Eq. (2.21) may be written 

(const P) (2.25) 
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whence 

I:>H = fT, CpdT (const P) (2.26) 
T, 

Combination with Eq. (2.19) for a mechanically reversible, constant-pressure 
process gives 

f
T, 

Q=nI:>H=n CpdT 
T, 

(const P) (2.27) 

Since H, C" and T are all state functions, Eq. (2.26) applies to any process for 
which P, = PI whether or not it is actually carried out at constant pressure. 
However, it is only for the mechanically reveTSible, constant-pressure path that 
heat and work can be calculated by the equations Q = n I:>H, Q = n f CpdT, and 
W=Pnl:>v. 

Example 2.12 An ideal gas is one for which PV I T is a constant regardless of the 
changes it undergoes. Such a gas has a volume of 0.02271 m3 mol-I at O°C and I bar. 
In the following problem, air may be considered an ideal gas with the constant heat 
capacities 

Cv = (5/2)R 

where R = 8.314Jmol- 1 K- I
• Thus 

Cv = 20.785 and 

and Cp = (7/2)R 

The initial conditions of the air are I bar and 25°C. It is compressed to 5 bar and 
25°C by two different mechanically reversible processes. Calculate the heat and work 
requirements and tJ. U and tJ.H of the air for each path: 

(a) Cooling at constant pressure followed by heating at constant volume. 
(b) Heating at constant volume followed by cooling at constant pressure. 

SOLUTION In each case we take the system as 1 mol of air contained in an imaginary 
piston-and-cylinder arrangement. Since the processes considered are mechanically 
reversible. the piston is imagined to move in the cylinder without friction. The initial 
volume of air is 

v, = (0.02271)(~~:::!) = 0.02479m
3 

The final volume is 

v, = VI PI = (0.02479) (~) = 0.004958 m3 

P, 5 

(a) In this case during the first step the air is cooled at the constant pressure of 
1 bar until the final volume of 0.004958 m3 is reached. During the second step the 
volume is held constant at this value while the air is heated to its final state. The 
temperature of the air at the end of the cooling step is 

T = (298.15)(~~~~;98) = 59.63 K 
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For this step the pressure is constant. By Eq. (2.27), 

Q =!!.H = Cp I:>T = (29.099)(59.63 - 298.15) = -6,941 J 

Since I:>U = I:>H - I:>(PV) = I:>H - P I:> V, then 

I:> U = -6,941 - (I x 10')(0.004958 - 0.02479) = -4,958 J 

In the second step the air is heated at constant volume. By Eq. (2.24), 

I:>U = Q = Cv I:>T = (20.785)(298.15 - 59.63) = 4,958J 

The complete process represents the sum of its steps. Hence 

Q = -6,941 + 4,958 = -1,983 J 

and 

I:> U = -4,958 + 4,958 = 0 

Since the first law applies to the entire process, tJ. U = Q - W. and therefore 

0=-1,983- W 

Whence 

W= -1,983J t 

Equation (2.8), I:>H = I:>U + I:>(PV), also applies to the entire process. But TI = T" 
and therefote PI VI = P, V,. Hence I:>(PV) = 0, and 

I:>H=Il.U=O 

(b) Two different steps are used in this case to reach the same final state of the 
air. In the first step the air is heated at a constant volume equal to its initial value 
until the final pressure of 5 bar is reached. During the second step the air is cooled 
at the constant pressure of 5 bar to its final state. The air temperature at the end of 
the first step is 

T = (298.15)(5/1) = 1,490.75 K 

For this step the volUme is constant, and 

Q = I:>U = Cv I:>T = (20.785)(1,490.75 - 298.15) = 24,788J 

For the second step pressure is constant. and 

Q = Il.H = Cp I:> T = (29.099)(298.15 - 1,490.75) = -34,703 J 

Also 

I:>U = I:>H - I:>(PV) = I:>H - P I:> V 

I:>U = -34,703 - (5 x 10')(0.004958 - 0.02479) = -24,788 J 

For the two steps combined, 

Q = 24,788 - 34,703 = -9,915J 

Il.U = 24,788 - 24,788 = 0 

W = Q -Il.U = -9,915 - 0 = -9,915 J 
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and as before 
/J.H ~ /J.V ~ 0 

The property changes A U and AH calculated for the given change in state are 
the same for both paths. On the other hand the answers to parts (a) and (b) show 
that Q and W depend on the path. 

Example 2.13 Calculate the internal-energy and enthalpy changes that occur when 
air is changed from an initial state of 40(OF) and lO(atm), where its molar volume is 
36.49(ft)3(1b moW' to a final state of 140(OF) and I(atm). Assume for air that PVI T 
is constant and that Cv ~ 5 and Cp ~ 7(Btu)(Ib moW'(OF)-'. 

SOLUTION Since property changes are independent of the process that brings them 
about, we can base calculations on a simple two-step. mechanically reversible process 
in which I (Ib mol) of air is 

(a) cooled at constant volume to the final pressure, and 
(b) heated at constant pressure to the final temperature. 

The absolute temperatures here are on the Rankine scale: 

T, ~ 40 + 459.67 ~ 499.67(R) 

T, ~ 140 + 459.67 ~ 599.67(R) 

Since PV = kT, the ratio T/ P is constant for step (a). The intermediate temperature 
between the two steps is therefore 

T' ~ (499.67)(1/10) ~ 49.97(R) 

and the temperature changes for the two steps are 

/J. Ta ~ 49.97 - 499.67 ~ -449.70(R) 

and 
/J. Tb ~ 599.67 - 49.97 ~ 549.70(R) 

For step (a), Eq. (2.23) becomes 

whence 

/J.Va ~ (5)(-449.70) ~ -2,248.5(Btu)(IbmoW' 

For step (b), Eq. (2.26) becomes 

whence 

/J.Hb ~ (7)(549.70) ~ 3,847.9(Btu)(Ib moW' 

For step (a), Eq. (2.8) becomes 

AHa=AUa+VAPa 
Whence 

/J.Ha ~ -2,248.5 + 36.49(1 - 10)(2.7195) ~ -3,141.6(Btu) 
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The factor 2.7195 converts the PV product ftom (atm)(ft)3, which is an energy unit, 
into (Btu). For step. (b), Eq. (2.8) becomes 

/J. Vb ~ /J.Hb - P /J. Vb 

The final volume of the air is given by 

P1 T2 V2 = V1-
P2 T, 

from which we find that V, ~ 437.93(ft)3. Therefore 

/J.Vb ~ 3,847.9 - (1)(437.93 - 36.49)(2.7195) ~ 2,756.2(Btu) 

For the two steps together, 

/J.V;= -2,248.5 + 2,756.2 ~ 507.7(Btu) 

and 

/J.H ~ -3,141.6 + 3,847.9 ~ 706.3(Btu) 

PROBLEMS 

2.1 An insulated and nonconducting container filled with 10 kg of wa~r at 20°C is fitted with a stirrer. 
The stirrer is made to tum by gravity acting on a weight of mass 25 kg. 'The weight falls slowly through 
a distance of 10 m in driving the stirrer. Assuming that all work done on the weight is transferred to 
the water and that the local acceleration of gravity is 9.S m S-2, determine: 
(a) The amount of work done on the water. 
(b) The internal-energy change of the water. 
(c) The final temperature of the water. 
(d) The amount of heat that must be removed from the water to return it to its initial temperature. 
(e) The total energy change of the universe because of (I) the process of lowering the weight. 

(2) the process of cooling the water back. to its initial temperature, and (3) both processes 
together. 

2.2 Rework Prob. 2.1 taking into account that the container changes in temperature along with the 
water and has a heat capacity equivalent to 3 kg of water. Work the problem in two ways: (a) taking 
the water and container as the system, and (b) taking the water alone as the system. 

2.3 Comment on the feasibility of cooling your kitchen in the summer by opening the door to the 
electrically powered refrigerator. 

lA Liquid water at 100°C and 1 bar has an internal energy (on an arbitrary scale) of 419.0 kJ kg- 1 

and a specific volume of 1.044 cm3 g -I. 
(a) What is its enthalpy? 
(b) The water is brought to the vapor state at 200"C and SOOkPa. where its enthalpy is 

2,83S.6 kJ kg-' and its specific volume is 260.79 cm3 g-'. Calculate au and aH for the process. 

2.5 With respect to 1 kg of a substance, 
(a) How much change in elevation must it undergo to change its potential energy by I kJ? 
(b) Starting from rest, to what velocity must it accelerate so that its kinetic energy is I kJ? 
(c) What conclusions are indicated by these results? 

2.6 Heat in the amount of 5 kJ is added to a system while its internal energy decreases by 10 kJ. 
How much energy is transferred as work? For a process causing the same change of state but for 
which the work is zero, how much heat is transferred? 

2.7 A block of copper weighing 0.2 kg has an initial temperature of 400 K; 4 kg of water initially at 
300 K is contained in a perfectly insulated tank, also made of copper and weighing 0.5 kg. The copper 
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block is immersed in the water and allowed to come to equilibrium. What is the change in internal 
energy of the copper block and of the water? What is the change in energy of the entire system, 
including the tank? Ignore effects of expansion and contraction, and assume that the specific heats 
are constant at 4.1841 g-I K- I for water and 0.380J g-I K- I for copper. 

2.8 In the preceding problem, suppose that the copper biock is dropped into the water from a height 
of 50 m. Assuming no loss of water from the tank, what is the change in internal energy of the water? 

2.9 Nitrogen flows at steady state through a horizontal, insulated pipe with inside diameter of 2(in) 
[5.08 cm]. A pressure drop results from flow through a partially opened valve. Just upstream from 
the valve the pressure is 80(psia) [551.6 kPa], the temperature is 10(WF) [37.8°Cl, and the average 
velocity is 15(ft)(s)-1 [4.57ms-I]. If the pressure just downstream from the valve is 20(psia) 
[137.9 kPa], what is the temperature'? Assume for nitrogen that PV/ T = const, Cv = (5/2)R, and 
Cp = (7/2)R. (Find R values in App. A.) 

2.10 Liquid water at 70(OF) [294.26 K] flows in a straight horizontal pipe in which there is no exchange 
of either heat or work with the surroundings. Its velocity is 30(ft)(S)-1 [9.l44m S-I] in a pipe with 
an internal diameter of l(in) [2.54cm] until it flows into a section where the pipe diameter abruptly 
increases. What is the enthalpy change of the water if the downstream diameter is 1.50n) [3.81 cm]? 
If it is 3(in) [7.62 cm]'? What is the maximum change in enthalpy for an enlargement in the pipe? 

2.11 Water flows through a horizontal coil heated from the outside by high·temperature flue gases. 
As it passes through the coil the water changes state from 2(atm) [202.66 kPa] and 180(OF) [82.2°C] 
to I(atmj [101.33 kPaj and 25WFj [121.I'C]. Its entering velocity is lO(ft)(sj-' [3.05 m s-'j and its 
exit velocity is 600(ft)(s)-1 [182.9ms-I]. Determine the heat transferred through the coil per unit 
mass of water. Enthalpies of the inlet and outlet water streams are: 

Inlet: 148.0(Btu)(lbm j-' [344.2 kJ kg-'j 
Outlet: 1,168.8(Btu)(lbm j-' [2,718.5 kJ kg-'j 

2.12 Steam flows at steady state through a converging, insulated nozzle, lO(in) [25.4 cm] long and 
with an inlet diameter of 2(in) [5.08 cm]. At the nozzle entrance (state I), the temperature and pres· 
sure are 6OO('Fj [312.56'C] and 100(psiaj [689.5 kPaj and the velocity is lOO(ft)(sj-' [30.5 m s-'j. At 
the nozzle exit (state 2), the steam temperature and pressure are 450(OP) [232.22°C] and 50(psia) 
[344.75 kPa]. The enthalpy values are: 

H, ~ 1,329.6(Btuj(Ibm j-' [3,092.5 kJ kg-'j 

H, ~ 1,259.6(Btuj(lbm j-' [2,929.7 kJ kg-'j 

What is the velocity of the steam at the nozzle exit, and what is the exit diameter? 

2.13 A system consisting of n·butane and propane exists as two phases in vapor/liquid equilibrium 
at lObar and 323 K. The mole fraction of propane is about 0.67 in the vapor phase and about 0.40 
in the liquid phase. Additional pure propane is added to the system, which is brought again to 
eqUilibrium at the same temperature and pressure, with both liquid and vapor phases still present. 
What is the effect of the addition of propane on the mole fractions of propane in the vapor and 
liquid phases? 

2.14 In a natural gasoline fractionation system there are usually six chemical species present in 
appreciable quantities: methane, ethane, propane, isobutane, n·butane, and n·pentane. A mixture 
of these species is placed in a closed vessel from which all air has been removed. If the temperature 
and pressure are fixed so that both liquid and vapor phases exist at equilibrium, how many additional 
phase· rule variables must be chosen to fix the compositions of both phases? 

If the temperature and pressure are to remain the same, is there any way that the composition 
of the total contents of the vessel can be changed (by adding or removing material) without affecting 
the compositions of the liquid and vapor phases? 

2.15 In the following take Cv = 20.8 and Cp = 29.1 J mol-I °C-1 for nitrogen gas: 
(a) Pive moles of nitrogen at 80°C is contained in a rigid vessel. How much heat must be added to 

the system to raise its temperature to 300°C if the vessel has a negligible heat capacity? If the 
mass of the vessel is 100 kg and if its heat capacity is 0.5 J g-I °C-I, how much heat is required? 
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(b) Three moles of nitrogen at 230°C is contained in a piston/ cylinder arrangement. How much heat 
must be extracted from .this system, which is kept at constant pressure, to cool it to 80°C if the 
heat capacity of the piston and cylinder is neglected? 

2.16 In the following take Cv = 5 and Cp = 7(Btu)(Ib mol)-I(OF)-I for nitrogen gas: 
(a) Five pound moles of nitrogen at lOO(OF) is contained in a rigid vessel. How much heat must be 

added to the system to raise its temperature to 400(OP) if the vessel has a negligible heat capacity? 
If the vessel weighs 250(lbm ) and has a heat capacity ofO.12(Btu)(lbm )-I(OP)-'. how much heat 
is required? 

(b) Three pound moles of nitrogen at 450(OP) is contained in a piston/cylinder arrangement. How 
much heat must be extracted from this system, which is kept at constant pressure, to cool it to 
100(OP) if the heat capacity of the piston and cylinder is neglected? 

2.17 The internal energy U ' of an amount of gas is given by the equation, 

U ' = 1.5 PY' 

where P is in (psia) and V'is in (ft)3. The gas undergoes a mechanically reversible process from an 
initial state at 1,500(psia) and 500(R). During the process Vi is constant and equal to to(ft)3 and P 
increases by 50 percent. Determine values for Q and ll.H' in (Btu) for the process. 

2.18 The internal energy U' of an amount of gas is given by the equation, 

U ' = 0.01 PV' 

where P is in kPa, Vi is in m3
• The gas undergoes a mechanically reversible process from an initial 

state at 10,000 kPa and 280 K. During the process Vi is constant and equal to 0.3 m3 and P increases 
by 50 percent. Determine values for Q and ll.H' in kJ for the proces, 

2.19 The path followed by a gas during a particular mechanically reversible process is described by 
the equation 

P+aV'=c 

where a and c are constants. In the initial state, PI = 60 bar and V: = 0.002 m3
: in the final state, 

P2 = 20 bar and Vi = 0.004 m3
• During the process, heat in the amount of 5,000 J is transferred to 

the gas. Determine Wand ll. U ' for the process. Suppose the gas followed a different path connecting 
the same initial and final states. Which of the quantities Q, W, and ll.U ' must be unchanged? Why? 

2.20 A particular substance undergoes a mechanically reversible process, expanding from an initial 
state of 20 bar to a final state of 8 bar. The path for the process is described by the equation 

0.036 
P~---4 

V' 

where P is in bar and V'is in m3
. If ll.U' for the change of state is -I,400J, detennine W. Q, and 

ll.H'. 

2.21 One kilogram of air is heated reversibly at constant pressure from an initial state of 300 K and 
I bar until its volume triples. Calculate W, Q, ll.U, and ll.H for the process. Assume that air obeys 
the relation PV/T = 83.14 barem3 mol-I K- I and that Cp = 29 J mol- 1 K- 1• 



CHAPTER 

THREE 

VOLUMETRIC PROPERTIES OF PURE FLUIDS 

3.1 THE PVT BEHAVIOR OF PURE SUBSTANCES 

Thermodynamic properties, such as internal energy and enthalpy, from which 
one calculates the heat and work requirements of industrial processes, are not 
directly measurable. They can, however, be calculated from volumetric data. To 
provide part of the background for such calculations, we describe in this chapter 
the pressure-volume-temperature (PIT) behavior of pure fluids. Moreover, these 
PIT relations are important in themselves for such purposes as the metering of 
fluids and the sizing of vessels and pipelines. 

Homogeneous fluids are normally divided into two classes, liquids and gases. 
However, the distinction cannot always be sharply drawn, because the two phases 
become indistinguishable at what is called the critical point. Measurements of the 
vapor pressure of a pure solid at temperatures up to its triple point and measure
ments of the vapor pressure of the pure liquid at temperatures above the triple 
point lead to a pressure-vs.-temperature curve such as the one made up of lines 
1-2 and 2-C in Fig. 3.1. The third line (2-3) shown on this graph gives the 
solid/liquid equilibrium relationship. These three curves represent the conditions 
of P and T required for the coexistence of two phases and thus are boundaries 
for the single-phase regions. Line 1-2, the sublimation curve, separates the solid 
and gas regions; line 2-3, the fusion curve, separates the solid and liquid regions; 
line 2-C, the vaporization curve, separates the liquid and gas regions. The three 
curves meet at the triple point, where all three phases coexist in equilibrium. 
According to the phase rule [Eq. (2.12)], the triple point is invariant. If the system 
exists along any of the two-phase lines of Fig. 3.1, it is univariant, whereas in 
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Figure 3.1 PT diagram for a pure substance. 
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the single-phase regions it is divariant. Although the fusion curve 2-3 continues 
upward indefinitely, the vaporization curve 2-C terminates at point C, the critical 
point. The coordinates of this point are the critical pressure P, and the critical 
temperature T" the highest temperature and pressure at which a pure material 
can exist in vapor/liquid equilibrium. The fluid region, existing at higher tem
peratures and pressures, is marked of! by dashed lines, which do not represent 
phase transitions, but rather are limits fixed by the meanings accorded the words 
liquid and gas. A phase is generally considered a liquid if it can be vaporized 
by reduction in pressure at constant temperature. A phase is considered a gas if 
it can be condensed by reduction of temperature at constant pressure. Since the 
Ouid region fits neither of these definitions, it is neither a gas nor a liquid. The 
gas region is sometimes divided into two parts, as shown by the dotted line of 
Fig. 3.1. A gas to the left of this line, which can be condensed either by compression 
at constant temperature or by cooling at constant pressure, is called a vapor. 

Because of the existence of the critical point, a path can be drawn from the 
liquid region to the gas region that does not cross a phase boundary; e.g., the 
path from A to B in Fig. 3.1. This path represents a gradual transition from the 
liquid to the gas region. On the other hand, a path crossing phase boundary 2-C 
includes a vaporization step, where an abrupt change of properties OCCurs. 
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Figure 3.1 does not provide any information about volume; it merely displays 
the phase boundaries on a PT diagram. Consider now a series of isotherms, 
vertical lines on Fig. 3.1 lying to the right of the solid region, and a plot of 
pressure vs. molar or specific volume for each isotherm. The PV diagram which 
results is sketched in Fig. 3.2. The lines labeled T, and T2 are isotherms at 
temperatures greater than the critical. As seen from Fig. 3.1, such isotherms do 
not cross a phase boundary and are therefore smooth. The lines labeled T, and 
T. are for lower temperatures and consist of three distinct sections. The horizontal 
sections represent the phase change between vapor and liquid. The constant 
pressure at which this occurs for a given temperature is the vapor pressure, and 
is given by the point on Fig. 3.1 where the isotherm crosses the vaporization 
curve. Points along the horizontal lines of Fig. 3.2 represent all possible mixtures 
of vapor and liquid in equilibrium, ranging from 100 percent liquid at the left 
end to 100 percent vapor at the right end. The locus of these end points is the 
dome-shaped curve labeled ACB, the left half of which (from A to C) represents 
saturated liquid, and the right half (from C to B) saturated vapor. The area under 
the dome ACB is the two-phase region, while the areas to the left and right are 
the liquid and gas regions. The isotherms in the liquid region are very steep, 
because liquid volumes change little with large changes in pressure. 

The horizontal segments of the isotherms in the two-phase region become 
progressively shorter at higher temperatures, being ultimately reduced to a point 
at C. Thus, the critical isotherm, labeled Tn exhibits a horizontal inflection at 
the critical point C at the top of the dome. Here the liquid and vapor phases 
cannot be distinguished from one another, because their properties are the same. 

p 

A T, 
B 

v 

Figure 3.2 PV diagram for a pure fluid. 
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Figure 3.3 PT diagram showing the vapor
pressure curve for a pure substance and 
constant-volume lines in the single-phase 
regions. 

The physical significance of the critical point becomes evident from the 
changes that occur when a pure substance is heated in a sealed upright tube of 
constant volume. Such changes follow vertical lines in Fig. 3.2. They are also 
shown on the PT diagram of Fig. 3.3, where the vaporiiation curve of Fig. 3.1 
appears as a solid line. The dashed lines are constant-volume paths in the 
single-phase regions only. If the tube is filled with either liquid or gas, the heating 
process produces changes described by these lines, for example by the change 
from D to E (liquid region) and by the change from F to G (vapor region). The 
corresponding vertical lines on Fig. 3.2 lie to the left and to the right of ACB. 

If the tube is only partially filled with liquid (the remainder being vapor in 
equilibrium with the liquid), heating at first causes changes described by the 
vapor-pressure curve (solid line) of Fig. 3.3. If the meniscus separating the two 
phases is initially near the bottom of the tube, liquid vaporizes, and the meniscus 
recedes to the bottom of the tube and disappears as the last drop of liquid 
vaporizes. For example in Fig. 3.3, one such path is from (1, K) to N; it then 
fOllows the line of constant molar volume V2 upon further heating. If the meniscus 
is originally near the top of the tube, the liquid expands upon heating until it 
completely fills the tube. One such process is represented by the path from (1, K) 
to P; it then follows the line of constant molar volume Vi with continued heating. 
The two paths are also shown by the dashed lines of Fig. 3.2, the first passing 
through points K and N, and the second through J and P. 

A unique filling of the tube, with a particular intermediate meniscus level, 
causes the path of the heating process to coincide with the vapor-pressure curve 
of Fig. 3.3 all the way to its end at the critical point C. On Fig. 3.2 the path is a 
vertical line passing through the critical point. Physically, heating does not 
produce much change in the level of the meniscus. As the critical point is 
approached, the meniscus becomes indistinct, then hazy, and finally disappears 
as the system changes from two phases (as represented by the vapor-pressure 
curve) to a single phase (as represented by the region above C). Further heating 
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produces changes represented in Fig. 3.3 by a path along V" the line of constant 
molar volume corresponding to the critical volume of the fluid. 

For the regions of the diagram where a single phase exists, Fig. 3.2 implies 
a relation connecting P, V, and T which may be expressed by the functional 
equation: 

f(P, v, T) = 0 

This means that an equation of state exists relating pressure, molar or specific 
volume, and temperature for any pure homogeneous fluid in equilibrium states. 
The simplest equation of state is for an ideal gas, PV = RT, a relation which has 
approximate validity for the low-pressure gas region of Fig. 3.2 and which is 
discussed in detail in Sec. 3.3. 

An equation of state may be solved for anyone of the three quantities P, V, 
or T as a function of the other two. For example if V is considered a function 
of T and P, then V = VeT, P), and 

dV = (av) dT + (av) dP 
aT p aP T 

(3.1) 

The partial derivatives in this equation have definite physical meanings and are 
measurable quantities. For liquids they are related to two commonly tabulated 
properties: 

I. The volume expansivity 

{J S ~(av) 
V aT p 

2. The isothermal compressibility 

KS- ~(:;L 
Combination of Eqs. (3.1) through (3.3) provides the general equation 

dV 
-={JdT-KdP 
V 

(3.2) 

(3.3) 

(3.4) 

The isotherms for the liquid phase on the left side of Fig. 3.2 are very steep 
and closely spaced. Thus both (av/aPlr and (aV/aT)p, and hence both {J and 
K, are small. This characteristic behavior of liquids (outside the region of the 
critical point) suggests an idealization, commonly employed in fluid mechanics 
and known as the incompressible fluid, for which {J and K are both zero. No real 
fluid is in fact incompressible, but the idealization is nevertheless useful, because 
it often provides a sufficiently realistic model of liquid behavior for practical 
purposes. The incompressible fluid cannot be described by an equation of state 
relating V to T and P, because V is constant. 
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For real liquids {J a~d K are weak functions of temperature and pressure. 
Thus for small changes m T and P little error is introduced if we regard them 
as constant. Then Eq. (3.4) may be integrated to give 

V, 
In V, = (J(T, - T,) - K(P, - P,) (3.5) 

This is a different order of approximation than the assumption of an incompress
ible fluid. 

Example 3.1 For acetone at 20°C and I bar, 

and 

{:J = 1.487 X 10-30C-1 

K = 62 X 10-<' bar-I 

v = 1.287 cm' g-I 

Find: 
(a) The value of (ap/aT)v. 
(b) The pressure generated when acetone is heated at constant volume from 

20·C and I bar to 30·C. 
(c) The volume change when acetone is changed frpm 20·C and I bar to O·C 

and lObar. 

SOLUTION 

(a) The derivative (aP/aT)v is determined by application of Eq. (3.4) to the 
case for which V = const and dV = 0: 

(const V) 

or 

( 
ap) __ L_ 1.487 X 10-' 
aT v K 62 X 10-<> 

24 bar·C-1 

(b) If f3 and K are assumed constant in the 10°C temperature interval then the 
equation derived in (a) may be written (V = const): ' 

and 

IlP = f!.IlT = (24)(10) = 240 bar 
K 

P, = P, + IlP = I + 240 = 241 bar 

(e) Direct substitution into Eq. (3.5) gives 

V, 
In V, = (1.487 x 10-')(-20) - (62 x 10-6)(9) = -0.0303 

Whence 

V, 
V, = 0.9702 
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and 
v, = (0.9702)(1.287) = 1.249 em' g-' 

which gives 

.l. V = V, - V, = 1.249 - 1.287 = -0.Q38 em' g-' 

3.2 THE VIRIAL EQUATION 

Figure 3.2 indicates the complexity of the PIT behavior of a pure substance and 
suggests the difficulty of its description by an equation. How~ver, for the gas 
region alone relatively simple equations often suffice. For an Isotherm such as 
T, we note from Fig. 3.2 that as P increases V decreases. Thus the PV product 
for a gas or vapor should be much more nearly constant than either ofits membe.rs. 
This suggests the representation of PV along an isotherm by a power senes 
expansion in P: 

PV=a+bP+cP'+··· 

If we let b = aB', c = aC', etc., this equation becomes 

PV = a(i + B'P+ C'p'+···) (3.6) 

where a, B', C ', etc., are constants for a given temperature and a given chemical 
species. 

In principle, the right-hand side of Eq. (3.6) is an infinite series. However, 
in practice a finite number of terms is used. In fact, PIT data show that at low 
pressures truncation after two terms provides satisfactory results. In general, the 
greater the pressure range, the larger the number of terms require.d. . 

Parameters B', C', etc., are functions of temperature and the IdentIty of the 
chemical species; parameter a, however, is the same function of temperature for 
all species. Data taken for various gases at a specific constant temperature (fixed 
by use of a reproducible state such as the triple point of water o~ t~~ normal 
boiling point of water) show that plots of PV vs. P have the same hmltmg value 
of PV as P -+ 0 for all gases. For P -+ 0, Eq. (3.6) becomes 

lim (PV) "" (PV)* = a 
p_o 

Thus, a is the same for all gases and depends on temperature only. Whence 

(PV)* = a = f(T) 

It is this remarkable property of gases that makes them valuable in ther
mometry, for the limiting values of (PV)* are used to establish a tem~erat~re 
scale which is independent of the identity of the gas used as thermometnc HUld. 
One need only fix the form of the functional relationship to T and define a 
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quantitative scale; both steps are completely arbitrary. The simplest procedure, 
and the one adopted internationally, is: 

I. Fix the functional relationship so that (PV)* is directly proportional to T 

(PV)* = a = RT (3.7) 

where R is the proportionality constant. 
2. Assign a value of 273.16 K to the temperature of the triple point of water 

or 

(PV)1 = R x 273.16 K 

where the subscript I denotes the value at the triple point of water. 

Division of Eq. (3.7) by Eq. (3.8) gives 

(PV)* = TK 
(PV)1 273.16 K 

(PV)* 
TK=273.16~ I 

(3.8) 

(3.9) 

Equation (3.9) establishes the Kelvin temperature scale throughout the tem
perature range for which limiting values of PV as P -+ 0 [values of (PV)*J are 
experimentally accessible. 

The state of a gas at the limiting condition where P -+ 0 deserves some 
discussion. As the pressure on a gas is decreased, the individual molecules become 
more and more widely separated. The volume of the molecules themselves 
becomes a smaller and smaller fraction of the total volume occupied by the gas. 
Furthermore, the forces of attraction between molecules become ever smaller 
because of the increasing distances between them. In the limit, as the pressure 
approaches zero, the molecules are separated by infinite distances. Their volumes 
become negligible compared with the total volume of the gas, and the inter
molecular forces approach zero. A gas which meets these conditions is said to 
be ideal, and the temperature scale established by Eq. (3.9) is known as the 
ideal-gas temperature scale. 

The proportionality constant R in Eq. (3.7) is called the universal gas conslanl. 
Its numerical value is determined by means of Eq. (3.8) from experimental PIT 
data for gases: 

R = (PV)1 
273.16 K 

Since PIT data cannot in fact be taken at a pressure approaching zero, data 
taken at finite pressures are extrapolated to the zero-pressure state. The currently 
accepted value of (PV)1 is 22,711.6 cm' barmol-'. Figure 3.4 shows how this 
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Figure 3A The limit of PV as P -+ 0 is independent of the gas. 
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determitiation is made. Its leads to the following value of R: 

22,711.6 cm' bar mol-I 83.144 cm' bar mol-I K- ' 
R = 273.16K 

Through the use of conversion factors, R may be expressed in various units. 
Commonly used values are given in App. A. . 

With the establishment of the ideal-gas temperature scale, the constant a In 

Eq. (3.6) may be replaced by RT, in accord with Eq. (3.7). Thus Eq. (3.6) becomes 

Z= PY = I +B'P+ C'P2+ D'P'+'" 
RT 

(3.10) 

where the ratio PY I RT is called the compressibility factor and is given the sym
bol Z. An alternative and equivalent expression for Z, which is also in common 
use, is 

BCD 
Z = I +-+-+-+ ... 

Y y2 y' 
(3.11) 

Both 'If these equations are known as virial expansions, and the parameters B', 
C', D', etc., and B, C, D, etc., are called viTial coefficients. Parameters B' and B 
are second virial coefficients; C' and C are third virial coefficients; etc. For a 
given gas the virial coefficients are functions of temperature only. . . . 

Many other equations of state have been proposed for gases, but the. Vl~al 
equations are the only ones having a firm basis in theory. The methods of statlstJcal 
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mechanics allow derivation of the virial equations and provide physical sig
nificance to the virialcoefficients. Thus, for the expansion in II V; the term BI Y 
arises on account of interactions between pairs of molecules; the CI y2 term, 
on account of three-body interactions; etc. Since two-body interactions are many 
times more common than three-body interactions, and three-body interactions 
are many times more numerous than four-body interactions, etc., the contribu
tions to Z of the successively higher-ordered terms fall off rapidly. 

The two sets of coefficients in Eqs. (3.10) and (3.11) are related as follows: 

B'=~ 
RT 

C-B2 
'C' = (RTf 

D' = D - 3BC +2B' 
(RT)' 

etc. 

The first step in the derivation of these relations is elimination of P on the 
right-hand side of Eq. (3.10) through use of Eq. (3.1\>. The resulting equation 
is a power series in II Y which is compared term by term with Eq. (3.11). This 
comparison provides the equations relating the two sets of virial coefficients. 
They hold exactly only for the two virial expansions as infinite series. For the 
truncated forms of the virial equations treated in Sec. 3.4, these relations are only 
approximate. 

3.3 THE IDEAL GAS 

Since the terms BI V; C I y2, etc., of the virial expansion [Eq. (3.11)] arise on 
account of molecular interactions, the virial coefficients B, C, etc., would be zero 
if no such interactions existed. The virial expansion would then reduce to 

Z = I or PY=RT 

For a real gas, molecular interactions do exist, and exert an influence on the 
observed behavior of the gas. As the pressure of a real gas is reduced at constant 
temperature, Y increases and the contributions of the terms BI V; C I y2, etc., 
decrease. For a pressure approaching zero, Z approaches unity, not because of 
any change in the virial coefficients, but because Y becomes infinite. Thus in the 
limit as the pressure approaches zero, the equation of state assumes the same 
simple form as for the hypothetical case of B = C = ... = 0; that is 

Z = I or PY= RT 

We know from the phase rule that the internal energy of a real gas is a 
function of pressure as well as of temperature. This pressure dependency arises 
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as a result of forces between the molecules. If such forces did not exist, no energy 
would be required to alter the average intermolecular distance, and therefore no 
energy would be required to bring about volume and pressure changes in a gas 
at constant temperature. We conclude that, in the absence of molecular interac
tions, the internal energy of a gas depends on temperature only. These consider
ations of the behavior of a hypothetical gas in which no molecular forces exist 
and of a real gas in the limit as pressure approaches zero lead to the definition 
of an ideal gas as one whose macroscopic behavior is characterized by: 

I. The equation of state 

(3.12) 

2. An internal energy that is a function of temperature only, and as a result of 
Eq. (2.20) a heat capacity Cy which is also a function of temperature only. 

The ideal gas is a model fluid that is useful because it is described by simple 
equations frequently applicable as good approximations for actual gases. In 
engineering calculations, gases at pressures up to a few bars may often be 
considered ideal. The remainder of this section is therefore devoted to the 
development of thermodynamic relationships for ideal gases. 

The Constant-Volnme Process 

The equations which apply to a mechanically reversible constant-volume process 
were developed in Sec. 2.10. No simplification results for an ideal gas. Thus for 
one mole: 

dU = dQ = CydT (3.13) 

For a finite change, 

(3.14) 

Since both the internal energy and Cy of an ideal gas are functions of temperature 
only, au for an ideal gas may always be calculated by f CydT, regardless of the 
kind of process causing the change. This is demonstrated in Fig. 3.5, which shows 
a graph of internal energy as a function of molar volume with temperature as a 
parameter. Since U is indep~ndent of V at constant temperature, a plot of U vs. 
V at constant temperature is a horizontal line. For different temperatures, U has 
different values, and there is a separate line for each temperature. Two such lines 
are shown in Fig. 3.5, one for temperature T, and one for temperature T,. The 
dashed line connecting points a and b represents a constant-volume process for 
which the temperature increases from T, to T, and the internal energy changes 
by au = u, - U,. This change in internal energy is given by Eq. (3.14) as 
au = f Cy dT. The dashed lines connecting points a and c and points a and d 
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represent other processes not occurring at constant volume but which also lead 
from an initial temperature T, to a final temperature T,. The graph clearly shows 
that the change in U for these processes is the same as for the constant-volume 
process, and it is therefore given by the same equation, namely, au = f CydT. 
However, a U is not equal to Q for these processes, because Q depends not only 
on T, and T, but also on the path followed. , 
The Constant-Pressnre (Isobaric) Process 

The equations which apply to a mechanically reversible, constant-pressure non
t10w process were developed in Sec. 2.10. For one mole, 

dH = dQ= CpdT (3.15) 
and 

(3.16) 

Because the internal energy of an ideal gas is a function of temperature only, 
both enthalpy and Cp also depend on temperature alone. This is evident from 
the definition H = U + PY, or H = U + RT for an ideal gas, and from Eq. (2.21). 
Therefore, just as au = f CydT for any process involving an ideal gas, so 
aH = f Cp dT not only for constant-pressure processes but for all finite processes. 

These expressions for a U and aH and the definition of enthalpy imply a 
simple relationship between Cp and Cy for an ideal gas; since 

dH = dU+ RdT 

then from Eqs. (3.13) and (3.15) 

CpdT= CydT+RdT 
and 

(3.17) 



66 INTRODUCTION TO CHEMICAL ENGINbbKINU THbKMUUY NAMU"'::S 

This equation does nol imply that Cp and Cv are themselves constant for an 
ideal gas, but only that they vary with temperature in such a way that their 
difference is equal to the constant R. 

The Constant-Temperature (Isothermal) Process 

The internal energy of an ideal gas cannot change in an isothermal process. Thus 
for one mole of an ideal gas in any nonflow process, 

dU= dQ-dW=O 

and 
Q= W 

For a mechanically reversible nonflow process and with P = RT I V, we have 
immediately that 

Q= W= f PdV= f RT
d
: 

Integration at constant temperature from the initial volume VI to the final volume 
V2 gives 

V2 Q= W=RTln
VI 

(3.18) 

Since PII P2 = V21 VI for the isothermal process, Eq. (3.18) may also be written: 

The Adiabatic Process 

PI 
Q= W=RTln

P2 

(3.19) 

An adiabatic process is one for which there is no heat transfer between the system 
and its surroundings; that is, dQ = O. Therefore, application of the first law to 
one mole of an ideal gas in mechanically reversible nonflow processes gives 

dU = -dW = -PdV 

Since the change in internal energy for any process involving an ideal gas is given 
by Eq. (3.\3), this becomes 

CvdT= -PdV 

Substituting RT I V for P and rearranging, we get 

dT R dV 

T Cv V 
(3.20) 

If the ratio of heat capacities Cpl Cv is designated by")" then in view of ~q. (3.17), 

Cv+R R 
")'= 1+-

Cv Cv 

YULUM~IKI'-- rKvrCKll~ ur ruKC- rLUll..IO!Io ., 

or 

R 
-="),-1 
Cv 

Substitution in Eq. (3.20) gives 

dT dV 
-= -(")'-1)
T V 

If ")' is constant, t integration yields 

T2 V2 In-= -(")'-I)ln-
TI VI 

or 

T2 = (VI)Y-I 
TI V2 

(3.21) 

(3.22) 

This equation relates temperature and volume for a mechanically reversible 
adiabatic process involving an ideal gas with constant heat capacities. The 
analogous relationships between temperature and pressure and between pressure 
and volume can be obtained from Eq. (3.22) and the ideal-gas equation. Since 
PI Vd TI = P2 VJ T2, we may eliminate VII V2 from Eq. (3.22), obtaining: 

T2 = (P2)(Y-I)/Y 

TI PI 
(3.23) 

A comparison of Eqs. (3.22) and (3.23) shows that 

(~:) y-I = (;:) (y-I)/y 

or 

I PI Vj = P2 VI = pvy = const I (3.24) 

The work of an adiabatic process may be obtained from the relation 

-dW = dU = CvdT (3.25) 

If Cv is constant, integration gives 

W = -I!.U = -Cv I!.T (3.26) 

t The assumption that 'Y is constant for an ideal gas is equivalent to the assumption that the heat 
capacities themselves are constant. This is the only way that the ratio Cp / Cy = 'Y and the difference 
Cp - Cy = R can both be constant. However, since both Cp and Cy increase with temperature, their 
ratio 'Y is less sensitive to temperature than the heat capacities themselves. 
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Alternative fonns of Eq. (3.26) are obtained if Cv is eliminated by Eq. (3.2\): 

W= -Cv I1T= -RI1T 
y-I 

RTI - RT2 
y-I 

Since RTI = PI VI and RT2 = P2 V2, this expression may also be written 

W= PI VI - P2V2 
y-I 

(3.27) 

If V2 is not known, as is usually the case, it can be eliminated from Eq. (3.27) 
by Eq. (3.24). This leads to the expression 

_ PI VI [ (P2)('-llh] RTI [ (P2)('-I)j,] W--- 1- - =-- 1- -
y-I PI y-I PI 

(3.28) 

The same result is obtained when the relation between P and V given by Eq. 
(3.24) is used for integration of the expression W = J PdV, 

Equations (3.22) through (3.28) are for ideal gases with constant heat 
capacities. They also require the process to be mechanically reversible as well as 
adiabatic. Processes which are adiabatic but not mechanically reversible are not 
described by these equations. 

As applied to real gases, Eqs. (3.22) through (3.28) often yield satisfactory 
approximations, provided the deviations from ideality are not too great. For 
monatomic gases, y = 1.67; approximate values of y are 1.4 for diatomic gases 
and 1.3 for simple polyatomic gases such as CO" S02, NH" and CH •. 

The Pnlytropic Process 

This is the general case for which no specific conditions other than mechanical 
reversibility are imposed. Thus only the general equations applying to an ideal 
gas in a nonflow process apply. For one mole, these are: 

dU= dQ-dW I1U = Q - W (first law) 

dW= PdV W= f PdV 

dU = CydT I1U = f CydT 

dH = CpdT I1H = f CpdT 

Values for Q cannot be detennined directly, but must be obtained through 
the first l!tw. Substitution for dU and dW gives . 

dQ = CydT + PdV (3.29) 

and 

Q= f CvdT+ f PdV (3.30) 

Since the first law has been used for the calculation of Q, the work must be 
calculated directly from the integral J P dV, 

The equations developed in this section have been derived for mechanically 
reversible nonflow processes involving ideal gases. However, those equations 
which relate state functions only are valid for ideal gases regardless of the process 
and apply equally to reversible and irreversible flow and nonflow processes, 
because changes in state functions depend only on the initial and final states of 
the system. On the other hand, an equation for Q or W is specific to the case 
considered in its derivation. 

The work of an irreversible process is calculated by a two-step procedure. 
First, W is detennined for a mechanically reversible process that accomplishes 
the same change of state. Second, this result is mUltiplied or divided by an 
efficiency to give the actual work. If the process produces work, the reversible 
value is too large and must be multiplied by an efficiency.~Ifthe process requires 
work, the reversible value is too small and must be divided by an efficiency. 

Applications of the concepts and equations developed in this section are 
illustrated in the examples that follow. In particular, the work of irreversible 
processes is treated in Example 3.3. 

Example 3.2 Air is compressed from an initial condition of 1 bar and 25°C to a final 
state of 5 bar and 25°C by three different mechanically reversible processes: 

(a) Heating at constant volume followed by cooling at constant pressure. 
(b) Isothermal compression. 
(c) Adiabatic compression followed by cooling at constant volume. 
At these conditions, air may be considered an ideal gas with the constant heat 

capacities, Cv = (5/2)R and Cp = (7/2)R. 
Calculate the work required, heat transferred, and the changes in internal energy 

and enthalpy of the air for each process. 

SOLUTION In each case the system is taken as 1 mol of air, contained in an imaginary 
frictionless piston-and-cylinder arrangement. For R = 8.314J mol-I K- 1 

Cv = 20.785 and Cp = 29.0991 mol- I K- I 

The initial and final conditions of the air are identical with those of Example 2.12. 
It was shown there that 

VI = 0.02479 and V2 = 0.004958 m' 
(a) This part of the problem is identical with part (b) of Example 2.12. However, 

it may now be solved in a simpler manner. The temperature at the end of the 
constant-volume heating step was calculated in Example 2.12 as 1,490.75 K.. Also for 
this step W = 0 and therefore 

Q = au = Cv aT = 24,7881 
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Moreover, 

AH = Cp AT = (29.099)(1,490.75 - 298.15) = 34,703 J 

For the second step at constant pressure, Eq. (3.16) yields 

and 

Q = AH = Cp AT = (29.099)(298.15 - 1,490.75) = -34,703 J 

AU = Cv AT = (20.785)(298.15 - 1,490.75) = -24,788 J 

W = Q - AU = -34,703 - (-24,788) = -9,915J 

For the entire process, 

and 

AU = 24,788 - 24,788 = 0 

AH = 34,703 - 34,703 = 0 

Q = 24,788 - 34,703 = -9,915J 

W = -9,915 - 0 = -9,915 J 

(b) For the isothennal compression of an ideal gas, 

AU=AH=O 

Equation (3.19) gives 

P I 
Q = W = RT In --' = (8.314)(298.15) In - = -3,990 J 

P, 5 

(c) The initial adiabatic compression of the air takes it to its final volume of 
0.004958 m3

• The temperature and pressure at this point are given by Eqs. (3.22) and 
(3.24): 

( V,),-' (0.02479 )0.4 
T, = T, - = (298.15) = 567.57 K 

V, 0.004958 

and 

(
V,)' (0.02479)1.' P, = P, - = (I) = 9.52 bar 
V, 0.004958 

For this step Q = O. Hence 

AU = - W = Cv AT = (20.785)(567.57 - 298.15) = 5,600 J 

and 

AH = Cp AT = (29.099)(567.57 - 298.15) = 7,840 J 

For the second step 4. V = 0 and W = 0; therefore 

Q = AU = Cv AT = (20.785)(298.15 - 567.57) = -5,6ooJ 

and 

AH = Cp AT = (29.099)(298.15 - 567.57) = -7,84OJ 
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Ftaure 3.6 Diagram for Example 3.2. 

For the entire process, 

and 

AU = 5,600 - 5,600 = 0 

AH = 7,840 - 7,840 = 0 

Q = 0 - 5,600 = -5,600 J 

W = -5,600 + 0 = -5,600 J 

Figure 3.6 shows these processes sketched on a PV diagram. 
A comparison of the answers to the three parts of this problem shows that the 

property changes A U and AH are the same regardless of the path for which they are 
calculated. On the other hand, Q and W depend on path. 

The work for each of these mechanically reversible processes can also be calcu
lated by W = J P dV. The value of this integral is proportional to the area below the 
curve on the PV diagram representing the path of the process. The relative sizes of 
these areas correspond to the numerical values of W. 

Example 3.3 An ideal gas undergoes the following sequence of mechanically reversible 
processes: 

(a) From an initial state of 70°C and 1 bar, it is compressed adiabatically to 150°C. 
(b) It is then cooled from 150 to 70°C at constant pressure. 
(c) Finally, it is expanded isothermally to its original state. 
Calculate W, Q, 4. U, and 4.H for each of the three processes and for the entire 

cycle. Take Cv = (3/2)R and Cp = (5/2)R 
If these processes are carried out irreversibly but so as to accomplish exactly the 

same changes of state (Le., the same changes in P, T, U, and H). then the values of 
Q and W are different. Calculate values of Q and W for an efficiency of 80 percent 
for eac" step. 
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SOLUTION From the given information, we have 

Cv = (3/2)(8.314) = 12.471 Jmo1-' r' 
and 

Cp = (5/2)(8.314) = 20.785 J mol-' r' 
The cycle is represented on a PV diagram in Fig. 3.7. Consider first the mechanically 
reversible operation of the cycle, and take as a basis 1 mol of gas. 

and 

(a) For an ideal gas undergoing adiabatic compression, 

AU = -W = Cv AT = (12.471)(150 -70) = 998J 

AH = Cp AT = (20.785)(150 - 70) = 1,663 J 

Q=O 

Pressure P, can be found from Eq. (3.23) 

(
T)y/(y-t) (150+273.15),.5 

P, = P, --2 = (1) = 1.689 bar 
T, 70 + 273.15 

(b) Equation (3.16) is applicable to the constant-pressure process: 

AH = Q = Cp AT = (20.785)(70 - 150) = -1,663 J 

Also 

AU = Cv AT = (12.471)(70-150) = -998J 

By the first law, 

W = Q - AU = -1,663 - (-998) = -665J 

(c) For ideal gases flU and flH are zero for an isothermal process. Since P3 = Pz, 
Eq. (3.19) gives 

Q = W = RT In P, = (8.314)(343.15) In 1.689 = 1,495 J 
P, I 

v 

70°C 
1 

Figure 3.7 Diagram for Example 3.3. 

For the entire process, 

and 

"VLVlY.ICll'l.l'-- r ... urc ... llc~ ur rv ... r. rJ,..,UI~ ,;, 

Q = 0-1,663 + 1,495 = -168J 

W= -998 - 665 + 1,495 = -168J 

AU = 998 - 998 + 0 = 0 

AH = 1,663 - 1,663 + 0 = 0 

The property changes 6. U and 6.H both are zero for the entire cycle, because the 
initial and final states are identical. Note also that Q = W for the cycle. This follows 
from the first law with AU = O. 

If the same changes of state are carried out by irreversible processes, the property 
changes for the steps are identical with those already calculated. However, the values 
of Q and Ware different. 

(a) This step can no longer be adiabatic. For mechanically reversible, adiabatic 
compression, W was -998 J. If the process is 80 percent efficient compared with this, 
then 

-998 
W=--=-1248J 

0.80 I ' 

Since A U is still 998 J, by the first law, 

Q = AU + W = 998 - 1,248 = -250J 

(b) The work for the mechanically reversible cooling process was -665 J. For 
the irreversible process, 

and 

-665 
W=--=-83IJ 

0.80 

Q=AU+ W=-998-831=-1,829J 

(c) As work is done by the system in this step, the irreversible work is less than 
the reversible work: 

W = (0.80)(1,495) = 1,196J 

and 

Q = AU + W= 0+ 1,196 = 1,196J 

For the entire cycle, 6. U and 6.H are again zero, but 

Q = -250 - 1,829 + 1,196 = -883 J 

and 

W = -1,248 - 831 + 1,196 = -883 J 

A summary of these results is given in the following table. All values are in joules. 
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Mechanically reversible Irreversible 

IJ.U IJ.H Q W IJ.U IJ.H Q w 

Step a 998 1,663 0 -998 998 1,663 -250 -1,248 
Step b -998 -1,663 -1,663 -665 -998 -1,663 -1,829 -831 
Step c 0 0 1,495 1,495 0 0 1,196 1.196 

Cycle 0 0 -168 -168 0 0 -883 -883 

The cycle is one which requires work and produces an equal amount of heat. 
The striking feature of the comparison shown in the table is that the total work 
required when the cycle consists of three irreversible steps is more than five times 
the total work required when the steps are mechanically reversible. even though each 
irreversible ~tep is 80 percent efficient. 

Example 3,4 A O,4-kg mass of nitrogen at 27·C is held in a vertical cyclinder by a 
frictionless piston. The weight of the piston makes the pressure of the nitrogen 0.35 
bar higher than that of the surrounding atmosphere. which is at I bar and 27°C. Thus 
the nitrogen is initially at a pressure of 1.351>ar, and is in mechanical and thermal 
equilibrium with its surroundings. Consider the following sequence of processes: 

(a) The apparatus is immersed in an ice/water bath and is allowed to come to 
equilibrium. 

(b) A variable force is slowly applied to the piston so that the nitrogen is 
compressed reversibly at the constant temperature of O°C until the gas volume reaches 
one-half that at the end of step a. At this point the piston is held in place by latches. 

(c) The apparatus i~ removed from the ice/water bath and comes to thermal 
equilibrium in the surrounding atmosphere at 27°C. 

(d) The latches are removed, and the apparatus is allowed to return to complete 
equilibrium with its surroundings. 

Sketch the entire cycle on a PV diagram, and calculate Q, W, f!.u, and f!.H for 
the nitrogen for each ~tep of the cycle. Nitrogen may be considered an ideal gas for 
which Cy = (5/2)R and Cp = (7/2}R. ,. 

SOLUTION At the end of the cycle the nitrogen returns to its initial conditions of 
27·C and 1.35 bar. The steps making up the cycle are 

(a) 27·C, 1.35 bar 
=~p , O·C, 1.35 bar 

(b) O°C, V2 
=~T , O°C, V3 = ~V2 

(c) 
canst V 

O°C, V3 127°C, V4 = V3 

(d) 27°C, V4 
T.=T. 

, 27·C, 1.35 bar 

(a) In this step, represented by the horizontal line marked a in Fig. 3.8, the 
nitrogen is cooled at constant pressure. The process is mechanically reversible, even 
though the heat transfer occurs irreversibly as the result of a finite temperature 
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Figure 3.8 Diagram for Example 3.4. 

difference. Thus for the mass m of nitrogen 

J mRf!.T 
W.=m PdV=mPf!.V=~ 

With R = 8.314 J mol-' K-', m = 400 g, and the molar mass (molecular weight) 
M = 28, we have 

W. o..(4:.::.00:.c)o::(8.:::.3::-:14",)(c:.0 _-.=27;.-'.} = -3 2071 
-- 28 ' 

and 

Qa = m f!.H. = mCp f!.T = (400)(7/2)(8.314/28)(0 - 27) = -ll,224J 

From the first law, 

m f!.U. = Qa - W. = -ll,224 - (-3,207) = -8,017 J 

The internal-energy change may also be evaluated from Eq. (3.14): 

m f!.Ua = mCy IJ.T = (400)(5/2)(8.314/28)(0 - 27) = -8,017 J 

(b) The process carried out here is an isothermal compression shown by curve 
b in Fig. 3.8. Since the internal energy cannot change at constant temperature, 

f!.Ub = f!.Hb =0 

and under conditions of mechanical reversibility, 

Q = ~ = mRTln V, = (400)(8.314)(273.15) In! = -22487 J 
bb MV, 28 2' 
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(c) For this constant-volume process, We = 0 and, according to Eq. (3.14), 

Q, ~ m AU, ~ mCv AT ~ (400)(5/2)(8.314/28)(27 - 0) ~ 8,017 J 

In addition, 

m AH, ~ mCp AT ~ (400)(7/2)(8.314/28)(27 - 0) ~ 11,224 J 

(d) The first three steps of the cycle can be sketched on a PV diagram without 
difficulty, because their paths are known. For the final step this is not possible, because 
the process is irreversible. When the latches holding the frictionless piston are removed, 
the piston moves rapidly upward and, owing to its inertia, goes beyond its equilibrium 
position. This initial expansion is nearly equivalent to a reversible, adiabatic process, 
because little turbulence results from a single stroke of the piston and because heat 
transfer is slow. The subsequent oscillations of the piston as it gradually reaches its 
final equilibrium position are the primary source of the irreversibility. This process 
goes on for a considerable time during which heat transfer occurs in an amount suffi
cient to return the nitrogen to its initial temperature of 27°C at a pressure of 1.35 bar. 
It is not possible to specify the exact path of an irreversible process. However, the 
dashed lines in Fig. 3.8 indicate roughly the form it takes. 

Since the process is irreversible, the work done cannot be obtained from the 
integral J PdV. Indeed, it is not possible to calculate W from the given information. 
During the initial expansion of the gas, the work is approximately that of a mechani
cally reversible adiabatic expansion. This work transfers energy from the gas to the 
surroundings, where it pushes back the atmosphere and increases the potential energy 
of the piston. If the piston were held at its position of maximum travel, the major 
part of the irreversibility would be avoided, and the work could be calculated to a 
good approximation by the equations for a reversible adiabatic expansion. However, 
as the process actually occurs, the oscillating piston causes turbulence or stirring in 
both the gas and the atmosphere, and there is no way to know the extent of either. 
This makes impossible the calculation of either Q or W. 

Unlike work and heat, the property changes of the system for step d can be 
computed, since they depend solely on the initial and final states, and these are 
known. The internal energy and enthalpy of an ideal gas are functions of temperature 
only. Therefore, 4.Ud and t:..Hd are zero, because the initial and final temperatures 
are both 27°C. The first law applies to irreversible as well as to reversible processes, 
and for step d it becomes 

or 
Qd ~ Wd 

Although neither Qd nor Wd can be calculated, they clearly are equal. Step d results 
in net energy changes consisting of elevation of the piston and atmosphere and a 
compensating decrease in the internal energy of the surrounding atmosphere. 

Example 3.5 Air is flowing at a steady rate through a horizontal insulated pipe which 
contains a partly closed valve. The conditions of the air upstream from the valve are 
20°C and 6 bar, and the downstream pressure is 3 bar. The line leaving the valve is 
enough larger than the entrance line that the kinetic-energy change of the air in 
flowing through the valve is negligible. If air is regarded as an ideal gas, what is the 
temperature of the air some distance downstream from the valve? 
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SOLUTION Flow through a partly closed valve is known as a throttling process. Since 
flow is at a steady rate, Eq. (2.10) applies. The line is insulated, making Q small; 
moreover, the potential-energy and kinetic-energy changes are negligible. Since no 
shaft work is accomplished, W, ~ O. Hence, Eq. (2.10) reduces to 

AH~O 

Thus, for an ideal gas, 

f
T' 

AH~ CpdT~O 
T, 

and 

T, ~ T, 

The result that t:..H = 0 is general for a throttling process, because the assumptions 
of negligible heat transfer and potential. and kinetic-energy changes are usually valid. 
If the Ouid is an ideal gas, no temperature change occurs. The throttling process is 
inherently irreversible, but this is immaterial to the calculation of 6.H = J Cp dT, 
which is a property relation of general validity for an ideal gas. 

~ 

3.4 APPLICATION OF THE VIRIAL EQUATION 

The two forms of the virial expansion given by Eqs. (3.10) and (3.11) are infinite 
series. For engineering purposes their use is practical only where convergence is 
very rapid, that is, where no more than two or three terms are required to yield 
reasonably close approximations to the values of the series. This is realized for 
gases and vapors at low to moderate pressures. 

Figure 3.9 shows a compressibility·factor graph for methane. Values of the 
compressibility factor Z (as calculated from PVT data for methane by the defining 
equation Z = PV / RT) are plotted against pressure for various constant tem· 
peratures. The resulting isotherms show graphically what the virial expansion in 
P is intended to represent analytically. All isotherms originate at the value Z ~ I 
for P = O. In addition the isotherms are nearly straight lines at low pressures. 
Thus the tangent to an isotherm at P ~ 0 is a good approximation of the isotherm 
for a finite pressure range. Differentiation of Eq. (3.10) for a given temperature 
gives 

from which 

dZ ~ B' + 2C'P + 3D'P' + ... 
dP 

- -B (dZ) , 
dP p~o 

Thus the equation of the tangent line is 

Z = I + B'P 
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Figure 3.9 Compressibility-graph factor for methane. 

a result also given by truncation of Eq. (3.10) to two terms. In addition we may 
use the approximate relation B' = B/ RT to express the equation for Z in terms 
of the coefficient B: 

PV BP 
Z=-=I+-

RT RT 
(3.31) 

Since Eq. (3.1I) may also be truncated to two terms for application at low 
pressures, 

PV B 
Z=-=I+-

RT V 
(3.32) 

a question arises as to which equation provides the better representation of 
low-pressure PVT data. Experience shows that Eq. (3.31) is at least as accurate 
as Eq. (3.32). Moreover, it is much more convenient for use in most applications, 
because it may be solved explicitly for either pressure or volume. Thus when the 
virial equation is truncated to two terms, Eq. (3.31) is preferred. This.equation 
satisfactorily represents the PVT behavior of most vapors at subcritical tem
peratures up to a pressure of about 15 bar. At higher temperatures it is appropriate 
for gases over an increasing pressure range as the temperature increases. Values 
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of B, the second virial coefficient, depend on the nature of the gas and on 
temperature. Experimental values are available for a number of gases. Moreover, 
estimation of second virial coefficients is possible where no data are available, 
as discussed in Sec. 3.6. 

For pressures above the range of applicability of Eq. (3.31) but below about 
50 bar, the virial equation truncated to three terms usually provides excellent 
results. In this case Eq. (3.1I), the expansion in 1/ V, is far superior to Eq. (3.10). 
Thus when the virial equation is truncated to three terms, the appropriate form is 

PV B C 
Z=-= 1+-+-

RT V V' 
(3.33) 

This equation is explicit in pressure, but cubic in volume. Solution for V is 
usually done by an iterative scheme with a calculator. 

Values of C, like those of B, depend on the identity of the gas and on the 
temperature. However, much less is known about third virial coefficients than 
about second virial coefficients, though data for "number of gases can be found 
in the literature. Since virial coefficients beyond the third are rarely known and 
since the virial expansion with more than three terms becomes unwieldy, virial 
equations of more than three terms are rarely used. Alternative equations are 
described in Secs. 3.5 and 3.6, which follow. 

Example 3.6 Reported values for the virial coefficients of isopropanol vapor at 200°C 
are: 

B = -388 em3 mor l 

C = -26,000 cm6 mol-2 

Calculate V and Z for isopropanol vapor at 200°C and 10 bar by: 
(a) The ideal-gas equation. 
(b) Equation (3.31). 
(c) Equation (3.33). 

SOLUTION The absolute temperature is T = 473.15 ~ and the appropriate value of 
the gas constant is R = 83.14 cm3 bar mol- l K- l . 

(a) By the ideal-gas equation, 

V = RT = (83.14)(473.15) = 3 934 em' mol-' 
P 10 ' 

and of course Z = 1. 
(b) Solving Eq. (3.31) for V, we find 

Whence 

RT 
V = - + B = 3,934 - 388 = 3,546 em' mol-I 

P 

PV V 3,546 
Z = - = --= --= 0.9014 

RT RT / P 3,934 
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(c) To facilitate iteration, we write Eq. (3.33) as 

V,+, = :T( 1+ :. + ~) 
where subscript i denotes the iteration number. For the first iteration, j == 0, and 

V = RT(I +~+~) 
L P VO VJ 

where Vo is an initial estimate of the molar volume. For this we use the ideal-gas 
value, which gives 

( 
388 26,000 ) 

V, = 3,934 I - -- - ---, = 3,539 
3,934 (3,934) 

The second iteration depends on this result: 

whence 

RT( B C) V=-I+-+-
2 P VL vf 

( 
388 26,000 ) 

V, = 3,934 I - -- - ---, = 3,495 
3,539 (3,539) 

Iteration continues until the difference V;+1 - V, is insignificant, and leads after five 
iterations to the final value, 

V == 3,488 cm3 mol- 1 

from which Z 0;:: 0.8866. In comparison with this result, the ideal-gas value is 13 
percent too high and Eq. (3.31) gives a value 1.7 percent too high. 

3,5 CUBIC EQUATIONS OF STATE 

For an accurate description of the PVT behavior of fluids over wide ranges of 
temperature and pressure, an equation of state more comprehensive than the 
virial equation is required. Such an equation must be sufficiently general to apply 
to liquids as well as to gases and vapors. Yet it must not be so complex as to 
present excessive numerical or analytical difficulties in application. 

Polynomial equations that are cubic in molar volume offer a compromise 
between generality and simplicity that is suitable to many purposes. Cubic 
equations are in fact the simplest equations capable of representing both liquid 
and vapor behavior. The first general cubic equation of state was proposed by 
J. D. van der Waalst in 1873: 

RT a 
P=---

Y- b y' 
(3.34) 

t Johannes Diderik van der Waals (1837-1923), Dutch physicist who won the 1910 Nobel Prize 
For physics. 

VULUMbTKu....: t"KVt"bKHb:S v .. · I"UKI:i .. 'LUIU:S OJ. 

Here, a and b are positive constants; when they are zero, the ideal-gas equation 
is recovered. 

Given values of a and b for a particular fluid, one can calculate P,as a 
function of V for various values of T. Figure 3.10 is a schematic PV diagram. 
showing three such isotherms. Superimposed is the curve representing states of 
saturated liquid and saturated vapor. For the isotherm T, > T" pressure is a 
monotonically decreasing function with increasing molar volume. The critical 
isotherm (labeled TJ contains the horizontal inflection at C characteristic of the 
critical point. For the isotherm T2 < T" the pressure decreases rapidly in the 
liquid region with increasing Y; after crossing the saturated-liquid line, it goes 
through a minimum, rises to a maximum, and then decreases, crossing the 
saturated-vapor line and continuing into the vapor region. Experimental isotherms 
do not exhibit this smooth transition from the liquid to the vapor region; rather, 
they contain a horizontal segment within the two-phase region where saturated 
liquid and saturated vapor coexist in varying proportions at the saturation or 

P 

P"''' 

V'"'(Iiq) 

Figure 3.10 Isothenns as given by a cubic equation of state. 
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vapor pressure. This behavior, shown by the dashed line of Fig. 3.10, cannot be i 

represented analytically, and we accept as inevitable the unrealistic behavior of 
equations of state in the two-phase region.. . .. 

Actually, the PV behavior predicted in thIs regIOn by proper cubIc equatIOns 
of state is not wholly fictitious. When the pressure is de~reased on saturated 
liquid devoid of vapor-nucleation sites in a carefully controlled experiment, 
vaporization does not occur, and the liquid phase persists alone to pressures w~1l 
below its vapor pressure. Similarly, raising the pressure on a saturated vapor In 

a suitable experiment does not cause condensation, and the vapor persists alone 
to pressures well above the vapor pressure. These nonequilibrium or metastable 
states of superheated liquid and subcooled vapor are approximated by those 
portions of the PV isotherm which lie in the two-phase region adjacent to the 
saturated-liquid and saturated-vapor states. 

The modem development of cubic equations of state started in 1949 with 
publication of the Redlich/Kwong equation:t 

RT 
P=-

V-b 

a 
(3.35) 

This equation, like other cubic equations of state, has three volume roots, of 
which two may be complex. Physically meaningful values of V are always real, 
positive, and greater than the constant b. With reference to Fig. 3.10, we see that 
when T> To. solution for V at any positive value of P yields only one real 
positive root. When T = To. this is also true, except at the critical pressure, where 
there are three roots, all equal to V,. For T < To. there is but one real positive 
root at high pressures, but for a range of lower pressures three real positive roots 
exist. Here, the middle root is of no significance; the smallest root is a liquid or 
Iiquidlike volume, and the largest root is a vapor or vaporlike volume. The 
volumes of saturated liquid and saturated vapor are given by the smallest and 
largest roots when P is the saturation or vapor pressure. 

Although one may solve explicitly for the roots of a cubic equation of state, 
in practice iterative procedures are more often used. These are practical only 
when they converge on the desired root. Complete assurance in this regard cannot 
be given, but the following schemes are usually effective for the Redlich/Kwong 
equation. 

Vapor Volumes 

Equation (3.35) is multiplied through by (V - b)/ P to give 

RT a(V-b) 
V - b = p- TI/2pV(V+ b) (3.36) 

tOtto Redlich and J. N. S. Kwong, Chem. Rev .• 44: 233, 1949. 
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For iteration, we write 

RT a(Vj-b) 
Vj+1 = p+ b - T I / 2pVj(Vj + b) (3.37) 

The ideal-gas equation provides a suitable initial value, Vo = RT/ P. 

Liquid Volumes 

Equation (3.35) is put into standard polynomial form: 

3 RT 2 (2 bRT a) ab V --V - b +-r--- V---=O P P PTI/2 PTI/2 

An iteration scheme results when this is written 

I ( 3 RT 2 ab) 
~+l = ~ Vi - P Vi - Pfl/2 (3.38) 

where 

2 bRT a 
c = b +-p- PTI/2 (3.39) 

For an initial value, take Vo = b. 
The constants in an equation of state may of course be evaluated by a fit to 

available PVT data. For simple cubic equations of state, however, suitable 
estimates come from the critical constants T, and Po. Since the critical isotherm 
exhibits a horizontal inflection at the critical point, we may impose the mathemati
cal conditions: 

(ap) _ (a2 p) -0 
aV T;cr - ay2 T;cr -

where the SUbscript cr indicates application at the critical point. Differentiation 
of Eq. (3.34) or Eq. (3.35) yields expressions for both derivatives, which may be 
equated to zero for P = Po. T = To. and V = V,. The equation of state may itself 
be written for the critical conditions, providing three equations in the five constants 
P" V" To. a, and b. Of the several ways to treat these equations, experience 
shows the most suitable to be elimination of V, to yield expressions relating a 
and b to P, and T,: 

The van der Waals equation 

The Redlich/ Kwong equation 

a 
0.42748R 2 T;·' 

P, 
(3.40) 



84 INTRODUCTION TO CHEMICAL ENGINEERING THERMODYNAMICS 

b = 0.08664RT, 
P, 

(3.41) 

Although these equations may not yield the best possible values, they give values 
that are reasonable and which can almost always be determined, because critical 
temperatures and pressures (in contrast to extensive PVT data) are usually known. 
A list of values of T, and P, is provided in App. B. 

The inherent limitations of cubic equations of state are discussed by Abbott. t 
Equations of greater overall accuracy are necessarily more complex, as is illus
trated by the Benedict/Webb/Rubin equation: 

RT BoRT - Ao - Co/T2 bRT - a 
P=-y+ y2 + y' 

+ '; + Y'CT2 ( 1+ ;2) exp ~; (3.42) 

where Ao, Bo, Co, a, b, c, a, and yare all constants for a given fluid. This equation 
and its modifications, despite their complexity, are widely used in the petroleum 
and natural-gas industries for light hydrocarbons and a few other commonly 
encountered gases. 

Example 3.7 Given that the vapor pressure of methyl chloride at 60·C is 13.76 bar, 
use the Redlich/Kwong equation to calculate the molar volumes of saturated vapor 
and saturated liquid at these conditions. 

SOLUTION We evaluate the constants a and b by Eqs. (3.40) and (3.4\) with values 
of Tc and Pc taken from App. B: 

(0.42748)(83.14?( 416.3?·s 
a = 66.8 

= 1.56414 x 10' cm6 bar mol-2 KI/2 

and 
(0.08664)(83.14)(416.3 ) 

b = 66.8 
44.891 em' mol-' 

For evaluation of the molar volume of saturated vapor, we substitute known 
values into Eq. (3.37); this gives 

622,784(V, - 44.891) 
V,+I = 2,057.83 -~ v, + 44.891 

Iteration starts with Vi = Vo = RT / P = 2,012.94 em3 mol-I, and continues to conver
gence on the value 

v = 1,712 em3 mol-1 

The experimental result is 1,635.6 em3 mol-I. 

t M. M. Abbott. AIChE 1.,19: 596,1973; Adv. in Chem. Series 183, pp. 47-70, Am. Chem. Soc., 
Washington, D.C., 1979. 
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For evaluation of the molar volume of saturated liquid, we substitute known 
values into Eqs. (3.38) and (3.39); the resulting equation is 

V! - 2,012.94 vi - 2.79573 x 10' 
V,+I = -530405 , 

Iteration starts with Vi = Vo = b = 44.891 cm3 mol-I, and continues to convergence 
on the value 

V = 71.34 cm3 mol- I 

The experimental result is 60.37 cm3 mol-I. 

3_6 GENERALIZED CORRELATIONS FOR GASES 

An alternative form of the Redlich/Kwong equation is obtained by multiplication 
of Eq. (3.35) by Y / RT: 

where 

h "'.!: = b bP 
Y ZRT/P ZRT 

Elimination of a and b in these equations by Eqs. (3.40) and (3.41) gives 

Z __ 1 __ 4.9340 (_h_) 
- I - h T~'s 1+ h (3.43a) 

h = 0.08664P, 
ZT, 

(3.43b) 

where T, '" T / T, and P, '" P / P, are called reduced temperature and reduced 
pressure. 

This pair of equations is arranged for convenient iterative solution for the 
compressibility factor Z for any gas at any conditions T, and P,. For an initial 
value of Z = I, h is calculated by Eq. (3.43b). With this value of h, Eq. (3.43a) 
yields a new value of Z for substitution into Eq. (3.43b). This procedure is 
continued until a new iteration produces a change in Z less than some small 
preset tolerance. The process does not converge for liquids. 

Equations of state which express Z as a function of T, and P, are said to 
be generalized, because of their general applicability to all gases. An alternative 
to the use of an equation is a graph of Z vs. P, which shows isotherms for various 
values of T,. Such a generalized chart can be prepared from a generalized equation; 
alternatively, the isotherms may be drawn to provide the best fit of experimental 
PVT data for various gases. The advantage of a generalized correlation is that 
it allows the prediction of property values for gases from very limited information. 
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For use of the generalized Redlich/Kwong equation one needs only the critical 
temperature and critical pressure of the gas. This is the basis for the two-parameter 
theorem of corresponding states: All gases, when compared at the same reduced 
temperature and reduced pressure, have approximately the same compressibility 
factor, and all deviate from ideal-gas behavior to about the same degree. 

Although use of an equation based on the two-parameter theorem of corre
sponding states provides far better results in general than the ideal-gas equation, 
significant deviations from experiment still exist for all but the simp/efluids argon, 
krypton, and xenon. Appreciable improvement results from the introduction of 
a third corresponding-states parameter, characteristic of molecular structure; the 
most popular such parameter is the acentric factor w, introduced by K. S. Pitzer 
and coworkers.t 

The acentric factor for a pure chemical species is defined with reference to 
its vapor pressure. Since the logarithm of the vapor pressure of a pure fluid is 
approximately linear in the reciprocal of absolute temperature, we may write 

d log p~at 
=a 

dOlT,) 

where p~at is the reduced vapor pressure, Tr is the reduced temperature, and a 
is the slope of a plot of log P:"' vs. 1/ T,. If the two-parameter theorem of 
corresponding states were generally valid, the slope a would be the same for all 
pure fluids. This is observed not to be true; each fluid has its own characteristic 
value of a, which could in principle serve as a third corresponding-states pa
rameter. However, Pitzer noted that all vapor-pressure data for the simple fluids 
(Ar, Kr, Xe) lie on the same line when plotted as log p:at vs. 1/ T, and that the 
line passes through log p:at = -1.0 at T, = 0.7. This is illustrated in Fig. 3.11. 
Data for other fluids define other lines whose locations can be fixed in relation 
to the line for the simple fluids (SP) by the difference: 

log P:"'(SP) -log P:"' 

The acentric factor is defined as this difference evaluated at T, = 0.7: 

w ~ -1.0 -log (P:·'k~o.7 (3.44) 

Therefore w can be determined for any fluid from T" P" and a single vapor
pressure measurement made at T, = 0.7. Values of wand the critical constants 
T" P" and V, for a number of fluids are listed in App. B. 

The definition of w makes its value zero for argon, krypton, and xenon, and 
experimental data yield compressibility factors for all three fluids that are corre
lated by the same curves when Z is represented as a function of T, and P,. Thus 
the basic premise of the three-parameter theorem of corresponding states is that 
all fluids having the same value of w have the same value of Z when compared 
at the same T, and P,. 

t The work of Pitzer et a1. is fully described in G. N. Lewis and M. Randall, Thermodynamics, 
2d ed., revised by K. S. Pitzer and L. Brewer, App. I, McGraw-Hill, New York, 1961. 
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Figure l.U Approximate temperature dependence of reduced vapor pressure. 

The correlation for Z developed by Pitzer and coworkers takes the form 

Z=Zo+wZ' (3.45) 

where ZO and Z' are complex functions of both T, and P,. When w = 0, as is 
the case for the simple fluids, the second term disappears, and ZO becomes 
identical with Z. Thus a generalized correlation for Z as a function of T, and P, 
based on data for just argon, krypton, and xenon provides the relationship 
ZO = pO(T" P,). This function is plotted in Figs. 3.12 and 3.13. 

Equation (3.45) is a simple linear relation between Z and w for given values 
of T, and P,. Experimental data for Z for the nonsimple fluids plotted vs. w at 
constant T, and P, do indeed yield straight lines, and their slopes provide values 
for Z' from which the generalized function Z' = f'(T" P,) can be constructed. 
The result is provided by Figs. 3.14 and 3.15. 

Figures 3.12 and 3.13 for ZO, based on data for the simple fluids, provide a 
complete two-parameter corresponding-states correlation for Z. Since the second 
term of Eq. (3.45) is a relatively small correction to this two-parameter correlation, 
its omission does not introduce large errors. Thus Figs. 3.12 and 3.13 may be 
used alone for quick but less precise estimates of Z than are obtained from the 
complete three-parameter correlation. 

The Pitzer correlation provides reliable results for gases which are nonpolar 
or only slightly polar; for these, errors of no more than 2 or 3 percent are indicated. 
When applied to highly polar gases or to gases that associate, larger errors can 
be expected. 

A disadvantage of the generalized compressibility-factor correlation is its 
graphical nature, but the complexity of the functions ZO and Z' precludes their 
general representation by simple equations. However, we Can give approximate 
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Figure3.13 Generalized correlation for Zoo p~ > 1.0. (Based on data o/B.1. Lee and M. O. Kesler, ibid.) 

analytical expression to these functions for a limited range of pressures. The 
basis for this is Eq. (3.31), the simplest form of the virial equation, which may 
be written 

Z=l+-=l+ --BP (BP,) P, 
RT RT, T, 

(3.46) 

Thus, Pitzer and coworkers proposed a second correlation, which expresses the 
quantity BP,/ RT, as 

BP, = BO + .,B I 

RT, (3.47) 
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Combination of Eqs. (3.46) and (3.47) gives 

Z = I + BO P, + wB' P, 
Tr Tr 

Comparison of this equation with Eq. (3.45) provides the following identifications: 

and 

ZO = I + B O P, 
T, 

Z' = B' P, 
T, 

Second virial coefficients are functions of temperature only, and similarly B
O 

and 
B' are functions of reduced temperature only. They are well represented by the 
following simple equations:t 

o 0.422 
B = 0.083 - T L6 , 

(3.48) 

, 0.172 
B = 0.139 - T 4.2 , 

(3.49) 

The simplest form of the virial equation has validity only at low to moderate 
pressures where Z is linear in pressure. Thus as shown by the preceding equations, 
the generalized virial-coefficient correlation is appropriate only at low to moderate 
reduced pressures where ZO and Z' are at least approximately linear functions 
of reduced pressure. Examination of Figs. 3.12 through 3.15 suggests where this .. 
is true, but we also provide in Fig. 3.16 a graph showing lines of constant percent 
deviation between ZO as given by the virial-coefficientcorrelation and ZO as 
given by the compressibility-factor correl,.tion. The minor contributions of devi
ations in Z' are here neglected. In view of the uncertainty associated with any· 
generalize.d correlation, a deviation of I or 2 percent in ZO is not significant. 

The relative simplicity of the generalized virial-coefficient correlation does 
much to recommend it. Moreover, the temperatures and pressures of most· 
chemical-processing operations lie within the region where it does not deviate 
by a significant amount from the compressibility-factor correlation. Like the 
parent correlation, it is most accurate for nonpolar species and least accurate for 
highly polar and associating molecules. 

Example 3.8 Determine: the molar volume of n-butane at 510 K and 25 bar by each 
of the following: 

(a) The ideal-gas equation. 
(b) The generalized compressibility-factor correlation. 
(c) The generalized virial-coefficient correlation. 

t M. M. Abbott, personal communication. 
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Figure 3.16 Plot o~ !, vs. P, ~howing lines of constant percent deviation between values of ZO as 
calculated by the vinal-coeffiCient correlation and by the compressibility-factor correlation. 

SOLUTION 

(a) By the ideal-gas equation, 

RT (83.14)(510) v=-= = I 696 I cm'mol-' 
P 25 " 

(b) Taking values of T, and P, from App. B, we find: 

T-~-I 25 
, - 425.2 - .198 P, = 38.0 = 0.658 

Figures 3.12 and 3.14 then provide: 

ZO = 0.865 Z, = 0.Q38 

Thus, by Eq. (3.45) with w = 0.193, 

Z = ZO + wZ I = 0.865 + (0.193)(0.038) = 0.872 

and 

v = ZRT = (0.872)(83.14)(510) 

P 25 
1,479.0 cm3 morl 

If we ~ke Z = Zo = 0.865, in accord with the two-parameter corresponding states 
correla~lOn, then V = 1,467.1 cm3 mol-I, which is less than I percent lower than the 
value given by the three-parameter correlation. 

(c) Values of HO and HI are given by Eqs. (3.48) and (3.49): 

HO = -0.233 HI = 0.059 
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By Eq. (3.47) 

BP, = BO + WBI = -0.233 + (0.193)(0.059) = -0.222 
RT, 

Then by Eq. (3.46), 
0.658 

Z = I + (-0.222) -- = 0.878 
1.198 

from which we find V = 1.489.1 cm3 mOrl. a value less than I percent higher than 
that given by the compressibility-factor correlation. For comparison, the experimental 
value is 1,480.7. 

Example 3.9 What pressure is generated when l(lb mol) of methan~ is stored in a 
volume of 2(ft)' at 122(OF)? Base calculations on each of the followmg: 

(a) The ideal-gas equation. 
(b) The Redlich/Kwong equation. 
(c) A generalized correlation. 

SOLUTION 
(a) By the ideal-gas equation, 

RT (0.7302)(122 + 459.67) 212.4(atm) 
P=V= 2 

(b) For the Redlich/Kwong equation, we calculate values of a and b by Eqs. 
(3.40) and (3.41): 

and 

a = (0.42748)(0.7302)'(343.1)'.5 1O,945.4(atm)(ft)6(R)I/2 
45.4 

= (0.08664)(0.7302)(343.1) = 0.4781(ft)' 
b 45.4 

where values of T, and P, from App. B have been converted to (R) and (atm). 
Substitution of known values into Eq. (3.35) now gives: 

P 
(0.7302)(581.67) 10,945.4 = 187.5(atm) 

2 - 0.4781 (581.67)1/'(2)(2 + 0.4781) 

(c) Since the pressure here is high, the generalized compressib~lity-~actor correla
tion is the proper choice. In the absence of a known value for P,.. an IteratIve procedure 
is based on the following equation: 

P = ZRT = Z(0.7302)(581.67) = 212.4Z 
V 2 

Since P = P.J'~ = 45.4P,.. this equation becomes 

or 

= 45.5P, = 0.2138P 
Z 212.4 ' 

Z 
P, = 0.2138 
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One now assumes a starting value for Z. say Z = 1. This gives Pr = 4.68, and 
allows a new value of Z to be calculated by Eq. (3.45) from values read from Figs. 
3.13 and 3.15 at the reduced temperature of T, = 581.67/343.1 = 1.695. With this new 
value of Z, a new value of P~ is calculated. and the procedure continues until no 
significant change occurs from one step to the next. The final value of Z so found is 
0.885 at P~ = 4.14. This may be confirmed by substitution of values for ZO and ZI 
from Figs. 3.13 and 3.15 read at P, = 4.14 and T, = 1.695 into Eq. (3.45). Since 
(J) = 0.007. we have 

Z = ZO + wZ I = 0.884 + (0.007)(0.25) = 0.885 

and 

P ZRT (0.885)(0.7302)(581.67) () 
= V r 2 = 188.9 atm 

Since the acentric factor is here so small, the two- and three-parameter compressi
bility-factor correlations are little different. Both the Redlich/Kwong equation and 
the generalized compressibility-factor correlation give answers very close to the 
experimental value of 185(atm). The ideal-gas equation yields a result that is high by 
14.6 percent. 

Example 3.10 A mass of 500 g of gaseous ammonia is contained in a 30,OOO-cm3 

vessel immersed in a constant-temperature bath at 65°C. Calculate the pressure of 
the gas by each of the following: 

(a) The ideal-gas equation. 
(b) The Redlich/Kwong equation. 
(c) A generalized correlation. 

SOLUTION The molar volume of ammonia in the vessel is given by 

V' V' 
V=-=--

n m/M 

where n is the total number of moles and m is the mass of ammonia in the vessel of 
total volume V' and M is the molar mass of ammonia. Thus 

V 
30,000 

500/17.02 = 1,021.2 em' mol-I 

(a) By the ideal-gas equation, 

P = RT (83.14)(65 + 273.15) = 27.53 bar 
V 1,021.2 

(b) For application of the Redlich/Kwong equation. we first evaluate a and b 
by Eqs. (3.40) and (3.41): 

and 

112.8 

b = (0.08664)(83.14)(405.6) 25.90 em' 
112.8 
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where values of Tc and Pc are from App. B. Substitution of known values into Eq. 
(3.35) now gives: 

P 
(83.14)(338.15) 
1,021.2 - 25.9 

= 23.83 bar 

8.679 x 10' 
(338.15)1/'(1,021.2)(1,021.2 + 25.9) 

(c) Since the reduced pressure here is low (=0.2), we use the generalized 
virial-coefficient correlation. For a reduced temperature of Tr = 338.15/405.6 = 0.834, 
values of B O and BI as given by Eqs. (3.48) and (3.49) are 

BO = -0.482 B 1 = -0.232 

Substitution into Eq. (3.47) with w = 0.250 yields 

and 

BP, = -0.482 + (0.250)( -0.232) = -0.540 
RT, 

B = -0.540RT, -(0.540)(83.14)(405.6) -161.4cm'mol-1 
P, 112.8 

Solving Eq. (3.3 1) for P, we obtain 

P = ~ = (83.14)(338.15) = 23.77 bar 
V - B 1,021.2 + 161.4 

An iterative solution here is not necessary, because B is independent of P. 
We can use this result to check our initial assumption as to the adequacy of the 

generalized virial-coefficient correlation. At the calculated reduced pressure of Pr = 
23.77/112.8 = 0.211, values for ZO and Zl from Figs. 3.12 and 3.14 are 

ZO = 0.867 Zl = -0.092 

Whence 

Z = 0.867 - (0.250)(0.092) = 0.844 

from which we find P = 23.24 bar. An additional iteration produces no further 
refinement of this result, which is just over 2 percent lower than the value calculated 
by the virial-coefficient correlation. 

Experimental data indicate that the pressure is 23.82 bar at the given conditions. 
Thus the ideal-gas equation yields an answer that is high by about 15 percent, whereas 
the other two methods give answers in substantial agreement with experiment, even 
though ammonia is a polar molecule. 

3.7 GENERALIZED CORRELATIONS FOR LIQUIDS 

Although the molar volumes of liquids can be calculated by means of generalized 
cubic equations of state, the results are not of high accuracy. However, generalized 
equations are available for the calculation of molar volumes of saturated liquids. 

The following equation, proposed by Rackett, t is an example: 
ysat = YcZ~I-T.)O.28S7 (3.50) 

The only data required are the critical constants, given in App. B. Resul\S are 
usually accurate to I or 2 percent. 

Lydersen, Greenkom, and Hougen:j: developed a general method for estima
tion of liquid volumes, based on the principle of corresponding states. It applies 
to liquids just as the two-parameter compressibility-factor correlation applies to 
gases, but is based on a correlation of reduced density as a function of reduced 
temperature and pressure. Reduced density is defined as 

(3.51) 

where p, is the density at the critical point. The generalized correlation is shown 
in Fig. 3.17. This figure may be used directly with Eq. (3.51) for determination 
of liquid volumes if the value of the critical volume is known. A better procedure 
is to make use of a single known liquid volume (state I) by the identity, 

where V, = required volume 
VI = known volume 

V -V p" ,- 1 
p~ 

(3.52) 

p", p~ = reduced densities read from Fig. 3.17 

This method gives good results and requires only experimental data that are 
usually available. Figure 3.17 makes clear the increasing effects of both tem
perature and pressure on liquid density as the critical point is approached. 

Example 3.11 (a) Estimate the density of saturated liquid ammonia at 310 K. 
(b) Estimate the density of liquid ammonia at 310 K and 100 bar. 

SOLUTION 
(a) We apply tbe Rackett equation at the reduced temperature, 

310 
T = -- = 0.7643 

, 405.6 

Witb . V, = 72.5 and Z, = 0.242 (from App. B), we get 
vsat = YcZ~I-T.)O.28H = (72.5)(0.242)(O.2357)O.28S7 

ysat = 28.35 cm3 mol- l 

This compares with the experimental value of 29.14 cm3 mor l
, and is in error by 

2.7 percent. 

t H. G. Rackett, 1. Chem. Eng. Data, IS: 514, 1970; see also C. F. Spencer and S. B. Adler, ibid., 
13: 82, 1978 for a review of available equations. 

:j: A. L. Lydersen, R. A. Greenkom, and O. A. Hougen, "Generalized lbennodynamic Properties 
of Pure Fluids," Univ. Wisconsin, Eng. Expt. Sta. Rept. 4, 1955. 
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(b) The reduced conditions are 

T, ~ 0.764 
100 

P, ~ 112.8 ~ 0.887 

From Fig. 3.17, we have Pr- = 2.38. Substituting this value along with Vc into Eq. 
(3.51) gives 

Vc 72.5 3 I 
V~-~-~30.5em mol

p, 2.38 

In comparison with the experimental value of 28.6 em3 mol-I, this result is in error 
by 6.6 percent. 

If we start with the experimental value of 29.14 cm3 mor l for saturated liquid 
at 310 K, Eq. (3.52) may be used. For the saturated liquid at T, ~ 0.764, we find from 
Fig. 3.17 that P" ~ 2.34. Substitution of known values into Eq. (3.52) gives 

V2 ~ VI P" ~ (29.14)(2.34) ~ 28.65 em' mol-I 
Po 2.38 

This result is in essential agreement with the experimental value. 

PROBLEMS 

3.1 An incompressible fluid is contained in an insulated cylinder fitted with a frictionless piston. Can 
energy as work be transferred to the fluid 1 What is the change in internal energy of the fluid when 
the pressure is increased from PI to P2? 

3.2 Express the volume expansivity and the isothermal compressibility as functions of density p and 
its partial derivatives. For water at SO"C and I bar, K = 44.18 x 1O-6'bar- l

• To what pressure must 
water be compressed at SO"C to change its density by I percent? Assume that Ie is independent of P. 

3.3 Five kilograms of liquid carbon tetrachloride undergo a mechanically reversible, isobaric change 
of state at 1 bar during which the temperature changes from 0 to 20°C. Determine a vr

, W. Q, aH r
, 

and aur• The following properties for liquid carbon tetrachloride at 1 bar and O°C may be assumed 
independent of temperature: f3 = 1.2 X 10-3 K- I

, Cp = 0.84 kJ kg-I K- I. The density atO°C and I bar 
is I,~~O kg m-3

• 

3.4 Ode'mole of an ideal gas, Cp = (7/2)R and Cv = (S/2)R. expands from PI = 10 bar and 
VI = O.OOS m3 to P2 = I bar by each of the following paths: 
(a) Constant volume. 
(b) Constant temperature. 
(c) Adiabatically. 
Assuming mechanical reversibilit~, calculate W. Q, a u, and aH for each process. Sketch each pa~h 
on a single PV diagram. 

3.S An ideal gas, Cp = (S/2)R and Cv = (3/2)R. is changed from PI = 1 bar and Vi = 10m3 to 
P2 = lObar and V~ = I m3 by the following mechanically reversible processes: 
(a) Isothermal compression. 
(b) Adiabatic compression followed by cooling at constant pressure. 
(c) Adiabatic compression followed by cooling at constant volume. 
(d) Heating at constant volume followed by cooling at constant pressure. 
(e) Cooling at constant pressure followed by heating at constant volume. 
Calculate Q, W. a ur

, and aH I for each of these processes, and sketch the paths of all processes on 
a single PV diagram. 

3.6 A rigid, nonconducting tank with a volume of 4 ml is divided into two equal parts by a thin 
membrane. On one side of the membrane the tank contains nitrogen gas at S bar and 80°C, and the 
other side is a perfect vacuum. The membrane ruptures and the gas fills the tank. What is the final 
temperature of the gas? How much work is done? Is the process reversible? Describe a reversible 
process by which the gas can be returned to its initial state. How much work is done? Assume nitrogen 
an ideal gas for which Cp = (7/2)R and Cv = (S/2)R. 

3.7 An ideal gas, Cp = (7/2)R and Cv = (S/2)R. undergoes the following mechanically reversible 
changes in a series of nonflow processes: 
(a) Prom an initial state of 104(OP) [40°C] and 21.7S(psia) [ISO kPa], it is compressed adiabatically 

to 87(psia) [600kPa]. 
(b) It is then cooled to 104(OF) [40"C] at a constant pressure of 87(psia) [600kPa]. 
(c) Finally, the gas is expanded isothermally to its original state. 
Calculate Q, W. au, and aH for each of the three processes and for the cycle. 

Repeat these calculations for exactly the same changes of state accomplished irreversibly with 
an efficiency for each process of 80 percent compared with the corresponding mechanically reversible 
process. 

3.8 One cubic meter of an ideal gas at SOO K and 2,000 kPa expands to ten times its initial volume 
as follows: 
(a) By a mechanically reversible, isothermal process. 
(b) By a mechanically reversible, adiabatic process. 
(c) By an adiabatic, irreversible process in which expansion is against a restraining pressure of 

IOOkPa. 
Por each case calculate the final temperature, pressure, and the work done by the gas. Cp = 
21 Jmol- I K-1• 

3.9 A perfectly insulated, rigid cylinder of O.5_ml volume is divided in half by a weightless, frictionless 
piston of high thermal conductivity that is initially held in place by latches. An ideal gas at 100 kPa 
and 300 K is on one side of the piston and the same ideal gas at 900 kPa and 300 K is on the other. 

(a) What are the final equilibrium temperature and pressure after release of the piston? 



(b) Suppose a rod attached to the piston extends through an end of the cylinder and acts 
a constant resisting force equivalent to 100 ~Pa. What are the final equilibrium T and P upon 
of the pistofl if C v = (Sj2)R? 

3.10 One pound mole ofair, initilllly at 24S(OF) [120°C] and S(atm) [S.II bar]. undergoes the foUowins 
mechanically reversible changes. It expands isothermally to a pressure such that when it is 
at constant volume to 6S(OP) [20°C] its final pressure is 3(atm) [3.04 bar]. If air is assumed an . 
gas for which Cp ~ (7/2)R and Cy ~ (5/2)R, calculate W, Q. t.U. and t.H. 

3.11 An ideal gas is Dowing in steady state through a horizontal tube. No heat is added and no 
work is done. The cross· sectional area of the tube changes with length, and this causes the velocity , 
to change. Derive an equation relating the temperature to the velocity of the gas. If nitrogen at I400C 
Dows past one section of the tube at a velocity of 2 m s -I, what is its temperature at another section, 
where its velocity is 4Oms- l ? Cp = (7j2)R. 

3.12 One mole of an ideal gas, initially at 40°C and I bar, is changed to 120°C and IS bar by three 
different mechanically reversible processes: 
(a) The gas is first hellted at constant volume until its temperature is 120°C; then it is compressed 

isothermal~y until its pressure is IS bar. 
(b) The gas is first heated at constant pressure until its temperature is 120°C; then it is compressed 

isothermally to IS bar. 
(c) The gas is first compressed isothermally to IS bar; then it is heated at constant pressure to 1200c. 
Calculate Q. W. l1U, and tJ.H in each case. Take Cp = (7/2)R and Cv = (Sj2)R. Repeat, with 
Cp ~ (5/2)R and Cy ~ (~/2)R. 

3.13 One mole of an ideal gas, initially at 20°C and 1 bar, undergoes the following mechanically 
reversible changes. It is compressed isothermally to a point such that when it is heated at constant, 
volume to 100°C its final pressure is lObar. Calculate Q, W. tJ.U, and tJ.H for the process. Take 
Cp ~ (7/2)R and Cy ~ (5/2)R. 

3.14 Figure P3.14 depicts two mechanically reversible processes undergone by I mol of an ideal gas. 
Curves Ta and Tb are isotherms, paths 2·3 and S·6 are isobars, and paths 3·1 and 6·4 are at constant . 
volume. Show that Wand Q are the same for processes 1·2·3·1 and 4-S·6-4. ' 

p 

T. 

T, 

v 

Figure 1'3.14 
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3.15 A particular quantity of an ideal gas [Cv = (Sj2)R] undergoes the following mechanically 
reversible steps that together form a cycle. The gas, initially at I bar and 300 K, is compressed 
isothermally to 3 bar. It is thtm heated at constant P to a temperature of 900 K. Finally, it is cooled 
at constant volume to its initial state with the extraction of 1,3OQ J as heat. Determine Q and W for 
each step of the cycle and for the complete cycle. 

3.16 An existing process consists of two steps: 
(a) One mole of air at TI = 900 K and PI = 3 bar is cooled at constant volume to T2 = 300 K. 
(b) The air is then heated at constant pressure until its temperature reaches 900 K. 
It is proposed to replace this two-step process by a single isothermal expansion of the air from 900 K 
and 3 bar to some final pressure P. What is the value of P that makes the work of the proposed 
process equal to that of the existing process? Assume mechanical reversibility and treat air as an 
ideal gas with Cp = (7 j2)R and fv = (5/2)R. 

3.17 Derive an equation for the work of mechanically reversible, isothermal compression of I mol 
of a gas from an initial volume VI to a final volume V2 when the equation of state is 

P(V-b)~RT 

where b is a positive constant. 
Derive an equation for the work of mechanically reversible, isothermal compression of I mol 

of a gas from an initial pressure PI to a final pressure P2 when the equation of state is the virial 
expansion [Eq. (3.10)] truncated to 

Z= I+B'P 

How do these two results compare with the corresponding equations for an ideal gas? 

3.18 A substance for which K is a constant undergoes an isothermal, mechanical1y reversible process 
from initial state (Ph VI) to final state (P2, V2), where V is molar volume. 

(a) Starting with the definition of K, show that the path of the process is described by 

V ~ Aexp (-KP) 

where A depends on T only. 
(b) Determine an exact expression which gives the isothermal work done on I mol of this 

constant-K sub~tance when K and the initial and final pressures and molar volumes are known. 

3.19 An empirical equation, PVa = const, where /j is a constant, is sometimes used to relate P and 
V for any mechanically reversible process. Assuming the validity of this equation for an ideal gas, 
show that 

RT, [ (P,)'Hl/'] W~-- 1- -
/j-I PI 

If the process is isothermal. /j = I. Show that this equation reduces in this case to the isothermal·work 
equation, 

P, 
W=RTln-

P, 

3.20 For methyl chloride at 12SoC the virial coefficients are 

B = -207.5 cm3 mol- 1 

C = IS,2oo cm6 mol-2 

Calculate the work of mechanically reversible, isothermal compression of I mol of methyl chloride 
from I bar to 60 bar at 12SoC. Base calculations on the following forms of the virial equation: 

(a) 

(b) 

B C 
Z=l+-+-

V V' 

Z=I+B'P+C'Jil 
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where 

B 
B'=-

RT 
and 

C-Bl 
C'~-

(RT)' 

Why don't both equations give exactly the same result? 
3.21 Calculate Z and V for methanol vapor at 200°C and 10 bar by the following equations: 
(a) The truncated virial equation (3.33) with the following experimental values of vi rial coefficients: 

B = -219 em3 mol-I C = -17,300 cm6 mol-l 

(b) The truncated virial equation (3.31), with a value of B from the generalized Pitzer correlation. 
(e) The Redlich/Kwong equation, with estimates of a and b from Eqs. (3.40) and (3.41). 

3.22 Calculate Z and V for ethane at 50°C and 12 bar by the following equations: 
(a) The truncated virial equation (3.33) with the following experimental values of vi rial coefficients: 

B = -156.7 cm3 mol- 1 C = 9,650 cm6 mol-l 

(b) The truncated virial equation (3.31), with a value of B from the generalized Pitzer correlation. 
(e) The Redlich/Kwong equation, with estimates of a and b from Eqs. (3.40) and (3.41). 

3.23 Calculate Z and V for sulfur hexafluoride at 100°C and 15 bar by the following equations: 
(a) The truncated virial equation (3.33) with the fonowing experimental values of virial coefficients: 

B = -163.4cm3mol- 1 C = 12,120em6 mol-l 

(b) The truncated virial equation (3.31), with a value of B from the generalized Pitzer correlation. 
(e) The Redlich/Kwong equation, with estimates of a and b from Eqs. (3.40) and (3.41). 
For sulfur hexafluoride, T" = 318 K, Pc = 37.6 bar, V" = 198 cm3 mol-I, and f.I) = 0.286. 

3.24 Detennine Z and V for steam at 250°C and 2,000 kPa by the following: 
(a) The truncated virial equation (3.33) with the following experimental values ofvirial coefficients: 

B = -152.5cm3 mol- 1 C = -5,800 cm6 mol-l 

(b) The truncated virial equation (3.31), with a value of B from the generalized Pitzer correlation. 
(e) The steam tables. 

3.25 Calculate the molar volume of saturated liquid and the molar volume of saturated vapor by the 
Redlich/Kwong equation for one of the following and compare results with values found by suitable 
generalized correlations. 

(a) Propane at 40°C where psat = 13.71 bar. 
(b) Propane at 50°C where pt = 17.16 bar. 
(e) Propane at 60°C where psat = 21.22 bar. 
(d) Propane at 70°C where P"" = 25.94 bar. 
(e) II-Butane at 100°C where pat = 15.41 bar. 
(!) n-Butane at 110°C where psat = 18.66 bar. 
(g) n-Butane at l20°C where pt = 22.38 bar. 
(h) II-Butane at 130°C where psal = 26.59 bar. 
(i) Isobutane at 90°C where pal = 16.54 bar. 
(j) Isobutane at 100°C where psat = 20.03 bar. 
(k) Isobutane at 110°C where p sat = 24.01 bar. 
(I) Isobutane at 120°C where pat = 28.53 bar. 
(m) Chlorine at 60°C where pat = 18.21 bar. 
(n) Chlorine at 70°C where pat = 22.49 bar. 
(0) Chlorine at 80°C where pat = 27.43 bar. 
(p) Chlorine at 90°C where psat = 33.08 bar. 
(q) Sulfur dioxide at 80°C where pat = 18.66 bar. 
(r) Sulfur dioxide at 90°C where psal = 23.31 bar. 
(s) Sulfur dioxide at 100°C where psat = 28.74 bar. 
(t) Sulfur dioxide at lIerc where psat = 35.01 bar. 

3.26 Calculate the following: 
(a) The volume occupied by 20 kg of ethane at 50°C and 30 bar. 
(b) The mass of ethane contained in a 0.3_m3 cylinder at 60"C and 130bar. 

3.27 To a good approximation, what is the molar volume of ethanol vapor at 9OO(OF) [482.2rC] and 
900(psia) [6,206kPa]? How does this result compare with the ideal-gas value? 

3.21 A 0.4_m3 vessel is used to store liquid propane at its vapor pressure. Safety considerations dictate 
that at a temperature of 320 K the liquid must occupy no more than 75 percent of the total volume 
of the vessel. For these conditions, detennine the mass of vapor and the mass of liquid in the vessel. 
At 320 K the vapor pressure of propane is 16.0bar. 

3.29 A l,roo_(ft)3 [28.32_m3] tank contains 500(ft)3 [14.16 m3] of liquid II-butane in equilibrium with 
its vapor at 77(OF) [25°C]. Detennine a good estimate of the mass of II-butane vapor in the tank. 
The vapor pressure of n-butane a\ the given temperature is 2.4O(atm) [2.43 bar]. 

3.30 Calculate the mass of ethane contained in a 0.5_(ft)3 [0.0142-m3] vessel at 14O(OF) [60°C] and 
2,OOO(psia) [13,790 kPaj. . 

If 10(lbm ) [4.54 kg] of ethane is contained in a 0.5_(ft)3 [0.0142_m3] vessel, at what temperature 
does it exert a pressure of 3,OOO(psia) [20,480 kPa]? 

3.31 To what pressure does one fill a 0.I_m3 vessel at 25°C in order to store 25 kg of ethylene in it? 

3.32 If 1 kg of water in a 0.03_m3 container is heated to 45O"C what pressure is developed? 

3.33 A 0.3_m3 vessel holds ethane vapor at 18°C and 2,500 kPa. If it is heated to 200°C, what pressure 
is developed? 

3.34 What is the pressure in a 0.45_m3 vessel when it is charged with 8 kg of carbon dioxide at 40°C? 

3.35 A rigid vessel, filled to one-half its volume with liquid nitrogen at its nonnal boiling point 
(-195.8°C), is allowed to wann to 25°C. What pressure is developed? The molar volume of liquid 
nitrogen at its nonnal boiling point is 34.7 cm3 mol-I. 

3.36 The specific volume of isobutane liquid at 300 K and 4 bar is 1.824 em3 g -I. Estimate the specific 
volume at 400 K and 60 bar. 

3.37 The density of liquid II-pentane is 0.630 g em -3 at 18°C and I bar. Estimate its density at 150°C 
and 100 bar. 

3.38 Estimate the density of liquid ethanol at 190°C and 190bar. 

3.39 Estimate the volume change of vaporization for ammonia at 20°C. At this temperature the vapor 
pressure of ammonia is 857 kPa. 

3.40 PVT data may be taken by the following procedure. A mass m of a substance of molar mass 
M is introduced into a thermostated vessel of known total volume VI. The system is allowed to 
equilibrate, and the temperature T and pressure P are measured. 

(a) Approximately what percentage errors are allowable in the measured variables (m, M, V" T, 
and P) if the maximum allowable error in the calculated compressibility factor Z is ± 1 percent? 

(b) Approximately what percentage errors are allowable in the measured variables if the 
maximum allowable error in calculated values of the second virial coefficient B is ± I percent? Assume 
that Z = 0.9 and that values of B are calculated by Eq. (3.32). 

3.41 For a gas described by the Redlich/Kwong equation [Eq. (3.35)] and for a temperature greater 
than Te , develop expressions for the two limiting slopes, 

(az) lim -
P .... O iJP T (az) lim -

P .... <r> aP T 

The expressions should contain the temperature T and the Redlich/Kwong parameters a and/or b. 
Note that in the limit as P -oJ> 0, V = 00, and that in the limit as P -oJ> 00, V = b. 

3.42 One mole of an ideal gas with constant heat capacities undergoes an arbitrary mechanically 
reversible process. Show that 

1 
I>U ~ --I>(PV) 

y-l 
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3.43 The PVT behavior of a certain gas is described by the equation of state 

P(V-b)~RT 

where b is a constant. If in addition Cv is constant, show that 
(a) U is a function of T only. 
(b) 1~const. 
(c) For a mechanically reversible adiabatic process, P( V - b) l' = const. 

3.44 A certain gas is described by the equation of state 

PV ~ RT+ (b - :T)P 

Here, b is a constant and 6 is a function of T only. For this gas, determine expressions for the 
isothermal compressibility /( and the thermal pressure coefficient (aP / aT) v. These expressions should 
contain only T. P, 6, d6/dT. and constants. 
3.45 Methane gas is stored in a O.t~m3 tank at 1,500kPa and 25°C. Gas is allowed to flow from the 
tank through a partially opened valve into a gas holder where the pressure is constant at 115 kPa. 
When the pressure in the tank has dropped to 750 kPa, calculate: 
(a) The mass of methane in the gas holder if the process takes place slowly enough that the temperature 

is constant. 
(b) The mass of methane in the gas holder and its temperature if the process occurs so rapidly that 

heat transfer is negligible, i.e., there is no heat transfer either between parts of the system or 
between the system and the surroundings. 

(c) Would the answers to part (b) be different if the pressure in the gas holder were 300 kPa'! 
Assume that methane is an ideal gas for which 'Y = 1.31. 

CHAPTER 

FOUR 

HEAT EFFECTS 

Heat transfer is one of the fundamental operations of the chemical industry. 
Consider, for example, the manufacture of ethylene glycol (an antifreeze agent) 
by the oxidation of ethylene to ethylene oxide and its subsequent hydration to 
glycol. The catalytic oxidation process is most effective when carried out at 
temperatures in the neighborhood of 250·C. Therefore the reactants, ethylene 
and air, are heated to this temperature before they enter the reactor, and design 
of the preheater requires calculation of the heat required. The reactions of ethylene 
with oxygen in the catalyst bed are combustion processes that tend to raise the 
temperature. However, heat is removed from the reactor, and the temperature 
does not rise much above 250·C. Higher temperatures promote the production 
of CO2 , an undesired product. Design of the reactor requires knowledge of the 
amount of heat that must be transferred, and this is determined by the heat effects 
associated with the chemical reactions. The ethylene oxide formed is hydrated 
to glycol by absorption in water. This is accompanied by evolution of heat as a 
result of the phase change, the formation of a solution, and the hydration reaction 
between the dissolved ethylene oxide and water. Finally, tilE glycol is recovered 
from the water by distillation, a process requiring vaporization of a liquid and 
reSUlting in the separation of a solution into its components. 

All of the important heat effects are illustrated by this relatively simple 
chemical manufacturing process, In contrast to sensible heat effects, which are 
characterized by temperature changes, the heat effects of chemical reaction, phase 
transition, and the formation and separatipn of solutions are determined from 
experimental measurements made at constant temperature. In this chapter we 
apply thermodynamics to the evaluation of most of the heat effects that accompany 
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physical and chemical operations. However, the heat effects of mixing processes, 
which depend on the thermodynamic properties of mixtures, are treated in 
Chap. 13. 

4.1 SENSIBLE HEAT EFFECTS 

Heat transfer to a system in which there are no phase transitions, no chemical 
reactions, and no changes in composition causes the temperature of the system 
to change. Our object here is to develop relations between the quantity of heat , 
transferred and the resulting temperature change. 

When the system is a homogeneous substance of constant composition, the 
phase rule indicates that fixing the values of two intensive properties establishes, 
its state. The molar or specific enthalpy of a substance may therefore be expressed 
as afunction of two other state variables. Arbitrarily selecting these as'temperature 
and pressure, we write 

H=H(T,P) 
whence 

dH = (aH) dT + (aH) dP 
aT p aP T 

As a result of Eq. (2.21) this becomes 

dH = CpdT+ (aH) dP 
ap T 

The final term may be set equal to zero in two circumstances: 

I. For any constant-pressure process, regardless of the substance. 
2. Whenever the enthalpy of the substance is independent of pressure, regardless 

of the process. This is exactly true for ideal gases and approximately true for 
low-pressure gases, for solids, and for liquids outside the critical region. 

In either case, 

and 

(4.1) 

Moreover, Q = e.H both for mechanically reversible, constant-pressure, nonflow 
processes [Eq. (2.19)] and for the transfer of heat in steady-flow exchangers ' 
where e.Ep and e.EK are negligible and W. = O. 

Similarly, we may express the molar or specific internal energy as a function 
of temperature and molar or specific volume: . 

u= U(T, V) 

HEAT EFFECTS t07 

dU = (au) dT+ (au) dV 
aT y av T 

As a result of Eq. (2.20) this becomes 

dU = CydT + (au) dV 
aV T 

Again, there are two instances{or which the final term may be set equal to zero: 

I. For any constant-volume process, regardless of substance. 
2. Whenever the internal energy is independent of volume, regardless of the 

process. This is exactly true for ideal gases and incompressible fluids. 

In either case, 
dU = CydT 

and 

f
T' 

e.u = CydT 
T, 

(4.2) 

The integrals of Eqs. (4.1) and (4.2), particularly the former, must frequently 
be evaluated. The most common direct engineering application is to steady-flow 
heat transfer where the equation 

f
T, 

Q = e.H = CpdT 
T, 

(4.3) 

often applies. In general, integration requires knowledge of the temperature 
dependence of the heat capacity. 

As shown in Chap. 6, ideal-gas heat capacities, rather than the actual heat 
capacities of gases, are used in the evaluation of thermodynamic properties such 
as internal energy and enthalpy. The reason is that thermodynamic-property 
evaluation is conveniently accomplished in two steps: first, calculation of ideal-gas 
values from ideal-gas heat capacities; second, calculation from PVT data of the 
differences between real-gas and ideal-gas values. A real gas becomes ideal in 
the limit as p ... 0; if it were to remain ideal when compressed to a finite pressure, 
its state would remain that of an ideal-gas. Gases in these hypothetical ideal-gas 
states have properties that reflect their individuality just as do real gases. Ideal-gas 
heat capacities (designated by ct and c\I!) are therefore different for different 
gases; although functions of temperature, they are independent of pressure. 

The temperature dependence may be shown graphically, as illustrated in Fig. 
4.1, where ctl R is plotted vs. temperature for argon, nitrogen, water, and carbon 
dioxide. More commonly, however, temperature dependence is given by an 
empirical equation; the two simplest expressions of practical value are 

C ig 

~ = a + fJT + yT' 
R 
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for the equation CiplR = A + BT+ CT2 + Dr2 T (kelvins) from 298 K to Tmu. 

Chemical species Tmn A 100B I06C lo-sn 

1 Paraffins: 
Methane CH, 1,500 1.102 9.081 -2.164 
Ethane C2H6 1,500 1.131 19.225 -5.561 
Propane C)Hs 1,500 1.213 28.785 -8.824 
"_Butane C4H,o 1,500 1.935 36.915 -11.402 

6 iso-Butane C4H lO 1,500 1.677 37.853 -11.945 
"_Pentane CSH'2 1,500 2.464 45.351 -14.111 
"-Hexane C6 H'4 1,500 3.025 53.722 -16.791 
"-Heptane C7H'6 1,500) 3.570 62.127 -19.486 
n_Octane CsH 18 1,500 8.163 70.567 -22.208 

CO; 
I-AIkenes: 

Ethylene C2H4 1,500 1.424 14.394 -4.392 
R Propylene C)H6 1,500 1.637 22.706 -6.915 

I-Butene C4HS 1,500 1.%7 31.630 -9.873 
I-Pentene CsH,o 1,500 2.691 39.753 -12.447 

4 I-Hexene C6H'2 1,500 3.220 48.189 -15.157 
I-Heptene C7H'4 1,500 3.768 56.588 -17.847 
1-0ctene CSH'6 1,500 4.324 64.960 -20.521 

Miscellaneous organics: 
Acetaldehyde C2H4O 1,000 1.693 17.978 -6.158 

3 Acetylene C2H2 1,500 6.132 1.952 -1.299 
Benzene C6 H6 1,500 -0.206 39.064 -13.301 

Ar 1,3-Butadiene C4H6 1,500 2.734 26.786 -8.882 
Cyclohexane C6 H'2 1,500 -3.876 63.249 -20.928 
Ethanol C2H6O 1,500 3.518 20.001 -6.002 

2 Ethylbenzene CSHIO 1,500 1.124 55.380 -18.476 
500 1000 1500 2000 Ethylene oxide C2H4O 1,000 -0.385 23.463 -9.2% 

TIK Formaldehyde CH,O 1,500 2.264 7.022 -1.877 
Methanol CH40 1,500 2.211 12.216 -3.450 

Figure 4.1 Ideal-gas heat capacities of argon, nitrogen, water, and carbon dioxide as functions of Toluene C7 HS 1,500 0.290 47.052 -15.716 
temperature. Styrene CsHs 1,500 2.050 50.192 -16.662 

Miscellaneous inorganics 

and Air 2,000 3.355 0.575 -0.016 

C ill Ammonia NH, 1,800 3.578 3.020 -0.186 

~ = a + bT + cT-2 Bromine Dr, 3,000 4.493 0.056 -0.154 
R Carbon monoxide CO 2,500 3.376 0.557 -0.031 

Carbon dioxide CO, 2,000 5.457 1.045 -1.157 
where a, (3, and "y and a, b, and c are constants characteristic of the particular Carbon disulfide CS, 1,800 6.311 0.805 -0.906 

gas. With the exception of the last term, these equations are of the same form. Chlorine C1, 3,000 4.442 0.089 -0.344 
Hydrogen H, 3,000 3.249 0.422 0.083 

We therefore combine them to provide a single expression: Hydrogen sulfide H,S 2,300 3.931 1.490 -0.232 

e,g Hydrogen chloride HC1 2,000 3.156 0.623 0.151 

~ = A + BT + eT2 + Dr2 (4.4) Hydrogen cyanide HCN 2,500 4.736 1.359 -0.725 
R Nitrogen N, 2,000 3.280 0.593 0.040 

Dinitrogen oxide N,O 2,000 5.328 1.214 -0.928 
where either e or D is zero, depending on the gas considered. Since the ratio Nitric oxide NO 2,000 3.387 0.629 0.014 

e'tl R is dimensionless, the units of e't are governed by the choice of R. Values Nitrogen dioxide NO, 2,000 4.982 1.195 -0.792 
Dinitrogen tetroxide N20 4 2,000 11.660 2.257 -2.787 

of the constants are given in Table 4.1 for a number of common organic and Oxygen 0, 2,000 3.639 0.506 -0.227 
inorganic gases. More accurate but more complex equations are found in the Sulfur dioxide SO, 2,000 5.699 0.801 -1.015 

literature. t Sulfur trioxide S0, 2,000 8.060 1.056 -2.028 
Water H,O 2,000 3.470 1.450 0.121 

t See C. A Passut and R. P. Danner,lnd. Eng. Chern. Proc. Des. Dev., 11: 543, 1972; P. K. Huang t Selected from H. M. Spencer, Ind. Eng. Chern., 40: 2152, 1948; K. K.. Kelley, U.S. Bur. Mines 
and T. E. Daubert, Ibid., 13: 193, 1974. BUlL, 584, 1960; L. B. Pankratz, U.S. Bur. Mines Bull., 672, 1982. 
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As a result of Eq. (3.17), the two ideal-gas heat capacities are related: 

c~ cip 
-=--1 
R R 

(4.5) 

Thus the temperature dependence of C'e/ R is readily found from the equation, 
for c'f,/ R. 

The effects of temperature on cip or C~ are determined by experiment, most 
often from spectroscopic data and knowledge of molecular structure by the , 
methods of statistical mechanics. Where experimental data are not available, 
methods of estimation are employed, as described by Reid, Prausnitz, and 
Sherwood. t Ideal-gas heat capacities increase smoothly with increasing tem- • 
perature toward an upper limit, which is reached when all translational, rota
tional, and vibrational modes of molecular motion are fully excited. 

Although ideal-gas heat capacities are exactly correct for real gases only at 
zero pressure, real gases rarely depart significantly from ideality up to several 
bars, and therefore c'f, and C;~ are usually good approximations for the heat 
capacities qf real gases at low pressures. 

Example 4.1 The constants in Table 4.1 require use of Kelvin temperatures in Eq. 
(4.4). Equations of the same fonn may also be developed for use with temperatures 
in °C, (R), and (OF), but the constants are different. The molar heat capacity of 
methane in the ideal-gas state is given in Table 4.1 as 

e ig 

; = 1.702 + 9.081 x 10-3T - 2.164 x IO-'T' 

where T is in kelvins. Develop an equation for eip/ R for temperatures in °C. 

SOLUTION The relation between the two temperature scales is 

T K = tOe + 273.15 
Therefore 

C., 
; = 1.702 + 9.081 x 10-3(/ + 273.15) - 2.164 x IO-'(t + 273.15)' 

or 
e,g 
; = 4.021 + 7.899 x 10-3/ - 2.164 x 10-'/' 

Example 4.2 Calculate the heat required to raise the temperature of I mol of methane 
from 260 to 600°C in a How process at a pressure of approximately 1 bar. 

SOLUTION For the application of Eq. (4.3) when the expression for C1// R is from 
Table 4.1, we need temperatures in kelvins: 

Tl = 533.15 K T, = 873.15 K 

t R. C. Reid, J. M. Prausnitz, and T. K. Sherwood, . The Properties of Gases and Liquids, 3d ed., 
chap. 7, McGraw-Hill, New York., 1977. 

CII::.R.l crrC'-..I:!a ••• 

Then 

f
873.15 

Q = R (1.702 + 9.081 x 10-3 T - 2.164 x IO-'T') dT 
533.15 

Integration gives 

Q = 2,378.8 R = (2,378.8)(8.314) = 19,780J 

The same result is obtained when Eq. (4.3) is applied with the equation developed 
in Example 4.1 for C1// R with temperatures in °C. 

. ) . 
As a matter of convemence. we define a mean heat capacIty: 

T,- T, 
(4.6) 

The subscript "mh" denotes a mean value specific to enthalpy calculations, and 
distinguishes this mean heat capacity from a similar quantity introduced in the 
next chapter. 

When Eq. (4.4), written not just for an ideal gas but in general, is substituted 
for Cp in Eq. (4.6), integration gives: 

C / 
_ C, D 

Pm' R - A + BTam +-(4Tam - T, T,) +--
3 T,T, 

(4.7) 

where Tam'" (T, + T,)/2 is the arithmetic-mean temperature. Thus the integration 
required for evaluation of enthalpy changes has been accomplished, and I1H is 
given by 

I1H = Cpm.(T, - Til 

a result that follows from Eqs. (4.1) and (4.6). 

Example 4.3 Rework Example 4.2, applying Eq. (4.7). 

SOLUTION With values of the constants taken from Table 4.1 and with 

Tam = (533.15 + 873.15)/2 = 703.15 K 

Eq. (4.7) becomes 

cig ;m' = 1.702 + (9.081 x 10-3)(703.15) 

2.164 x 10-' 
3 [(4)(703.15)' - (873.15)(533.15)] 

= 6.997 

By Eqs. (4.3) and (4.8) 

Q = l>.H = (6.997)(8.314)(873.15 - 533.15) = 19,780J 

(4.8) 
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Given T, and T" the calculation of Q or tl.H is straightforward. Less direct . 
is the calculation of T" given T, and Q or tl.H. Here, an iteration scheme is 
useful. Solving Eq. (4.8) for T, gives 

(4.9) 

One assumes an initial value of T, for purposes of calculating CPm, by Eq. (4.7). 
Substitution of the resulting value into Eq. (4.9) provides a new value of T, from 
which to reevaluate Cpm,. Iteration continues in like fashion to convergence on 
a final value of T,. 

Example 4.4 What is the final temperature when 0.4 x 1O'(Btu) are added to 25(Ib mol) 
of ammonia initially at 500(DF) in a steady-flow process at approximately l(atm)? 

SOLUTION If IJ.H is the enthalpy change for l(Ib mol), Q ~ n tl.H, and 

IJ.H ~ Q ~ 0.4 X 10' ~ 16,OOO(Btu)(lbmoo-' 
n 25 

In Eq. (4.9), if tl.H is in (Btu)(lb moO-' and CPm, is in (Btu)(Ib moo-'(R)-', the first 
term on the right has units of (R). On the other hand, T\ and T2 are most conveniently 
expressed in kelvins. We therefore write Eq. (4.9) as 

tl.H 
T ----+ T 

2 - 1.8ci'mh \ 
(A) 

where the divisor 1.8 changes the units of the term to kelvins. 
Substituting the constants for ammonia from Table 4.1 into Eq. (4.7), we get 

With 

and 

'g ( -3 0.186 X 10
5

) C P ~ R 3.578 + 3.020 x 10 T.m (B) 
mh T\ T2 

R ~ 1.986(Btu)(Ib moo-'(R)-' 

T, ~ 500 + 459.67 ~ 533.15 K 
1.8 

~ (533.15 + T') K 
Tam 2 

we may calculate Ci' for any value of T2 • Iteration between Eqs. (A) and (B) starts 
with a value T2 ~ T\ ~~nd converges on the final value, 

T, ~ 1,250.10 K or 1,790.51("F) 

Gas mixtures of constant composition may be treated in exactly the same 
way as pure gases. An ideal gas, by definition, is a gas whose molecules have no 
influence on one another. This means that e.ach gas exists in a mixture independent 
of the others, and that its properties are unaffected by the presence of different . 
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Table 4.2 Heat capacities of solldst 
constants for the equatio;, cPt R = A + BT + DT-2 
T (kelvins) from 298 K to Tmax 

Chemical species Tmax A lO'B IO-sD 

CaO 2,000 6.104 0.443 -1.047 
CaCO) 1,200 12.572 2.637 -3.120 
Ca(OH), 700 9.597 5.435 
CaC2 720 8.254 1.429 -1.042 
CaCI2 1,&5 8.646 1.530 -0.302 
C (graphite) 2,000 1.771 0.771 -0.867 
Cu 1,357 2.677 0.815 0.035 
CuO 1,400 5.780 0.973 -0.874 
Fe(a) 1.043 -0.111 6.111 1.150 
Fe2O) 960 11.812 9.697 -1.976 
Fe)04 850 9.594 27.112 0.409 
FeS 411 2.612 13.286 
I, 386.8 6.481 1.502 
NH4CI 458 5.939 16.105 
Na 371 1.988 4.688 
NaCI 1,073 5.526 1.963 
NaOH 566 0.121 16.316 1.948 
NaHCO) 400 5.128 18.148 
S (rhombic) 368.3 4.114 -1.728 -0.783 
Si02 (quartz) 847 4.871 5.365 -1.001 

t Selected from K. K. Kelley. U.S. Bur. Mines Bull. 584,1960; L. B. Pankratz, U.S. Bur. 
Mines Bull. 672, 1982. 

molecules. Thus One calculates the ideal·gas heat capacity of a gas mixture by 
taking the molar average of the heat capacities of the individual species. Consider 
I mol of gas mixture consisting of species A, B, and C, and let YA, YB, and Yc 
represent the mole fractions of these species. The molar heat capacity of the 
mixture in the ideal-gas state is given by 

C ,g - e·g + C .. + C .. 
PmixlUno - YA PA YB PB Yc Pc (4.10) 

where e'flA , c'fl., and c'flc are the molar heat capaciiies of pure A, B, and C in 
the ideal·gas state. 

As with gases, data for the heat capacities of solids and liquids come from 
experiment. The temperature dependence of Cp for solids and liquids cali also 
be expressed by equations of the form of Eq. (4.4). Data for a few solids are 
given in Table 4.2, and for a few liquids, in Table 4.3. Data for specific heats 
(Cp on a unit-mass basis) of many solids and liquids are given by Perry and 
Green.t 

t R. H. Perry and D. Green, Perry's Chemical Engineers' Handbook. 6th ed., sec. 3, McGraw-Hili, 
New York, 1984. 
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Table 4.3 Heat capacities of liquidst 
Constants for the equation Cp / R = A + BT + CT2 

Tfrom273.IS t0373.IS K 

Chemical species A 10lB 106C 

Ammonia 22.626 -100.75 192.71 
Aniline 15.819 29.03 -15.80 
Benzene -0.747 67.96 -37.78 
l,3-Butadiene 22.711 -87.96 205.79 
Carbon tetrachloride 2l.l55 -48.28 1Ol.l4 
Chlorobenzene 11.278 32.86 -31.90 
Chloroform 19.215 -42.89 83.01 
Cyc10hexane -9.048 141.38 -161.62 
Ethanol 33.866 -172.60 349.17 
Ethylene oxide 21.039 -86.41 172.28 
Methanol 13.431 -51.28 131.13 
n-Propanol 41.653 -210.32 427.20 
Sulfur trioxide -2.930 137.08 -84.73 
Toluene 15.133 6.79 16.35 
Water 8.712 1.25 -0.18 

t Based on correlations presented by J. W. Miller, Jr., O. R. Schorr, and 
C. L. Yaws, Chem. Eng., 83(23): 129, 1976. 

4.2 HEAT EFFECTS ACCOMPANYING PHASE CHANGES 
OF PURE SUBSTANCES 

When a pure substance is liquefied from the solid state or vaporized from the 
liquid at constant pressure, there is no change in temperature but there is a 
definite transfer of heat from the surroundings to the substance. These heat effects 
are commonly called the latent heat of fusion and the latent heat of vaporization. 
Similarly, there are heats of transition accompanying the change of a substance 
from one solid state to another; for example, the heat absorbed when rhombic 
crystalline sulfur changes to the monoclinic structure at 95°C and I bar is 360 J 
for each gram-atom. 

The characteristic feature of all these processes is the coexistence of two 
phases. According to the phase rule, a two-phase system consisting of a single 
species is univariant, and its intensive state is determined by the specification of 
just one intensive property. Thus the latent heat accompanying a phase change' 
is a function of temperature only, and is related to other system properties by 
an exact thermodynamic equation: 

dPS8t 
I!.H= TI!.V-

dT 
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where, for a pure species at temperature T, 
I!.H = latent heal 
I!. V = volume change accompanying the phase change 
pS8t = vapor-pressure 

The derivation of this equation, known as the Clapeyron equation, is given in 
Chap. 6. 

When Eq. (4.11) is applied to the vaporization of a pure liquid, dpn,/ dT is 
the slope of the vapor pressure-vs.-temperature curve at the temperature of 
interest, I!. V is the difference between molar volumes of saturated vapor and 
saturated liquid, and I!.H is the latent heat of vaporization. Thus values of I!.H 
may be calculated from vapor-pressure and volumetric data. 

Latent heats may also be measured calorimetrically. Experimental values are 
available at selected temperatures for many substances. For example, extensive 
lists are given by Perry and Green. t However, such data are frequently unavailable 
at the temperature of interest, and in many cases the data necessary for application 
of Eq. (4.11) are also not known. In this event approximate methods are used 
for estimates of the heat effect accompanying a phase change. Since heats of 
vaporization are by far the most important from a practical point of view, they 
have received most attention. The methods developed are for two purposes: 

I. Prediction of the heat of vaporization at the normal boiling poinU 
2. Estimation of the heat of vaporization at any temperature from the known 

value at a single temperature. 

A useful method for prediction of the heat of vaporization at the normal 
boiling point is the equation proposed by Riedel: § 

I!.H./T. 1.092(ln P, - 1.013) 

R 0.930 - T" 
(4.12) 

where T. = normal boiling point 
I!.H. = molar latent heat of vaporization at T. 

P, = critical pressure, bar 
T" = reduced temperature at T. 

Since I!.H./ T. has the dimensions of the gas constant R, the units of this ratio 
are governed by the choice of units for R. 

Eq. (4.12) is surprisingly accurate for an empirical expression; errors rarely 
exceed 5 percent. Applied to water it gives 

AH / R [1.092(ln 220.5 - 1.013)] '-' T = = 13.52R 
• • 0.930 - 0.577 

t R. H. Perry and D. Green, op. cit., sec. 3. 
=I: The convention with respect to the normal boiling point is that it refers to 1 standard atmosphere, 

defined as 10 1,32S Pa. 
§ L. Riedel, Chem. lng. Tech., 26: 679, 1954. 
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Taking R = 8.314 J mor' K-' and the normal boiling point of water as 100°C 
373.15 K, we get 

llH. = (13.52)(8.314)(373.15) = 41,940 J mor' 

This corresponds to 2,328 J g-', whereas the experimental value is 2,257 J 
the error is 3.2 percent. 

Estimates of the latent heat of vaporization ofa pure liquid at any ternp,,,a·tufl 
from the known value at a single temperature may be based on a known 
mental value or on a value estimated by Eq. (4.12). The method proposed 
Watsont has found wide acceptance: 

llH, (I - T,,)O.38 
llH, = I - To 

This equation is both simple and reliable; its use is illustrated in the follo"'inj 
example. 

Example 4.5 Given that the latent heat of vaporization of water at I ()()OC is 2,257 J 
estimate the latent heat at 300°C. 

SOLUTION Let 

Then by Eq. (4.13), 

IJ.H, = latent heat at 100°C = 2,257 J g-' 

IJ.H, = latent heat at 300°C 

T" = 373.15/647.1 = 0.577 

T" = 573.15/647.1 = 0.886 

(
I - 0 886)°·38 IJ.H, = (2,257) . . = (2,257)(0.270)°·38 
1-0.577 

= 1,371 J g-' 

The value given in the steam tables is 1,406J g-I. 

4.3 THE STANDARD HEAT OF REACTION 

The heat effects so far discussed have lIeen for physical processes. Ct,eouQ! 
reactions also are accompanied by the transfer of heat, by temperaiure chllDiJ' 
during ihe course of reaction, or by both. These effects are manifestations 
differences in molecular s,tructure, and iherefore in energy, of the products 
reactants. For example, the reactants in a combustion reaction possess 

t K. M. Watson, Irut Eng. Chem., 35: 398, 1943. 
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on account of their structure than do the products, and this energy must 
eiiher be transferred to the surroundings as heat or result in products at an 
elevated temperature. 

There are many different ways to carry out each of the vast number of possible 
chemical reactions, and each reaction carried out in a particular way is accom
panied by a particular heat effect. Tabulation of all possible heat effects for all 

, possible reactions is quite impossible. We therefore calculate the heat effects for 
oiher reactions from data for a particular kind of reaction carried out in a standard 
way. This reduces the required data to a minimum. 

The amount of heat required for a specific chemical reaction depends on the 
temperatures of both the reactants and products. A consistent basis for treatment 
of reaction heat effects results when the heat of reaction is defined as the heat 
effect that results when all products and reactants are at the same temperature. 

Consider the flow-calorimeter method for measurement of heats of combus
tion of fuel gases. The fuel is mixed with air at room temperature and ignited. 
Com6ustion takes place in a chamber surrounded by a cooling jacket through 
which water Hows. In addition there is a long water-jacketed section in which 
the products of combustion are cooled to the temperature of the reactants. 
Whatever the details of this steady-How process, the overall energy balance 
[Eq. (2.10)] reduces to 

Q=IlH 

No shaft work is produced by the process, and the calorimeter is built so that 
changes in potential and kinetic energy are negligible. Thus the heat Q absorbed 
by the water is identical with the enihalpy change caused by the combustion 
reaction, and universal practice is to designate the enthalpy change of reaction 
llH as the heat of reaction. 

For purposes of data tabulation, we define the standard heat of the reaction, 

aA + bB ... lL + mM 

as the enthalpy change when a moles of A and b moles of B in their standard 
states at temperature T react to form I moles of Land m moles of M in their 
standard states also at temperature T. A standard state is the particular state of 
a species at temperature T defined by generally accepted reference conditions of 

, pressure, composition, and physical state. 
With respect to composition, the standard states used in this chapter are 

states of the pure species. For gases, the physical state is the ideal-gas state and 
for liquids and solids, the real state at the reference pressure and system 
temperature. 

HistOrically, the reference pressure for the standard state, i.e., the standard
state pressure, has been I standard atmosphere (101,325 Pal, and most data 
tabulations are for this pressure. A change in the standard to I bar (10' Pal is in 
progress, but for the purposes of this chapter, the change is of negligible 
consequence. 



In summary, the standard states used in this chapter are: 

I. Gases. The pure substance in the ideal-gas state at I bar or I(atm). 
2. Liquids and solids. The actual pure liquid or solid at I bar or I(atm). 

Property values in the standard state are denoted by the degree symbol (0). For 
example, C'P is the standard-state heat capacity. Since the standard state for 
gases is the ideal-gas state, C'P for gases is identical with C'/i, and the data of 
Table 4.1 apply to the standard state for gases. All conditions for a standard state 
are fixed except temperature, which is always the temperature of the system. 
Standard-state properties are therefore functions of temperature only. 

The standard state chosen for gases is a hypothetical one, for at I bar or 
I (atm) actual gases are not ideaL However, they seldom deviate much from 
ideality, and in most instances the ideal-gas state at I bar or I(atm) may ~e 
regarded for practical purposes as the actual state of the gas at atmosphenc 
pressure. 

When a heat of reaction is given for a particular reaction, it applies for the 
stoichiometric coefficients as written. If each stoichiometric coefficient is doubled, 
the heat of reaction is doubled. For example, the ammonia-synthesis reaction 
may be written 

IlH;.8 = -46,110J 

or 

N2 + 3H, -> 2NH, IlH;.8 = -92,220 J 

The symbol IlH;.8 indicates that the heat of reaction is the standard value for 
a temperature of 298.15 K (25°C). 

4.4 THE STANDARD HEAT OF FORMATION 

The tabulation of data for just the standard heats of reaction for all of the vast 
number of possible reactions is impracticaL Fortunately, the standard heat of 
any reaction can be calculated if the standard heats of formation of the compounds 
taking part in the reaction are known. Aformation reaction is defined as a reaction 
which forms a single compound from its constituent elements. For example, the 
reaction C + 40, + 2H, -> CH,OH is the formation reaction for methanoL The 
reaction H,O + SO, -> H,S04 is not a formation reaction, because it forms sulfuric 
acid not from the elements but from other compounds. Formation reactions are 
always understood to result in the formation of I mol of the compound, and the 
heat of formation is therefore based on I mol of the compound formed. 

Since heats of reaction at any temperature can be calculated from heat
capacity data if the value for one temperature is known, the tabulation of data 
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can be reduced to the compilation of standard heats of formation at a single 
temperature. The usual choice for this temperature is 298.15 K or 25°c' The 
standard heat of formation of a compound at this temperature is represented by 
the symbol IlHt,%. The superscript ° indicates that it is the standard value, the 
subscript f shows that it is a heat of formation, and the 298 is the approximate 
absolute temperature in kelvins. Tables of these values for common substances 
may be found in standard handbooks, but the most extensive compilations 
available are in specialized reference works. t An abridged list of values is given 
in Table 4.4. 

When chemical equations are combined by addition, the standard heats of 
reaction may also be added to give. the standard heat of the resulting reaction. 
This is possible because enthalpy is a property, and changes in it are independent 
of path. In particular, formation equations and standard heats of formation may 
always be combined to produce any desired equation (not itself a formation 
equ~tion) and its accompanying standard heat of reaction. Equations written for 
this purpose often include an indication of the physical state of each reactant 
and product, i.e., the letter g, I, or s is placed in parentheses after the chemical 
formula to show whether it is a gas, a liquid, or a solid. This might seem 
unnecessary since a pure chemical species at a particular temperature and I bar 
or I (atm) can usually exist only in one physical state. However, fictitious states 
are often assumed as a matter of convenience. 

Consider the reaction CO,(g) + H,(g) -> CO(g) + H,O(g) at 25°C. This is a 
reaction commonly encountered in the chemical industry (the water-gas-shift 
reaction), though it takes place only at temperatures well above 25°C, However, 
the data used are for 25°C, and the initial step in any calculation of thermal 
effects concerned with this reaction is to evaluate the standard heat of reaction 
at 25°c' Since the reaction is actually carried out entirely in the gas phase at high 
temperature, convenience dictates that the standard states of all products and 
reactants at 25°C be taken as the ideal-gas state at I bar or I (atm), even though 
water cannot actually exist as a gas at these conditions. The pertinent formation 
reactions are 

CO,(g): C(s) + O,(g) -> CO,(g) 

H,(g): Since hydrogen is an element 

CO(g): C(s) + 1o,(g) -> CO(g) 

H,O(g): H,(g) + 1o,(g) -> H,O(g) 

IlHtN• = -393,509 J 

IlHt,% = -11 0,525 J 

IlHt,% = -241,818 J 

t For example, see "TRe Thermodynamic Tables-Hydrocarbons" and "TRC Thermodynamic 
Tables--Non.hydrocarbons." serial publications of the Thermodynamics Research Center, Texas 
A & M Univ. System, College Station, Texas; "The NBS Tables of Chemical Thermodynamic 
Properties," J. Physical and Chemical Reference Data, vol. 11. supp. 2, 1982. 
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Table 4A Standard heats of formation at 25°Ct Table 4A Standard heats of formation 
Joules per mole of the substance formed at 25° C (continued) 

Chemical species State aH29S Chemical species State l1H298 

Paraffins: Miscellaneous inorganics: 
Methane CH, 9 -74,520 Ammonia NH, 9 -46,110 
Ethane C2H6 9 -83,820 Calcium carbide CaC2 

, -59,800 
Propane C]Hs 9 -104,680 Calcium carbonate CaCO] , -1,206,920 
n-Butane C4H lO 9 -125,790 Calcium chloride CaC!,- , -795,800 
n-Pentane CSH12 9 -146,760 Calcium chloride CaCh'6H2O , -2,607,900 
n-Hexane C6H14 9 -166,920 Calcium hydroxide Ca(OH), , -986,090 
n-Heptane C7H l6 9 -187,780 Calcium oxide CaO , -635,090 
n-Octane CSHIS 9 -208,750 Carbon dioxide CO, 9 -393,509 

I-Alkenes: Carbon monoxide CO d -110,525 

Ethylene C2H4 9 52,510 Hydrochloric acid HCI 9 -92,307 
Hydrogen cyanide HCN 135,100 Propylene C]H6 9 19,710 9 

I-Butene C4Hs 9 -540 Hydrogen sulfide H,S 9 -20,630 

I-Pentene CsHtO -21,280 Iron oxide FeO , -272,000 9 
Iron oxide (hematite) Fe20] -824,200 J-Hexene C6H1Z -41,950 , 

9 
Iron oxide (magnetite) Fe)04 -1,118,400 l-Heptene C7Hl4 -62,760 , 

9 
Iron sulfide (pyrite) FeSz -178,200 , 

Miscellaneous organics: Lithium chloride LiCI , -408,610 
Acetaldehyde C2H4O 9 -166,190 Lithium chloride LiCI'H2O , -712,580 
Acetic acid C2H4OZ I -484,500 Lithium chloride LiCI'2H,O s -1,012,650 
Acetylene CZH2 9 227,480 Lithium chloride LiCI'3H,O s -1,311,300 
Benzene C6H6 9 82,930 Nitric acid HNO) -174,100 
Benzene C6H6 I 49,080 Nitrogen oxides NO 9 90,250 
J ,3-Butadiene C4H6 9 109,240 NO, 9 33,180 
Cyclohexane C6H12 9 -123,140 N,O 9 82,050 
Cyclohexane C6 H lZ I -156,230 N20 4 9 9,160 
1,2-Ethanediol C2H6OZ -454,800 Sodium carbonate NazCO) , -1,130,680 
Ethanol CZH60 9 -235,100 Sodium carbonate NazCO]'10H2O , -4,081,320 
Ethanol C2H6O I -277,690 Sodium chloride NaCI , -411,153 
Ethylbenzene CSHIO 9 29,920 Sodium hydroxide NaOH s -425,609 
Ethylene oxide CZH40 9 -52,630 Sulfur dioxide SO, 9 -296,830 
Formalde,hyde CH20 9 -108,570 Sulfur trioxide SO, 9 -395,720 
Methanol CH40 9 -200,660 Sulfur trioxide SO, I -441,040 
Methanol CH40 I -238,660 Sulfuric acid H2SO4 -813,989 
Methylcyc10hexane C7 H14 9 -154,770 Water H,O 9 -241,818 
Methylcyc10hexane C7 H14 I -190,160 Water H,O I -285,830 
Styrene CsHs 9 147,360 
Toluene C7 HS 9 50,170 

t Taken from «TRC Thermodynamic Tables-Hydrocarbons," Toluene C7HS I 12,180 
Thermodynamics Research Center, Texas A & M Univ. System, 
College Station, Texas; "The NBS Tables of Chemical Thermody-
namic Properties," J. Physical and Chemical Reference Data, vol. 
II, supp. 2, 1982. 
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These equations can be written so that their sum gives the desired reaction: 

COig) -> C(s) + 02(g) 

C(s) + ~2(g) -> cd(g) 

H2(g) + ~2(g) -> H20(g) 

CO2(g) + H2(g) -> CO(g) + H20(g) 

IlH,},,, = 393,509 Jt 

IlH'},,, = -II 0,525 J 

IlH,}", = -241,818 J 

IlH2., = 41,166 J 

The meaning of this result is that the enthalpy of I mol of CO plus I mol of H20. 
is greater than the enthalpy of I mol of CO2 plus I mol of H2 by 41,166 J when 
each product and reactant is taken as the pure gas at 25'C in the ideal-gas state 
at I bar or I(atm). 

In this example the standard heat of formation of H20 is available for its 
hypothetical standard state as a gas at 25'C. One might expect the value of the 
heat of formation of water to be listed for its actual state as a liquid at I bar or ' 
I(atm) and 25'C. As a matter of fact, values for both states are given because 
they are both frequently used. This is true for many compounds that normally' 
exist as liquids at 25'C and the standard-state pressure. Cases do arise, however, 
in which a value is given only for the standard state as a liquid or as an ideal 
gas when what is needed is the other value. Suppose that this, :.vere the case for 
the preceding example and that only the standard heat of formation of liquid 
H20 is known. We must now include an equation for the physical change that 
transforms water from its standard state as a liquid into its standard state as a 
gas. The enthalpy change for this physical process is the difference between the ' 
heats of formation of water in its two standard states: 

-241,818 - (-285,830) = 44,012 J 

This is approximately the latent heat of vaporization of water at 25'C. The , 
sequence of steps is now: 

CO2(g) -> C(s) + O,(g) 

C(s) + 402(g) -> CO(g) 

H2(g) + ~2(g) -> H 20( I) 

H 20( I) -> H 20(g) 

CO2(g) + H2(g) -> CO(g) + H20(g) 

IlH,},,, = 393,509 J 

IlH,},,, = -II 0,525 J 

IlH,},,, = -285,830 J 

IlH29, = 44,012 J 

IlH29, = 41,166 J 

This result is of course in agreement with the original answer. 

Example 4.6 Calculate the standard heat at 25°C for the following reaction: 

4HC1(g) + O,(g) -+ 2H,O(g) + 2C1,(g) 

t The reaction as written is the reverse of the formation reaction of carbon dioxide; the sign is 
therefore opposite that given in Table 4.4 for its standard heat of formation. 

SOLUTION Standard heats of formation from Table 4.4 are 

HC1: -92,307 ] 

H,O: -241,818] 

The following combination gives the desired result: 

4HC1(g) -+ 2H,(g) + 2C1,(g) 

2H,(g) + 02(g) -+ 2H,O(g) 

4HC1(g) + O'(liJ -+ 2H20(g) + 2C1,(g) 

aHl9• = (4)(92,307) 

aHl9, = (2)( -241,818) 

aHl9, = -114,408] 

4.5 THE STANDARD HEAT OF COMBUSTION 

Only a few formation reactions can actually be carried out, and therefore data 
for these reactions must usually be determined indirectly. One kind of reaction 
that readily lends itself to experiment is the combustion reaction, and many 
standard heats of formation come from standard heats of combustion measured 
calorimetrically. A combustion reaction is defined as a reaction between an 
element or compound and oxygen to form specified combustion products. For 
organic compounds made up of carbon, hydrogen, and oxygen only, the products 
are carbon dioxide and water, but the state of the water may be either vapor or 
liquid. Data are always based on I mol of the substance burned. 

A reaction such as the formation of n-butane: 

4C(s) + 5H2(g) -> C.H,o(g) 

cannot be carried out in practice. However, this equation results from combination 
of the following combustion reactions: 

4C(s) + 402(g) -> 4C02(g) 

5H2 (g) + 2,lQ2(g) -> 5H20(l) 

4C02(g) + 5H20(l) -> C.H,o(g) + ~2(g) 

4C(s) + 5H2(g) -> C.HIO(g) 

IlH29, = (4)( -393,509) 

IlH2., = (5)( -285,830) 

IlH29, = 2,877,396 

IlH29, = -125,790J 

This is the value of the standard heat offormation of n-butane listed in Table 4.4. 

4_6 EFFECT OF TEMPERATURE ON 
THE STANDARD HEAT OF REACTION 

In the foregoing sections, standard heats of reaction are discussed for the base 
temperature of 298.15 K only. In this section we treat the calculation of standard 
heats of reaction at other temperatures from knowledge ofthe value at 298.15 K. 

The general chemical reaction may be written as 

Iv,lA, + Iv21A2 + ... -> Iv,lA, + Iv.IA. +.,. 



where the I vii are stoichiometric coefficients and the Ai stand for chemical 
formulas. The species on the left are reactants; those on the right, products. We 
adopt a sign convention for Vi that makes it 

positive (+) for products 

negative (-) for reactants 

The Vi with their accompanying signs are called stoichiometric numbers. For 
example, when the ammonia-synthesis reaction is written 

N, + 3H, ... 2NH, 

then 

This sign convention allows the definition of a standard heat of reaction to 
be expressed mathematically by the equation: 

IiRO= L ViR, (4.14) 

where R, is the enthalpy of species i in its standard state and the summation is 
over all products and reactants. The standard-state enthalpy of a chemical , 
compound is equal to its heat of formation plus the standard-state enthalpies of 
its constituent elements. If we arbitrarily set the standard-state enthalpies of all 
elements equal to zero as the basis of calculation, then the standard-state enthalpy . 
of each compound is its heatofformation. In this event, R, = IiR;' and Eq. (4.14) 
becomes 

IiRO = '" v . . IiW /.., I fi. (4.15) 

where the summation is over all products and reactants. This formalizes the 
procedure described in the preceding section for calculation of standard heats 
of other reactions from standard heats of formation. Applied to the reaction, 

4HCI(g) + O,(g)'" 2H,O(g) + 2CI,(g) 

Eq. (4.15) is written: 

IiRO = 2liHo - 4!!i.W IH]o fHCl 

With data from Table 4.4 for 298.15 K, this becomes 

IiR;. = (2)( -241,818) - (4)( -92,307) = -114,408 J 

in agreement with the result of Example 4.6. 
For a standard reaction, products and reactants are always at the same 

standard-state pressure of I bar or I(atm). Standard-state enthalpies are therefore 
functions of temperature only, and their change with T is given by Eq. (2.25), 

dH~ = Cp,dT 

where subscript i identifies a particular product or reactant. Multiplying by Vi 

and summing over all products and reactants gives 

L Vi dR, = L ViC';., dT 
Since Vi is a constant, 

L d(ViRi) = d L ViR, = L ViC';., dT 

The term L ViR, is the standard heat of reaction, defined by Eq. (4.14). Similarly, 
we define the standard heat-capacity change of reaction as 

6.C p =L VjC Pj (4.16) 

As a result of these definitions, the preceding equation becomes 

!d!!i.W=IiC';.dT! (4.17) 

This is. the fundamental equation relating heats of reaction to temperature. 
It m<>y be Integrated between the limits of 298.15 K and temperature T: 

J
OH; JT 

. dliR" = IiC';. dT 
I1H298 298.15 

or 
IiRT = IiR; •• + IiC';.m,(T - 298.15) (4.18) 

~f t~e temperature dependence of the heat capacity of each product and reactant 
IS gIven by Eq. (4.4), then IiC';.m' is given by the analog of Eq. (4.7): 

where 

IiC';.m' IiC,!!i.D 
-R- = IiA + (!!i.B)Tam +-(4Tam - T,T,) +--

3 T,T, 

IiA'" L ViAi 

(4.19) 

with analogous definitions for !!i.B, !!i.C, and !!i.D. For use with Eq. (4.18), we set 
T, = 298.15. 

Example 4.7 Calculate the standard heat of the methanol-synthesis reaction at 8OODe: 
CO(g) + 2H,(g) ~ CH,OH(g) 

SOLUTION Application of Eq. (4.15) to this reaction at 25°C with heat-or-formation 
data from Table 4.4 gives 

il.H2•8 = -200,660 - (-110,525) = -90,135 J 

The value of .6.CPmh required for application of Eq. (4.18) is found from Eq. 
(4.19). The following constants are taken from Table 4.1: 

P, A B x 10' ex 106 D x IO-s 

CH30H 2,211 12.216 -3.450 0.000 
CO -I 3.376 0.557 0.000 -0,031 
H, -2 3.249 0.422 0.000 0.083 
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By definition, 

I1A,Al·(t)(2.211) + (-1)(3.376) +(-1)(3.249) ~ -7.663 

Similarly. 

I1B ~ 10.815 x 10" 

" I1C ~ -3.450 x 10 

"" 4D ~ -0.135 x 10' 
Substitution of tb, Se values along 'th T _ 98.15 K, 
8.314J mol- I K- 1 I~to Ilq. (4.19) giv:' 1 - 2 

,I 

I1CP., ~ -17.330 J" 
Whence by Eq. (4.1 8) 

'1'z ~ 1,073.15 K, and 

~If' ,15 - Z98.15) 
10), ~ -90,135 - (17.330)(1,017' 

~ -103,566J 

Integration of E4; (4.17) betwee 1" .,ves ael equation SUllIaDI4.i 
.1> n Imlts prod v It" the calculation of AI! when 0 . l;1e. The a ematlVe IS . ne wants a smgle vI' 

integration to gIve 

4HT~J+ f ACpd1 

where J is the const,P1 of integratio E 1 . (i the final term re(luire 
h el'P n. va uatlOn S '-stituti f E expression for t e t erature d d C'1' UL" on 0 q. 

into Eq. (4.16) leads 10: epen ence of a 

~ AO 
R "aA + (aB)T+ (ac) 1''' +~ 

Eliminating AC'P fro¢~g. (4.20) and int . _.t~ get egratlng, vY 

AHt,!-/- It[(aA)T+ aB TZ+~ T' _ a:] 
.23 

Equation (4.22) plldes a g al calc .. lation of the 
J" ener method for the 'nltegratioDI co,nlli 

heat of a particular r , Q as a function of te f'e. n. e " 
J is evaluated by ap~lIion of th . mperatlJ ~erat-a.Jre, usually 
where ART is knowl, e equation at a ten'J' 

Example 4 8 Deveij1eqUar . . .#re de "endence olthe 
the metha~ol-Syntb~"'cti.,,:~n gIVIng the temperatV' 

CO(g) + 2Hz(g) ... CH,OH(~) 
SOLUTION The vI~~ 114, I1B I1C plat"",d in Example 
substituted into E~IWlto give:' , and I1D cal 

Also in Example 4.7 we found that ll.Hi98 = -90,135 J. Substituting this value and 
T = 298.15 K into t~e preceding equation, we solve for J, finding 

J ~ -75,259 J 

The general equation for ll.H'T for the methanol-synthesis reaction is therefore: 

4H'r ~ -75,259 - 63.710T + 44.962 x IO-'T' - 9.561 x 1O-6 T' 

+ 1.122 x 10' 
T 

For T = 1,073.15 ~ this equation gives ~H~073 = -103,566 J. the same result obtained 
in Example 4.7. 

4.7 HEAT EFFECTS OF INDUSTRIAL REACTIONS 

The preceding sections have dealt with the standard heat of reaction. Industrial 
reactions are rarely carried out under standard·state conditions. Furthermore, in 
actual reactions the reactants may not be present in stoichiometric proportions, 
the reaction may not go to completion, and the final temperature may differ from 
the initial temperature. Moreover, inert species may be present, and several 
reactions may occur simultaneously. Nevertheless, calculations of the heat effects 
of actual reactions are based on the principles already considered and are best 
illustrated by example. 

Example 4.9 What is the maximum temperature that can be reached by the combustion 
of methane with 20 percent excess air? Both the methane and the air enter the burner 
at 25°C. 

SOLUTION The reaction is 

CH, + 20, ~ CO, + 2H,O(g) 

for which 

4H,,, ~ -393,509 + (2)( -241,818) - (-74,520) ~ -802,625 J 

Since the maximum attainable temperature is sought, we assume complete adiabatic 
(Q = 0) combustion. With the additional assumptions that the kinetic- and potential
energy changes are negligible and that there is no shaft work. the overall energy 
balance for the process reduces to ll.H = O. For purposes of calculation of the final 
temperature, t any convenient path between the initial and final states may be used. 
The path chosen is indicated in the diagram. With one mole of methane burned as 
the basis for all calculations, 

Moles O2 required = 2.0 
Moles excess 0, ~ (0.2)(2.0) ~ 0.4 
Moles N, entering ~ (2.4)(79/21) ~ 9.03 

t This temperature is often called the theoretical flame temperature. because it is the maximum 
temperature attainable in the flame produced when the gas bums with the stated amount of air. 



By definition, 

Similarly. 

.lA = (1)(2.211) + (-1)(3.376) + (-2)(3.249) = -7.663 

.lB = 10.815 x 10-3 

.lC = -3.450 X 10-' 

.lD = -0.135 x 10' 

Substitution of these values along with T, = 298.15 K, T, = 1,073.15 K, and R = 
8.3141mol-' K-' into Eq. (4.19) gives 

.lCPm" = -17.3301 K-' 

Whence by Eq. (4.18) 

.lHio73 = -90,135 - (17.330)(1,073.15 - 298.15) 

= -103,5661 

Integration of Eq. (4.17) between limits produces an equation suitable for 
the calculation of IJ.H'T when one wants a single value. The alternative is general 
integration to give 

IJ.H'T = J + J IJ.C" dT 

where J is the constant of integration. Evaluation of the final term requires an 
expression for the temperature dependence of IJ.C". Substitution of Eq. (4.4) 

into Eq. (4.16) leads to: 

IJ.C· IJ.D 
R P = IJ.A + (IJ.B)T + (IJ.C)T'+? 

Eliminating IJ.C" from Eq. (4.20) and integrating, we get 

[ 
IJ.B IJ.C IJ.D] 

IJ.H'T = J + R (IJ.A)T+T T'+3 T'-T 

Equation (4.22) provides a general method for the calculation of the standard· 
heat of a particular reaction as a function of temperature. The integration constant 
J is evaluated by application of the equation at a temperature, usually 298.15 K, . 
where IJ.H'T is known. 

Example 4.8 Develop an equation giving the temperature dependence of the heat 
the methanol-synthesis reaction: 

CO(g) + 2H,(g) -> CH30H(g) 

SOLUTION The values of .lA, .lB, .lC, and .lD calculated in Example 4.7 
substituted into Eq. (4.22) to give: 

( 
0.135 x 10') 

.lH'T = J + 8.314 -7.663T+ 5.408 x IO-'T' -1.150 x IO-'T' + T 

Also in Example 4.7 we found that .6.HZ98 = -90,135 J. Substituting this value and 
T = 298.15 K into t~e preceding equation, we solve for 1, finding 

J = -75,2591 

The general equation for .6.H'T for the methanol-synthesis reaction is therefore: 

.lH'T = -75,259 - 63.710T + 44.962 x IO-'T' - 9.561 x 1O-'T3 

1.122 X 10' 
+ 

T 

For T = 1,073.15 K, this equation gives .lHio73 = -103,5661, the same result obtained 
in Example 4.7. 

4.7 HEAT EFFECTS OF INDUSTRIAL REACTIONS 

The preceding sections have dealt with the standard heat of reaction. Industrial 
reactions are rarely carried out under standard-state conditions. Furthermore, in 
actual reactions the reactants may not be present in stoichiometric proportions, 
the reaction may not go to completion, and the final temperature may differ from 
the initial temperature. Moreover, inert species may be present, and several 
reactions may occur simultaneously. Nevertheless, calculations of the heat effects 
of actual reactions are based on the principles already considered and are best 
illustrated by example. 

Example 4.9 What is the maximum temperature that can be reached by the combustion 
of methane with 20 percent excess air? Both the methane and the air enter the burner 
at 25·C. 

SOLUTION The reaction is 

CH. + 20, -> CO, + 2H,O(g) 

for which 

.lH'98 = -393,509 + (2)( -241,818) - (-74,520) = -802,6251 

Since the maximum attainable temperature is sought, we assume complete adiabatic 
(Q = 0) combustion. With the additional assumptions that the kinetic- and potential
energy changes are negligible and that there is no shaft work, the overall energy 
balance for the process reduces to .6.H = O. For purposes of calculation of the final 
temperature, t any convenient path between the initial and final states may be used. 
The path chosen is indicated in the diagram. With one mole of methane burned as 
the basis for all calculations, 

Moles O2 required = 2.0 
Moles excess 0, = (0.2)(2.0) = 0.4 
Moles N, entering = (2.4)(79/21) = 9.03 

t This temperature is often called the theoretical flame temperature, because it is the maximum 
temperature attainable in the flame produced when the gas bums with the stated amount of air. 
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The gases leaving the burner contain I mol CO2 • 2 mol H20(g), 0.4 mol O2 • and 
9.03 mol N,. 

/ 
/ 

/ 
/ 

~H~O/ 
/ aH~ 

/ 
/ 

Reactants at I bar / 
and 25°C -- -'-/----,-=---

I mol CH
4 

aH~9H 
2.4 mol O2 

9.03 mol N~ 

Products at I bar 
-- and T2K 

I mol CO2 

2 mol H 20 
0.4 mol O2 

9.03 mol N2 

Since the enthalpy change must be the same regardless of path, 

IlHi" + IlHp = IlH = 0 

The two terms on the left are 

IlHi" = -802,625 J 

and 
IlHp = U: n,CPm.)(T, - 298.15) 

where the summation runs over all product gases. Because the mean heat capacities 
depend on the final temperature, we set up an iteration scheme to solve for T2· 
Combining the last three equations and solving for T2 gives 

T = 802,625 + 298.15 
2 L njCPm".; 

(A) 

Since C = 0 in each heat-capacity equation for the product gases (Table 4.1). Eq. 
(4.7) yields 

With data from Table 4.1, we find: 

Similarly, 

whence 

I n,A, = (1)(5.457) + (2)(3.470) + (0.4)(3.639) + (9.03)(3.280) 

= 43.489 

I n,B, = 9.502 x 10-3 

I n,v, = -0.645 x 10' 

'<' ° ( -3 -0.645 x 10') 
1...njCPm".1 = 8.314 43.489+9.502 x 10 Tam+ TIT2 (B) 

: * .. $ 

with T, = 298.15 K. An initial value of T, '" 298.15 K substituted into Eq. (B) yields 
a v~lue for L niC';> .... b,~ which when substituted in Eq. (A) yields a new value for T2 • 

Continued iteration between Eqs. (A) and (B) yields a final value of 

T, = 2,066 K or 1,793°C 

Example 4.10 One method for the manufacture of "synthesis gas" (primarily a mixture 
of CO and H,) is the catalytic reforming of CH. with steam at high temperature and 
atmospheric pressure: 

CH.(g) + H,O(g) ... CO(g) + 3H,(g) 
• 

The only other reaction which occurs to an appreciable extent is the water-gas-shift 
reaction: 

CO(g) + H,O(g) ... CO,(g) + H,(g) 

If the reactants are supplied in the ratio. 2 mol steam to 1 mol CIL.. and if heat is 
supplic.d to the reactor so that the products reach a temperature of 1,300 K, the CH4 
is completely converted and the product stream contains 17.4 mole percent CO. 
Assuming the reactants to be preheated to 600 K., calculate the heat requirement for 
the reactor. 

SOLUTION The standard heats of reaction at 25°C for the two reactions are calculated 
from the data of Table 4.4: 

CH.(g) + H,O(g) ... CO(g) + 3H,(g) 

CO(g) + H,O(g) ... CO,(g) + H,(g) 

IlH2o• = 205,813 J 

IlHio. = -41,166 J 

These two reactions may be added to give a third reaction: 

CH.(g) + 2H,O(g)'" cO,(g) + 4H,(g) IlH2o• = 164,647 J 

Any pair of these three reactions constitutes an independent set. The odd reaction is 
not independent, since it is obtained by combination of the other two. The reactions 
most convenient to work with here are: 

CH.(g) + H,O(g) ... CO(g) + 3H,(g) IlHio. = 205,813 J 

CH.(g) + 2H,O(g) ... CO,(g) + 4H,(g) IlH2o• = 164,647 J 

(A) 

(B) 

We first determine the fraction of CH4 converted by each of these reactions. As 
a basis for calculations, let I mol CRa and 2 mol steam be fed to the reactor. If 
x mol CH. reacts by Eq. (A), then I - x mol reacts by Eq. (B). On this basis the 
products of the reaction are: 

CO: 
H 2 : 

CO,: 
H,O: 

Total: 

x 
3x + 4(1 -x) =4-x 
I-x 
2 - x - 2(1- x) = x 

5 mol products 

The mole fraction of CO in the product stream is xl5 = 0.174; whence x = 0.870. 
Thus, on the basis chosen, 0.870 mol CH. reacts by Eq. (A) and 0.130 mol reacts by 



Eq. (B). Furthermore, the amount of each species in the product stream is: 

Moles CO = x = 0.87 

Moles H, = 4 - x = 3.13 

Moles CO, = I - x = 0.13 

Moles H,O = x = 0.87 

We now devise a path, for purposes of calculation. to proceed from reactants at ' 
600 K to products at 1.300 K. Since data are available for tbe standard heats of 
reaction at 25°C, the most convenient path is the one which includes the reactions at 
25°C (298.15 K). This is shown schematically in the accompanying diagram. 

Products at 1 bar 

~-
and 1,300 K 

0.87 mol CO 
3.13 mol H2 
0.13 mol CO2 
0.87 mol H20 

IJ.H// 
/ 

/ 
/ 

/ 

/ 
/ 

Reactants at 1 bar / 
and 600 K ~ / 

lIJ.H~ 
6.H'298 

• 

The dashed line represents tbe actual patb for which the entbalpy change is Il.H. 
Since this entbalpy change is independent of patb. 

Il.H = Il.H" + Il.H2.. + Il.Hj. 

For the calculation of Il.Hz ••• reactions (A) and (B) must botb be taken into account. 
Since 0.87 mol CH. reacts by (A) and 0.13 mol reacts by (B). 

Il.H2.. = (0.87)(205.813) + (0.13)(164.647) = 200.461 1 

The enthalpy change of the reactants as they are cooled from 600 to 298.15 K is 
given by: 

Il.H" = (~ 'jCj..,)(298.15 - 600) 

where the mean heat capacities are calculated by Eq. (4.7): 

Il.H" = [(1)(44.026) + (2)(34.826)](_301.85) = -34.3141 
CH. H,O 

The entbalpy change of tbe products as they are heated from 298.15 to 1.300 K is 
calculated similarly: 

Il.Hj. = (~ 'jCj. .. )(1.300 - 298.15) 

Il.Hj. = [(0.87)(31.702) + (3.13)(29.994) + (0.13)(49.830) + (0.87)(38,742)] 
CO H, CO, H,O 

x (1.001.85) = 161.944 1 

.. ~ ............. -~ ............. . 
Therefore, 

1l.1f. = -34.314 + 200.461 + 161.944 = 328.091 J 

The process is one of steady flow for which lV,. A.~ and A.u2/2 are presumed 
negligible. Thus 

Q = Il.H = 328.091 J 

This result is on the basis of I mol CH4 fed to the reactor. The factor for converting 
from 1 mol-' to (Btu)(lb moW' is very nearly 0.43 (more exactly it is 0.429929). 
Therefore on the basis of I (Ib mol) CH. fed to tbe reactor. we have 

tI = Il.H = (328.091)(0.43) = 141.079(8tu) 

Example 4.11 A boiler is fired with a high-grade fuel oil (consisting only of hydrocar
bons) having a standard heat of combustion of -43.5151 g-' at 25"C witb CO,(g) 
and H 20(I) as products. The temperature of the fuel and air entering the combustion 
chamber is 25°C. The air is assumed dry. The flue gases leave at 300°C, and their 
average analysis (on a dry basis) is 11.2 percent CO2 , 0.4 percent CO, 6.2 percent 
O2 , and 82.2 percent N2 • Calculate the fraction of the heating value of the oil that is 
transferred as heat to the boiler. 

SOLUTION Take as a basis 100 mol dry flue gases, consisting of 

CO, 11.2 mol 
CO 0.4 mol 
0, 6.2 mol 
N, 82.2 mol 

Total 100.0 mol 

This analysis, on a dry basis, does not take into account the H20 vapor present in 
the flue gases. The amount of H20 formed by the combustion reaction is found from 
an oxygen balance. The O2 supplied in the air represents 21 mol percent of the air 
stream. The remaining 79 percent is N2, which goes through the combustion process 
unchanged. Thus the 82.2 mol N2 appearing in 100 mol dry flue gases is supplied with 
the air, and the O2 accompanying this N2 is: 

However, 

Moles 0, entering in air = (82.2)(21/19) = 21.85 

Moles O2 accounted for in the dry flue gases 

= 11.2+0.4/2+6.2= 17.60 

The difference between these figures is the moles of O2 that react to form H20. 
Therefore on the basis of 100 mol dry flue gases, 

Moles H,O formed = (21.85 - 17.60)(2) = 8.50 

Moles H2 in the fuel = moles of water fonned = 8.50 

The amount of C in the fuel is given by a carbon balance: 

Moles C in flue gases = moles C in fuel 

= 11.2+0.4= 11.60 



These amQun~ of C and H2 together give: 

Mass of fuel burned = (8.50)(2) + (11.6)(12) = 156.2 g 

If this amount offuel is burned completely to CO,(g) and H,O(l) at 25°C, the 
of combustion is 

a.H,., = (-43,515)(156.2) = -6,797,04OJ 

However, the reaction actually occurring does not represent complete COllllbustio,~: 
and the H,O is formed as vapor rather than as liquid. The 156.2 g offuel is rel" .. ",ento\l 
by the empirical formula Cll .6 H17 , and the reaction is written: 

C II .• H17(l) + 21.850,(g) + 82.2N,(g) .. 

11.2CO,(g) + 0.4CO(g) + 8.5H,O(g) + 6.20,(g) + O.·.·"2\NJ 

This equation is obtained by addition of the following reactions, for each of 
the standard he~t of reaction !It ~5°C ~s known: 

CII .• H 17(l) + 15.850,(g)" 11.6CO,(g) + 8.5H,O(l) 

a.H,., = -6,797,040 J 

8.5H,O(l)" 8.5H,O(g) a.H,., = (44,012)(8.5) = 374,102 J 

0.4CO,(g) .. O.4CO(g) + 0.20,(g) 

a.H,., = (282,984)(0.4) = 113,194 

6.20,(g) + 82.2N,(g) .. 6.20,(g) + 82.2N,(g) 

The SUIJl of these reactions yields the actual reaction, and the sum of the l1Hi98 
gives the standard heat of the reaction occurring at 25°C: 

a.Hl., = -6,309,744 J 

This value is used as indicated in the accompanying diagram for calculation of 
heat eHect of the process considered. 

/ 
/ 

Reactants at 1 bar / 

~H/ 
/ 

/ 

/ 
/ 

Products at 1 bar 

/ 

",--
/ 

tl.Ho" 

and 300°C 
11.2 mol CO2 
0.4 mol CO 
8.5 mol H20 
6.2 mol O2 

82.2 mol N2 

and 25°C ----..L/ ___ ;-;;;;;-_-o •• ' 

156.2 g fuel tl.H298 
21.85 mol O2 
82.2 mol N2 

The actual process leading from reactants at 25°C to products at 300°C is 
represented by the dashed line in the diagram. For purposes of calculating a.H for 

this process, we may use any convenient path. The one drawn with solid lines is a 
logical one, because the enthalpy changes for these steps are easily calculated, and 
4H'298 has already been evaluated. The enthalpy change caused by heating the products 
of reaction from 25 to 3000e is calculated with mean heat capacities by Eq. (4.7): 

Whence 

a.H" = (I n,C"m,)(573.15 - 298.15) 

a.H" = [(I 1.2)(43.675) + (0.4)(29.935) + (8.5)(34.690) 

+ (6.2)(30.983) + (82.2)(29.612)](573.15 - 298.15) 

a.H" =,941,105 J 

a.H = a.H,., + a.H" = -6,309,744 + 941,105 = -5,368,640 J 

Since the process is one of steady flow for which the shaft work and kinetic· and 
potential-energy terms in the energy balance [Eq. (2.10)] are zero or negligible, 
a.H = Q. Thus, Q = -5,368.64 kJ, and this amount of heat is transferred to the boiler 
for every 100 mol dry flue gases formed. This represents 

5,368,640 

7 7 04 
(100) = 79.0 percent 

6, 9, 0 

of the higher heating value of the fuel. 

In the foregoing examples of reactions that occur at approximately I bar, the 
reactants and products are for practical purposes in their standard states. For 
reactions at elevated pressures, this is not the case, and additional calculations 
are required to take into account the effect of pressure on the heat effects of 
reaction. The method of doing this is considered in Chap. 6. Suffice it to say at 
this point that the effect of pressure on the heat of reaction is usually small 
compared with the effect of temperature. 

PROBLEMS 

4.1 What is the heat required when 10 mol of ethylene is heated from 200 to I, loooe at approximately 
atmospheric pressure in a steady·ftow heat exchanger? 

4.2 What is the heat required when 12 mol of I·butene is heated from 250 to I ,200oe at approximately 
atmospheric pressure in a steady·flow heat exchanger? 

4.3 What is the final temperature when heat in the amount of 1.100 kJ is added to 30 mol of S02 
initially at 3000e in a steady.ftow· heat exchanger at approximately atmospheric pressure? 

4A What is the final temperature when heat in the amount of 880 kJ is added to 25 mol of ammonia 
vapor initially at 2600 e in a steady·.8.ow heat exchanger at approximately atmospheric pressure? 

4.5 What is the final temperature when heat in the amount of I06 (Btu) [1.055 x 106 kJ] is added to 
50(lb mol) [22.68 kg moT] of methane initially at 500(OP) [260°C] in a steady·flow heat exchanger at 
approximately atmospheric presslOre? 

4.6 If 350(ft)3(S)-1 [9.91 m3 S-l] of air at 77(OP) [25°C] and atmospheric pressure is preheated for a 
combustion process to 815(OP) [435°C], what rate of heat transfer is required? 

4.7 How much heat is required when 10(tons) [9,070 kg] ofCaC03 (calcite) is heated at atmospheric 
P'.ssure fmm 95(OF) [35°C) to 1,580(OF) [860°C)? 
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4.8 If the heat capacity of a substance is correctly represented by an equation of the form 

Cp = A+ BT+ CT2 

show that the error resulting when C
Pmb 

is assumed equal to Cp evaluated at the arithmetic mean 
the initial and final temperatures is C(T2 - T1)2/12. 

4.9 If the heat capacity of a substance is correctly represented by an equation of the form 

Cp = A + BT + DT-2 

show that the error resulting when C
Pmh 

is assumed equal to Cp evaluated at the arithmetic mean 
the initial and final temperatures is D(T2 - TI)2/4T] T2T;m. 

4.10 A handbook value for the latent heat of vaporization of rI-hexane at 25°C is 366.1 J g-I. 
approximately is the value at 150°C? 
4.11 A hanobook value for the latent heat of vaporization of benzene at 25°C is 433.31 g-I. 
approximately is the value at 200DC? 

4.12 A handbook value for the latent heat of vaporization of cyclohexane at 25°C is 392.5 J g-I. 
approximately is the value at 190°C? 

4.13 A handbook value for the latent heat of vaporization of methyl ethyl ketone at 78.2°C 
443.21 g-I. What approximately is the value at 185°C? 

4.14 A handbook value for the latent heat of vaporization of methanol at 64.7°C is 1,099.51 
What approximately is the value at 175°C? 

4.15 Calculate the latent heat of vaporization of ammonia at 320 K 
(a) By Eqs. (4.12) and (4.13). T" ~ 239.7 K. 
(b) From the following handbook data for saturated ammonia: 

T/K P/bar VI/m3kg- 1 V"jm3kg- 1 

300 10.61 1.666 x 10-3 0.121 

310 14.24 1.710 x 10-3 0.091 

320 18.72 1.760 x 10-3 0.069 

330 24.20 1.815 x 10-3 0.053 

340 30.79 1.878 x 10-3 0.041 

The reported value is 1,06S.7 kJ kg-I. 

4.16 Calculate the latent heat of vaporization of methanol at 300 K 
(a) By Eqs. (4.12) and (4.13). T" ~ 337.8 K. 
(b) From the following handbook data for saturated methanol: 

T/K P/bar yl/m3 kg-I V" /m3 kg-I 

280 0.0621 1.244 x 10-3 11.62 

290 0.1094 1.259 x 10-3 6.778 

300 0.1860 1.274 x 10-3 4.095 
310 0.3043 1.290 x 10-3 2.566 
320 0.4817 1.306 x 10-3 1.661 

'The reported value is 1,167.3 kJ kg-I. 

4.17 Estimate the standard heat of formation of liquid ethyl benzene at 2SD C. For ethyl bellzen .. 
Tn = 409.3 K, Tc = 617.1 K, and Pc = 36.1 bar. . 

4.18 A reversible compression of 1 mol of an ideal gas in a piston/ cylinder device results in a n""S1Jre 
increase from I bar to P2 and a temperature increase from 500 to 1,000 K. The path followed by 

gas during compression is given by 

pvl.S = const 

and the molar heat capacity of the gas is given by 

cPt R ~ 3.30 + 0.63 x IO-'T [T ~ KJ 

Determine the heat transferred during the process and the final pressure. 

4.19 If the heat of combustion of urea, (NH1hCO(s), at 2S"C is 631,660 1 mol-I when the products 
are CO2(g), H20(l), and N2(g), what is the standard heat of formation of urea at 2S"C? 

4.20 Determine the"6tandard heat of each of the following reactions at 2S"C: 
(a) N,(g) + 3H,(g) ~ 2NH,(g) 
(b) 4NH,(g) + 5O,(g) ~ 4NO(g) + 6H,O(g) 
(c) 3NO,(g) + H,O(l) ~ 2HNO,(I) + NO(g) 
(d) CaC,(s) + H,O(I) ~ C,H,(g) + CaO(s) 
(e) 2Na(s) + 2H,O(g) ~ 2NaOH(s) + H,(g) 
(f) C,H,(g) ~ C,H,(g) + CHig) 
(g) C,H,(g) + !O,(g) ~ «CH,),)O(g) 
(h) C,H,(g) + H,O(g) ~ «CH,),)O(g) 
(i) CH,(g) + 2H,O(g) ~ CO,(g) + 4H,(g) 
(j) CO,(g) + 3H,(g) ~ CH,OH(g) + H,O(g) 
(k) CH,OH(g) +!O,(g) ~ HCHO(g) + H,O(g) 
(I) 2H,8(g) + 30,(g) ~ 2H,O(g) + 280,(g) 
(m) H,8(g) + 2H,O(g) ~ 3H,(g) + 80,(g) 
(n) N,(g) + O,(g) ~ 2NO(g) 
(0) CaCO,(s) ~ CaO(s) + CO,(g) 
(p) 80,(g) + H,O(l) ~ H,80,(I) 
(q) C,H,(g) + H,O(l) ~ C,H,OH(I) 
(,) CH,CHO(g) + H,(g) ~ C,H,OH(g) 
(s) C,H,OH(I) + O,(g) ~ CH,COOH(I) + H,O(l) 
(r) C,H,CH:CH,(g) ~ CH,:CHCH:CH,(g) + H,(g) 
(u) C,HIO(g) ~ CH,:CHCH:CH,(g) + 2H,(g) 
(0) C,H,CH:CH,(g) + !O,(g) ~ CH,:CHCH:CH,(g) + H,O(g) 
(w) 2NH,(g) + 3NO(g) ~ 3H,O(g) + IN,(g) 
(x) N,(g) + C,H,(g) ~ 2HCN(g) 
(y) C,H,.C,H,(g) ~ C,H,CH:CH,(g) + H,(g) 
(z) C(s) + H,O(l) ~ H,(g) + CO(g) 

4.21 What is the standard heat for the reaction of Prob. 4.20(a) at SSO"C? 

4.22 What is the standard heat for the reaction of Prob. 4.20(b) at 4S0"C? 

4.23 What is the standard heat for the reaction of Prob. 4.20(j) at S(KWF) [260°C]? 

4.24 What is the standard heat for the reaction of Prob. 4.20(1) at 80(WF) [426.7°C] 

4.25 What is the standard heat for the reaction of Prob. 4.20( m) at 900 K 1 

4.26 What is the standard heat for the reaction of Prob. 4.20(n) at I,SOO K? 

4.27 What is the standard heat for the reaction of Prob. 4.20(0) at 88O"C1 

4.28 What is the standard heat for the reaction of Prob. 4.20(r) at 400"C1 

4.19 What is the standard heat for the reaction of Prob. 4.20(/) at 770(OP) [41O"C] 

4.30 What is the standard heat for the reaction of Prob. 4.20( u) at 700 K 1 

4.31 What is the standard heat for the reaction of Prob. 4.20(v) at 800 K1 

4.32 What is the standard heat for the reaction of Prob. 4.20(w) at 400"C? 

4.33 What is the standard heat for the reaction of Prob. 4.20(x) at 300°C? 

4.34 What is the standard heat for the reaction of Prob. 4.20(y) at I,S3S(OF) [83S0C]1 



4.35 Develop a general equation for the standard heat of reaction as a function of temperature 
one of the reactions given in parts (a), (b), (e), (f), (g), (h), (j), (k), (I), (m), (n), (0), (d, ( 
(u), (v), (w), (x), (y), and (z) of ","ob. 4.20. 

4.36 Hydrocarbon fuels can be produced from methanol by reactions such as the following, 
yields I-hexene: 

6CH,OH(g) ~ C.H,,(g) + 6H,O(g) 

Compare the standard heat of combustion at 25°C of 6CH)OH(g) with the standard heat of,colnbustio. 
at 25°C of C6 H 12(g), reaction products in both cases being CO2 (g) and H20(g). 

4.37 Calculate the theoretical Harne temperature when methane at 25°C is burned with 
(a) The stoichiometric amount of air at 25°C. 
(b) 25 percent excess air at 25°C. 
(c) 50 percent excess air at 25°C. 
(d) 100 percent excess air at 25°C. 
(e) 50 percent excess air preheated to 500°C. 

4.38 What is the standard heat of combustion of hexane gas at 25°C if the combustion products 
H,O(l) and CO,(g)? 

4.39 A light fuel oil with an average chemical composition of C9 H,s is burned with oxygen in a 
bomb calorimeter. The heat evolved is measured as 47,730J g-I for the reaction at 25°C. Calculate 
the standard heat of combustion of the fuel oil at 25°C with H20(g) and CO2(g) as products. Note 
that the reaction in the bomb occurs at constant volume, produces liquid water as a product, and 
goes to completion. 

4.40 Methane gas is burned completely with 20 percent excess air at approximately atmospheric' 
pressure. Both the methane and the air enter the furnace at 25°C saturated with water vapor, and, 
the flue gases leave the furnace at 1,600°C. The flue gases then pass through a heat exchanger from 
which they emerge at 40°C. On the basis of I mol of methane, how much heat is lost from the furnace, 
and how much heat is transferred in the heat exchanger? 

4.41 Ammonia gas enters the reactor of a nitric acid plant mixed with 25 percent more dry air than 
is required for the complete conversion of the ammonia to nitric oxide and water vapor. If the gases 
enter the reactor at 18S(OF) [85°C], if conversion is 85 percent, if no side reactions occur, and if the 
reactor operates adiabatically, what is the temperature of the gases leaving the reactor? Assume ideal 
gases. 

4.42 Sulfur dioxide gas is oxidized in 100 percent excess air with 80 percent conversion to sulfur 
trioxide. The gases enter the reactor at 770(OF) [410°C] and leave at 860(OF) [460°C]. How much 
heat must be transferred from the reactor on the basis of 1 (Ib mol) [I mol] of entering gas? 

4.43 A fuel consisting of 75 mol percent ethane and 25 mol percent methane enters a furnace with 
100 percent excess air at 25°C. If I (f kJ per kg mole of fuel is transferred as heat to boiler tubes, at 
what temperature do the flue gases leave the furnace? Assume complete combustion of the fuel. 

4.44 The gas stream from a sulfur burner consists of IS mole percent S02, 20 mole percent O2, and 
65 mole percent N2. The gas stream at atmospheric pressure and 480°C enters a catalytic converter 
where 90 percent of the S02 is further oxidized to SO). On the basis of I mol of gas entering, how 
much heat must be removed from the converter so that the product gases leave at 480°C? 

4.45 The gas-stream feed for the oxidation of ethylene to ethylene oxide is composed of 8 mole 
percent C2H4 , 19 mole percent O2, and 73 mole percent N2. The feed stream at atmospheric pressure 
and 200cC enters a catalytic converter where 60 percent of the ethylene is converted to ethylene oxide 
and 30 percent is burned to carbon dioxide and water. On the basis of I mol of gas entering, how 
much heat must be removed from the converter so that the product gases leave at 260°C? 
4.46 Hydrogen is produced by the reaction 

CO(g) + H,O(g) ~ CO,(g) + H,(g) 

The feed stream to the reactor is composed of 40 mole percent CO and 60 mole percent steam, and 
it enters the reactor at 150°C and atmospheric pressure. If 60 percent of the H20 is converted to H2 

and if the product stream leaves the reactor at 450"C, how much heat must be transferred from the 
reactor? 

4.47 A direct·fired drier bums a fuel oil with a net heating value of 19,OOO(Btu)(lbm)-'. (The net 
heating value is obtained when the products of combustion are CO2 (g) and H20(g ).) The composition 
of the oil is 85 percent carbon, 12 percent hydrogen, 2 percent nitrogen, and I percent water by 
weight. The flue gases leave the drier at 400eF), and a partial analysis shows that they contain 3 
mole percent CO2 and 11.8 mole percent CO on a dry basis. The fuel, air, and material being dried 
enter the drier at 77(OP). If the entering air is saturated with water and if 30 percent of the net heating 
value of the oil is allowed for heat losses (including the sensible heat carried out with the dried 
product), how much water is evaporated in the drier per (Ibm) of oil burned? 

4.48 Propane is con~erted to ethylene and methane in a thermal cracking operation by the reaction 

C,H.(g) ~ C,H,(g) + CH,(g) 

Propane enters the cracker at 200°C at a rate of 1.25 kgs-I, and heat transfer to the reactor is at the 
rate of 3,200 kJ s-'. For 60 percent conversion of the propane, what is the temperature of the gas 
mixture leaving the cracker? 

4.49 Chlorine is produced by the reaction 

4HCl(g) + O,(g) ~ 2H,0(g) + 2Cl,(g) 

The feed stream to the reactor consists of 67 mole percent HCI, 30 mole percent O2, and 3 mole 
percent N2, and it enters the reactor at 500°C. If the conversion of HCI i~ 75 percent and if the 
process is isothermal, how much heat must be transferred from the reactor per mole of the entering 
gas mixture? 

4.50 A gas consisting. of CO and N2 is made by passing a mixture of flue gas and air through a bed 
of incandescent coke (assume pure carbon). The two reactions that occur both go to completion: 

CO,+C~ 2CO 

2C+02 .... 2CO 

In a particular instance the flue gas that is mixed with air contains 13.7 mole percent CO2, 3.4 mole 
percent CO, 5.1 mole percent O2, and 77.8 mole percent N2. The flue gas/air mixture is so proportioned 
that the heats of the two reactions cancel, and the temperature of the coke bed is therefore constant. 
If this temperature is 9O()OC, if the feed stream is preheated to 900cC, and if the process is adiabatic, 
what ratio of moles of flue gas to moles of air is required, and what is the composition of the gas 
produced? 

4.51 A fuel gas consisting of 93 mole percent methane and 7 mole percent nitrogen is burned with 
30 percent excess air in a continuous water heater. Both fuel gas and air enter dry at 25°C and 
atmospheric pressure. Water is heated at a rate of7S(lbm)(s)-' [34.0kgs-'] from 59(OP) [15°C] to 
18S(OF) [85°C]. The flue gases leave the heater at 3~2(OF) [200°C]. Of the entering methane, two.thirds 
bums to carbon dioxide and one·third bums to carbon monoxide. What volumetric flow rate of fuel 
gas is required if there are no heat losses to the surroundings? 

4.52 A process for the production of 1,3-butadiene results from the catalytic dehydrogenation of 
I-butene according to the reaction 

C,H.(g) ~ C,H.(g) + H,(g) 

In order to suppress side reactions, the I-butene feed stream is diluted with steam in the ratio of 12 
moles of steam per mole of I-butene. The reaction is carried out isothermally at 500cC, and at this 
temperature 30 percent of the I-butene is converted to 1,3-butadiene. How much heat is transferred 
to the reactor per mole of entering I-butene? Since the reaction is carried out at atmospheric pressure, 
the gases may be assumed ideal. 



CHAPTER 

FIVE 

THE SECOND LAW OF THERMODYNAMICS 

Thermodynamics is concerned with transformations of energy, and the laws of . 
thermodynamics describe the bounds within which these transformations are 
observed to occur. The first law, stating that energy is conserved in any ordinary . 
process, imposes no restriction on the process direction. Yet, all experience 
indicates the existence of a restriction. Its formulation completes the foundation 
for the science of thermodynamics and its concise statement constitutes the 
second law. 

The differences between the two forms of energy, heat and work, provide 
some insight into the second law. In an energy balance, both work and heat are 
included as simple additive terms, implying that one unit of heat, a joule, is 
equivalent to the same unit of work. Although this is true with respect to an 
energy balance, experience teaches that there is a difference in quality between 
heat and work. This experience is summarized by the following facts. 

Work is readily transformed into other forms of energy: for example, into 
potential energy by elevation of a weight, into kinetic energy by acceleration of 
a mass, into electrical energy by operation of a generator. These processes can 
be made to approach a conversion efficiency of 100 percent by elimination of 
friction, a dissipative process that transforms work into heat. Indeed, work is 
readily transformed completely into heat, as demonstrated by Joule's experiments. 

On the other hand, all efforts to devise a process for the continuous conversion 
of heat completely into work or into mechanical or electrical energy h"ve failed. 
Regardless of improvements to the devices employed, conversion efficiencies do 
not exceed about 40 percent. These low values lead to the conclusion that heat 
is a form of energy intrinsically less useful and hence less valuable than an equal 
quantity of work or mechanical or electrical energy. 
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Drawing further on our experience, we know that the flow of heat between 
two bodies always takes place from the hotter to the cooler body, and never in 
the reverse direction. This fact is of such significance that its restatement serves 
as an acceptable expression of the second law. 

S.l STATEMENTS OF THE SECOND LAW 

The observations j~st described are results of the restriction imposed by the 
second law on the directions of actual processes. Many general statements may 
be made which describe this restriction and, hence, serve as statements of the 
second law. Two of the most common are: 

I. No apparatus can operate in such a way that its only effect (in system and 
surroundings) is to convert heat absorbed by a system completely into work. 

2. No process is possible which consists solely in the transfer of heat from one 
temperature level to a higher one. 

Statement I does not imply that heat cannot be converted into work but that 
the process cannot leave both the system and its surroundings unchanged. Con
sider a. system ~onsisting of an ideal gas in a piston-and-cylinder assembly 
expandtng ~everslbly at constant temperature. Work is produced equal to I PdV, 
and for an Ideal gas au = o. Thus, according to the first law, the heat absorbed 
by the gas from the surroUndings is equal to the work produced by the reversible 
expansion of the gas. At first this might seem a contradiction of statement I 
since in the surroundings the only result has been the complete conversion of 
heat into work. However, the second-law statement requires that there also be 
no change in the system, a requirement which has not been met. 

This process is limited in another way, because the pressure of the gas soon 
reaches that of the surroundings, and expansion ceases. Therefore, the continuous 
production of work from heat by this method is impossible. If the original state 
of the system is restored in order to comply with the requirements of statement 
I, energy from the surroundings in the form of work is needed to compress the 
gas back to its original pressure. At the same time energy as heat is transferred 
to the surroundings to maintain constant temperature. This reverse process 
reqUIres at least the amount of work gained from the expansion; hence no net 
,,:ork is produced. Evidently, statement I may be expressed in an alternative way, 
VIZ.: 

I a. It is impossible by a cyclic process to convert the heat absorbed by a system 
completely into work. 

The word cyclic requires that the system be restored periodically to its original 
state. In the case of a gas in a piston-and-cylinder assembly the expansion and 
compression back to the original state constitute a complete cycle. If the process 



140 INTRODUCTION TO CHEMICAL ENGINEERING THERMODYNAMICS 

is repeated, it becomes a cyclic process. The restriction to a cyclic process 
statement I a amounts to the same limitation as that introduced by the 
only effect in statement I. 

The second law does not prohibit the production of work from heat, but 
does place a limit oJ!. the fraction of the heat that may be converted to work 
any cyclic process. The partial conversion of heat into work is the basis for 
all commercial production of power (water power is an exception). The de'vel"Dl 
ment of a quantitative expression for the efficiency of this conversion is the 
step in the treatment of the second law. 

5.2 THE HEAT ENGINE 

The classical approach to the second law is based on a macroscopic viewpoint 
of properties independent of any knowledge of the structure of matter or bet.aviior' 
of molecules. It arose from study of the heal engine, a device or machine that 
produces work from heat in a cyclic process. An example is a steam power plant 
in which the working fluid (steam) periodically returns to its original state. In 
such a power plant the cycle (in simple form) consists of the following steps: 

I. Liquid water at approximately ambient temperature is pumped into a boiler. 
2. Heat from a fuel (heat of combustion of a fossil fuel or heat from a nuclear' 

reaction) is transferred in the boiler to the water, converting it to steam at 
high temperature and pressure. 

3. Energy is transferred as shaft work from the steam to the surroundings by a 
device such as a turbine. 

4. Exhaust steam from the turbine is condensed by the transfer of heat to cooling 
water, thus completing the cycle. 

Essential to all heat-engine cycles are the absorption of heat at a high , 
temperature, the rejection of heat at a lower temperature, and the production of 
work. In the theoretical treatment of heat engines, the two temperature levelS 
which characterize their operation are maintained by heat reservoirs, bodies 
imagined capable of absorbing or rejecting an infinite quantity of heat without 
temperature change. In operation, the working fluid of a heat engine absorbs 
heat IQHI from a hot reservoir, produces a net amount of work W, discards heat 
IQcl to a cold reservoir, and returns to its initial state. The first law therefore 
reduces to 

Defining the thermal efficiency of the engine as 

'1 
net work output 

heat input 

(5.1) 
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we get 

'1 s~= IQHI-IQcI 
IQHI IQHI 

or 

(5.2) 

( 

Absolute-value signs are used with the heat quantities to make the equations 
independent of the sign convention for Q. We note that for '1 to be unity (i 00 
percent thermal efficiency) I QcI must be zero. No engine has ever been built for 
which this is true; some heat is always rejected to the cold reservoir. This result 
of engineering experience is the basis for statements 1 and I a of the second law. 

If a thermal efficiency of 100 percent is not possible for heat engines, what 
then determines the upper limit? One would certainly expect the thermal efficiency 
of a heat engine to depend on the degree of reversibility of its operation. Indeed, 
a heat engine operating in a completely reversible manner is very special, and is 
called a Carnal engine. The characteristics of such an ideal engine were first 
described by N. L. S. Carnott in 1824. The four steps that make up a Carnal 
cycle are performed in the following order: 

I. A system initially in thermal equilibrium with a cold reservoir at temperature 
Tc undergoes a reversible adiabatic process that causes its temperature to rise 
to that of a hot reservoir at T H' 

2. The system maintains contact with the hot reservoir at TH , and undergoes a 
reversible isothermal process during which heat IQHI is absorbed from the hot 
reservoir. 

3. The system undergoes a reversible adiabatic process in the opposite direction 
of step 1 that brings its temperature back to that of the cold reservoir at Te. 

4. The system maintains contact with the reservoir at T c, and undergoes a revers
ible isothermal process in the opposite direction of step 2 that returns it to its 
initial state with rejection of heat I QcI to the cold reservoir. 

A Carnot engine operates between two heat reservoirs in such a way that all 
heat absorbed is absorbed at the constant temperature of the hot reservoir and 
all heat rejected is rejected at the constant temperature of the cold reservoir. Any 
reversible engine operating between two heat reservoirs is a Carnot engine; an 
engine operating on a different cycle must necessarily transfer heat across finite 
temperature differences and therefore cannot be reversible. 

Since a Carnot engine is reversible, it may be operated in reverse; the Carnot 
cycle is then traversed in the opposite direction, and it becomes a reversible 

t Nicolas Uonard Sadi Carnot (1796-1832), a French engineer. 
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refrigeration cycle for which the quantities IQHI, IQcI, and I WI are the same 
for the engine cycle but are reversed in direction. 

Carnol's theorem states that for two given heat reservoirs no engine can 
a higher thermal efficiency than a Carnot engine. Consider a Carnot engine 
absorbs heat IQHI from a hot reservoir, produces work I WI, and discards 
IQHI-I WI to a cold reservoir. Assume a second engine E with a greater 
efficiency operating between the same heat reservoirs, absorbing heat I Qi<I, 
ducing the same work I WI, and discarding heat IQi<I-1 WI. Then 

whence 

Let engine E drive the Carnot engine backward as a Carnot refrigerator, as ,m,",. 
schematically in Fig. 5.1. For the engine/refrigerator combination, the net heat 
extracted from the cold reservoir is 

The net heat delivered to the hot reservoir is also IQHI-IQi<I. Thus, the sole' 
result of the engine/ refrigerator combination is the transfer of heat from tem-

Hot reservoir at T H 

IQ~I 

E 
IWI 

IQ~I-IWI 

Cold reservoir at Tc 

c 

Fllare S.l Engine E operating.a 
Carnot refrigerator C. 

Int:. .:)t:. ...... VNLI L.<\.W VI" IHt:.KMUUYNAMI~:S I.., 

'perature Te to the higher temperature T H. Since this is in violation of statement 
of the second law, tile original premise that engine E has a greater thermal 

efficiency than the Carnot engine is false, and Carnot's theorem is proved. In 
similar fashion, one can prove a corollary to Carnot's theorem: All Carnot engines 
operating between heat reservoirs at the same two temperatures have the same 
thermal efficiency. These results show that the thermal efficiency of a Carnot 
engine depends only on the temperature levels TH and Te and not upon the 
working substance of the engine. 

( 

5.3 THERMODYNAMIC TEMPERATURE SCALES 

In the preceding discussion we identified temperature levels by the Kelvin scale, 
established with ideal-gas thermometry. This does not preclude our taking advan
tage of the opportunity provided by the Carnot engine to establish a thermody
namic temperature scale that is truly independent of any material properties. Let 
o represent temperature on some empirical scale that unequivocally identifies 
temperature levels. Consider now two Carnot engines, one operating between a 
hot reservoir at OH and a cold reservoir at temperature Oe, and a second operating 
between the reservoir at Oe and a still colder reservoir at OF, as shown in Fig. 
5.2. The heat rejected by the first engine IQcI is absorbed by the second; therefore 
the two engines working together constitute a third Carnot engine absorbing heat 
I QH I from the reservoir at OH and rejecting heat I QFI to the reservoir at OF. 
According to Carnot's theorem, the thermal efficiency of the first engine is a 

~-------------r-----

IQcl 

6c -------------f----
IQcl 

2 

6, ____________ ....L __ __ 

r-----W 

Figure S.2 Carnot engines 1 and 2 
together constitute a third Carnot 
engine. 
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function of 8H and 8e : 

Rearrangement gives 

where 1 is an unknown function. 
For the second and third engines, equations of the same functional form 

apply: 

and 

IOHI 
IOFI = 1(8H , 8F ) 

Division of the second of these equations by the first gives 

1(8H ,8F ) 

1(8e ,8F ) 

Equation (5.3) also gives IOHI/IOcl: setting the two expressions equal yields 

1(88)=1(8H ,8F ) 

H, e 1(8e ,8F ) 

Since the arbitrary temperature 8F does not appear on the left in this equation, 
it must cancel from the ratio on the right, leaving 

1( 8 8 )=",(8H ) 
H, e ",(8el 

where", is another unknown function. Equation (5.3) now becomes 

(5.4) 

We may define the right side of Eq. (5.4) as the ratio of two thermodynamic 
temperatures: they are to each other as the absolute values of the heats absorbed 
and rejected by Carnot engines operating between reservoirs at these temperatures, 
quite independent of the properties of any substance. However, Eq. (5.4) still 
leaves us arbitrary choice of the empirical temperature represented by 8: once 
this choice is made, we must determine the function "'. If 8 is chosen as the 
Kelvin temperature T, then Eq. (5.4) becomes 

IOHI ",(TH ) 

lOci = ",(Tel 
(5.5) 

p 

TH 
\ 
\ 
\ 
\ 
\ 

d -
IQcl 

--Tc 

v 

Figure 5.3 PV diagram showing Camot cycle for an ideal gas. 

5.4 CARNOT CYCLE FOR AN IDEAL GAS; THE KELVIN 
SCALE AS A THERMODYNAMIC TEMPERATURE SCALE 

The cycle traversed by an ideal gas serving as the working fluid in a Carnot 
engine is shown by a PV diagram in Fig. 5.3. It consists of four reversible steps: 

I. 
2. 
3. 
4. 

a-+b 
b-+c 
C-+ d 
d-+a 

Adiabatic compression until the temperature rises from Te to TH • 

Isothermal expansion to arbitrary point c with absorption of heat IOHI. 
Adiabatic expansion until the temperature decreases to Te. 
Isothermal compression to the initial state with rejection of heat lOci. 

For any reversible process with an ideal gas as the system, the first law is given 
by Eq. (3.29): 

dO = CvdT+ PdV (3.29) 

For the isothermal step b -+ c with P = RTHI V, Eq. (3.29) may be integrated to 
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give: 

Similarly, for the isothermal step d -+ a with P = RTcl V, 

V. 
Q.b = RTc ln -

Vd 

Vd IQcI = RTc In
V. 

Therefore 

IQHI TH In (V,/Vb) 
IQcI = Tc In (Vdl V.) 

For an adiabatic process Eq. (3.29) is written 

RT 
-CvdT= PdV=-ydV 

or 

For step a -+ b, integration gives: 

Similarly, for step c -+ d, 

fTHCvdT=ln V. 
Tc R T Vb 

fTHCVdT=ln Vd 
Tc R T V, 

Since the left-hand sides of these two equations are the same, 

V. Vd 
In-=In-

Vb V, 

This may also be written 

V, Vd 
In-=In-

Vb V. 

Equation (5.6) now becomes 

(5.6) 

(5.7) 

Comparison of this result with Eq. (5.5) yields the simplest possible functional 
relation for !/I, namely, !/I( T) = T. We conclude that the Kelvin temperature scale, 
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based on the properties of ideal gases, is in fact a thermodynamic scale, indepen
dent of the characteri~ics of any particular substance. Substitution of Eq. (5.7) 
into Eq. (5.2) gives 

(5.8) 

Equations (5.'l) and (5.8) are known as Carnal's equations. In Eq. (5.7) the 
smallest possible value of IQcI is zero; the corresponding value of Tc is the 
absolute zero of temperature on the Kelvin scale. As mentioned in Sec. 1.4, this 
occurs at -273.15°C. Equation (5.8) shows that the thermal efficiency of a Carnot 
engine can approach unity only when T H approaches infinity or Tc approaches 
zero. On earth nalUre provides heat reservoirs at neither of these conditions; all 
heat engines therefore operate at thermal efficiencies less than unity. The cold 
reservoirs naturally available are the atmosphere, lakes and rivers, and the oceans, 
for which Tc = 300 K. Practical hot reservoirs are objects such as furnaces 
maintained at high temperature by combustion offossil fuels and nuclear reactors 
held at high temperature by fission of radioactive elements, for which T H = 600 K. 
With these values, 

300 
'1 = 1 - 600 = 0.5 

This is a rough practical limit for the thermal efficiency of a Carnot engine; actual 
heat engines are irreversible, and their thermal efficiencies rarely exceed 0.35. 

Exaniple 5.1 A central power plant, rated at 800,000 kW, generates steam at 585 K 
and discards heat to a river at 295 K. If the thermal efficiency of the plant is 70 percent 
of the maximum possible value, how much heat is discarded to the river at rated power? 

SOLUTION The maximum possible thermal efficiency is given by Eq. (5.8). Taking 
TH as the steam-generation temperature and Tc as the river temperature, we get 

295 
'1m .. = I - 585 = 0.4957 

The actual thermal efficiency is then 

By definition 

'I = (0.7)(0.4957) = 0.3470 

W 
'I = IQHI 

Substituting for IQHI by Eq. (5.1) gives 

W 
'I = W+IQcI 
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which may be solved for IQcI: 

(
I - '1) IQcl= -'1- w 

Whence 

I I = (I -0.347) (800 000) = I 505 500 kW Qc 0.347 • •• 

or 

IQcI = 1,505,500kJs- 1 

This amount of heat would raise the temperature of a moderate-size river several 
degrees Celsius. 

5.5 ENTROPY 

Equation (5.7) for a Camot engine may be written 

IQHI = IQcI 
TH Tc 

If the heat quantities refer to the engine (rather than to the heat reservoirs), the 
numerical value of QH is positive and that of Qc is negative. The equivalent 
equation written without absolute-value signs is therefore 

QH -Qc -=--

or 

QH + Qc = 0 (5.9) 
TH Tc 

Thus for a complete cycle of a Camot engine, the two quantities Q / T associated 
with the absorption and rejection of heat by the working fluid of the engine sum 
to zero. Since the working fluid of a Camot engine periodically returns to its 
initial state, such properties as temperature, pressure, and internal energy return 
to their initial values even though they vary from one part of the cycle to another. 
The principal characteristic of a property is that the sum of its changes is zero 
for any complete cycle. Thus Eq. (5.9) suggests the existence of a property whose 
changes are here given by the quantities Q / T. 

Further insight may be gained by study of an arbitrary reversible cyclic 
process, as represented schematically on a PV diagram in Fig. 5.4. We divide 
the entire closed area by a series of reversible adiabatic curves; since such curves 
cannot intersect (see Prob. 5.1), they may be drawn arbitrarily close to one 
another. A few of these curves are shown on the figure as long dashed 1ines. We 
connect adjacent adiabatic curves by two short reversible isotherms which 
approximate the curve of the general cycle as closely as possible. The approxima-
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p 

v 

Figure 5.4 Schematic representation of an arbitrary cyclic process on a PV diagram. 

tion clearly improves as the adiabatic curves are more closely spaced, and by 
making the separation arbitrarily small, we may approximate the original cycle 
as closely as we please. Each pair of adjacent adiabatic curves and their isothermal 
connecting curves represent a Camot cycle for which Eq. (5.9) applies. 

Each cycle has its own pair of isotherms TH and Tc and associated heat 
quantities QH and Qc. These are indicated on Fig. 5.4 for a representative cycle. 
When the adiabatic curves are so closely spaced that the isothermal steps are 
infinitesimal, the heat quantities become dQH and dQc, and Eq. (5.9) is written 

dQH+ dQc=O 
TH Tc 

In this equation TH and Tc are the absolute temperatures at y!hich the quantities 
of heat dQH and dQc are transferred to the fluid of the cyclic process. Integration 
gives the sum of all quantities dQ / T for the entire cycle: 

f d~~v =0 (5.10) 
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where the circle in the integral sign signifies that integration is over a complete 
cycle, and the subscript "rev" indicates that the equation is valid only for reversible 
cycles. 

Thus the quantities dQ«,/ T sum to zero for any series of reversible processes 
that causes a system to undergo a cyclic process. We therefore infer the existence 
of a property of the system whose differential changes are given by these quantities. 
The property is called entropy (en'-tro-py) S, and its differential changes are 

whence 

dS = dQ", 
T 

where S here is the total (rather than molar) entropy of the system. 

(5.11) 

(5.12) 

We represent by points A and B on the PV diagram of Fig. 5.5 two equilibrium 
states of a particular fluid, and consider two arbitrary reversible processes connect
ing these points along paths ACB and ADB. Integration of Eq. (5.11) for each 

D 

B 

p 
A 

c 

v 

Figure 5.5 Two reversible paths joining equilibrium states A and B. 

path gives 

and 
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AS = f dQ", 
ACB T 

AS = f dQ", 
ADB T 

.. I 
where m vIew of Eq. (5.10) the property change AS = SB - SA must be the same 
for the two paths. If the fluid is changed from state A to state B by an irreversible 
process, the entropy change must still be AS = SA - S8, but experiment shows 
that this result is not given by J dQ/ T evaluated for the irreversible process, 
because the calculation of entropy changes by this integral must in general be 
along reversible paths. 

The entropy change of a heat reservoir, however, is always given by Q/ T, 
where Q is the quantity of heat transferred to or from the reservoir at temperature 
T, whether the transfer is reversible or irreversible. The reason is that the effect 
of heat transfer on a heat reservoir is the same regardless of the temperature of 
the source or sink of the heat. 

When a process is reversible and adiabatic, dQ", = 0; then by Eq. (5.11), 
dS = O. Thus the entropy of a system is constant during a reversible adiabatic 
process, and the process is said to be isentropic. 

This discussion of entropy can be summarized as follows: 

I. The change in entropy of any system undergoing a reversible process is found 
by integration of Eq. (5.1 I): 

AS = f d~", (A) 

2. When a system undergoes an irreversible process from one equilibrium state 
to another, the entropy change of the system AS is still evaluated by Eq. (A). 
In this case Eq. (A) is applied to an arbitrarily chosen reversible process that 
accomplishes the same change of state. Integration is not carried out for the 
original irreversible path. Since entropy is a state function, the entropy changes 
of the irreversible and reversible processes are identical. 

3. Entropy is useful precisely because it is a state function or property. It owes 
its existence to the second law, from which it arises in much the same way as 
internal energy does from the first law. 

In the special case of a mechanically reversible process (Sec. 2.9), the entropy 
change of the system is correctly evaluated from J dQ/ T applied to the actual 
process, even though the heat transfer between system and surroundings is 
irreversible. The reason is that it is immaterial, as far as the system is concerned, 
whether the temperature difference causing the heat transfer is differential (making 
the process reversible) or finite. The entropy change of a system caused by the 
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transfer of heat can always be calculated by J dQI T, whether the heat transfer 
accomplished reversibly or irreversibly. However, when a process is im've:rsible 
on account of finite differences in other driving forces, such as pressure, 
entropy change is not caused solely by the heat transfer, and for its calculation. 
one must devise a reversible means of accomplishing the same change of 

This introduction to entropy through a consideration of heat engines is the 
classical approach, closely following its actual historical development. A com· 
plementary approach, based on molecular concepts and statistical mechanics, is 
considered briefly in Sec. 5.8. 

5.6 ENTROPY CHANGES OF AN IDEAL GAS 

By the first law written for one mole or a unit mass of fluid, 

dU= dQ-dW 

For a reversible process, this becomes 

dU = dQ", - PdV 

By the definition of enthalpy, 

H= U+PV 

whence 

dH = dU+ PdV+ VdP 

Substitution for dU gives 

dH = dQ,~ - PdV+ PdV+ VdP 

or 

dQ,., = dH - V dP 

For an ideal gas, dH = C~ dT and V = RTI P; Eq. (5.13) then becomes 

. RT 
dQ,., = C,# dT - P dP 

or 

As a result of Eq. (5.11), this may be written 

. dT dP 
dS= C,g--R-

P T P 

Integration from an initial state at conditions TI and PI to a final state at conditioris 
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T2 and P2 gives 

l1S = JT, C~ dT _ R In P2 
T\ T PI 

(5.15) 

Although derived for a reversible process, this equation relates properties only, 
and is independent of the process causing the change of state. It is therefore a 
general equation for the calculation of entropy changes of an ideal gas. 

Equation (4.4), giving the temperature dependence of the molar heat capacity 
C~, allows integration of the first term on the right of Eq. (5.15). For this purpose, 
we define a mean heat capacity for the integral by an equation analogous to 
Eq. (4.6): 

(5.16) 

Here, the subSCript "ms" denotes a mean value specific to entropy calculations. 
When Eq. (4.4) is substituted for C~ in Eq. (5.16), integration gives 

C
I9 

. [D ] ;~ = A + B1Im + Tam Tim C + (T
I 
T2f (5.17) 

where Tam is the arithmetic· mean temperature, and Tim is the logarithmic.mean 
temperature, defined ·as 

T. = T2 -TI 

Im-In(T2ITI) 

Solving for the integral in Eq. (5.16), we get 

J
T, Cig dT = Ci9 I T2 

P T P~ n T 
T, I 

and Eq. (5.15) becomes 

(5.18) 

This equation for the entropy change of an ideal gas finds application in the next 
chapter. 

Example 5.2 For an ideal gas with constant heat capacities undergoing a reversible 
adiabatic (and therefore isentropic) process, we found earlier that 

T2 = (P,)(Y-I)h 
TI PI 

(3.23) 

Show that this same equation results from application of Eq. (5.18) with I).S = O. 
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SOLUTION Since cij is constant. C~ .... = Cip. and Eq. (5.18) can be written: 

whence 

T, R P, 
In-=-In-

TI C,# PI 

For an ideal gas Eq. (3.17) gives 

cip = c~+ R 

Upon division by crt this becomes 

C~ R I R 
1 = C,# + C,# = Y + C,# 

where y = C'J/ cte. Solving for R/ crt. we get 

~= 1'-1 
C'j 'Y 

This transforms Eq. (A) into Eq. (3.23), as required. 

Example 5.3 Methane gas at 550 K and 5 bar undergoes a reversible adiiab:.tiC 
expansion to 1 bar. Assuming methane an ideal gas at these conditions. what is 
final tetnperature? 

SOLUTION For this process !is = 0, and Eq. (5.18) becomes 

C~ T2 P2 1 --"'In - = In - = In - = -1.6094 
R T, P, 5 

Since C ~ .... s depends on T2 • we rearrange this equation for iterative solution: 

whence 

T, -1.6094 
In T, = C'P_/ R 

(
-1.6094) 

T2 = TI exp C'#",j R 

Here, C'J!~.IR is given by Eq. (5.17) with constants from Table 4.1: 

where 

and 

C
itJ 

p- = 1.702 + 9.081 x 10-3 T'm - 2.164 x 1O-6 T=T,m 
R 

550+ T, 
Tam = 2 

550 - T, 
T'm = In (550/ T,) 
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With an initial value of T, < 550, we find a value of C'I..I R from Eq. (B) for 
substitution into Eq. (A). This yields a new value of T, for Eq. (B), and the process 
continues to convergence on a final value of T2 = 411.34 K. 

5.7 PRINCIPLE OF THE INCREASE OF ENTROPY; 
MATHEMATICAL STATEMENT OF THE SECOND LAW 

Consider two heat reservoirs, one at temperature T H and a second at the lower 
temperature Te. Let a quantity of heat IQI be transferred from the hotter to the 
cooler reservoir. The entropy decrease of the reservoir at THis 

tl.S
H 

= -IQI 
TH 

and the entropy increase of the reservoir at Te is 

tl.Se = IQI 
Te 

These two entropy changes are added to give 

or 

-IQI IQI 
tl.S,o,.' = tl.SH + tl.Se = -T +

H Te 

tl.S,o,., = IQI(T;H-;.;e) 

Since TH > Te , the total entropy change as a result of this irreversible process 
is positive. We note also that tl.S,o", becomes smaller as the difference TH - Te 
gets smaller. When TH is only infinitesimally higher than Te, the heat transfer 
is reversible, and tl.S,o,.' approaches zero. Thus for the process of irreversible 
heat transfer, aStotal is always positive, approaching zero as the process becomes 
reversible. 

Consider now adiabatic processes wherein no heat transfer occurs. We 
represent on the PV diagram of Fig. 5.6 an irreversible, adiabatic expansion of 
a fluid from an initial equilibrium state at point A to a final equilibrium state at 
point B. Now suppose the fluid is restored to its initial state by a reversible 
process. If the initial process results in an entropy change of the fluid, then there 
must pe heat transfer during the reversible restoration process such that 

fA dQre, 
tl.S'" SA - SB = --

B T 
The original irreversible process together with the reversible restoration process 
constitute a cycle for which !i U = 0 and for which the work is therefore 

W = WiIT + W,., = Qre. = f dQre, 
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SOLUTION Since C~ is constant. C~m. = C'1. and Eq. (5.18) can be written: 

whence 

T, R P, 
In-=-.ln

T, c~ PI 

For an ideal gas Eq. (3.17) gives 

c~= C~+R 

Upon division by C~ this becomes 

C'Q R I R 
1 = cip + Cip = 1 + C~ 

where 'Y = Cip/C~. Solving for R/C~, we get 

R l' - I 
-.=--
c~ 'Y 

This transforms Eq. (A) into Eq. (3.23), as required. 

(A) 

Example 5.3 Methane gas at 550 K and 5 bar undergoes a re~e~ible adia~a~ic 
expansion to 1 bar. Assuming methane an ideal gas at these conditions, what IS ItS 
final temperature? 

SOLUTION For this process as = 0, and Eq. (5.18) becomes 

C~ T2 P2 1 
----'" In - = In - = In - = -1.6094 

R T, P, 5 

Since C~ .... depends on T2 • we rearrange this equation for iterative solution: 

whence 

T, -1.6094 
In T = C,gJR 

, p. 

(
-1.6094) 

T, = T, exp C'l_/ R 

Here, C'Ij R is given by Eq. (5.17) with constants from Table 4.1: 
'g 

CP_ = 1.702 + 9.081 x 10-3 T'm - 2.164 x IO-'T.m T'm 
R 

where 

and 

550 + T, 
Tam = 2 

550 - T, 

In (550/ T,) 

(A) 
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With an initial value of T, < 550, we find a value of C'I..I R from Eq. (B) for 
substitution into Eq. (A). This yields a new value of T, for Eq. (B), and tbe process 
continues to convergence on a final value of T2 = 411.34 K. 

5.7 PRINCIPLE OF THE INCREASE OF ENTROPY; 
MATHEMATICAL STATEMENT OF THE SECOND LAW 

Consider two heat reservoirs, one at temperature T H and a second at the lower r 
temperature Te. Let a quantity of heat IQI be transferred from the hotter to the 
cooler reservoir. The entropy decrease of the reservoir at TH is 

IlSH = -IQI 
TH 

and the entropy increase of the reservoir at Te is 

IlSe = IQI 
Te 

These two entropy changes are added to give 

or 

IlS, ... , = IQI(T;H-;.:e) 

Since Tn> Te. the total entropy change as a result of this irreversible process 
is positive. We note also that IlS,oJ'" becomes smaller as the difference TH - Te 
gets smaller. When TH is only infinitesimally higher than Te. the heat transfer 
is reversible, and IlS,.ta, approaches zero. Thus for the process of irreversible 
heat transfer, .6.Stotal is always positive, approaching zero as the process becomes 
reversible. 

Consider now adiabatic processes wherein no heat transfer occurs. We 
represent on the PV diagram of Fig. 5.6 an irreversible, adiabatic expansion of 
a fluid from an initial equilibrium state at point A to a final equilibrium state at 
point B. Now suppose the fluid is restored to its initial state by a reversible 
process. If the initial process results in an entropy change of the fluid, then there 
must.!>e heat transfer during the reversible restoration process such that 

IlS = SA - S8 = fA dQ"v 
8 T 

The original irreversible process together with the reversible restoration process 
constitute a cycle for which Il U = 0 and for which the work is therefore 

W = Win + W"v = Q"v = f dQ", 
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Filure S.6 Cycle containing an irreversible adiabatic process A to B. 

However, according to statement I a of the second law, Q~v cannot be dire~ed 
into the system, for the cycle would then be a process for the complete conversion 
of heat into work. Thus, J dQm is negative, and it follows that SA - SB is also· 
negative; whence SB > SA. Since the original irreversible process is adiabatic, the 
total entropy change as a result of this process is AS'o"'l ~ SB - SA > O. 

In arriving at this result, our presumption was that the original irreversible 
process results in an entropy change of the fluid. If we assume that the original 
process produces no entropy change of the fluid, then we can restore the system 
to its initial state by a simple reversible adiabatic process. This cycle is accom- . 
plished with no heat transfer and therefore with no net work. Thus the system. 
is restored without leaving any change elsewhere, and this implies that the original 
process is reversible rather than irreversible. 

We therefore have the same result for adiabatic processes that we found for 
heat transfer: AS'o'al is always positive, approaching zero as a limit when the . 
process becomes reversible. This same conclusion can be demonstrated for any 
process whatever, and we therefore have the general equation: 

This is the mathematical statement of the second law. It affirms that every process 

lnr. ~r.~UNU LAW VI" THbKMUUYNAMICS 1ST 

proceeds in such a direction that the total entropy change associated with it is 
positive, the limiting value of zero being reached only by a reversible process. 
No process is possible for which the total entropy decreases. 

Example 5.4 A steel casting [Cp = 0.5 kJ kg-' K-1
] weighing 40 kg and at a tem

perature of 450"C is quenched in 150 kg of oil [Cp = 2.5 kJ kg-I K- 1] at 25"C. If 
there are no heat losses, what is the change in entropy of (a) the casting, (b) the oil, 
and (c) both considered together? 

SOLUTION TIuffinal temperature t of the oil and the steel casting is found by an 
energy balance. Since the change in energy of the oil and steel together must be zero, 

(40)(0.5)(1 - 450) + (150)(2.5)(1 - 25) = 0 

Solution yields 1 = 46.52"C. 
(a) Change in entropy of the casting: 

flS = f dQ = f Cp dT = Cp In T, 
T T T, 

flS = (40)(0.5) In 273.15 + 46.52 -16.33 kJ K- ' 273.15 + 450 

(b) Change in entropy of the oil: 

flS = (150)(2.5) In _27::-::3::-.15.,.+=--46:-:.5:--2 
273.15 + 25 

(c) Total entropy change: 

26.13 kJ K- 1 

flS'"'al = -16.33 + 26.13 = 9.80 kJ K- ' 
We note that although the total entropy change is positive, the entropy of the casting 
has decreased. 

Example 5.5 An inventor claims to have devised a process which takes in only 
saturated steam at 100°C and which by a complicated series of steps makes heat 
continuously available at a temperature level of 200oe. He claims further that, for 
every kilogram of steam taken into the process, 2,000 kJ of energy as heat is liberated 
at the higher temperature level of 200°C. Show whether or not this process is possible. 
In order to give the inventor the benefit of any doubt. assume cooling water available 
in unlimited quantity at a temperature of O°C. 

SOLUTION For any process to be theoretically possible, it must meet the requirements 
of the first and second laws of thermodynamics. The detailed mechanism need not 
be known in order to determine whether this is the case; only the overall result is 
required. If the results of the process satisfy the laws of thermodynamics, means for 
realizing them are theoretically possible. The determination of a mechanism is then 
a matter of ingenuity. Otherwise, tlte process is impossible, and no mechanism for 
carrying it out can be devised. 

In the present instance, a continuous process takes saturated steam into some 
sort of apparatus, and heat is made continuously available at a temperature level of 
200°e. Since cooling water is available at O°C, maximum use can be made of the 
steam by cooling it to this temperature. We therefore assume that the steam is 



condensed and cooled to O°C and is discharged from the process at this temperature , 
and at atmospheric pressure. All the heat liberated in this operation cannot be made ,: 
available at a temperature level of 200°C, because this would violate statement 2 of ' 
the second law. We must suppose that heat is also transferred to the cooling water 
at O°C. Moreover, the process must satisfy the first law; thus by Eq. (2.1 I): 

IJ.H~ Q- W, 

where b"H is the enthalpy change of the steam as it flows through the apparatus and i 

Q is the total heat transfer between the apparatus and its surro~ndings. ~ince no 
shaft work is accomplished by the process, Ws = O. The surroundlOgs consist of the 
cooling water, which acts as a heat reservoir at the constant temperature of ooe, and 
a heat reservoir at 200°C to which 2,000 kJ is transferred for each kilogram of steam 
entering the apparatus. The diagram of Fig. 5.7 pictures the overall results of the 

process. 
The values of Hand S for saturated steam at lOOoe and for liquid water at ooe 

are taken from the steam tables. The total heat transfer is 

Q ~ -2,000 + Q. 

Thus on the basis of 1 kg of entering steam, the first law becomes 

Q ~ -2,000 + Q. ~ IJ.H ~ 0.0 - 2,676.0 ~ -2,676.0 kJ 

whence 

Saturated steam at 100°C 

HI = 2,676.0 kJ kg-I 
51 = 7.3554 kJ kg-I K- I 

Q. ~ -676.0 kJ 

Heat reservoir 
200'C 

2,OOOkJ 

Apparatus 

Q. 

Heat reservoir 
0"(; 

(cooling water) 

Fipre 5.7 Process described in Example 5.5. 

Liquid water at O°C 
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We now examine this result in the light of the second law to determine whether b"Stotal 
is greater than or le~$ than zero for the process. 

For I kg of steam, 

IJ.S ~ 0.0000 -7.3554 ~ -7.3554kJ K-1 

For the heat reservoir at 200oe, 

IJ.S ~ 2,000 ~ 4.2270 kJ K-1 

200 + 273.15 

For the heat re;-ervoir provided by the cooling water at ooe, 

Thus 

IJ.S ~ 676.0 ~ 2.4748 kJ K-1 

0+273.15 

IJ.S101a1 ~ -7.3554 + 4.2270 + 2.4748 ~ -0.6536 kJ K-1 

Since this result is negative, we conclude that the process as described is impossible; 
Eq. (5.19) requires that IJ.S .... 1 '" O. 

This does i.ot mean that all processes of this general nature are impossible, hut 
only that the inventor has claimed too much. Indeed, one can easily calculate the 
maximum amount of heat which can be transferred to the heat reservoir at 200°C, 
other conditions remaining the same. This calculation is left as an exercise. 

5.8 ENTROPY FROM THE MICROSCOPIC VIEWPOINT 
(STATISTICAL THERMODYNAMICS) 

Classical thermodynamics is based on a description of matter through such 
macroscopic properties as temperature and pressure. However, these properties 
are manifestations of the behavior of the countless microscopic particles, such as 
molecules, that make up a finite system. Evidently, one must seek an understanding 
of the fundamental nature of entropy in a microscopic description of matter. 
Because of the enormous number of particles contained in any system of interest, 
such a description must necessarily be statistical in nature. We present here a 
very brief indication of the statistical interpretation of entropy. t 

Suppose an insulated container, partitioned into two equal volumes, contains 
Avogadro's number No of molecules of an ideal gas in one section and no 
molecules in the other. When the partition is withdrawn, the molecules quickly 
distribute themselves uniformly throughout the total volume. The process is an 
adiabatic expansion that accomplishes no work. Therefore 

IlU=CvI1T~O 

and the temperature does not change. However, the pressure of the gas decreases 

t An elementary account of statistical thermodynamics is given in H. C. Van Ness, Understanding 
Thermodynamics, chap. 7, Dover, New York, 1983. 
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by half, and the entropy change as given by Eq. (5.18) is 

P, 
to8 = - R In - = R In 2 

P, 

Since this is the total entropy change, the process is clearly irreversible. 
Considering what happens at the molecular level, we note first that the nrne •••• 

does not start until the partition is actually removed, and at that instant the 
molecules occupy only half the space available to them. In this momentary, initial, 
state the molecules are not randomly distributed over the total volume to which 
they have access, but are crowded into just half the total volume. In this sense' 
they are more ordered than they are in the final state of uniform distribution 
throughout the entire volume. Thus, the final state can be regarded as a more 
random, or less ordered, state than the initial state. From a microscopic point of 
view we therefore associate an entropy increase with an increase in randomness 
or a decrease in order at the molecular level. 

These ideas were expressed mathematically by L. Boltzmann and J. W. Gibbs 
in terms of a quantity 0, called the thermodynamic probability and defined as 
the number of ways that microscopic particles can be distributed among the 
"states" accessible to them. It is given by the general formula 

n! o = .,.-"...,--"'::':"-,,--
(n, !)(n,!)(n,!) ... 

where n is the total number of particles, and nl , n2, n3, etc., represent the numbers 
of particles in "states" 1,2,3, etc. The term "state" denotes the condition of the, 
microscopic particles, and we use quotation marks to distinguish this idea of ' 
state from the usual thermodynamic meaning as applied to a macroscopic system. 
The thermodynamic probability is an extensive quantity, not to be identified with 
the mathematical probability, which is limited to values between 0 and 1. The 
mathematical probability is equal to 0 divided by the sum of all possible values 
ofO. 

With respect to our example there are but two "states," representing location 
in one half or the other of the container. The total number of particles is No 
molecules, and initially they are all in a single "state." Thus 

No! = 1 
(No!)(O!) 

This result confirms that initially there is just one way that the molecules can be 
distributed between the two accessible "states." They are all in a given "state," 
all in just one half of the container. For an assumed final condition of uniform 
distribution of the molecules between the two halves of the container, n, = n, = 

N o/2, and 

0, = [(No/2)!]' 

This expression gives a very large number for flz, indicating that there are many 
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ways for the molecules to be distributed equaJly between the two "states." Many 
other values of 0, arj: possible, each one of which is associated with a particular 
nonuniform distribution of the molecules between the two halves of the container. 
The ratio of a particular 0, to the sum of all possible values corresponds to the 
mathematical probability of that particular distribution. 

The connection postulated by Boltzmann between entropy 8 and the ther
modynamic probability 0 is given by the equation 

0, 
8,-8, = kin

O, 
(5.21) 

where k is Boltzmann's constant, equal to RI No. Substitution of our values for 
0, and 0, into this expression gives 

No! 
8, - 8, = kin [(N

o
/2)!]' = k[ln No! - 2ln (No/2)!] 

Since No is very large, we take advantage of Stirling's formula for the logarithms 
of factorials of large numbers: 

lnX! = XlnX-X 

and as a result, 

8, - 8, = k[Noln No- No - 2( ~oln ~o_ ~o)] 
No = kNoln-
l
- = kNoln2 = R In 2 

No 2 

This is the same value for the entropy change obtained earlier from the classical 
thermodynamic formula for ideal gases. 

In Eq. (5.21) 8 is the statistical average of values for many microscopic 
"states." If we were concerned with but a few particles distributed over a few 
"states," the statistical average would \lot be needed, because we could specify 
the possible distributions of the particles over the "states." However, for large 
collections of molecules and their many possible quantum states, the statistical 
approach is mandatory. Indeed, the concept we have used is not appropriate 
unless large numbers are involved. For example, if but two molecules (instead 
of No) were distributed between the sections, we could not assume with any 
confidence an equal number of molecules in each section. For a significant fraction 
of the time there would be two molecules in one section and none in the other. 

Equation (5.20) is the basis for calculation of absolute entropies. In the case 
of an ideal gas, for example, it gives the probability 0 for the equilibrium 
distribution of molecules among the various quantum states determined by the 
translational, rotational, and vibrational energy levels of the molecules. When 
energy levels are assigned in accord with quantum mechanics, this procedure 
leads to a value for the energy as well as for the entropy. From these two quantities 
all other thermodynamic properties can be evaluated from definitions (of H, G, 
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etc.). The data required are the bond distances and bo~d angles in the m(lle,euleS; 
and the vibration frequencies associated with the vanous bonds. Th,. pr<lcedu1'4 
has been very successful in the evaluation ofideal-gas thermo.dynamlc pr.op.erties' 
for molecules whose atomic structures are known. For nomdeal gases and 
liquids the molecules do not behave as independent ?articles,. an.d account 
be taken of the interactions between molecules. The difficulty hes In 

of the "states," particularly for liquids, and as a result the usefulness 
method is limited. 

Equations (5.11) and (5.21) give changes ~n entropy; yet ~he previous 
graph discusses calculation of absolute entropIes: These ~quatlOns ca~ be pu~ , 
an absolute basis by application of the third law, dIscussed In the following sectIOn" 

5.9 THE THIRD LAW OF THERMODYNAMICS 

Measurements of heat capacities at very low temperatures provide data for the 
calculation from Eq. (5.11) of entropy changes down to 0 K. Wh~n these c.alcula
tions are made for different crystalline forms of the same chemIcal specIes, the , 
entropy at 0 K appears to be the same for all forms. When the form is noncrystal
line, e.g., amorphous or glassy, calculations show that the entropy ~f the m~re 
random form is greater than that of the crystalline form. Such calculatIOns, ~hlch 
are summarized elsewhere, t lead to the postulate that the absolute entropy IS z~ro 
for all perfect crystalline substances at absolute zero temperature. While the esse~tlal • 
ideas were advanced by Nemst and Planck at the beginning of the twentIeth 
century, more recent studies at very low temperatures h~ve increased our 
confidence in this postulate, which is now accepted as the third law. . 

If the entropy is zero at T = 0 K, then Eq. (5.11) lends Itself to the calculatIon 
of absolute entropies. With T = 0 as the lower limit of integration, the absolute 
entropy of a gas at temperature T based on calorimetric data follows from Eq. 
(5.11) integrated to give: 

_ J'i (Cp ). aHf fT. (Cp ), dT+ aH" + fT (Cp ). dT s- dT+ + T T T 
oT TfT! v T" 

With respect to this equation,* we have supposed that there is no solid-state 
transition and thus no heat of transition. The only constant-temperature heat 
effects are those of fusion at Tf and vaporization at T". When a solid-phase 
transition occurs a term aH,/ T, is added. 

If a substane:. is a perfect crystal at absolute zero temperature, each pa~icle 
of the crystal is in its lowest quantum state, and there is but one way the partIcles 
can be arranged; the thermodynamic probability 0 is unity. If state 1 is chosen 

t G. N. Lewis and M. Randall, Thermodynamics. 2d ed., chap. 12, McGraw~Hill, New'Vork, 1961. 
:j: Evaluation of the first term on the right is not a problem for crystalline substances because 

Cpt T remains finite as T -+ O. 
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to be absolute zero, Eq. (5.21) then becomes 

S = kinO (5.23) 

where Sand 0 represent values at any finite temperature. 
Both the classical and statistical equations [Eqs. (5.22) and (5.23)] yield 

absolute values of entropy. Equation (5.23) is known as the Boltzmann equation 
and, with Eq. (5.20) and quantum statistics, has been used for calculation of 
entropies in the ideal-gas state for many chemical species. Good agreement 

r 
between these calculations and those based on calorimetric data provides some, 
of the most impressive evidence for the validity of statistical mechanics and 
quantum theory. In some instances results based on Eq. (5.23) are considered 
more reliable because of uncertainties in heat-capacity data or about the crystal
linity of the substance near absolute zero. Absolute entropies provide much of 
the data base for calculation of the equilibrium conversions of chemical reactions, 
as discussed in Chap. 15. 

PROBLEMS 

S.l Prove that it is impossible for two lines representing reversible, adiabatic processes to intersect. 
(Hint: Assume that they do intersect, and complete the cycle with a line representing a reversible, 

isothennal process. Show that peformance of this cycle violates the second law.) 

S.l A Carnot engine receives ISO kJ s -1 of heat from a heat-source reservoir at 425"C and rejects 
heat to a heat-sink reservoir at 30°C. What are the power developed and the heat rejected? 

5.3 The following heat engines produce power of 80,000 kW. Determine in each case the rates at 
which heat is absorbed from the hot reservoir and discarded to the cold reservoir. 

(a) A Carnot engine operates between heat reservoirs at 600 and 300 K. 
(b) A practical engine operates between the same heat reservoirs but with a thennal efficiency 

" ~ 0.3. 
SA A particular power plant operates with a heat-source reservoir at 300'C and a heat-sink reservoir 
at 2S"C. It has a thermal efficiency equal to 60 percent of the Camot~engine thermal efficiency for 
the same temperatures. 

(a) What is the thermal efficiency of the plant? 
(b) To what temperature must the heat-source reservoir be raised to increase the thermal 

efficiency of the plant to 40 percent? Again 1J is 60 percent of the Carnot-engine value. 

S.5 Large quantities of liquefied natural gas (LNG) are shipped by ocean tanker. At the unloading 
port provision is made for vaporization of the LNG so that it may be delivered to pipelines as gas. 
The LNG arrives in the tanker at atmospheric pressure and 113.7 K, and represents a possible heat 
sink for use as the cold reservoir of a heat engine. Assuming unloading of LNG as a vapor at the 
rate of 8,000 m3 S-I, as measured at 2S"C and 1.0133 bar, and assuming the availability of an adequate 
heat source at 3SoC, what is the maximum possible power obtainable and what is the rate of heat 
transfer frqm the heat source? 

Assume that LNG at 25°C and 1.0133 bar is an ideal gas with a molar mass of 17. Also assume 
that the LNG vaporizes only, absorbing its latent heat of SI2 kJ kg-I at 113.7 K. 

S.6 A quantity of an ideal gas, Cp = (7t2)R, at 20°C and 1 bar and having a volume of 70m3
, is 

heated at constant pressure to 2SoC by the transfer of heat from a heat reservoir at 40°C. Calculate 
the heat transfer to the gas, the entropy chllDge of the heat reservoir, the entropy change of the gas, 
and .1.Stotal • What is the irreversible feature of the process1 
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5.7 A rigid vessel of 0.05 m] volume contains an ideal gas, Cv = (5j2)R, at 500 K and I bar. 
(a) If heat in the amount of 12,000 J is transferred to the gas, detennine its entropy change. 
(b) If the vessel is fitted with a stirrer that is rotated by a shaft so that work in the amount 

12,OOOJ is done on the gas, what is the entropy change of the gas if the process is adiabatic? 
is ~5total? What is the irreversible feature of the process? 

5.8 An ideal gas, Cp = (7 j2)R, is heated in a steady-flow heat exchanger from 6Sep) [20°C] 
212(OP) [1(M)°C] by another stream of the same ideal gas which enters at 356(OP) [lSO°C]. The 
rates of the two streams are the same, and heat losses from the exchanger are negligible. 

(a) Calculate the molar entropy changes of the two gas streams for both parallel and cOl,"l.r' 

current flow in the exchanger. 
(b) What is ~5total in each case? 
(e) Repeat parts (a) and (b) for countercurrent flow if the stream that is cooled enters 

infinite heat exchanger at 212(OP) [100°C]. 

5.9 For an ideal gas with constant heat capacities, show that 
(a) For a temperature increase from TI to Tl • ~5 of the gas is greater when the change OCCUI'l' 

at constant pressure than when it occurs at constant volume. 
(b) Par a pressure change from PI to P2, the sign of ~S for an isothennal change is oppo,.ilt,; 

that for a constant-volume change. 

5.10 Imagine that a stream of fluid in steady·state flow serves as a heat source for an infinite set of , 
Carnot engines, each of which absorbs a differential amount of heat from the fluid, causing its 
temperature to decrease by a differential amount, and each of which rejects a differential amount oC 
heat to a heat reservoir at temperature To. As a result of the operation of the Carnot engines, the 
temperature T of the fluid decreases from TI to T2 • Equation (5.S) applies here in differential form. 
wherein 11 is defined as 

~ E -dW/dQ 

The minus sign is included because Q is heat transfer with respect to the ftowing fluid. Show that 
the total work of the Carnot engines is given by 

W~To~S-Q 

where tJ..S and Q both refer to the fluid. 
In a particular instance the fluid is an ideal gas, Cp = (7 j2)R, for which TI = 500 K and 

T2 = 350 K. If To = 300 K, what is the value of W in J mol-I? How much heat is discarded to the 
heat reservoir at To? What is the entropy change of the heat reservoir? What is .6.5total? 

5.11 Apistonjcylinder device contains 5 mol of an ideal gas, Cp = (5/2)R and Cv = (3/2)R, at 20°C 
and 1 bar. The gas is 90mpressed reversibly and adiabatically to 10 bar, where the piston is locked 
in position. The cylinder is then brought into thennal contact with a heat reservoir at 20°C, and heat 
transfer continues until the gas also reaches this temperature. Detennine the entropy changes of the 
gas, the reservoir, and .6.StotB!· 

5.12 An ideal gas, Cp = (7 j2)R and Cv = (5j2)R, undergoes a cycle consisting of the following 
mechanically reversible steps: 
(q) An adiabatic compression from PI' VI> TI to P2, V2, T2· 
(b) An isobaric expansion from P2 , V2 , T2 to p] = P2 • V], T]. 
(e) An adiabatic expansion from P3 , V3 , T3 to P4 • V4 , T4 • 

(d) A constant-volume process from P4 , V4 • T4 to P lo VI = V4 • T1• 

Sketch this cycle on a PV diagram and detennine its thennal efficiency if T, = 500 K, T2 = 800 K, 
T] = 2,000 K, and T4 = 1,000 K. 

5.13 A reversible cycle executed by t mol of an ideal gas for which Cp = (Sj2)R and Cv = (3/2)R 
consists of the following steps: 
(a) Starting at 600 K and 2 bar, the gas is cooled at constant pressure to 300 K. 
(~) from 300 K and 2 bar, the gas is compressed isothennally to 4 bar. 
(c) The gas returns to its initial state along a path for which the product PT is constant. 
What is t!te thermal efficiency of the cycle? 
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5.14 One mole of an ideal gas, Cp = (7/2)R and Cv = (5/2)~ is compressed adiabatically in a 
piston/ cylinder device from 1 bar and 40°C to 4 bar. The process is irreversible and requires 30 
percent more work than a reversible, adiabatic compression from the same initial state to the same 
final pressure. What is the entropy change of the gas? 

5.15 One mole of an ideal gas is compressed isothennally but irreversibly at 400 K from 3 bar to 
1 bar in a pistonj cylinder device. The work required is 35 percent greater than the work of reversible, 
isothennal compression. The heat transferred from the gas during compression flows to a heat reservoir 
at 300 K. Calculate the entropy changes of the gas, the heat reservoir, and .6.5101al' 

5.16 If 10 mol of ethylene is heated from 200 to I,OOO°C in a steady-flow process at approximately 
atmospheric pressure, '¢tat is its entropy change? 

5.17 If 12 mol of I-butene is heated from 250 to l,200°C in a steady-flow process at approximately 
atmospheric pressure, what is its entropy change? 

S.18 If heat in the amount of 1,300 kJ is added to 40 mol of S02 initially at 400°C in a steady-flow 
process at approximately atmospheric pressure, what is its entropy change? 

5.19 If heat in the amount of 1,000 kJ is added to 30 mol of ammonia vapor initially at 250°C in a 
steady·flow process at approximately atmospheric pressure, what is its entropy change? 

5.20 If heat in the amount of 5 x lOS(Btu) [5.215 x 105 kJ] is added to 30(Ib mol) [13.61 kg mol] of 
methane initially at 410(OF) [210°C] in a steady-flow process at approximately atmospheric pressure, 
what is its entropy change? 

5.21 A device with no moving parts is claimed to provide a steady stream of chi1led air at -20°C 
and 1 bar. The feed to the device is compressed air at 25°C and 4 bar. In addition to the stream of 
chilled air, a second stream of air flows at an equal mass rate from the device at 10°C and 1 bar. Are 
these claims in violation of the second law? Assume that air is an ideal gas for which Cp = (1 j2)R. 

5.22 An inventor has devised a complicated nonftow process in which 1 mol of air is the working 
ftuid. The net effects of the process are claimed to be: 
(a) A change in state of the air from 500 K and 2 bar to 350 K and I bar. 
(b) The production of 2,000 J of work. 
(c) The transfer of an undisclosed amount of heat to a heat reservoir at 300 K. 
Detennine whether the claimed perfonnance of the process is consistent with the second law. Assume 
that air is an ideal gas for which Cp = (7 j2)R. 

5.23 Consider the heating of a house by a furnace, which serves as a heat-source reservoir at a high 
temperature TF • The house acts as a heat·sink reservoir at temperature T, and heat IQI must be added 
to the house during a particular time interval to maintain this temperature. Heat I QI can of course 
be transferred directly from the furnace to the house, as is the usual practice. However, a third heat 
reservoir is readily available, namely, the surroundings at temperature To, which can serve as another 
heat source, thus reducing the amount of heat required from the furnace. Given that T F = S10 K, 
T = 295 K, To = 265 K, and Q = 1,000 kJ, detennine the minimum amount of heat IQFI which must 
be extracted from the heat-source reservoir (furnace) at TF • No other sources of energy are available. 

5.24 Consider the air conditioning of a house through use of solar energy. At a particular location 
experiment has shown that solar radiation allows a large tank of water to be maintained at 205°C. 
During a particular time interval, heat in the amount of 1,000 kJ must be extracted from the house 
to maintain its temperature at 20°C when the surroundings temperature is 3rC. Treating the tank of 
water, the house, and the surroundings as heat reservoirs. detennine the minimum amount of heat 
that must be extracted from the tank of water by any device built to accomplish the required cooling 
of the house. No other sources of energy are available. 



CHAPTER 

SIX 
THERMODYNAMIC PROPERTIES OF FLUIDS 

The phase rule (Sec. 2.8) tells us that specification of a certain number of intensive 
properties of a system also establishes all other intensive properties at fixed 
values. However, the phase rule provides no information about how values for 
these other properties may be calculated. 

The availability of numerical values for the thermodynamic properties is 
essential to the calculation of heat and work quantities for industrial processes. 
For example, the work requirement for a compressor designed to operate adiabati
cally and to raise the pressure ofa gas from PI to P, is given by Eq. (2.10), which 
here becomes 

- w, = !!.H = H, - HI 

when the small kinetic- and potential-energy changes of the gas are neglected. 
Thus, the shaft work is simply !!.H and depends only on the initial and final 
values of the enthalpy. 

Our initial purpose in this chapter is to develop from the first and second 
laws the fundamental property relations which underlie the mathematical struc
ture of thermodynamics. From these, we derive equations which allow calculation 
of enthalpy and entropy values from PVT and heat-capacity data. We then discuss 
the diagrams and tables by which both measured and calculated property values 
are presented for convenient use. Finally, we develop generalized correlations 
which allow estimates of property values to be made in the absence of complete 
experimental information. 
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6.1 RELATIONSHIPS AMONG THERMODYNAMIC 
PROPERTIES FOR A HOMOGENEOUS PHASE 
OF CONSTANT COMPOSmON 

The first law for a closed system of n moles is given by Eq. (2.13): 

d(nU) = dQ - dW 

For the special case of a reversible process, 

d(nU) = dQuv - dWuv 

and by Eqs. (2.14) and (5.12), 
dWm = Pd(nV) 

and 
dQuv = Td(nS) 

These three equations combine to give 

d(nU) = Td(nS) - Pd(nV) 

(2.13) 

(6.1) 

where U, S, and V are molar values of the internal energy, entropy, and volume. 
This equation, combining the first and second laws, is derived for the special 

case of a reversible process. However, it contains only properties of the system. 
Properties depend on state alone, and not on the kind of process that produces 
the state. Therefore, Eq. (6.1) is not restricted in application to reversible processes. 
However, the restrictions placed on the nature of the system cannot be relaxed. 
Thus Eq. (6.1) applies to any process in a system of constant mass that results 
in a differential change from one equilibrium state to another. The system may 
consist of a single phase (a homogeneous system), or it may be made up of 
several phases (a heterogeneous system); it may be chemically inert, or it may 
undergo chemical reaction. The only requirements are that the system be closed 
and that the change occur between equilibrium states. 

All of the primary thermodynamic properties-P, V, T, U, and S-are 
included in Eq. (6.1). Additional thermodynamic properties arise only by definition 
in relation to these primary properties. In Chap. 2 the enthalpy was defined as 
a matter of convenience by the equation: 

IH=U+PVI (2.6) 

Two additional properties, also defined for convenience, are the Helmholtz energy, 

(6.2) 

and the Gibbs energy, 

(6.3) 

Each of these defined properties leads directly to an equation like Eq. (6.1). 



Upon multiplication by n, Eq. (2.6) becomes 

nH = nU + P(nV) 

Differentiation gives 

d(nH) = d(nU) + Pd(nV) + (nV) dP 

When d(nU) is replaced by Eq. (6.1), this reduces to 

I d(nH) = Td(nS) + (nV) dP I 
Similarly, we find from Eq. (6.2) that 

d(nA) = d(nU) - Td(nS) - (nS) dT 

Eliminating d(nU) by Eq. (6.1), we get 

I d(nA) = -Pd(nV) - (nS) dT I 
In analogous fashion, Eq. (6.3) together with Eq. (6.4) gives 

I d(nG) = (nV) dP - (nS) dT I 

(6.4) 

(6.5) 

(6.6) 

Equations (6.4) through (6.6) have the same range of applicability as Eq. (6.1). 
All are written for the entire mass of any closed system. 

Our immediate application of these equations is to one mole (or to a unit 
mass) of a homogeneous fluid of constant composition. For this case, they sim
plify to 

dU= TdS-PdV 

dH=TdS+VdP 

dA = -PdV - SdT 

dG= VdP-SdT 

(6.7) 

(6.8) 

(6.9) 

(6.10) 

These fundamental property relations are general equations for a homogeneous 
fluid of constant composition. 

Another set of equations follows from them by application of the criterion 
of exactness for a differential expression. If F = F(x, y), then the total differential 
of F is defined as 

dF = (aF) dx + (aF) dy 
iJx y iJy x 

or 

dF=Mdx+Ndy (6.11) 
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where 

M = (aF) 
ax y 

and N = (aF) 
ay x 

By further differentiation we obtain 

e::). = -a~-2 :-x and 

I 
Since the order of differentiation in mixed second derivatives is immaterial these 
equations give ' 

(6.12) 

When F is a function of x and y, the right-hand side of Eq. (6.11) is an exact 
differential expression; since Eq. (6.12) must then be satisfied, it serves as a 
criterion of exactness. 

The thermodynamic properties U, H, A, and G are k!lown to be functions 
of the variables on the right-hand sides of Eqs. (6.7) through (6.10); we may 
therefore write the relationship expressed by Eq. (6.12) for each of these equations: 

(:~). = -e~t (6.13) 

(:~). =e~t (6.14) 

(:~t =(:~t (6.15) 

(:~t = -(:!)T (6.16) 

These are known as Maxwell's equalions.t 
Equations (6.7) through (6.10) are the basis not only for derivation of the 

Maxwell equations but also of a large number of other equations relating ther
modynamic properties. We develop here only a few expressions useful for evalu
ations of thermodynamic properties from experimental data. Their derivation 
requires application of Eqs. (6.8) and (6.16). 

The most useful property relations for the enthalpy and entropy of a 
homogeneous phase result when these properties are expressed as functions of 
T and P. What we need to know is how Hand S vary with temperature and 
pressure. This information is contained in the derivatives (aH/aT)p, (as/aT)p, 
(aH/aPh, and (as/aPh. 

t After James Clark Maxwell (1831-1879), Scottish physicist. 



Consider first the temperature derivatives. As a result of Eq. (2.21), 
defines the heat capacity at constant pressure, we have 

e~)p = Cp (2.21) 

Another expression for this quantity is obtained by division of Eq. (6.8) by dT 
and restriction of the result to constant P: 

e~) p = T(:~) p 

Combination of this equation with Eq. (2.21) gives 

The pressure derivative of the entropy results directly from Eq. (6.16): 

(:!L =-e~t 
The corresponding derivative for the enthalpy is found by division of Eq. (6.8) . 
by dP and restriction to constant T: 

( aH) = T(as) + V 
aP T ap T 

As a result of Eq. (6.18) this becomes 

( aH) = V _ T(av) 
aP T aT p 

Since the functional relations chosen here for Hand S are 

H = H(T,P) and s = S(T, P) 

it follows that 

dH = (aH) dT + (dH) dP 
. aT p ap T 

and 

dS = (as) dT+ (as) dP 
aT p aP T 

Substituting for the 'partial derivatives in these two equations by Eqs. (2.21) and 
(6.17) through (6.19), we get 

dH = CpdT+ [v- Te~)J dP 
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and 

dT (an dS= Cp-- - dP 
T aT p 

(6.21) 

These are general equations relating the enthalpy and entropy of homogeneous 
fluids of collstant composition to temperature and pressure. 

The coefficients of dT and dP in Eqs. (6.20) and (6.21) are evaluated from 
heat-capacity and PVT data. As an example ofthe application of these equations, 
we note that the PVT behavior of a fluid in the ideal-gas state is expressed by 
the equations: 

and 

PV ig 
= RT 

(
aV

ig
) 

aT p 

R 

P 

where V ig is the molar volume of an ideal gas at temperature T and pressure P. 
Substituting these equations into Eqs. (6.20) and (6.21) reduces them to 

and 

dH ig = C'P dT 

dSi9 = Clg dT -~dP 
p T P 

(6.22) 

(6.23) 

where the superscript ";g" denotes an ideal-gas value. These equations merely 
restate results derived for ideal gases in Chaps. 3 and 5. 

Equations (6.18) and (6.19) are expressed in an alternative form by elimina
tion of (av/aTlp in favor of the volume expansivity fJ by Eq. (3.2): 

and 

( as) = -fJV (6.24) 
aP T 

( aH) = (I - fJTl V 
aP T 

(6.25) 

The pressure dependence of the internal energy is obtained by differentiation of 
the equation U = H - PV: 

e~)T -e~L -pe~L -V 

Whence by Eqs. (6.25) and (3.3), 

(au) = (KP - fJT)V (6.26) 
aP T 
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where K is the isothermal compressibility. Equations (6.24) through (6.26), which 
require values of P and K, are usually applied only to liquids. 

For liquids not near the critical point, the volume itself is smaIi, as are both 
p and K. Thus at most conditions pressure has little effect on the entropy, enthalpy, . 
and internal energy of liquids. For an incompressiblefluid (Sec. 3.1), an idealization 
useful in fluid mechanics, both p and K are zero. In this case both (aSI aPh and 
(a u 1 aPh are zero, and the entropy and internal energy are independent of P. 
However, the enthalpy of an incompressible fluid is a function of P, as is evident 
from Eq. (6.25). 

When (aVliJT)p is replaced in Eqs. (6.20) and (6.21) in favor of the volume 
expansivity, they become 

dH = Cpd'r+ V(l- PT) dP (6.27) 

and 

(6.28) 

Since P and V are weak functions of pressure for liquids, they are usually assumed 
constant at appropriate average values for integration of the final terms of Eqs. 
(6.27) and (6.28). 

Example 6.1 Determine the enthalpy and entropy changes for liquid water for a 
change of state from I bar and 25'C to 1,000 bar and 50'C. The following data for 
water are available. 

'rc P/bar Cp/J mol-I K-1 V/cmlmol- I f3/K-' 

25 I 75.305 18.075 256 x 10-6 

25 1,000 ............... 17.358 366 x 10-6 

50 I 75.314 18.240 458 x 10-6 

50 1,000 ............... 17.535 568 x 10-6 

SOLUTION For application to the change of state described, Eqs. (6.27) and (6.28) 
require integration. Since enthalpy and entropy are state functions, the path of 
integration is arbitrary; the path most suited to the given data is shown in Fig. 6.1. 
Since the data indicate that Cp is a weak function of T and that both V and f3 are 
weak functions of P, integration with arithmetic averages is satisfactory. The integrated 
forms of Eqs. (6.27) and (6.28) that result are: 

and 
l>H = C;;"(T, - T,) - V''"(I - p''"T,)(P, - P,) 

fl.S = c~ve In T2 _ f38veV8Ve(pz _ PI) 
T, 

where for P = I bar 

C~VO = 75.305 + 75.314 75.310 J mol-' K-' 
2 
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CD HI and SI at 1 bar,25"C 

J C'dT} 
C dT J 

at 1 bar 

'T 

J V(1- PT) dP} 

J 
at 50°C 

PVdP 

CD H2 and S2 at 
~ ____ -<-____________ 1,000 bar, 50'C 

" 1 bar, SO"C 

Figure 6.1 

and for t = 50'C 

V OVO = 18.240 + 17.535 17.888 em' mol-' 
2 

pOVO = 458 + 568 x 10-6 K-' 
2 

Substitution of numerical values into the equation for fl.H gives 

l>H = 75.310(323.15 - 298.15) 

(17.888)[1 - (513 x 10---)(323.15)](1,000 - I) 
+~--~--~~I~O-c-m"~b~ar~J~'--~~--~ 

l>H = 1,883 + 1,491 = 3,374 J mol-' 

Similarly for l>S, 

32315 (513 x 10-6)(17.888)(1,000-1) 
l>S = 75.310 In 298.'15 lOcm3barJ I 

l>S = 6.06 - 0.92 = 5.14 J mol-' K-' 

Thus the effect of a pressure change of almost 1,000 bar on the enthalpy and entropy 
of liquid water is less than that of a temperature change of only 25°C. 

6,2 RESIDUAL PROPERTIES 

The fundamental property relations for homogeneous fluids of constant composi
tion given by Eqs. (6.7) through (6.10) show that each of the thermOdynamic 
properties U, H, A, and 0 is functionally related to a special pair of variables. 
In particular, Eq. (6.10), 

dO= VdP-SdT (6.10) 
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expresses the functional relation: 

G = G(P, T) 

Thus the special, or canonical, variables for the Gibbs energy are telnpen.tulte 
and pressure. Since these variables can be directly measured and controlled, 
Gibbs energy is a thermodynamic property of great potential utility. 

An alternative form of the fundamental property relation expressed by Eq.: 
(6.10) follows from the mathematical identity: 

d(.E...) 50 _1_dG -~dT 
RT RT RT' 

Substitution for dG by Eq. (6.10) and for G by Eq. (6.3) gives, after algebraic 
reduction, 

d - =-dP--dT (G) Y H 
RT RT RT' 

The advantage of this equation is that all terms are dimensionless; moreover, in 
contrast to Eq. (6.10), the enthalpy rather than the entropy appears on the 
right-hand side. 

Equations such as Eq. (6.10) and (6.29) are too general for direct practical· 
application, but they are readily applied in restricted form. Thus, from Eq. 
(6.29) we have immediately that: 

~= [a(GIRT)] 
RT ap T 

and 

..!!..= _T[a(GIRTl] 
RT aT p 

When GIRT is known as a function of T and P, YI RT and HI RT follow by 
simple differentiation. The remaining properties are given by defining equations. 
In particular, 

S H G 
-=---
R RT RT 

and 

U H PY 
-=---
RT RT RT 

Thus, when we know how GI RT (or G) is related to its canonical variables, T 
and P, that is, when we are given GI RT = G(T, P), we can evaluate all other 
thermodynamic properties by simple mathematical operations. The Gibbs energy 
therefore serves as a generating function for the other thermodynamic properties, 
and implicitly represents complete property information. 

I-HbKMUUYNAMIC PKUPbRTlbS Ut· ... ·LUJVS I-/:J 

Unfortunately, we have no convenient experimental method for determining 
numerical values of G or GI RT, and the equations which follow directly from 
the Gibbs energy are of little practical use. However, the concept of the Gibbs 
energy as a generating function for other thermodynamic properties carnes over 
to a closely related property for which numerical values are readily obtained. 
Thus we define the residual Gibbs energy as 

(6.32) 

where G and G;g/ are the actual and the ideal-gas values of the Gibbs energy at 
the same temperature and pressure. We can define other residual properties in 
an analogous way. The residual volume, for example, is 

yR 50 Y - y;g (6.33) 

whence 

R RT 
Y =y-

P 

Since Y = ZRTI P, the residual volume and the compressibility factor are related: 

R RT 
Y =p(Z -I) (6.34) 

We can, in fact, write a general definition for residual properties: 

(6.35) 

where M is the molar value of any extensive thermodynamic property, for 
example, V, U, H, S, or G. 

Equation (6.29), written for the special case of an ideal gas, becomes: 

(
G;g) y;g H;g 

d - =-dP--dT 
RT RT RT' 

Subtracting this equation from Eq. (6.29) gives: 

(
GR) yR HR 

d - =-dP--dT 
RT RT RT' 

(6.36) 

This is a fundamental property relation for residual properties applicable to 
constant-composition fluids. From it we get immediately that: 

yR = [a(GRIRTl] 
RT ap T 

(6.37) 

and 

HR = _T[a(GRIRTl] 
RT aT p 

(6.38) 
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In addition, the defining equation for the Gibbs energy, G = H - TS, wriitten 
for the special case of an ideal gas is G" = H" - TS"; by difference, 

G R = HR _ TSR 

from which we get the residual entropy: 

SR HR G R 
-=---
R RT RT 

Thus the residual Gibbs energy serves as a generating function for the other 
residual properties, and here we do have a direct link with experiment. It 
provided by Eq. (6.37), written 

(GR) yR 
d RT = RT dP (const T) 

Integration from zero pressure to arbitrary pressure P gives 

GR JP yR 
RT= 0 RT

dP (const T) 

where at the lower limit we have set G R j RT equal to zero on the basis that the 
zero-pressure state is an ideal-gas state. In view ofEq. (6.34), this result becomes, 

G
R JP dP -= (Z-l)-

RT 0 P 
(const T) 

When Eq. (6.40) is differentiated with respect to temperature in accord with Eq. 
(6.38), we get 

HR JP(az) dP -=-T - - (constT) 
RT 0 aT P P . 

Com'_ e~. ''''') •• , ".'0"" &,. , •. ,.. .\ 

SR JP (az) dP JP dP -= -T - -- (Z-l)-
R 0 aT P PoP 

(const T) 

The compressibility factor is by definition Z = PYj RT; values of Z and of 
(aZjaT)p are calculated directly from experimental PVT data, and the two 
integrals in Eqs. (6.40) through (6.42) are evaluated by numerical or graphical 
methods. Alternatively, the two integrals are evaluated analytically when Z is 
expressed by an equation of state. Thus, given PVT data or an appropriate 
equation of state, we can evaluate HR and SR and hence all other residual 
properties. It is this direct connection with experiment that makes residual 
properties essential to the practical application of thermodynamics. 
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Applied to the enthalpy and entropy, Eq. (6.35) is written: 

H = Hig+ HR (6.43) 

and 

s = S" + SR (6.44) 

Thus, Hand S are found from the corresponding ideal-gas and residual properties 
by simple addition. General expressions for H" and Sig are obtained by integra
tion of Eqs. (6.22) 'and (6.23) from an ideal-gas state at reference conditions To 
and Po to the ideal-gas state at T and P: 

H" = HtI' + fT C~ dT 
To 

and 

s" = stI' + fT C~ dT - R In P 
To T Po 

Substitution into Eqs. (6.43) and (6.44) gives 

H=HtI'+fT C~dT+HR 
To 

and 

. fT . dT P R S = S;j' + C~-- R In-+ S 
To T Po 

In view of Eqs. (4.6) and (5.16), these are more simply expressed as 

IH=H"+C" (T-T.)+HR 
. 0 Pmh 0 

and 

. . T P R 
S = S;j' + C~ In - - R In - + S 

ms To Po 

where HR and SR are given by Eqs. (6.41) and (6.42). 

(6.45) 

(6.46) 

Since the equations of thermodynamics which derive from the first and second 
laws do not permit calculation of absolute values for enthalpy and entropy, and 
since all we need in practice are relative values, the reference-state conditions 
To and Po are selected for convenience, and values are assigned to H;: and S:: 
arbitrarily. The only data needed for application of Eqs. (6.45) and (6.46) are 
ideal-gas heat capacities and PVT data. Once V, H, and S are known at given 
conditions of T and P, the other thermodynamic properties follow from defining 
equations. 
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The true worth of the equations for ideal gases is now evident. They 
important because they provide a convenient base for the calculation of rea,l_gA' 
properties. Although Eqs. (6.41) and (6.42) as written apply only to gases, residullII 
properties have validity for liquids as well. However, the advantage of Eqs. 
and (6.44) in application to gases is that HR and SR, the terms which cOl"tai~ 
all the complex calculations, are residuals that generally are quite small. 
have the nature of corrections to the major terms, HilJ and SilJ. For liquids, 
advantage is largely lost, because H Rand SR must include the large entha~p) 
and entropy changes of vaporization. Property changes of liquids are uS1Jally 
calculated by integrated forms of Eqs. (6.27) and (6.28), as illustrated in 
ample 6.1. 

Example 6.2 Calculate the enthalpy and entropy of saturated isobutane vapor 
360 K from the following information: 

1. The vapor pressure of isobutane at 360 K is 15.41 bar. 
2. Set HII' = 18,1I5.0Jmol-' and SII' = 295.976Jmol-' K-' for the ideal-gas 

ence state at 300 K and 1 bar.t 
3. The ideal-gas heat capacity of isobutane vapor in the temperature range of interest 

is given by 

C1/ R = 1.7765 + 33.037 x 10-' T (T/K) 

4. Compressibility-factor data (values of Z) for isobutane vapor are as follows:t 

P/bar 340K 350K 360K 370K 380K 

0.1 0.99700 0.99719 0.99737 0.99753 0.99767 
0.5 0.98745 0.98830 0.98907 0.98977 0.99040 
2 0.95895 0.96206 0.96483 0.96730 0.96953 
4 0.92422 0.93069 0.93635 0.94132 0.94574 
6 0.88742 0.89816 0.90734 0.91529 0.92223 
8 0.84575 0.86218 0.87586 0.88745 0.89743 

10 0.79659 0.82117 0.84077 0.85695 0.87061 
12 0.77310 0.80103 0.82315 0.84134 
14 0.75506 0.78531 0.80923 
15.41 0.71727 

SOLUTION Calculation of HR and SR at 360 K and 15.41 bar by application of Eqs. 
(6.41) and (6.42) requires the evaluation of two integrals: 

fP(aZ\ dP 
Jo aT} p P 

and Ip dP 
(Z -1)

o P 
Graphical integration requires simple plots of both (az/aT)p/ P and (Z -1)/ P vs. 
P. Values of (Z - 1)/ P are calculated directly from the given compressibility-factor 
data at 360 K. The q~antity (aZ/aT)p/ P requires evaluation of the partial derivative 

t R. D. Goodwin and W. M. Haynes, Nat. Bur. Stand. (U.S.), Tech. Note 1051, 1982. 
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(aZ/aT)p, given by the slope of a plot of Z vs. T at constant pressure. For this 
purpose. separate plots are made of Z VS. T for each pressure at which .compressibility
factor data are given, and a slope is determined at 360 K for each curve (for example, 
by construction of a tangent line at 360 K). The data for construction of the required 
plots are shown in the following table (values in parentheses are by extrapolation): 

P 
bar 

0 
0.1 
0.5 
2 
4 
6 
8 

10 
12 
14 
15.41 

and 

-(Z - 1)/ P x 10' (aZ/aT)p/ P x Ht 
bar' K-' bar- 1 

(2.590) (1.780) 
2.470 1.700 
2.186 1.514 
1.759 1.293 
1.591 1.290 
1.544 1.395 
1.552 1.560 
1.592 1.777 
1.658 2.073 
1.750 2.432 

(1.835) (2.720) 

The values of the two integrals are found to be 

f p (az) dP = 26.37 X 10-4 K-' Jo aT p P 

Ip dP 
(Z -1)- = -0.2596 

o P 
Thus by Eq. (6.41) 

HR 
RT = -(360)(26.37 x 10-4

) = -0.9493 

and by Eq. (6.42) 

SR 
- = -0.9493 - (-0.2596) = -0.6897 
R 

For R = 8.3141 mor' K-', 

and 

and 

HR = (-0.9493)(8.314)(360) = -2,841.3 J mol-' 

SR = (-0.6897)(8.314) = -5.734 J mol-' K-' 

Equations (4.7) and (5.17) for the mean heat capacities here become 

C1.J R = A + BT.m = 1.7765 + 33.037 x IO-'T.m 

C1.J R = A + BT'm = 1.7765 + 33.037 X IO-'T,m 
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With 

and 

we get 

Tom = (300 + 360)/2 = 330 K 

360 -300 

In (360/300) 

c'flj R = i2.679 and 

329.09K 

c'fl~/ R = 12.649 

Finally, Eqs. (6.45) and (6.46) yield the required results: 

and 

H = Hbg + Ct,,(T - To) + HR 

= 18,i 15.0 + (12.679)(8.314)(360 - 300) - 2,841.3 

= 21,598.5 J mol~1 

· T P R 
S = S" + C· In-- R In-+ S o Pm. To Po 

360 
= 295.976 + (12.649)(8.314) In 300 - 8.31410 15.41 - 5.734 

= 286.676 J mol~' K~' 

Although calculations have been carried out for just one state, enthalpies 
entropies can be evaluated for any number of states, given adequate data. 
completed a set of calculations, one is not irrevocably committed to the "::~~;; 
values of H&B and str initially assigned. The scale of values for either the I 

or the entropy can be shifted by addition of a constant to all values. In this way 
can give arbitrary values to Hand S for some particular state so as to make 
seales convenient for one purpose or another. A shift of scale does not affect 
in property values. 

The accurate calculation of thermodynamic properties for construction of a 
table or diagram is an exacting task, seldom required of an engineer. 
engineers do make practical use of thermodynamic properties, and an understand- . 
ing of the. methods used for their calculation leads to an appreciation that some, 
uncertainty is associated with every property value. There are two major reasons 
for inaccuracy. First, the experimental data are difficult to measure and are subject 
to error. Moreover, data are frequently incomplete, and are extended by interpola-, 
tion and extrapolation. Second, even when reliable PVT data are available, a 
loss of accuracy occurs in the differentiation process required in the calculation 
of derived properties. This accounts for the fact that data of a high order of. 
accuracy are required to produce enthalpy and entropy values suitable for 
engineering calculations. 

6.3 TWO-PHASE SYSTEMS 

The PT diagram of Fig. 3.1 shows curves representing phase boundaries for a 
pure substance. A phase transition at constant temperature and pressure occurs 
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whenever one of these curves is crossed, and as a result the molar or specific 
values of the extensive thermodynamic properties change abruptly. Thus the 
molar or specific volume of a saturated liquid is very different from that for 
saturated vapor at the same T and P. This is true as well for internal energy, 
enthalpy, and entropy. The exception is the molar or specific Gibbs energy, which 
for a pure species does not change during a phase transition such as melting, 
vaporization, or sublimation. Consider a pure liquid in equilibrium with its vapor 
in a piston-and-cylinder arrangement at temperature T and the corresponding 
vapor pressure p .... If a differential amount of liquid is caused to evaporate at 
constanttemperature and pressure, Eq. (6.6) reduces to d (nO) = 0 for the process. 
Since the number of moles n is constant, dO = 0, and this requires the molar 
(or specific) Gibbs energy of the vapor to be identical with that of the liquid. 
More generally, for two phases a and fJ of a pure species coexisting at equilibrium, 

0" = O~ (6.47) 

where 0" and O~ are the molar Oibbs energies of the individual phases. 
The Clapeyron equation, first introduced in Sec. 4.3, follows from this equality. 

If the temperature of a two-phase system is changed, then the pressure must also 
change in accord with the relation between vapor pressure and temperature if 
the two phases continue to coexist. Since Eq. (6.47) holds throughout this change, 
we have 

dO" = dO~ 

Substituting the expressions for dO" and dO~ given by Eq. (6.10) yields 

V" dP'" - S" dT = V~ dP'" - S~ dT 

which upon rearrangement becomes 

S~ _So 
=--

V~ - V" a V"~ 

The entropy change as"' and the volume change a V"~ are the changes which 
occur when a unit amount of a pure chemical species is transferred from phase 
a to phase fJ at constant temperature and pressure. Integration of Eq. (6.8) for 
this change yields the latent heat of phase transition: 

aH"~ = T as"~ 

Thus, as"' = aH"~ / T, and substitution in the preceding equation gives 

dpsat .6. Hap 

dT T a V"~ (6.48) 

which is the Clapeyron equation. For the particularly important case of phase 
transition from liquid I to vapor v, it is written 

dpsat .6.H1v 

dT = T av'v (6.49) 
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ExalDple 6.3 For vaporization at low pressures, one may int.ro<iuc:e "eas,onablle appro"j_ 
mations into Eq. (6.49) by assuming that the vapor phase is an ideal gas and that 
molar volume of the liquid is negligible compared with the molar volume of 
vapor. How do these assumptions alter the Clapeyron equation? 

SOLUTION The assumptions made are expressed by 

.1y'v= yv= RT 
P' 

Equation (6.49) then becomes 

drt .1H'v 
dT RT2/ psat 

or 
dpsat/ psat AH'v 

dT/T' R 
or 

Iv din psat 
I1H =-Rd(I/T) 

This approximate equation, known as the Clausius/Clapeyron equation, relates 
latent heat of vaporization directly to the vapor pressure curve. Specifically, it 
that AH'v is proportional to the slope of a plot of In psat vs. 1/ T. Experimental 
for many substances show that such plots produce lines that are nearly straight. ' 
According to the Clausius/Clapeyron equation, this implies that .1H'v is 
constant, virtually independent of T. This is not true; AH'v decreases monotonically 
with increasing temperature from the triple point to the critical point, where it becomes 
zero. The assumptions on which the Clausius/Clapeyron equation are based have 
approximate validity only at low pressures. 

The Clapeyron equation is an exact thermodynamic relation, providing a 
vital connection between the properties of different phases. When applied to the . 
calculation of latent heats of vaporization, its use presupposes knowledge of the 
vapor pressure-vs.-temperature relation. Since thermodynamics imposes no model . 
of material behavior, either in general or for particular species, such relations 
are empirical. As noted in Example 6.3, a plot of In P'" vs. 1/ T generally yields 
a line that is nearly straight, i.e., 

InP"'=A-
B 

T 

where A and B are constants for a given species. This equation gives a rough 
approximation of the vapor-pressure relation for the entire temperature range 
from the triple point to the critical point. Moreover, it is an excellent interpolation 
formula between values that are reasonably spaced. 

The Antoine equation, which is more satisfactory for general use, h~s the form 

In P'" = A ___ B_ 
T+C 
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A principal advantage of this equation is that values of the constants A, B, and 
C are readily available for many species.t 

The accurate representation of vapor-pressure data over a wide temperature 
range requires an equation of greater complexity; an example is the Riedel 
equation: 

In P'" = A - B + D In T + FT" 
T , 

where A, B, D, and F are constants. 

(6.52) 

When a system consists of saturated-liquid and saturated-vapor phases 
coexisting in equilibrium, the total value of any extensive property of the two
phase system is the sum of the total properties of the phases. Written for the 
volume, this relation is 

where V is the system volume on a molar basis and the total number of moles 
is n = n' + nV. Division by n gives 

V = x'V' + xVVv 

where x, and x" represent the fractions of the total system that are liquid and 
vapor. Since x' = 1 - xv, 

V = (1- x")V' + x"V" 

In this equation the properties V, V', and V" may be either molar or unit-mass 
values. The mass or molar fraction of the system that is vapor x" is called the 
quality. Analogous equations can be written for the other extensive thermody
namic properties. All of these relations may be summarized by the equation 

M = (I - X")M' + x"M" (6.53) 

where M represents V, U, H, S, etc. 

6.4 THERMODYNAMIC DIAGRAMS 

A thermodynamic diagram represents the temperature, pressure, volume, 
enthalpy, and entropy of a substance on a single plot. (Sometimes data for all 
these variables are not included, but the term still applies.) The most common 
diagrams are: temperature/entropy, pressure/enthalpy (usually In Pvs. H), and 
enthalpy/entropy (called a Mollier diagram). The designations refer to the vari
ables chosen for the coordinates. Other diagrams are possible, but are seldom used. 

Figures 6.2 through 6.4 show the general features of the three common 
diagrams. These figures are based on data for water, but their general character 

t S. Ohe, Computer Aided Data Book of Vapor Pressure, Data Book Publishing Co., Tokyo, 1976; 
T. Boublfk, V. Fried, and E. Hilla, The Vapor Pressures of Pure Substances, Elsevier, Amsterdam, 1984. 



184 INTRODUCTION TO CHEMICAL ENGINEERING THERMODYNAMICS 

T 

I 
/ 
/ 
/ ::/ 

81 Liquid/Vapor 
u/ 

Triple-point line 

Solid/Vapor 

s 

I 
I 
I 
I 

Figure 6.2 TS diagram. 

"
.5 Solid 

Const S 
I 

I 
I 

I 
I 

/ Const V ---1 ..... -

II--+-~=.!.--+- -e 
2 / 3 4 

/ Vapor 
I. Liquid/Vapor 

I Const x 

Triple-point line 

Solid/Vapor 

H 

Figure 6.3 PH diagram. 

THERMODYNAMIC PROPERTIES OF FLUIDS 115 

Const superheat ".-----
Const P 

./ t:--
~'&><f c:;r-

I 

H 

Triple-point line 

s 
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is the same for all substances. The two-phase states, which fall on lines in the 
PT diagram of Fig. 3.1, lie over areas in these diagrams, and the triple point of 
Fig. 3.1 becomes a line. When lines of constant quality are shown in the 
liquid/vapor region, property values for two-phase mixtures are read directly 
from the diagram. The critical point is identified by the letter C, and the solid 
curve passing through this point represents the states of saturated liquid (to the 
left of C) and of saturated vapor (to the right of C). The Mollier diagram (Fig. 
6.4) does not usually include volume data. In the vapor or gas region, lines for 
constant temperature and constant superheat appear. Superheat is a term used 
to designate the difference between the actual temperature and the saturation 
temperature at the same pressure. 

Examples of specific thermodynamic diagrams are given for methane by the 
PH diagram of Fig. 6.5, for steam by the Mollier diagram on the inside of the 
back cover, for Freon-12 and ammonia by the PH diagrams of Figs. 9.3 and 9.4, 
and for air by the TS diagram of Fig. 9.8. 

Paths of various processes are conveniently traced on a thermodynamic 
diagram. For example, consider the operation of the boiler in a steam power 
plant. The initial state is liquid water at a temperature below its boiling point; 
the final state is steam in the superheat region. As the water goes into the boiler 
and is heated, its temperature rises at constant pressure (line 1-2 in Figs. 6.2 and 
6.3) until saturation is reached. From point 2 to point 3 the water vaporizes, the 
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••• nn"ratur·e remaining constant during the process. As more heat is added, the 
steam becomes superheilted along line 3-4. On a pressure/ enthalpy diagram (Fig. 
6.3) the whole process is represented by a horizontal line corresponding to the 
boiler pressure. Since the compressibility of a liquid is small for temperatures 
well below To, the properties of liquids change very slowly with pressure. Thus 
on a TS diagram (Fig. 6.2), the constant-pressure lines in the liquid region lie 
very close together, and line 1-2 nearly coincides with the saturated-liquid curve. 
A reversible adiabatic process is isentropic and is therefore represented on a TS 
diagram by a vertrcal line. Hence the path followed by the fluid in reversible 
adiabatic turbines and compressors is simply a vertical line from the initial 
pressure to the final pressure. This is also true on the HS or Mollier diagram. 

6.5 TABLES OF THERMODYNAMIC PROPERTIES 

In many instances thermodynamic properties are reported in tables. The advan
tage is that, in general, data can be presented more accurately than in diagrams, 
but the need for interpolation is introduced. 

The complete thermodynamic tables for saturated and superheated steam, 
both in SI and in English units, appear in App. C. Values are given at intervals 
close enough so that linear interpolation is satisfactory. The first table for each 
system of units presents the equilibrium properties of saturated liquid and vapor 
phases from the triple point to the critical point. The enthalpy and entropy are 
arbitrarily assigned Values of zero for the saturated liquid state at the triple point. 
The second table 'is for the gas region, and gives properties of superheated steam 
at temperatures higher than the saturation temperature for a given pressure. 
Volume, internal energy, enthalpy, and entropy are tabulated as functions of 
pressure at various temperatures. The steam tables are the most thorough compila
tion of tjlermodynamic properties for any single material. However, extensive 
tables are available for certain other substances. t 

Exa.ple 6A Superheated steam originally at PI and Tl expands through a nozzle to 
an exhaust pressure P2' Assuming the process is reversible and adiabatic and that 
eqUilibrium is attained, determine the state of the steam at the exit of the nozzle for 
the following conditions: 

(a) PI = I,OOOkPa, I, = 260'C, and P, = 200kPa. 
(b) P, = 150(psia), I, = 500('F), and P, = 30(psia). 

t Comprehensive tables for a number of pure species, each in a separate volume, appear under 
the title Intel7UJtionai Thermodynamic Tables of the Fluid S,qte, Pergamon Press, Oxford, starting 
1972. Included are tables for argon, carbon dioxide, helium, methane, nitrogen, and propylene. 
Extensive data for ammonia appear in 1. Phys. Chem. Ref. Data, 7: 635, 1978. Compilations done 
by the U.S. Bureau of Standards for ethane, ethylene, isobutane, n-butane, and propane are published 
as Technical Notes 684 (1976), 960 (1981), and 1051 (1982), and as Monographs 169 (1982), and 
170 (1982). 



SOLUTION Since the process is both reversible and adiabatic, the change in 
of the steam is zero. 

(a) The initial state of the steam is as fol~ows (data from the SI steam 

II ~ 260'C 

PI ~ 1,000 kPa 

HI ~ 2,965.2 kJ kg-I 

SI ~ 6.9860 kJ kg-I K-I 

For the final state, 

P, ~ 200kPa 

S, ~ 6.9680 kJ kg-I K- I 

Since the entropy of saturated vapor at 200 kPa is greater than 52, the final state 
in the two-phase region. Equation (6.53) applied to the entropy here becomes 

S ~ (1 - X')SI + X'S' 

Whence 

6.9680 ~ 1.5301(1- x') + 7.l268x' 

where 1.5301 and 7.1268 are the entropies of saturated liquid and saturated vapor 
200 kPa. Solving, we get 

x' ~ 0.9716 

On a mass basis, the mixture is 97.16 percent vapor an~ 2.84 percent liquid. 
enthalpy is obtained by further application of Eq. (6.53): 

H ~ (0.0284)(504.7) + (0.9716)(2,706.7) ~ 2.644.2 kJ kg-I 

(b) The initial state of the steam is as follows (data from the steam tables 
English units): 

In the final state, 

II ~ 5OO('F) 

PI ~ 150(psia) 

HI ~ 1,274.3(Btu)(lbm )-1 

SI ~ 1.6602(Btu)(lbm )-I(R)-1 

P, ~ 30(psia) 

S, ~ 1.6602(Btu)(lbm )-I(R)-1 

Since the entropy of saturated vapor at 30(psia) is greater than 52, the final state 
in the two-phase region. Equation (6.53) applied to the entropy is written 

5 = (I - XV)S' + xVSv 

Whence 

1.6602 ~ 0.3682(1 - x') + 1.6995x' 

where 0.3682 and 1.6995 are the entropies of saturated liquid and saturated vapor at 

-----~ .. --- .. ~.u ... ..., ..... ~. "-"< ................................ VIL.O.::t ."7 

30(psia). Solving, we get 

x' ~ 0.9705 

On a mass basis, the mixture is 97.05 percent vapor and 2.95 percent liquid. Its 
enthalpy follows from another application of Eq. (6.53): 

H = (0.0295)(218.9) + (0.9705)(1,164.1) ~ 1,136.2(Btu)(lbm )-1 

6.6 GENERALI~ED CORRELATIONS OF 
THERMODYNAMIC PROPERTIES FOR GASES 

Of the two kinds of data needed for evaluation of thermodynamic properties, 
heat capacities and PVT data, the latter are most frequently missing. Fortunately, 
the generalized methods developed in Sec. 3.6 for the compressibility factor are 
also applicable to residual properties. 

Equations (6.41) and (6.42) are put into generalized form by substitution of 
the relationships, 

The resulting equations are: 

HR J. P' (az) dP 
RTc = -T; 0 aT, P

r 
p,r (6.54) 

and 

SR J. P, ( az) dP, J. P, dP, -= -T, - -- (Z-I)-
R 0 aTr Pr Pr 0 P, 

(6.55) 

The terms on the right-hand sides of these equations depend only on the 
upper limit P, of the integrals and on the reduced temperature at which the 
integrations are carried out. Thus, H R / RT, and SR / R may be evaluated once 
and for all at any reduced temperature and pressure from generalized compressi
bility-factor data. 

The correlation for Z is based on Eq. (3.45), 

Z=ZO+WZI 

Differentiation yields 

( az) (aZ
O
) (aZ

I
) 

aT, P
r 

= aT, P
r 
+ w aT, P

r 

Substitution for Z and (aZ/aT,lP, in Eqs. (6.54) and (6.55) gives: 

HR 2 J. P, (aZO) dP, 2 J. P, (aZ I) dP, 
RTc = -Tr 0 aTr Prl':-wTr 

0 aT
r 

Prl': 



and 

SR = _ [P, [T,(aZ
O
) + ZO _ I] dP, _ OJ [P, [T,(aZ') + Z'] dP, 

R Jo aT, P, P, Jo aT, P, P, 

The first integrals on the right-hand sides of these two equations are ev,i1uat .. 
numerically or graphically for various values of T, and P, from the data of 
3.12 and 3.13, and the integrals which follow OJ in each equation are sinoilo,ri 
evaluated from the data of Figs. 3.14 and 3.15. If the first terms on the riRlllt-llan 
sides of the preceding equations are represented by (HR)Oj RT, and (SR 
and if the terms which follow OJ are represented by (HR)'j RT, and (SR) 
then we can write 

and 

HR (HR)O (H R)' 
--=--+OJ--
RT, RT, RT, 

SR (SR)O (SR)' 
-=--+OJ--
R R R 

Calculated values of the quantities (HR)Oj RT" (HR)'j RT" (SR)Oj R, 
(SR)'j R are shown by plots of these quantities vs. P, for various values of T, 
Figs. 6.6 through 6.13. These plots, together with Eqs. (6.56) and (6.57), 
estimation of the residual enthalpy and entropy on the basis of the th,·ee··paraEnetC! 
corresponding-states principle as developed by Pitzer (Sec. 3.6). 

Figures 6.6, 6.7, 6.10, and 6.11 for (HR)Oj RT, and (SR)Oj R, used 
provide two-parameter corresponding-states correlations that quickly yield 
estimates of the residual properties. 

As with the generalized compressibility-factor correlation, the complexity 
the functions (HR)Oj RT" (HR)'j RT" (SR)Oj R, and (SR)'j R preclude 
general representation by simple equations. However, the correlation for Z 
on generalized virial coefficients and valid at low pressures can be extended 
the residual properties. The equation relating Z to the functions BO and B' 
derived in Sec. 3.6 from Eqs. (3.46) and (3.47): 

Z = I + BO P, + OJB' P, 
T,. T, 

From this we find 

(
az) = p,(dBOjdT, 
aT, p. T,. 

BO) (dB'jdT, 
2 + wP,. 
T,. T,. 

B') 
T2 , 

Substituting these equations into Eqs. (6.54) and (6.55) gives 

HR [P, [(dB
O 

BO) (dB' B')] 
RT, = -T, Jo dT, - T, + OJ dT, - T, dP, 

and 

SR = -JP, (dB
O 

_ OJ dB') dP 
R odT, dT,' 
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Figure 6.7 Generalized correlation for (HR)o/ RTe. P, > 1.0. (Based on data of B. L Lee and M. G. 
Kesler, ibid.) 
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Fipre 6.9 Generalized correlation for (HR)lj RTc. p~ > 1.0. (Based on data of B. 1. Lee and M. G. 
Kesler, ibid.) 
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Figure 6.11 Generalized correlation for (SR)Oj R, Pr > 1.0. (Based on data of B. I. Lee 
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-4 and (6.59) are: 

1.00 

1.05 

Figure 6.13 Generalized correlation for (SR)I/ R, Pr > 1.0. (Based on data of B. 1. Lee and M. O. 
Kesler. ibid.) 

Since BO and BI are functions of temperature only, integration 
temperature yields 

--= P BO- T-+w BI- T-HR [ dB
o 

( dB
I
)] 

RTc r r dT, r dT, 

and 

SR = _ P (dBO + w dB
I
) 

R 'dT, dT, 

The dependence of BO and BI on reduced temperature is provided by Eqs. 
(3.48) and (3.49). Differentiation of these equations gives expressions for dBo/ dT, 
and dB I

/ dT,. Thus the four equations required for application of Eqs. (6.58) 

( 

Bo = 0 08 _ 0.422 
. 3 T I.6 , 

dBo 0.675 
dT = T'·6 , , 

I 0.172 
B = 0.139 - T 4.' , 

(3.48) 

(6.60) 

(3.49) 

(6.61) 

Figure 3.16, drawn specifically for the compressibility-factor correlation, is 
also used as a guide to the reliability of the correlations of residual properties 
based on generalized second virial coefficients. However, all residual-property 
correlations are less precise than the compressibility-factor correlations on which 
they are based and are, of course, least reliable for strongly polar and associating 
molecules. 

The generalized correlations for HR and SR, together with ideal-gas heat 
capacities, allow calculation of enthalpy and entropy values of gases at any 
temperature and pressure by Eqs. (6.45) and (6.46). For a change from state I 
to state 2, we write Eq. (6.45) for both states: 

H, = H!r + Ct,(T, - To) + H: 

HI = H!r + Ct,(TI - To) + Hf 

The enthalpy change for the process, I1H = H, - HI, is given by the difference 
between these two equations: 

I1H = Ct.(T, - TI) + H: - Hf (6.62) 

Similarly, by Eq. (6.46) for the entropy, we get 

I1S = C~= In ~: - R In ~: + S: - sf (6.63) 

The terms on the right-hand sides of Eqs. (6.62) and (6.63) are readily 
associated with steps in a calculational path leading from an initial to a final state 
of a system. Thus, in Fig. 6.14, the actual path from state I to state 2 (dashed 
line) is replaced by a three-step calculational path. Step I -+ I id represents a 
hypothetical process that transforms a real gas into an ideal gas at TI and PI. 
The enthalpy and entropy changes for this process are 

and 



H ' - , 

Sf 

Tz• P2 Figure 6.14 Calculational path for 
(ideal) changes tJ.H and tJ.S. 

In step 1 id -+ 2id changes occur in the ideal-gas state from (T" P,) to (T" P,). 
For this process, 

and 

Finally, step 2id -+ 2 is another hypothetical process that transforms the ideal gas 
back into a real gas at T, and P,. Here, 

and 

Addition of the enthalpy and entropy changes for the three steps generates Eqs. 
(6.62) and (6.63). 

ExaDlple 6.5 Estimate V. U, H. and S for l~butene vapor at 200°C and 70 bar if H 
and S are set equal to zero for saturated liquid at O°C. Assume that the only data 
available are: 

T, = 419.6 K P, = 40.2 bar w =0.187 

T. = 267 K (normal boiling point) 

C'J/ R = 1.967 + 31.630 x 1O-'T - 9.837 x 1O-6 T' (T/K) 

SOLUTION The volume of I-butene vapor at 200°C and 70 bar is calculated directly 
from the equation V = ZRT I P, where Z is given by Eq. (3.45) with values of ZO 

and Zl taken from Figs. 3.13 and 3.15. For the ~duced conditions, 

we find that 

Whence 

20Q + 273.15 
T. = = 1.13 

, 419.6 
70 

P =-= 1.74 
, 40.2 

z = z· + wZ' = 0.476 + (0.187)(0.135) = 0.501 

v = (0.501)(83.14)(473.15) 281.7 em' mol'" 
( 70 

------ -.-.. 

For H and S, we use a calculational path like that of Fig. 6.14, leading from an initial 
state of saturated liquid I-butene at O°C, where Hand S are zero, to the final state 
of interest. In this case, an initial vaporization step is required, and we have the 
four-step path shown by Fig. 6.15. The sleps are: 

(a) Vaporization at T, and P, = P"'. 
(b) Transition to the ideal-gas state at (T" P,). 
(c) Change to (T" P,) in Ihe ideal-gas state. 
(d) Transition to the actual final state at (T" P,). 

Step (a). Vaporization of saturated liquid I-butene at O°C. The vapor pressure must 
be estimated, since it is not given. One method is based on Eq. (6.50): 

Reference state: } 
saturated-liquid 
butene at 
273.15 K, 1.273 bar 

(a) 

Saturated-vapor } 
butene at 
273.15 K, 1.273 bar 

(b) 

I1S· 

-H~ 

S• 
- , 

B Inpsat=A __ 
T 

{

Final state of 
butene at 
473.15 K, 70 bar 

(d) 

Butene in ideal-} ~H~ ~S~ {Butene in ideal-
gas state at .... ---'=--;-:,-=---.. gas state at 
273.15 K, 1.273 bar (c) 473.15 K, 70 bar 



We know two points on the vapor-pressure curve: the normal boiling point, for 
pa' = 1.0133 bar at 267 K, and the critical point, for which r' = 40.2 bar at 419.6 
For these two points, 

and 

B 
In 1.0133 = A - 267 

B 
In40 2-A--

. - 419.6 

Simultaneous solution of these two equations gives 

A = 10.134 and B = 2,702.21 

For O"C or 273.15 K, we then find that pa, = 1.273 bar. This result is used in 
(b) and (e). Here, we need an estimate of the latent heat of vaporization. Equat;o,. 
(4.12) provides the value at the normal boiling point, where T," = 267/419.6 = 

il.H!:' = 1.092(1n P, - 1.013) 1.092(1n 40.2 - 1.013) 

RT. 0.930 - T," 0.930 - 0.636 

= 9.958 

Whence 

il.H!:' = (9.958)(8.314)(267) = 22,104J mol-' 

Equation (4.13) now yields the latent heat at 273.15 K, where T, = 273.15/419.6 = 
0.651: 

or 

and 

il.H'· (I -T,)O." 
il.H'·= ~ . '" 

il.H'· = (0.349/0.364)°·"(22,104) = 21,753 J mol-' 

il.S'· = il.H'· / T = 21,753/273.15 = 79.64 J mol-' K-' 

Step (b). Transformation of saturated-vapor I-butene into an ideal gas at the initial 
conditions (Tlo Pd. The values of H: and S: are here estimated by Eqs. (6.58) and 
(6.59). The reduced conditions are 

T, = 0.651 and P, = 0.0317 

From Eqs. (3.48), (6.60), (3.49), and (6.61), we have 

BO = -0.756 

dBo 
-=2.06 
dT, 

B' = -0.904 

dB' 
-=6.73 
dT, 

THERMODYNAMIC PROPERTIES OF FLUIDS iii 

Substitution of these values into Eqs. (6.58) and (6.59) gives 

'fI" 
-' =0.0317[(-0.756-0.651 x 2.06) 
RT, 

and 

, 
Whence 

+ 0.187( -0.904 - 0.651 x 6.73)] = -0.0978 

SR i = -0.0317[2.06 + (0.187)(6.73)] = -0.105 

Hf = (-0.0978)(8.314)(419.6) = -341 Jmol-' 

sf = (-0.105)(8.314) = -0.87 Jmol-' K-' 

Step (e). Changes in the ideal-gas state from (273.15 K, 1.273 bar) to (473.15 K, 
70 bar). Here, il.H,g and il.S" are given by Eqs. (6.64) and (6.65), which require 
values of CIf., and clf_. These are evaluated by Eqs. (4.8) and (5.17), wherein 
Tam = 373.15 K and Tim = 364.04 K. Moreover, from the given equation for CiJ, we 
have 

A= 1.967 B = 31.630 X 10-3 C = -9.837 X 10-6 

Whence 

C Ifm.! R = 12.367 and 

Substitution of these values into Eqs. (6.64) and (6.65) gives 

and 

il.H,g = (12.367)(8.314)(473.15 - 273.15) = 20,564J mol-' 

il.S" = (12.145)(8.314) In ~~~::! -8.3141n 1.:~3 
= 22.16 J mol-' K-' 

Step (d). Transformation of I-butene from the ideal-gas state to the real-gas state at 
T2 and P2 • The final reduced conditions are 

T, = 1.13 and P, = 1.74 

In this instance, we estimate H~ and sf by Eqs. (6.56) and (6.57). Substitution of 
values taken from Figs. (6.7), (6.9), (6.11), and (6.13) gives: 

and 

Whence 

H" R; = -2.34+ (0.187)(-0.62) = -2.46 , 

SR 
~ = -1.63 + (0.187)( -0.56) = -1.73 

Hf = (-2.46)(8.314)(419.6) = -8,582 J mo1-' 

S~ = (-1.73)(8.314) = -14.38J mol-' K-' 
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The sums of the enthalpy and entropy changes for the four steps give the total ' 
changes for the process leading from the initial reference state (where Hand S 
set equal to zero) to the final state: 

H = I1H = 21,753 + 341 + 20,564 - 8,582 = 34,076 J mol-I 

and 

5 = 115 = 79.64 + 0.87 + 22.16 - 14.38 = 88.29 J mol-I K- 1 

The internal energy is 

u = H - PV = 34,076 
(70)(280.9) 

to cni3 bar J I 
32,110 J mol-I 

These results are in far better agreement with experimental values than would have· 
been the case had we assumed I-butene vapor an ideal gas. 

PROBLEMS 

6.1 Starting with Eq. (6.8), show that isobars in the vapor region of a Mollier (H8) diagram must 
have positive slope and positive curvature. 

6.l Making use of the fact that Eq. (6.20) is an exact differential expression, show that 

(ilCplilPh = -T(iI'VlilT')p 

What is the result of application of this equation to an ideal gas? 

6.3 A frequent assumption is that pressure has a negligible effect on liquid-phase properties, and 
that the properties of a compressed liquid are essentially those of the saturated liquid at the same 
temperature. Estimate the errors when the enthalpy and entropy of liquid ammonia at 270 K 
and 1,500 kPa are assumed equal to the enthalpy and entropy of saturated liquid ammonia at 
270 K. For saturated liquid ammonia at 270 K. pat = 381 kPa, V' = 1.551 X 10-3 m3 kg-I, and 13 = 
2.095 X 10-3 K-'. 

6A Liquid propane is throttled through a valve front an initial state of 4O"C and 3,000 kPa to a final 
pressure of 2,000 kPa. Estimate the temperature change and the entropy change of the propane. The 
specific heat of liquid propane at 40°C is 2.84 J g - 1oC- I

• 

6.5 Liquid water at 25°C and 1 bar fills a rigid vessel. Ifheat is added to the water until its temperature 
reaches sooc, what pressure is developed? The average value of 13 between 25 and 50°C is 36.2 X 
10-5 K- I. The value of I( at I bar and 50°C is 4.42 x to-5 bar-I, and may be assumed independent 
of P. The specific volume of liquid water at 25°C is 1.0030 cm3 g-I. 

6.6 A good estimate of the latent heat of vaporization of l,3-butadiene at 60°C is required. The vapor 
pressure of l,3-butadiene is given by the equation: 

In P~'/kPa = 13.7578 
2,142.66 

T/K -34.30 

From this and from an estimate of.6. V'v, calculate .6.H'v by the Clapeyron equatio~ [Eq. (6.49)]. 

6.7 A thin-walled metal container, filled with saturated steam at lOO"C, is tightly capped and allowed 
to cool slowly. If the container. can support a pressure difference of no more t:harl 20 kPa and if the 
surrounding pressure is 101.33 kPa, at what temperature does the container collapse? If steam were 
an ideal gas, what would be the temperature? 

6.8 The state of Hlbm ) of steam is changed from saturated vapor at 10(psia) to superheated vapor 
at 30(psia) and 1,20CWF). What are the enthalpy and entropy changes of the steam? What would the 
enthalpy and entropy changes be if steam were an ideal gas? 
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6.9 Very pure liquid water can be supercooled at atmospheric pressure to temperatures well below 
O°e. Assume that 1 kg has "een cooled as a liquid to -6°C. A small ice crystal (of negligible mass) 
is added to "seed" the supercooled liquid. If the subsequent change occurs adiabatically at atmospheric 
pressure, what fraction of the system freezes and what is the final temperature? What is .6.Slo181 for 
the process, and what is its irreversible feature? The latent heat of fusion of water at O°C = 333.4 J g -1, 

and the specific heat of supercooled liquid water = 4.226 J g-I °C-I. 

6.10 A two-phase system of liquid water and water vapor in equilibrium at 12,OOOkPa consists of 
equal volumes of liquid and vapor. If the total volume V' = 0.1 m3, what is the total enthalpy Hf 
and what is the total e~tropy Sf? 

6.11 A vessel contains I(lbm ) of H20 existing as liquid and vapor in eqUilibrium at 500 (psia). If the 
liquid and vapor each occupy half the volume of the vessel, determine Hand S for the I (Ibm) of H20. 

6.12 A pressure vessel contains liquid water and water vapor in equilibrium at 300(OF). The total 
mass of liquid and vapor is 2(Ibm). If the volume of vapor is 100 times the volume of liquid, what 
is the total enthalpy of the contents of the vessel? 

6.13 Wet steam at 230°C has a specific volume of 25.79 em3 g-I. Determine X. H, and S. 

6.14 A vessel ofO.l_m3 volume containing saturated-vapor steam at II erc is cooled to 25°C. Determine 
the volume and mass of liquid water in the vessel. 

6.IS Wet steam at 1,800 kPa expands at constant enthalpy (as in a throttling process) to 101.33 kPa, 
where its temperature is 115°e. What is the quality of the steam in its initial state? 

6.16 Steam at 550 kPa and 200°C expands at constant enthalpy (as in a throttling process) to 200 kPa. 
What is the temperature of the steam in its final state and what is its entropy change? If steam were 
an ideal gas, what would be its final temperature and its entropy change? 

6.17 Steam at 3,OOO(psia) and I,OOO(OF) expands at constant enthalpy (as in a throttling process) to 
2,OOO(psia). What is the temperature of the steam in its final state and what is its entropy change? 
If steam were an ideal gas, what would be its final temperature and its entropy change? 

6.18 Saturated steam at l~O(psia) expands at constant enthalpy (as in a throttling process) to 25(psia). 
What is its final temperature and what is its entropy change? 

6.19 A rigid vessel contains l(1bm) of saturated-vapor steam at 250("F). Heat is extracted from the 
vessel until the pressure reaches t5(psia). What is the entropy change of the steam? 

6.20 A rigid vessel contains 0.s0(ft)3 of saturated-vapor steam in equilibrium with 0.75(ft)3 of 
saturated-liquid water at 212(OF). Heat is transferred to the vessel until one phase just disappears, 
and a single phase remains. Which phase (liquid or vapor) remains, and what are its temperature 
and pressure? How much heat is transferred in the process? 

6.21 A vessel of 0.3_m3 capacity is filled with saturated steam at 1,700 kPa. If the vessel is cooled 
until 35 percent of the steam has condensed, how much heat is transferred and what is the final 
pressure? 

6.22 A vessel of 3_m3 capacity contains 0.03 m3 of liquid water and 2.97 m3 of water vapor at 
to 1.33 kPa. How much heat must be added to the contents of the vessel so that the liquid water is 
just evaporated? 

6.23 A rigid vessel lO(ft)3 in volume contains saturated-vapor steam at 75(psia). Heat exchange with 
a single external heat reservoir at 6O(OF) reduces the temperature of the contents of the vessel to 
60(OF). Determine .6.Sto18 ,. What is the irreversible feature of this process? 

6.24 A rigid vessel of 0.5_m3 volume is filled with steam at 700 kPa and 325°C. How much heat must 
be transferred from the steam to bring its temperature to I7SoC. 

6.25 A rigid, nonconducting vessel is divided in half by a rigid partition. Initially one side of the 
vessel contains steam at 3,400 kPa and 275"C, and the other side is evacuated. The partition is removed, 
and the steam expands adiabatically to fill the vessel. What are the final temperature and pressure 
of the steam? 
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6.26 One kilogram of steam undergoes the following changes in state. Calculate Q and W for 
process. 

(a) Initially at 350 kPa and 260°C, it is cooled at constant pressure to 150°C. 
(b) Initially at 350 kPa and 260°C, it is cooled at constant volume to 150°C. 

6.27 One kilogram of steam is contained in a piston/cylinder device at 700 kPa and 260°C. 
(a) If it undergoes a mechanically reversible, isothermal expansion to 250 kPa, how much 

does it absorb? 
(b) If it undergoes a reversible, adiabatic expansion to 250 kPa, what is its final te,.p"ra~ 

and how much work is done? 

6.18 Steam at 2,600 kPa containing 5 percent moisture is heated at constant pressure to 475°C. 
much heat is required per kilogram? 

6.29 Steam at 2,100 kPa and with a quality of 0.85 undergoes a reversible, adiabatic expansion 
nonftow process to 350 kPa. It is then heated at constant volume untll it is saturated vapor. Determilll 
Q and W for the process. 

6.30 Five kilograms of steam in a piston/cylinder device at 150 kPa and 150°C undergoes a 
cally reversible, isothermal compression to a final pressure such that the steam is just satura,te<l 
Determine Q and W for the process. 

6.31 Steam at 300(OF) and l(atm) is compressed isothermally in a mechanically reversible, 
process until it reaches a final state of saturated liquid. Determine Q and W for the process. 

6.32 One kilogram of water in a piston/ cylinder device at 25°C and 1 bar is compressed 
mechanically reversible, isothermal process to 1,500 bar. Estimate Q, W, !!lU, !!lH, and !!lS 
that ~ = 250 X 10-6 K- 1 and K = 45 x 10-6bar-l. 

6.33 A piston/cylinder device operating in a cycle with steam as the working fluid executes 
following steps: 
(a) Steam at 525 kPa and 175°C is heated at constant volume to a pressure of 750 kPa. 
(b) The steam then expands, reversibly and adiabatically, to the initial temperature of 175°C. 
(c) Finally, the steam is compressed in a mechanically reversible, isothermal process to the 

presure of 525 kPa. 
What is the thermal efficiency of the cycle? 

6.34 A piston/cylinder device operating in a cycle with steam as the working ftuid executes 
foUowing steps: 
(a) Saturated-vapor steam at 500(OF) is heated at constant pressure to I,OOO(OF). 
(b) The steam then expands, reversibly and adiabatically, to the initial temperature of 500(OF). 
(c) Finally, the steam is compressed in a mechanically reversible, isothermal process to the, iniitial st .... 
What is the thermal efficiency of the cycle? 

6.35 Steam with a quality of 0.85 expands in a mechanically reversible, nonflow process at ooll8Uml': 
quality from 200 to 40°C. Determine Q and W. 

6.36 One kilogram of saturated-liquid water at 1,250 kPa expands at constant internal energy in 
mechanically reversible, nonflow process until its tempeature falls to 90°C. What is the work? 

6.37 Steam expands isentropically in a turbine, entering at 3,800 kPa and 375°C. 
(a) For what discharge pressure is the exit stream a saturated vapor? 
(b) For what discharge pressure is the exit stream a wet vapor with quality of 0.90? 

6.38 A steam turbine, operating isentropically, takes in superheated steam at 1,800kP'a and di"eh''''1!eOJ 
at 30 kPa. What is the minimum superheat required so that the exhaust contains no moisture? 
is the power output of the turbine if it operates under these conditions and the steam rate is 5 kg 

6.39 A stearn turbine operates adiabatically with a steam rate of 30 kg s -I. The steam is supplied 
1,050 kPa and 375°C and discharges at 20 kPa and 75°C. Determine tthe power output of the 
and the efficiency of its operation in comparison with a turbine that operates isentropically from the 
same initial conditions to the same final pressure. 
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6.40 From steam-table data, estimate values for the residual properties V R , H R , and SR for steam 
at 200°C and 1,400 kPa. and compare with values found by a suitable generalized correlation. 

6.41 Estimate V R
, H R

, and SR for carbon dioxide at 425 K and 350 bar by appropriate generalized 
correlations. 

6.42 Estimate VR
, H R

, and SR for sulfur dioxide at 500 K and 235 bar by appropriate generalized 
correlations. 

6.43 From data in the steam tables, determine numerical values for the following: 
(a) Ol and Gil for saturated liquid and vapor at 135(psia). Should these be the same? 
(b) t1HI" / T and !!lS/" f~r saturation at 135(psia). Should these be the same? 
(c) V R

, H R
, and SR for saturated vapor at 135(psia). 

From data for psat at 130 and 140(psia), estimate a value for dpsat/dT at 135(psia) and apply the 
Clapeyron equation to estimate !!lS'v at 135(psia). How well does this result agree with the steam·table 
value? Apply appropriate generalized correlations for evaluation of V R

, H R
, and SR for saturated 

vapor at 135(psia). How well do these results compare with the values found in (c)? 

6.44 From data in the steam tables, determine numerical values for the following: 
(a) a' and G" for saturated liquid and vapor at 900kPa. Should these be the same? 
(b) !!lH'v / T and !!lS'v for saturation at 900 kPa. Should these be the same? 
(c) V R

, HR, and SR for saturated vapor at 900 kPa. 
From data for psat at 875 and 925 kPa, estimate a value for drat

/ dT at 900 kPa and apply the 
Clapeyron equation to estimate !!lS'v at 900 kPa. How well does this result agree with the steam-table 
value? Apply appropriate generalized correlations for evaluation of VR, HR, and SR for saturated 
vapor at 900 kPa. How well do these results compare with the values found in (c)? 

6.45 Steam undergoes a change from an initial state of 475°C and 3,400 kPa to a final state of 150°C 
and 275 kPa. Determine !!lH and !!lS: 
(a) From steam-table data. 
(b) By equations for an ideal gas. 
(c) By appropriate generalized correlations. 

6.46 Propane gas at I bar and 50°C is compressed to a final state of 125 bar and 245°C. Estimate the 
molar volume of the propane in the final state and the enthalpy and entropy changes for the process. 
In its initial state, propane may be assumed an ideal gas. 

6.47 Propane at 320 K and 101.33 kPa is compressed isothermally to 1,603 kPa, its vapor pressure at 
320 K. Estimate !!lH and !!lS for the process by suitable generalized correlations. 

6.48 Estimate the molar volume, enthalpy, and entropy for propylene as a saturated vapor and as a 
saturated liquid at 55°C. The enthalpy and entropy are set equal to zero for the ideal-gas state at 
101.33 kPa and O°C. The normal boiling point of propylene is -47.7°C, and its vapor pressure at 
55°C is 22.94 bar. 

6.49 Estimate the molar volume, enthalpy, and entropy for II-butane as a saturated vapor and as a 
saturated liquid at 370 K. The enthalpy and entropy are set equal to zero for the ideal-gas state at 
101.33 kPa and 273.15 K. The normal boiling point of n-butane is 272.67 K, and its vapor pressure 
at 370 K is 14.35 bar. 

6.SO A quantity of 5 mol calcium carbide is combined with 10 mol of liquid water in a closed, rigid, 
high-pressure vessel of 750_cm3 capacity. Acetylene gas is produced by the reaction: 

CaC,(s) + 2H,O(I) ~ C,H,(g) + Ca(OH),(s) 

Initial conditions are 25°C and I bar, and the reaction goes to completion. For a final temperature 
of 125°C, determine: 
(a) The final pressure. 
(b) The heat transferred. 
At 125°C, the molar volume of Ca(OHh is 33.0 cm3 mOrl. Ignore the effect of any gas present in 
the tank initially. 

6.51 Propylene gas at 134°C and 43 bar is throttled in a steady-state ftow process to 1 bar, where it 
may be assumed an ideal gas. Estimate the final temperature of the propylene and its entropy change. 
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6.52 Propane gas at 20 bar and 400 K is throttled in a steady-state flow process to 1 bar. 
the entropy change of the propane caused by this process. In its final state, propane may be 

an ideal gas. 
6.53 Carbon dioxide expands at constant enthalpy (as in a throttling process) from I,SookPa 
30DC to 101.33 kPa. Estimate as for the process. 

6.54 A stream of ethylene gas at 260D C and 4,100 kPa expands isentropically in a turbine to 140 
Detennine the temperature of the expanded gas and the work produced if the properties of 

are calculated by 
(a) Equations for an ideal gas. 
(b) Appropriate generalized correlations. 

6.55 A stream of ethane gas at 200DC and 2S bar expands isentropically in a turbine to 2 bar. D:;::: 
the temperature of the expanded gas and the work produced if the properties of ethane are c, 

by 
(a) Equations for an ideal gas. 
(b) Appropriate generalized correlations. 

6.56 Estimate the final temperature and the work required when I mol of 1,3-butadiene is cOlnplr.",e4 
isentropically in a steady-flow process from I bar and 60DC to 7 bar. 

CHAPTER 

SEVEN 
THERMODYNAMICS OF FLOW PROCESSES 

Most equipment used in the chemical, petroleum, and related industries is 
designed for the movemeni offluids, and an understanding of fluid flow is essential 
to a chemical engineer. The underlying discipline is fluid mechanics, t which is 
based on the law of mass conservation, the linear momentum principle (Newton's 
second law), and the first and second laws of thermodynamics. 

The application of thermodynamics to flow processes is also based on con
servation of mass and on the first and second laws. The addition of the linear 
momentum principle makes fluid mechanics a broader field of study. The usual 
separation between thermodynamics problems and fluid-mechanics problems de
pends on whether this principle is required for solution. Those problems whose solu
tions depend only on conservation of mass and on the laws of thermodynamics 
are commonly set apart from the study of fluid mechanics and are treated in 
courses on thermodynamics. Fluid mechanics then deals with the broad spectrum 
of problems which require application of the momentum principle. This division 
is arbitrary, but it is traditional and convenient. 

The applications of thermodynamics to flow processes usually are to finite 
amounts of fluid undergoing finite changes in state. One might, for example, deal 
with the flow of gas through a pipeline. If the states and thermodynamic properties 
of the gas entering and leaving the pipeline are known, then application of the 

t Fluid mechanics is treated as an integral part of transport processes by R. B. Bird, W. E. Stewart, 
and E. N. Lightfoot in Transport Phenomena. John Wiley, New York, 1960, by C. O. Bennett and J. 
E. Myers in Momentum Heat and Mass Transfer, 2d ed., McGraw-Hiil, New York, 1982, and by R. 
W. Fabien in Fundamentals of Transport Phenomena, McGraw-Hill, New York, 1984. 
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first law establishes the magnitude of the energy exchange with the surroundings 
of the pipeline. The mechanism of the process, the details of flow, and the state, 
path actually followed by the fluid between entrance and exit are not pertinent; 
to this calculation. 

On the other hand, if one has only incomplete knowledge of the initial or 
final state of the gas, then more detailed information about the process is needed' 
before any calculations are made. For example, the exit pressure of the gas 
not be specified. In this case, one must apply the momentum principle of fluid 
mechanics, and this requires an empirical or theoretical expression for the 
stress at the pipe wall. 

The fundamental equations generally applicable to flow processes are pre· 
sented in Sec. 7.1, and in later sections these equations are applied to specific' 
processes. 

7.1 FUNDAMENTAL EQUATIONS 

Two idealizations are imposed from the start to facilitate the application 
thermodynamic principles to flow processes: 

I. We presume that flow is unidirectional at any cross section of a conduit where 
thermodynamic, kinetic, and dynamic properties are assigned or evaluated,'. 
namely, at entrances to and exits from the equipment under consideration. 

2. We also imagine that at such a cross section these same properties do not 
in the direction perpendicular to the direction of flow. Thus properties such 
as velocity, temperature, and density, assigned or evaluated for the cross 
section, have values which are appropriate averages over the cross section. 

These idealizations are pragmatic in nature, and for most practical purposes they' 
introduce negligible error. 

Conservation of Mass 

The law of conservation of mass for fluids in flow processes is most conveniently 
written so as to apply to a control volume, which is equivalent to a th'errno·dynrumi,c' 
system as defined in Sec. 2.3. A control volume is an arbitrary volume enclolse.i 
by a bounding control surface, which mayor may not be identified with physical 
boundaries, but which in the general case is pervious to matter. The flow pr,oc"sses 
of interest to chemical engineers usually permit identification of almost the 
tire control surface with actual material surfaces. Only at specifically prlDvide,d 
entrances and exits is the control surface subject to arbitrary location, and here 
it is universal practice to place the control surface perpendicular to the direction' 
of flow, so as to allow direct imposition of idealizations I and 2. An example of 
a control volume with one entrance and one exit is shown in Fig. 7.1. The actual' 
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U , 

Control 
volume 

velocity 
profile 

--t----w. 

Figure 7.1 Control volume with one entrance and one exit. 

velocity profile shown at the exit is equivalent to the uniform velocity profile 
indicated to the right that provides the same mass flow rate (idealization 2). 

The principle of conservation of mass for a flow process may be written in 
words as: 

{

Rate of accumulatiOn} {mass flOW} {mass flOW} 
of mass within the = rate in at - rate ~ut 

control volume entrances at eXIts 

or 

{

Rate of acCUmUlatiOn} {net mass flow } 
of mass within the + rate out by = 0 

control volume flowing streams 

The first term on the left is the rate of change with time of the total mass within 
the control volume, dm/ dt. The mass flow rates of streams at entrances and exits 
is given by 

iii = mass flow rate = puA 

where p is the average fluid density, u is its average velocity, and A is the 
cross-sectional area of the entrance or exit duct. The mass-conservation equation 
(also called the continuity equation) is therefore expressed mathematically as: 

dm at + a( puA),. = 0 (7.1) 

where the symbol a denotes the difference between exit and entrance streams 
and the subscript "fs" indicates that the term applies to all flowing streams. 
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The flow process characterized as steady-state is an important special 
for which conditions within the control volume do not change with time. In 
case the control volume contains a constant mass of fluid, and the inflow of 
is exactly matched by the outflow of mass. Thus Eq. (7.1) becomes 

Ll(puA)" = 0 

Further, if there is but a single entrance and a single exit stream, as in Fig. 
the mass flow rate riJ is the same for both streams, and Eq. (7.2) becomes 

P2u2A2 - PluiA. = 0 

or 

m = const = P2u2A2 = p.u.A. 

Since specific volume is the reciprocal of density, 

. ",A, u,A, uA 
m=--=--=-

V, V, V 

This form of the continuity equation finds frequent use. 

Conservation of Energy 

In Chap. 2 the first law of thermodynamics was applied to closed systems (n"nflo~ 
processes) and to single-stream, steady-state flow processes to provide 
equations of energy conservation for these important applications. Our purpe,sl 
here is to present a more general equation applicable to an open system or to 
control volume. 

or 

The basic conservation requirement may be expressed in words: 

{

Rate of acCUmUlatiOn} {rate of energy} {rate of energy} 
of energy within the = transport in at - transport out 

control volume entrances at exits 

{

heat flow, } { net power, w,} 
+ Q, in across the - out across the 

control surface control surface 

{

Rate of accumulatiOn} {net rate of energy} 
of energy within the + tran~port out by = Q - W 

control volume f10wmg streams 

The first term on the left is the rate of change with time of the total int"m,al 
energy within the control volume, d(mU)~/ dt. Associated with each f1o'win.· 
stream are three forms of energy: internal, kinetic on account of its velocity 
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and potential on account of its elevation z above a datum level. Thus on the 
basis of a unit mass, each stream has a total energy U + ~u' + zg and transports 
energy at the rate (U + ~u' + zg)riJ. The energy-conservation equation is therefore 

d(mU)~ , , .. 
dt + Ll[( U + 2" + zg)riJl" = Q - W (7.4) 

where subscript "cv" denotes the control volume and g is the local acceleration 
of gravity. , . 

The power or work rate W consists of two parts. The first is the shaft-work 
rate W, shown in Fig. 7. J. Less obvious is the work associated with moving the 
flowing streams into and out of the control volume at entrances and exits. The 
fluid at any entrance or exit has a set of average properties, P, V, U, H, etc. We 
imagine that a unit mass of fluid with these properties exists in a conduit adjacent 
to the entrance or exit, as shown in Fig. 7.1 at the entrance. This unit mass of 
fluid is pushed into the control volume by additional fluid, here replaced by a 
piston which exerts the constant pressure P. The work done by this piston in 
pushing the unit mass into the control volume is PY, and the work rate is (PV)riJ. 
The net work done at all entrance and exit sections is then Ll[(PV)riJl". Thus 

W = W, + Ll[(PV)riJl" 

Combining this with Eq. (7.4) gives 

d(mU)~ , , .. 
dt +Ll[(U+PV+ 2 u +zg)riJl,,=Q- W, 

Since U + PV = H, this is more conveniently written: 

d(mU)~ , , .. 
dt + Ll[(H + 2" + zg)riJl,. = Q - W, (7.5) 

Although Eq. (7.5) is an energy balance of considerable generality, it has 
inherent limitations. In particular, it is based on the presumption that the control 
volume is a constant volume and that it is at rest. This means that kinetic- and 
potential-energy changes of the fluid in the control volume can be neglected. For 
virtually all applications of interest to chemical engineers, Eq. (7.5) is adequate. 
Indeed, for most applications, kinetic- and potential-energy changes in the flowing 
streams are also negligible, and Eq. (7.5) simplifies to 

d(mU)~ + Ll(H .) = Q. - W: 
dt m fs s (7.6) 

Since riJ = dm/ dt, Q = dQ/ dt, and W, = dW,/ dt, multiplication of this equation 
by dt puts it into differential form: 

d(mU)~ + Ll(H dm)" = dQ - dW, (7.7) 

This equation may be applied to a variety of processes of a transient nature, as 
ilJustrated in the following examples. 
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. . of an evacuated tank with a gas from a conSllan.\! 
Example 7.1 ConSIder ~e fil:l~g between the enthalpy of the gas in the entran.,. 
pressure line. What is t e re a Ion . th t ok? Neglect heat transfer between 

. t 1 energy of the gas m ea. h . 
line and the tn ema h "d I and has constant heat capacities, ow IS 

d h tank If t e gas IS 1 ea . h line? 
gas an t e '. kit d to the temperature Ifi t e entrance temperature of the gas 10 the tan re a e 

. control volume there is but one opening 
SOLUTION If the tank IS chosen as the

b 
gas fto~s into the tank. Since there 

d . es as an entrance ccause 
the tank an It serv _ 0 I th abse~ce of any specific information. we assume 
n~ s~aft wOdrkp'o!~~~e~e:gy :hanges are negligible. By Eq. (7.7) we have kinetic- an 

d(mU),.nk - H' dm' = 0 

. (') identifies the entrance stream and the m~nus ~ign is re<luilred 
where the pnme S. H' is constant integration gives because it is an entrance stream. mce , 

H' , &'(mV)tank = m2V2 - ml VI = m 

... II' m -Oandm,= m' Thereforethe'pr.ecedi"'g Since the mass in the tank mltia y IS zero, I - • 

equation reduces to 

U2 = H' 

. h b of heat transfer the energy of the gas cOlltained 
This. result shows thhat mn~ ~; t~:npc:ocess is equal to the enthalpy of the gas 
withm the tank at tee 

If the gas is ideal, 

H' = U'+ P'V' = V'+ RT' 

and Eq. (A) becomes 

U,- U'= RT' 

For constant heat capacity, 

U, - U' = Cv(T, - T') 

whence 

Cv(T, - T') = RT' 

or 

T, - T' = ~ _ Cp - Cv 

T' Cy Cy 

If Cp / Cy is set equal to 'Y, this reduces to 

T2 = 'YT' 

. s inde endent of the amount of gas admitted 
which indicates that the fi~al temperature ~. ti ~ by the initial stipulation that heat 
to the tank. This result IS strongly con lone 
transfer between the gas and the tank be neglected. " 

3 tank contains 500 kg of liquid water in equilibrium with pure 
Example 7.2 A 1.5·m . d f the tank The temperature and pressure are 
water vapor, which fills the remam er l~ at a ~nstant temperature of 700e and a 
1000e and 101.33 kPa. From a water me 
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constant pressure somewhat above 101.33 kPa, 750 kg is bled into the tank. If the 
temperature and pressure in the tank are not to change as a result of the process, 
how much energy as heat must be transferred to the tank? 

SOLUTION Choose the tank as the control volume. As in Example 7.1, there is no 
shaft work, and again we assume negligible kinetic- and potential-energy effects. 
Equation (7.7) therefore is written 

d(mU),.nk - H' dm' = dQ 

where the prime denotes the state of the inlet stream. Integration of this equation 
with H' constant gives 

Q = <1(mU),.nk - H'm' 

The definition of enthalpy may be applied to the entire contents of the tank to give 

<1(mU)~'k = <1(mH)~'k - <1(PmV),.nk 

Since the total volume mV of the tank and the pressure are constant, &.(PmV)tank = O. 
Therefore 

Q = &(mH)u.nk - H'm' = (m2H2 - mlHI)tank - H'm' 

where m' is the mass added in the inlet stream, and m
l 

and m
2 

are the masses of 
water in the tank at the beginning and end of the process. At the en.d of the process 
the tank still contains saturated liquid and saturated vapor in equilibrium at loooe 
and 101.33 kPa. Hence mlH, and m2H2 each consist of two terms, one for the liquid 
phase and one for the vapor phase. 

The numerical solution makes use of the following enthalpies taken from the 
steam tables: 

H' = 293.0 kJ kg-I; saturated liquid at 70.C 
H:ank = 419.1 kJ kg-I; saturated liquid at lOOoe 
H~nk = 2,676.0 kJ kg-I; saturated vapor at 1000C 

The volume of vapor in the tank initially is 1.5 m3 minus the volume occupied by the 
500 kg of liquid water. Thus 

mf 1.5 - (500)(0.001044) 
1.673 = 0.772 kg 

where 0.001044 and 1.673 m
3 

kg- 1 are the specific volumes of saturated liquid and 
saturated vapor at 100°C from the steam tables. Then 

(mIH,)~.k = m!H! + mfHf = 500(419.1) + 0.772(2,676.0) 

= 211,616kJ 

At the end of the process, the masses of liquid and vapor are determined by the 
conservation of mass and by the fact that the tank volume is still 1.5 m3• These 
constraints give the equations: 

m2 = 500 + 0.772 + 750 = m~ + m~ 

1.5 = 1.673m, + 0.001044 ml 
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Whence 
m~ ~ 1,250.65 kg 

m~ ~ 0.116 kg 

Then since H~ = H~ and H~ = Hr, 

(m,H') .. nk ~ 1,250.65(419.1) + 0.116(2,676.0) ~ 524,458 kJ 

Finally, substituting the values for (m1H')tank and (m2H2)tank in the equation for 
gives 

Q ~ 524,458 - 211,616 - 750(293.0) ~ 93,092 kJ 

Energy Balances for Steady-State Flow Processes 

For a steady-state flow process, the total internal energy of the control voluDnl 
is constant, and d(mU)~1 dt is zero. Equation (7.5) therefore becomes 

I ~[(H+!u'+zg)rillr,= Q- lV, I 

This equation is widely used, because steady-state flow processes represent 
norm in the chemical-process industry. 

A further specialization results when there is but one entrance and one 
to the control volume. In this case the mass flow rate ril is the same for 
streams, and Eq. (7.8) reduces to 

Division by ril gives 

or 

~(H + !u' + zg)ril = Q - lV, 

I , Q lV, 
~(H+2U +zg) ~-:---. = Q- W, 

m m 

~U2 
~H+-+ g~z ~ Q - W, 

2 

which is a restatement of Eq. (2.lOa). In this equation, each term is based on . 
unit mass of fluid flowing through the control volume. 

The kinetic-energy terms of the various energy balances developed 
include the velocity u, which is the bulk-mean velocity as defined by the equal,iOl 
u ~ rill pA. Fluids flowing in pipes exhibit a velocity profile, as shown in 
7.1, which rises from zero at the wall (the no-slip condition) to a maximum 
the center of the pipe. The kinetic energy of a fluid in a pipe depends on 
actual velocity profile. For the case of laminar flow, the velocity profile 
parabolic, and integration across the pipe shows that the kinetic-etlergy 
should properly be u'. In fully developed turbulent flow, the more common 
in practice, the velocity across the major portion of the pipe is not far 
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uniform, and the expression u2/2, as used in the energy equations, is more nearly 
correct. 

In all of the equations written here, the energy unit is presumed to be the 
joule, in accord with the SI system of units. For the English system of units, the 
kinetic- and potential-energy terms, wherever they appear, require division by 
the dimensional constant g, (see Secs. 1.3 and 1.8). However, in many applications, 
the kinetic- and potential-energy terms are omitted, because they are negligible 
compared with other terms. Exceptions are applications to nozzles, metering 
devices, wind tunnels, and hydroelectric power stations. 

Mechanical Energy Balance; Bernoulli Equation 

Equation (7.10) applies to the steady-state flow of fluid through a control volume 
to which there is but one entrance and one exit. In addition, we have the 
fundamental property relation of Eq. (6.8): 

dH= TdS+ VdP 

For a reversible change of state, T dS = dQ. Then 

dH=dQ+ VdP 

Integration gives 

f
p, 

~H= Q+ VdP 
P, 

Substituting for ~H in Eq. (7.10), we get 

f
p

, ~u' 
- W, ~ V dP + - + 9 ~z 

P, 2 

This equation is based on the assumption that the change of state resulting 
from the process is accomplished reversibly. However, the viscous nature of real 
fluids induces fluid friction that makes changes of state in flow processes inherently 
irreversible because of the dissipation of mechanical energy into internal energy. 
In order to correct for this, we add to the equation a friction term F. The 
mechanical-energy balance is then written: 

f
p

, ~U2 
- W, ~ V dP + - + 9 ~z + F 

P, 2 
(7.11) 

The determination of numerical values for F is a problem in fluid mechanics. 
For evaluation of the integral term, one must know or assume a V-vs.-P relation. 
For liquids, the common assumption is that the specific volume V is constant, 
independent of pressure. 

Bernoulli's famous equation, formulated over a century prior to the develop
ment of the first law of thermodynamics, is a special case of the mechanical-energy 
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balance. It applies to a nonviscous, incompressible fluid which does not ex<ch'lnlltl 
shaft work with the surroundings. For a nonviscous fluid, F is zero, and for 
incompressible fluid 

J 
P, ap 

VdP= vap=
P, p 

where p is fluid density. Equation (7.11) reduces to ,. 
ap au2 

-+-+gaz=o 
p 2 

which is Bernoulli's equation. As an alternative expression, we have 

a(;+~\gz) =0 

or 

P u2 

-+-+ gz = const 
p 2 

7.2 FLOW IN PIPES 

The quantity of most immediate interest with respect to the steady·state flow 
fluid in a straight length of pipe is the pressure change accompanying flow. 
appropriate equation for this calculation is Eq. (7.11), the m.,ch.anicai-enelrgy 
halance. To allow for the continuous change of properties ih a flowing fluid, 
write Eq. (7.11) in differential form: 

VdP+ udu + gdz+ dF = 0 

Integration over the length of the pipe requires an empirical expression for 
friction term dF. This is usually given by the Fanning equation: 

where D = pipe diameter 
L = length along ihe pipe 

21u2 

dF=-dL 
D 

1 = I(Dup/ "') = dimensionless friction factor 
p = fluid density 
'" = fluid viscosity 

Further empirical methods are required to account for the additional rnc:uc.n 
effects resulting from bends, valves, changes in pipe size, etc. The deltaille<t 
treatment of friction calculations is beyond the scope of thermodynamics.t 

t For evaluation of the friction factor / and other friction effects, see W. L. McCabe., J. C. ' 
and P. Harriott, Unit Operations o/Chemical Engineering, 4th ed., chap. 5, McGraw-Hili, New Yo~ 
1985; R. H. Perry and Don Green, Perry's Chemical Engineers' Handbook, 6th ed., sec. 5, McGraw-Htll, 
New York, 1984. 

A topic within the purview of thermodynamics is the maximum velocity 
attainable in pipe flow .. Consider a gas in steady-state adiabatic flow in a horizontal 
pipe of constant cross-sectional area. Equation (7.10) is the applicable energy 
balance, and it here becomes: 

In differential form it is 

au2 

aH+-=O 
2 

dH = -udu (7.14) 

Equation (7.3) is also applicable. Since riI is constant, the differential form is 

d(uA/V) = 0 

When A is constant, d(u/ V) = 0; whence 

and 

du udV 
-y- V2 =0 

du = udV 
V 

(const A) 

Substituting this result into Eq. (7.14) gives 

u2 dV 
dH=--

V 

The fundamental property relation of Eq. (6.8) can be written 

TdS= dH- VdP 

Replacing dH by Eq. (7.17), we get 

u2 dV 
TdS = ---- VdP 

V 

(7.15) 

(7.16) 

(7.17) 

(7.18) 

As gas flows along a pipe in the direction of decreasing pressure, its specific 
volume increases, as does its velocity in accord with Eq. (7.3). Thus in the direction 
of increasing velocity, dP is negative, dV is positive, and the two terms of the 
preceding equation contribute in opposite directions to the entropy change. 
According to the second law, dS must be positive (with a limiting value of zero) 
for an adiahatic process. This condition is met so long as the final term in the 
equation makes a sufficiently large positive contribution to overbalance the 
negative contribution of the preceding term. However, as the pressure decreases, 
the specific volume increases ever more rapidly. Thus it is possible to reach a 
pressure such that the negative contribution of the first term on the right becomes 
equal to the positive contrihution of the second. In this case a maximum velocity 
is reached at that differential length of pipe for which dS = O. An expression for 



Um .. is obtained if we set the rigJ:l;;;;::::::-_;:-:::::::::;jj:;l'I==::II11ht-hand side of Eq. (1."leq~ 

(const S) 
u2 dV =m!'!ax,:-=-'- jIHlIIi~liIIllIIIlIHII.II.III •• IIIIII1I1.1I11111111 .... 111-1111_ ..... '1 V dP = 0 

V 

Rearrangement gives 

U':;: :==;==;;?,::;;' ~~·;'ax = - V2(:~) S 

This is identical to the eqm:·' " lion derived in physics for the 
in the fluid. Therefore, the maxim·'.'·",· .. ·,.··"·· m 'urn ftuid velocity obtainable in a 
cross-sectional area is the sp~~ EO d of sound. This does not 
velocities are impossible; they are, in fact, readily Obtained 
diverging nozzles (Sec. 1.3). H_ 1M rwever, the speed of sound is the 
that can be reached in a conduit t of constant cross sectiotl, prc>yi,decil: 
velocity is subsonic. The sonic Vt.i "wr'~\'elocity must be reached at the 
If the pipe length is increased, tl::III::J::::r:::::::::'" : JULc::::.ihe mass rate of flow decreaSes so 
velocity is still obtained at the .'" III l< .utlet of the lengthened pipe. 

7.3 EXPANSION PROCES~li ~~~~~~II!2~~BES 

Flow processes accompanied byy!!::::::::::::~sharp reductions in preSSure are 
processes. They include flow th·., '" 'trough nozzles, through turbines or 
and through throttling devices SI'.II Ii iii ii, i i so such as orifices and valves. 

Nozzles 

A nozzle is a device that causa s the interchange of internal and 
of a fluid as a result of a chaJll IIm,l "1 I] 1111" 11111111 ]!II ".alging cross-sectional area available 
common example is the conve ging nozzle designed to produce a 
stream. However, converging a T and diverging sections are used, 
combined, for many purposes II!: es: ::::::::::.s in turbines, jet engines, ejectors, and 
The relationship between nozzle. • length and cross-sectional area is not 
to thermodynamic analysis, but t is a problem in fluid mechanics. LOlrg'CJ, 

basis of experience, nozzles cano .... _ ... __ ._._._ ... _.~ •. -m be tapered to achieve near-isentropic 
Since W, = 0 and heat trans1,II·11 ,1 ' 111 II " !::::::.:~H. .fert and potential-energy changes are 

the energy equation as given by •.... --.. --.-.... - ... -.--o/.----y Eq. (1.14) applies: 

The mechanical-energy balance 

dH = -udu 

e [Eq. (1.13)] takes the form 

················--·-·_--V dP = u du + dF 

t Flow in nozzles is nearly adiabatic.:;:,"'.::.:::,::=,:=:,:::=:::=:=~:r===::ic. because the velocity is high (short residence time 
and the area for heat transfer is small. 

IUbstitulting this exp,resl 

!(COmPllrisc>n with Eq. 
It is also true that 

the maximum obtain.abl 
. throat. This is because 

cross-sectional area, i.e., 
At the relatively high 

t M. M. Abbott and H. C. 
Series, pp. 221_224,MoGra,wJ 

~-. 



umax is obtained if we set the right-hand side of Eq. (7.18) equal to zero: 

Rearrangement gives 

u!.ax dV + VdP = 0 
V 

(const S) 

2 2(ap) 
"max = - V aV s 

This is identical to the equation derived in physics for the speed of 
in the fluid. Therefore, the maximum fluid velocity obtainable in a pipe of cOins till 
cross-sectional area is the speed of sound. This does not imply that 
velocities are impossible; they are, in fact, readily obtained in cn"v • .rQ;;n. 
diverging nozzles (Sec. 7.3). However, the speed of sound is the maximum 
that can be reached in a conduit of constant cross section, provided the enltrwnc 
velocity is subsonic. The sonic velocity must be reached at the exit of the 
If the pipe length is increased, the mass rate of flow decreases so that the , 
velocity is still obtained at the outlet of the lengthened pipe. 

7.3 EXPANSION PROCESSES 

Flow processes accompanied by sharp reductions in pressure are called eXI)a"Isio 
processes. They include How through nozzles, tl)rough turbines or eXIPaJld"r 
and through throttling devices such as orifices and valves. 

Nozzles 

A nozzle is a device that causes the interchange of internal and kinetic 
of a fluid as a result of a changing cross-sectional area available for flow. 
common example is the converging nozzle designed to produce a nU!D-ve,IO(~1 
stream. However, converging md diverging sections are used, separately 
combined, for many purposes as in turbines, jet engines, ejectors, and diflius,., 
The relationship between nozzle length and cross-sectional area is not su,;ceptil>l 
to thermodynamic analysis, but is a problem in Huid mechanics. Largely on 
basis of experience, nozzles can be tapered to achieve near-isentropic flow. 

Since W, = 0 and heat transfert md potential-energy changes are nel!ll~;lU~ 
the energy equation as given by Eq. (7.14) applies: 

dH = -udu 

The mechanical-energy balance [Eq. (7.13)) takes the form 

-VdP=udu+dF 

t Flow in nozzles is nearly adiabatic, because the velocity is high (short residence time of 
and the area for heat transfer is small. 

and if the flow is isentropic, this further reduces to 

-VdP=udu (const S) 

Figure 7.2 Converging/diverging 
nozzle. 

(7.20) 

The other relation available for steady How (constmt m) is Eq. (7.15), 
d(uA/V) = O. 

Equations (7.14), (7.15), and (7.20), combined with the relations between 
the thermodynamic properties at constant entropy, determine how the velocity 
varies with cross-sectional area of the nozzle. The variety of results for compress
ible fluids (e.g., gases), depends in part on whether the velocity is below or 
above the speed of sound in the fluid. For subsonic flow in a converging nozzle, 
the velocity increases and pressure decreases as the cross-sectional area 
diminishes. In a diverging nozzle with supersonic flow, the area increases, but 
still the velocity increases and the pressure decreases. The various cases are 
summarized elsewhere.t We limit the rest of this treatment of nozzles to applica
tion of the equations to a few specific cases. 

The speed of sound is significant in the treatment of nozzles, because this is 
the velocity at the throat (minimum cross-sectional area) of a converging/ 
diverging nozzle (Fig. 7.2) in which the exit velocity is supersonic. This result 
follows from the fact that at the throat A is constant, and Eq. (7.16) applies: 

dV 
du=u

V 

Substituting this expression into Eq. (7.20) for isentropic How gives the throat 
velocity as 

2 2(ap) 
Uthroat = - V av s (7.21) 

Comparison with Eq. (7.19) shows that U"roB< is equal to the speed of sound. 
It is also true that in the converging section of a converging/ diverging nozzle 

the maximum obtainable fluid velocity is the speed of sound, reached at the 
throat. This is because a further decrease in pressure requires an increase in 
cross-sectional area, i.e., a diverging section. The explanation for this is as follows. 
At the relatively high pressures in the converging section, a given pressure drop 

t M. M. Abbott and H. C. Van Ness, Theory and Problems of Thermodynamics, Schaum's Outline 
Series, pp. 221-224, McGraw-Hill, New York, 1972. 



causes a small increase in specific volume. However, at low pressures the inc:rel<$< 
in Y is large. Thus we see by Eq. (7.15) that at high pressures the small 
in Y does not have much effect, and A decreases to offset the increase in velociq 
However, at low pressures, the large increase in Y cannot be balanced by 
increase in velocity, and A must also increase. This situation is 
numerically in Example 7.3. 

Since the maximum fluid velocity obtainable in a converging nozzle is 
speed of sound, a nozzle of this kind can deliver a constant flow rate into a 
of variable pressure. Suppose a compressible fluid enters a converging nozzle 
pressure PI and discharges from the nozzle into a chamber of variable 
P,. If this discharge pressure is P" the flow is zero. As P, decreases below 
the flow rate and velocity increase. Ultimately, the pressure ratio P,/ PI 
a critical value at which the velocity in the throat is sonic. Further reduction 
P, has no effect on the conditions in the nozzle. The flow remains constant, 
the velocity in the throat is that given by Eq. (7.21), regardless of the value 
P,/ PI, provided it is always less than the critical value. For steam, the 
value of this ratio is about 0.55 at moderate temperatures and pressures. : 

The relation of velocity to pressure in a nozzle can be given analytically 
the fluid behaves as an ideal gas. When an ideal gas with constant heat Cal)acitie 
undergoes isentropic expansion, Eq. (3.24) provides a relation between P 
V, that is, PY' = const. Integration of Eq. (7.20) then gives 

J
P

, 2yP Y [ (P )('-1)/'] 
u~ - uT = -2 P1 V dP = 'Y ~ 11 1 - P: 

where conditions at the nozzle entrance are denoted by subscript I. Eq[uatiQ 
(7.22) together with Eq. (7.21) gives the value of the pressure ratio P,/ PI 
u I = 0) such that the speed of sound is obtained in !he thro~t of a co.nv,mIin 
nozzle. Evaluation of the derivative (aP/ a Yls for the IsentropIc expansiOn 
ideal gas with constant heat capacities from Eq. (3.24), PY' = const, reduces 
(7.21) to 

Substituting this value of the throat velocity for u, in Eq. (7.22) and solving 
the pressure ratio with U I = 0 gives 

P, = (_2_),/(y-1) 
PI y + I 

A general relationship between velocity and cross-sectional area, expn~ssc 
not in terms of the properties (P, T, V, H) of the fluid but in terms of the 
of sound, results from Eqs. (7.15), (7.19), and (7.20). We start with Eq. 
but express the derivative as 

I dY 
y(udA+Adu) - uA y ' = 0 

or 

JnJ::.KMVLJTNAMn,..::s Uk'- I''-LUW PKlX..:t:.SSES ~ 

udA+Adu YdY 
uA =7 

Then replacing Y in the numerator on the right-hand side by its value from Eq. 
(7.20), we have for an isentropic process: 

dA du udu 
-A + -;;- = -_-=-y7;,(7:a-::p:';/ aC:-:Y"')c-

s 

By Eq. (7.19) the denominator of the right-hand side is the square of the speed 
of sound. Hence 

dA u du du (u' ) du -=-,---= -,--I -
A Usonic U Usonic U 

The ratio of the actual velocity to the speed of sound is called the Mach number 
M. Hence this equation expresses a relation between the cross-sectional area, 
velocity, and the local Mach number at any axial position in the nozzle, i.e., 

dA = (M' _ I) du 
A u 

(7.24) 

Depending on whether M is greater than unity (supersonic) or less than unity 
(subsonic), the cross-sectional area increases or decreases with velocity increase. 
Equation (7.24) is applicable to any type of nozzle, as long as the flow is isentropic. 

The speed of sound is attained at the throat of a converging/ diverging nozzle 
only when the pressure at the throat is low enough that the critical value of P,/ PI 
is reached. If insufficient pressure drop is available in the nozzle for the velocity 
to become sonic, the diverging section of the nozzle acts as a diffuser. That is, 
after the throat is reached the pressure rises and the velocity decreases; this is 
the conventional behavior for subsonic flow in diverging sections. The relation
ships between velocity, area, and pressure in a nozzle are illustrated numerically 
in Example 7.3. 

Example 7.3 A high-velocity nozzle is designed to operate with steam at 700 kPa and 
300°C. At the nozzle inlet the velocity is 30 m S-I, Calculate values of the ratio AI AI 
(where AI is the cross-sectional area of the nozzle inlet) for the sections where the 
pressure is 600, 500, 400, 300, and 200 kPa. Assume that the nozzle operates isentropi
cally. 

SOLUTION The required area ratios are given by Eq, (7.3): 

~=UIV 
Al Vlu 

The velocity u is found from the integrated fonn of Eq. (7.14) 

u' = ul- 2(H - H,) 
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With units for velocity of m s - \ u2 has the units of m2 s -2. Units of J kg -I for H 
consistent with these, because 1 J = 1 kgm2 s-2

, whence 1 Jkg- I = 1 m2 s-2.t 
From the steam tables, we have initial values for entropy, enthalpy, and 

volume: 

Thus, 

and 

s, ~ 7.2997 kJ kg-' K-' 

H. ~ 3,059.8 X 10' J kg-' 

V, ~ 371.39 em' g-' 

A (30) V -- ---
A. 371.39. 

.' ~ 900 - 2(H - 3,059.8 x 10') 

Since the expansion process is isentropic, at 600 kPa, 

S ~ 7.2997 kJ kg-' K-' 

H ~ 3,020.4 x 10' J kg-' 

V ~ 418.25 em' g-' 

From Eq. (B) 

• ~ 282.3 m s-' 

and by Eq. (A), 

~ ~ (~) (418.25) ~ 0 120 
A. 371.39 282.3 . 

Area ratios for other pressures are evaluated the same way, and the results 
summarized in the following table. The pressure at the throat of the nozzle is 
380 kPa. At lower pressures, the nozzle clearly diverges. 

P/kPa V/cm3 g-1 u/m S-I A/A. 

100 311.39 30 1.0 

600 418.25 282.3 0.120 

500 481.26 411.2 0.095 

400 511.23 523.0 0.088 

300 111.93 633.0 0.091 

200 910.04 152.2 0.104 

Example 7.4 Consider again the nozzle of Example 7.3, assuming now that 
behaves as an ideal gas. Calculate: 

(a) The critical pressure ratio and the velocity at the throat. 
(b) The discharge pressure if a Mach number of 2.0 is required at the nozzle exlIaus!; 

tWhen u is in (ft)(S)-I. H in (Btu)(lbm )-1 must be multiplied by 778.t6(ftlbrl(Btu)-1 and 
the dimensional constant gc = 32.l74(Ibm )(ft)(lbr)-'{s)-2. 

l"nKNlVUIl"\IAM.'L~ VI" I"LUW I"Kt.K...:t:;~~t:;:s ~ 

SOLUTION (a) The ratio of specific heats for steam is about 1.3. Substituting in Eq. 
(7.23), . 

P, ( 2 ) 1.3/(1.3-1) 
p. ~ 1.3 + I ~ 0.55 

The velocity at the throat, which is equal to the speed of sound, can be found from 
Eq. (7.22). Whe}P. is in Pa (I Pa ~ I kg m-' s-') and V. is in m' kg-', the product 
PI VI is in m2 s - • the units of velocity squared. Thus 

u' ~ (30)' + (2)(1.3)(700,000)(0.37139) 'LJ-')/LJ 
'hm", 1.3-1 [1-(0.55) 1 

~ 900 + 290,354 ~ 291,254 

"throat = 539.7 m S-I 

These results compare favorably with values obtained in Example 7.3, because steam 
at these conditions closely approximates an ideal gas. 

(b) For a Maeh number of 2.0 (based on conditions at the nozzle throat) the 
discharge velocity is 1,079.4 m 8-1• Substitution of this value in Eq. (7.22) allows 
calculation of the pressure ratio: 

(1,079.4)' ~ (30)' + (1.3)(700,000)(0.37139) [1_ (P,)'LH)/LJ] 
1.3 - I p • 

or 

(
P,)(1.3-1)/1.3 
P, ~ 0.483 

Whence 

P, ~ (0.0427)(700) ~ 29.9 kPa 

Turbines or Expanders 

The expansion of a gas in a nozzle to produce a high-velocity stream is a process 
that converts internal energy into kinetic energy. This kinetic energy can in turn 
be converted into shaft work when the stream impinges on blades attached to a 
rotating shaft. Thus a turbine (or expander) consists of alternate sets of nozzles 
and rotating blades through which gas flows in a steady-state expansion process 
whose overall efleet is the efficient conversion of the internal energy of a high
pressure stream into shaft work. When steam provides the motive force as in a 
power plant, the device is called a turbine; when a high-pressure gas, such as 
ammonia or ethylene in a chemical or petrochemical plant, is the working fluid, 
the device is often called an expander. In either case, the process is represented 
in Fig. 7.3. 

Equations (7.9) and (7.10) are appropriate energy relations. However, the 
potential-el\ergy term can be omitted, because there is little change in elevation. 
Moreover, in any properly designed turbine, heat transfer is negligible and the 
inlet and exit pipes are sized to make fluid velocities relatively low. Equations 
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~re 7.3 Steady-state flow through a turbine or expander. 

(7.9) and (7.10) therefore reduce to 

IV, = -mtl.H 

and 

W, = -tl.H 

Normally, we know the inlet conditions T, and P, and the discharge pr,essure 
P,. Thus in Eq. (7.26) we know only H" and are left with both H, and W, 
unknowns. The energy equation alone does not allow any calculations to 
made. However, if the fluid in the turbine undergoes an expansion process 
is reversible as well as adiabatic, then the process is isentropic, and S, = S,. 
second equation allows us to determine the final state of the fluid and hence 
For this special case, we can evaluate W, by Eq. (7.26), written as 

W,(isentropic) = -(tl.H)s 

The shaft work given by Eq. (7.27) is the maximum that can be obl:airled 
from an adiabatic turbine with given inlet conditions and given discharge p","s·ure:. 
Actual turbines produce less work, because the actual expansion process 
irreversible. We therefore define a turbine efficiency as 

W, 
'1 = W,(isentropic) 

where W, is the actual shaft work. By Eqs. (7.26) and (7.27) 

tl.H 
'1 = (tl.Hls 

Values of '1 for properly designed turbines or expanders are usually in the range 
of 70 to 80 percent. 

Figure 7.4 shows an HS diagram on which are compared an actual expansion 
process in a turbine and the reversible process for the same intake conditions 
and the same discharge pressure. The reversible path is a vertical line of constant 

1 
IlH 1 

H I (IlH), 

J 

P, 

s 

Figure 7 A Adiabatic expansion process in a turbine or expander. 

entropy from point I at the intake pressure P, to point 2' at the discharge pressure 
P,. The line representing the actual irreversible process starts also from point I, 
but is directed downward and to the right, in the direction of increasing entropy. 
Since the process is adiabatic, irreversibilities cause an increase in entropy of the 
fluid. The process terminates at point 2 on the isobar for P,. The more irreversible 
the process, the further this point lies to the right on the P, isobar, and the lower 
the efficiency '1 of the process. 

Example 7.5 A steam turbine with rated capacity of 56,400 kW operates with steam 
at inlet conditions of 8,600 kPa and soooe, and discharges into a condenser at a 
pressure of 10 kPa. Assuming a turbine efficiency of 75 percent, determine the state 
of the steam at discharge and the mass rate of flow of the steam. 

SOLUTION At the inlet conditions of 8,600 kPa and soooe, the following values are 
given in the steam tables: 

H, = 3,391.6 kJ kg-' 

S, = 6.6858 kJ kg-' K-' 

If the expansion to 10 kPa is isentropic, then 

S; = 8, = 6.6858 

Steam with this entropy at 10 kPa is wet, and we apply Eq. (6.53), with M = S: 

S = (J - X")SI + x"S" = S' + x"(S" - SI) 

Whence 

6.6858 = 0.6493 + x;(8.1511 - 0.6493) 

and 

xi = 0.80467 



This is the quality (fraction vapor) of the discharge stream at point 2'. The enlthalp H, is also given by Eq. (6.53), written 

Thus 

and 

H = H' + x"(H" - H') 

H, = 191.8 + 0.80467(2,584.8 - 191.8) 

= 2,117.4 kJ kg-' 

(AH)s = H, - H, = 2,117.4 - 3,391.6 = -1,274.2 kJ kg-' 

By Eq. (7.28) we then have 

AH = '1(AH)s = (0.75)( -1,274.2) = -955.6 kJ kg-I 

Whence 

H, = H, + AH = 3,391.6 - 955.6 = 2,436.0 kJ kg-I 

Thus the steam in its actual final state is also wet, and its quality is found from 
equation: 

Solution gives 

Finally, 

2,436.0 = 191.8 + x,(2,584.8 - 191.8) 

x, = 0.93782 

5, = 0.6493 + (0.93782)(8.1511 - 0.6493) 

= 7.6864 kJ kg-' K- I 

This value may be compared with the initial value of SI = 6.6858. 
The steam rate is found from Eq. (7.25). With IV = 56,400 kW or 56,400 kJ 

we have 

56,400 = -rit(2,436.0 - 3,391.6) 

and 

rit = 59.02 kg S-I 

Example 7.5 was worked with the aid of the steam tables. When a cOlmparalbl. 
set of tables is not available for the motive fluid, the generalized correlations 
Sec. 6.6 may be used in conjunction with Eqs. (6.62) and (6.63), as illustrated 
the following example. 

Example 7.6 A stream of ethylene gas at 300°C and 45 bar is expanded :~~~:~~~:~ 
in a turbine to 2 bar. Cal~ulate the isentropic work produced. Determine the 
of ethylene by (a) equations for an ideal gas, and (b) appropriate 
correlations. 

SO~UTION The enthalpy and entropy changes for this process are given by 
(6.62) and (6.63): 

and 

(6.63) 

As given values, we have P, = 45 bar, P, = 2 bar, and T, = 300 + 273.15 = 573.15 K. 
(a) If ethylene is assumed an ideal gas. then all residual properties are zero, 

and the preceding equations reduce to: 
.' 

AH = Cll'.JT, - T,) 

and 

I T2 P2 A5=Cpln--Rln-
., .. TI PI 

For an isentropic process, as = 0, and the last equation becomes: 

" CPm'In T, = In P, = In.3.. = -3.1135 
RT, P,45 

or 

-3.1135 
In T, = C" JR + In 573.15 

Pm 

Whence 

(
-3.1135 ) 

T, = exp C'Im.l R + 6.3511 (A) 

Equation (5.17) with D = 0 (in accord with the heat-capacity data for ethylene 
given in Table 4.1) is 

where 

and 

A = 1.424 

B = 14.394 X 10-3 

C = -4.392 X 10-6 

(B) 

In these equations T2 is the only unknown. It is conveniently found by iteration 
between Eqs. (B) and (A). We assume a value of T" calculate C,# / R by Eq. (B), 
calculate T2 by Eq. (A), return to Eq. (B), and repeat to converge;~e. The result is: 

T, = 370.79 K 

Then 

W,(isentropic) = -(AHls = -ClI'.,(T, - T,)s 
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By Eq. (4.7), 

With 

this gives 

Whence 

T.m 573.15: 370.79 ~ 471.97 K 

c ig 

P
mh = 7 224 R . 

W,(isentropic) ~ -(7.224)(8.314)(370.79 - 573.15) 

~ 12,1541 mol-I 

(b) For ethylene, 

T, ~ 282.4 K P, ~ 50.4 bar w ~ 0.085 

At the initial state, 

45 573.15 
T ~--~2.032 

r) 282.4 
P =-=0.893 

') 50.4 

According to Fig. 3.16, the generalized correlations based on second vitial cOI,ffil:iellll 
should be satisfactory. Application of Eqs. (3.48), (6.60), (3.49), and (6.61) for 
initial state yields: 

BO ~ -0.053 

BI ~ 0.130 

Equations (6.58) and (6.59) then give 

Hf 
-~-0.234 
RT, 

Whence 

dBO 

-~0.107 
dT, 

dB I 

-~0.Ql8 
dT, 

sf 
-= -0.097 
R 

Hf = (-0.234)(8.314)(282.4) 

= -5501 mol-I 

and 

sf = (-0.097)(8.314) ~ -0.8061 mol-I K-I 

For the purpose of getting an initial estimate of sf. we assume that T2 = 370.79 
the value determined in part (a). Then 

370.19 
T ~--= 1.313 

o 282.4 
2 

P =-~0.040 
'2 50.4 

and by Eqs. (6.60) and (6.61), 

Equation (6.59) then gives 

dBo 
-~0.332 
dT, 

dB I 

- = 0.175 
dT, 

Sf ~ -0.1151 mol-I K-I 

If the expa.t1Sion process is isentropic, Eq. (6.63) gives 

from which 

or 

o ~ elf_In 57~~15 - 8.314 In :5 - 0.115 + 0.806 

In~ 
573.15 

-26.577 

ct. 

(
-26.577 ) 

T,=exp e" +6.3511 
Pm, 

An iteration process exactly like that of part (a) yields the result, 

T, = 365.79 K 

For the recomputation of sf, we now find 

and 

To ~ 1.295 Po ~ 0.040 

dBO 

dT = 0.345 , 
dB I 

-= 0.188 
dT, 

sf ~ -0.1201 mol-I K- I 

This result is so little changed from the initial value that another recalculation of T2 
is unnecessary. We therefore evaluate Hf at the reduced conditions already estab
lished, 

BO ~ -0.196 BI ~ 0.081 

and by Eq. (6.58) 

Hf ~ -621 mol-I 

Equation (6.62) now gives 

(t;.H)s ~ et,(365.79 - 573.15) - 62 + 550 

Evaluation of cth as in part (a) with Tam = 469.47 K gives 

cth = 59.843 J mol-I K-1 

Whence 

(t;.H)s = -11,9201 mol-I 

and 

W,(isentropic) ~ -(t;.Hls ~ 11,920 J mol-I 
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Throttling Processes 

When a fluid flDWS thrDugh a restrictiDn, such as an Drifice, a partly clDsed 
Dr a pDrDus plug, WithDUt any appreciable change in kinetic energy, the nrim, .. 
result Df the prDcess is a pressure drDp in the fluid. Such a throttling 
prDduces nO' shaft wDrk and results in negligible change in elevatiDn. 
absence Df heat transfer, Eq. (7.10) reduces to' 

tlH=O 

Dr 
H,=H, 

and the prDcess Dccurs at constant enthalpy. 
Since the enthalpy Df an ideal gas depends Dn temperature Dnly, a th"Dtt:1i1li 

prDcess dDes nDt change the temperature Df an ideal gas. FDr mDst real gases 
mDderate cDnditiDns Df temperature and pressure, a reductiDn in pressure 
CDnstant enthalpy results in a decrease in temperature. FDr example, if 
at 1,000 kPa and 300·C is thrDttled to' 101.325 kPa (atmDspheric pressure), 

H, = H, = 3,052.1 kJ kg-' 

InterpDlatiDn in the steam tables at 101.325 kPa ShDWS that steam has this entha,lp~ 
at a temperature Df 2SS.S·C. The temperature has decreased, but the effect 
small. The fDIIDwing example illustrates the use Df generalized correlatiDns 
calculatiDns fDr a thrDttling prDcess. 

Example 7.7 Propane gas at 20 bar and 400 K is throttled in a steady-state flow 
to 1 bar. Estimate the final temperature of the propane and its entropy 
Properties of propane can be found from suitable generalized correlations. 

SOLUTION Applying Eq. (6.62) to this constant-enthalpy process gives: 

b.H = C~mh(T2 - Tt ) + H: - Hf = 0 

If propane in its final state at 1 bar is assumed an ideal gas, then H: = 0, and 
preceding equation gives 

For propane, 

T, = 369.8 K P, = 42.5 bar OJ = 0.152 

and for the initial state 

400 
T" = 369.8 = 1.0817 

20 
P" = - = 0.4706 

42.5 

At these conditions the generalized correlation based on second virial coefficients 
satisfactory (see Fig. 3.16), and Eqs. (3.48), (6.60), (3.49), and (6.61) y\eld: 

B O = -0.289 
dBO 

-=0.550 
dT, 

B' = 0.Q\5 
dB' 
dT. = 0.480 , 

Whence by Eq. (6.58), 

and 

Hf 
-= -0.452 
RT, 

, Hf = (8.314)(369.8)(-0.452) = - 1,390 J mol-' 

The only remaining quantity in Eq. (A) to be evaluated is C~mh' Taking data for 
propane from Table 4.1, we have 

c'g 
; = 1.213 + 28.785 x 10-3T - 8.824 x 1O-6 T' 

For an initial calculation, we assume that cth is approximately the value of C~ at 
the initial temperature of 400 K. This provide!:j the value 

C~mh = 94.074J mol-I K-I 

Equation (A) now gives 

-1,390 
T, = 94.074 + 400 = 385.2 K 

Clearly, the temperature change is small, and we can reevaluate C'P to an excellent 
approximation by calculating Cip at the arithmetic m~an temperat;;e, 

400+385.2 
T.m = 2 392.6 K 

This gives 

C~mh = 92.734Jmol-1 K-I 

and recalculation of T, by Eq. (A) yields the final value: 

T, = 385.0K 

The entropy change of the propane is given by Eq. (6.63), which here becomes 

. T2 P2 R 
I1S=COP In--Rln--S, 

nu TI PI 

Since the temperature change is so small, we can take 

ct. = C'P"'
h 

= 92.734J mol-I K-I 

Calculation of Sf by Eq. (6.59) gives 

sf = -2.437 J mol-' K-1 

Then 

385.0 I 
tlS = 92.73410-- - 8.314In-+ 2.437 

400 20 

= 23.80 J mol-' K-' 

The positive value reflects the irreversibility of throttling processes. 



When a wet vapor is throttled to a sufficiently low pressure, the 
evaporates and the vapor becomes superheated. Thus if wet steam at I,VVV",., 

(t'" = 179.88°C) with a quality of 0.96 is throttled to 101.325 kPa, 

H, = H, = (0.04)(762.6) + (0.96)(2,776.2) 

= 2,695.7 kJkg- ' 

Steam with this enthalpy at 101.325 kPa has a temperature of 109.8°C, and 
superheated. (At this pressure, t'" = 100°C.) The considerable temperature 
here results from evaporation of liquid. 

If a saturated liquid is throttled to a lower pressure, some of the 
vaporizes or flashes, producing a mixture of saturated liquid and saturated 
at the lower pressure. Thus if saturated liquid water at 1,000 kPa (t'" = I/".,,~ 'IL 

i's flashed to 101.325 kPa (t,a, = 100°C), 

H, = HI = 762.605 kJ kg-' 

At 101.325 kPa the quality of the reSUlting stream is found from: 

762.605 = (i - x)(419.064) + x(2,676.0) 

= 419.064 + x(2,676.0 - 419.1) 
Whence 

x=0.1522 

Thus 15.22 percent of the original liquid vaporized in the process. Again, 
large temperature drop results from evaporation of liquid. 

Throttling processes find frequent application in refrigeration 
(Chap. 9). 

7.4 COMPRESSION PROCESSES 

Just as expansion processes result in pressure reductions in a flowing fluid. 
compres~ion processes bring about pressure increases. Compressors, pumps, 
blowers, and vacuum pumps are all devices designed for this purpose. They 
vital for the transport of fluids, for fluidization of particulate solids, for bringi:n, 
fluids to the proper pressure for reaction or processing, etc. We are here cOlnc"medl 
not with the design of such devices, but with specification of energy re<luire<nellts 
for the steady-state compression of fluids from one pressure to a higher one. 

Compressors 

The compression of gases may be accomplished in equipment with rotating blades . 
(like a turbine operating in reverse) or in cylinders with reciprocating pistons. 
Rotary equipment is used for high-volume flow where the discharge pressure is 
not too high. For high pressures, reciprocating compressors are required. 

The energy equations are independent of the type of equipment; indeed, they 
are the same as for turbines or expanders, because here too potential:- and 

w.----I 
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I 

Figure 7.5 Steady-state compres
sion process. 

kinetic-energy changes are presumed negligible. Thus Eqs. (7.25) through (7.27) 
apply to adiabatic compression, a process represented by Fig. 7.5. 

In a compression process, the isentropic work, as given by Eq. (7.27), is the 
minimum shaft work required for compression of a gas from a given initial state 
to a given discharge pressure. Thus we define a compressor efficiency as 

W,(isentropic) 
'1= 

W, 

In view of Eqs. (7.26) and (7.27), this is also given by 

(flH)s 
'1=--

flH 
(7.29) 

Compressor efficiencies are usually in the range of 70 to 80 percent. The compres
sion process is shown on ail HS diagram in Fig. 7.6. The vertical path rising from 

H 
P, (t.H), 

s 

1 
t.H 

j 

Figure 7.6 Adiabatic compres
sion process. 
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point I to point 2' represents the isentropic compression process from P, to 
The actual compression process follows a path from point I upward and to 
right in the direction of increasing entropy, terminating at point 2 on the 
for P2 • 

Example 7.8 Saturated-vapor steam at 100 kPa (tsat = 99.63°C) is compressed 
cally to 300 kPa. If the compressor efficiency is 75 percent. what is the work 
and what are the properties of the discharge streatn? 

SOLUTION For saturated steam at 100 kPa, 

S, = 7.3598 kJ kg-' K-' 

H, = 2,675.4 kJ kg-' 

For isentropic compression to 300 kPa. 

S~ = S, = 7.3598 kJ kg-' K-' 

By interpolation in the tables for superheated steam at 300 kPa. we find that 
with this entropy has an enthalpy of 

H~ = 2,888.8 kJ kg-' 
Thus 

(t;.Hls = 2,888.8 - 2,675.4 = 213.4 kJ kg-' 

By Eq. (7.29), 
(t;.Hls 213.4 

t;.H =--=--= 284.5kJkg-' 
1) 0.75 

Whence 

H2 = H, + t;.H = 2,675.4 + 284.5 = 2,959.9 kJ kg-' 

Again by interpolation, we find that superheated steam with this enthalpy has 
additional properties: 

T2 = 246. 1°C 

S2 = 7.5019 kJ kg-' K-' 

Moreover, by Eq. (7.26), the work required is 

- W, = t;.H = 284.5 kJ kg-' 

The direct application of Eqs. (7.25) through (7.27) presumes the av.,ilabili.t] 
of tables of data or an equivalent thermodynamic diagram for the fluid 
compressed. Where such information is not available, the generalized cOlrre.LatllODl 
of Sec. 6.6 may be used in conjunction with Eqs. (6.62) and (6.63), exactly 
illustrated in Example 7.6 for an expansion process. 

The assumption of ideal gases leads to equations of relative simplicity. 
Eq. (5.IS) for an ideal gas 

(5.IS) 
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where for simplicity of notation the superscript "ig" has been omitted from the 
mean heat capacity. If the compression is isentropic, AS = 0, and this equation 
becomes 

(7.30) 

T " h ' where 2 IS t e temperature that results when compression from T, and P, to 
P2 is isentropic and where C~m. is the mean heat-capacity for the temperature 
range from T\ to T~. 

The enthalpy change for isentropic compression is given by Eq. (4.S), writ
ten as 

(AH)s = C~m,(Ti - T,) 

In accord with Eq. (7.27), we then have 

This result may be combined with the compressor efficiency to give 

IV = W, (isentropic) , 
1/ 

(7.31 ) 

(7.32) 

The actual discharge temperature T2 resulting from compression is also found 
from Eq. (4.S), now written 

Whence 

(7.33) 

where by Eq. (7.26) AH = - W,. Here Cpm, is the mean heat-capacity for the 
temperature range from T, to T2 • 

For the special case of an ideal gas with constant heat capacities, 

Equations (7.30) and (7.31) therefore become 

and 

w,{isentropic) = -Cp(Ti - T,) 
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Combining these equations gives 

[( P)RICp 
] 

W,(isentropic) = -CpT, P~ - I 

For monatomic gases, such as argon and helium, R/Cp = 2/5 = 0.4. 
diatomic gases, such as oxygen, nitrogen, and air at moderate temperatures, 
approximate value is R/ Cp = 2/7 = 0.2857. For gases of greater molecular 
plexity the ideal-gas heat capacity depends more strongly on temperature, 
Eq. (7.34) is less likely to be suitable. One can easily show that the as!mnlptioQ 
of constant heat capacities also leads to the result: 

T -T T;-T, 
2 - 1+ 

." 

Example 7.9 If methane (assumed to be an ideal gas) is compressed a~i~~::~::! 
from 20°C and 140 kPa to 560 kPa, estimate the work requirement and the 
temperature of the methane. The compressor efficiency is 75 percent. 

SOLUTION Application of Eq. (7.30) requires evaluation of the exponent 
By Eq. (5.17) with D = 0 (in accord with the heat-capacity data for ethylene 
in Table 4.1), 

where 

and 

A = 1.702 

B = 9.081 X 10-3 

C = -2.164 x 10-' 

T =T,+T, 
om 2 

T j - T2 
In (T,/T,) 

We choose a value for T~ somewhat higher than the initial temperature T\ = 293.15 
Evaluation of Cpmi R then provides a value for the exponent in Eq. (7.30). 

t Since R = Cp - Cv for an ideal gas, we can write 

~= Cp-Cv Cp / Cv - 1 = 'Y - 1 

Cp Cp Cp/Cv 'Y 

An alternative form of Eq. (7.34) is therefore 

Ws(isentropic) = _ -yRTI [(P,) (y-I)/.., -1] 
'Y -1 PI 

Although this form is the one most commonly encountered, Eq. (7.34) is simpler and more 
applied. 

P,I P, = 560/140 = 4.0 and T, = 293.15 K, we then calculate TI. The procedure is 
repeated until no fut;ther significant change occurs in the value of T~. This process 
results in the values: 

T\ = 397.37 K and 
C' ;w = 4.5574 

For the same T\ :!nd T2, we evaluate CpmJ R by Eq. (4.7): 

Ckh_ ~ 2 
R - A + BTom + 3 (4 Tom - T, T,) 

This gives 

C' ;mb = 4.5774 and 

Then by Eq. (7.31), 

W.(isentropic) = -(38.056)(397.37 - 293.15) = -3,966.2 J mol-' 

The actual work is found from Eq. (7.32) as 

W. 
-3,966.2 , 

0.75 = -5,288.3 J mol-

Application of Eq. (7.33) for the calculation of T, gives 

T, = 293 15 + 5,288.3 
. C

Pmh 

Since CPmh depends on T2 , we again iterate. With T~ as a starting value, this leads 
to the results: 

T, = 428.65 K or t, = 155SC 

and 

CPmb = 39.027 J mor' K-' 

Pnmps 

Liquids are usually moved by pumps, generally rotating equipment. The same 
equations apply to adiabatic pumps as to adiabatic compressors. Thus, Eqs. (7.25) 
through (7.27) and (7.29) are valid. However, application of Eq. (7.26) for the 
calculation of IV, = -!J.H requires values of the enthalpy of compressed liquids, 
and these are seldom available. The fundamental property relation, Eq. (6.8), 
provides an alternative. For an isentropic process, 

dH= VdP (const S) 

Combining this with Eq. (7.27) gives 

f
p, 

IV,(isentropic) = -(!J.H)s ~ - V dP 
P, 
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The usual assumption for liquids (at conditions well removed from the 
point) is that V is independent of P. Integration then gives 

and 

w,(isentropic) = -(tl.H)s = - V(P, - PI) 

Also useful are the following equations from Chap. 6: 

dH = CpdT+ V(l- {3T) dP 

dT 
dS = Cp-- {3VdP 

T 

where the volume expansivity {3 is defined by Eq. (3.2). Since temperature ch;on!~~ 

in the pumped fluid are very small and since the properties ofliquids are I~~I:::::;~ 
to pressure (again at conditions not close to the critical point), these « 

are usually integrated on the assumption that CPo V, and {3 are constant, 
at initial values. Thus, to a good approximation: 

and 

tl.H = Cp tl.T+ V(l- {3T) tl.P 

Example 7.10 Water at 45°C and 10 kPa enters an adiabatic pump and is d~'~~:':~a~ 
at a pressure of 8,600 kPa. Assume the pump efficiency to be 75 percent. 
the work of the pump, the temperature change of the water, and the entropy 
of the water. 

SOLUTION The following properties are available for saturated liquid water at 
(318.15 K): 

By Eq. (7.36), 

V = 1,010 em' kg-I 

f3 = 425 X 10-6 K- I 

Cp = 4.178 kJ kg-I K- ' 

W,(isentropie) = -(AHls = -(\,010)(8,600 - 10) 

= -8.676 X 106 kPa em' kg-I 

Since 1 kJ = 106 kPa cm3
, 

W,(isentropie) = -(AH)s = -8.676 kJ kg-I 

By Eq. (7.29), 

AH = (AH)s = 8.676 = 11.57 kJ kg-I 
~ 0.75 

Since Ws = - ~H, 

W, = -11.57 kJ kg-I 

The temperature change of the water during pumping is found from Eq. (7.37): 

11.57 = 4.178 AT + 1,010[1 - (425 x 10-6)(318.15)) 8;~0 

Solution for ~ T gives 

AT = 0.97 K or 0.97·C 

The entropy eha'rige of the water is given by Eq. (7.38): 

Ejectors 

AS = 4.1781n !::::~ -(425 x 10-6)(1,010) 8;~0 

= 0.0090 kJ kg-I K- ' 

Ejectors remove gases or vapors from an evacuated space and compress them 
for discharge at a higher pressure. Where the mixing of the gases or vapors with 
the driving fluid is allowable, ejectors are usually lower in first cost and mainte
nance costs than other types of vacuum pumps. As illustrated in Fig. 7.7 an ejector 
consists of an inner converging-diverging nozzle through which the driving fluid 
(commonly steam) is fed, and an outer, larger nozzle through which both the 
extracted gases or vapors and the driving fluid pass. The momentum of the 
high-speed fluid leaving the driving nozzle is partly transferred to the extracted 
gases or vapors, and the mixture velocity is therefore less than that of the driving 
fluid leaving the smaller nozzle. It is nevertheless higher than the speed of sound, 
and the larger nozzle therefore acts as a converging-diverging diffuser in which 
the pressure rises and the velocity decreases, passing through the speed of sound 
at the throat. Although the usual energy equations for nozzles apply, the mixing 
process is complex, and as a result ejector design is empirical. 

\ \::_~-~-

! 
Figure 7.7 Single-stage ejector. 
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PROBLEMS 

7.1 Two boilers discharge equal amounts of steam into the same steam main. The steam from 
is at 1,400 kPa and 225°C; from the other, at 1,400 kPa with a quality of 0.94. Determine .6.Stotal 

the process. What is the irreversible feature of the process? 

7.1 Two nonconducting tanks of negligible heat capacity and of equal volume initially ~"W""<q'" 
quantities of the same ideal gas at the same T and P. Tank A discharges to the atmosphere 
a small turbine in which the gas expands isentropically; tank B discharges to the atmosphere 
a porous plug. Both devices operate until discharge ceases. 

(a) When discharge ceases is the temperature in tank A less than, equal to, or greater than 
temperature in tank B? 

(b) When the pressures in both tanks have fallen to half the initial pressure, is the te.npera,tut 
of the gas discharging from the turbine less than, equal to, or greater than the temperature 
gas discharging from the porous plug? 

(c) During the discharge process, is the temperature of the gas leaving the turbine less 
equal to, or greater than the temperature of the gas leaving tank A at the same instant? 

(d) During the discharge process, is the temperature of the gas leaving the porous plug 
than, equal to, or greater than the temperature of the gas leaving tank B at the same instant?, 

(e) When discharge ceases, is the mass of gas remaining in tank A less than, equal to, or 
than the mass of gas remaining in tank B? 

7.3 A rigid tank of l00(ft)3 capacity contains' 5,IOO(lbm ) of saturated liquid water at 460(QF). 
amount of liquid almost completely fills the tank, the small remaining volume being occupied 
saturated-vapor steam. Since a bit more vapor space in the tank is wanted, a valve at the top of 
tank is opened, and saturated-vapor steam is vented to the atmosphere until the temperature in 
tank falls to 450(QF). Assuming no heat transfer to the contents of the tank, determine the mass 
steam vented. 

7 A Liquid nitrogen is stored in 0.5_m3 metal tanks that are thoroughly insulated. Consider the 
of filling an evacuated tank, initially at 295 K.. It is attached to a line containing liquid "U· IU,,<O 
its normal boiling point of 77.35 K and at a pressure of several bars. At this condition, its 
is -120.8 kJ kg-I. When a valve in the line is opened, the nitrogen flowing into the tank at 
evaporates in the process of cooling the tank. If the tank has a mass of 30 kg and the metal has 
specific heat of 0.43 J g-I K- I

, what mass of nitrogen must flow into the tank just to cool it to 
temperature such that liquid nitrogen begins to accumulate in the tank? Assume that the 
and the tank are always at the same temperature. 

The properties of saturated nitrogen vapor at several temperatures are given as follows: 

T/K P/bar VV 1m3 kg-I W/kJkg-' 

80 1.3% 0.1640 78.9 
85 2.287 0.1017 82.3 
90 3.600 0.06628 85.0 
95 5.398 0.04487 86.8 

100 7.775 0.03126 87.7 
105 10.83 0.02223 87.4 
110 14.67 0.01598 85.6 

7.5 A tank of 6()..m3 capacity contains steam at 5,000 kPa and 4Q00 c. Steam is ven,ted from 
tank through a relief valve to the atmosphere until the pressure in the tank falls to 4,000 kPa. 
venting process is adiabatic, estimate the final temperature of the steam in the tank and the mass 
steam vented. 
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7.6 A tank of 3(ft)3 [0.085-m3] volume contains air at 70(OF) [21"C] and 14.1(psia) [101.33 kPa]. 
The tank is connected to a CQPlpressed-air line which supplies air at the constant coRditions of l00(QF) 
(38

Q
C] and 2oo(psia) [1,380 kPa]. A valve in the line is cracked so that air Haws slowly into the tank 

until the pressure equals the line pressure. If the process occurs slowly enough that the temperature 
in the tank remains at 70caF) [2I

Q
C], how much heat is lost from the tank? Assume air an ideal gas 

fo' which Cp ~ (7/2)R and Cv ~ (5/2)R 

7.7 A small adiabatic air compressor is used to pump air into a 700(ft)3 [19.8_m3] insulated tank. 
The tank initially contaim: air at 80(OF) [26.7°C] and l(atm) [101.33 kPa], exactly the conditions at 
which air enters the compressor. The pumping process coritinues until the pressure in the tank reaches 
8(atm) [810 kPa]. If the process is adiabatic and if compression is isentropic, what is the shaft work 
of the compressor? Assume air an ideal gas for which Cp = (7/2)R and Cv = (5/2)R. 

7.8 A tank of 3_m3 capacity contains 1.200 kg of liquid water at 200°C in equilibrium with its vapor, 
which fills the rest of the tank. A quantity of 800 kg of water at 60°C is pumped into the tank. How 
much heat must be added during this process if the temperature in the tank is not to change? 

7.9 Gas at constant T and P is contained in a supply line connected through a valve to a closed 
tank containing the same gas at a lower pressure. The valve is opened to allow flow of gas into the 
tank, and then is shut again. 

(a) Develop a genpral equation relating RI and R2, the moles (or mass) of gas in the tank at 
the beginning and end of .the process, to the properties U\ and U2 , the internal energy of the gas in 
the tank at the beginning and end of the process. and H', the enthalpy of the gas in the supply line, 
and to Q, the heat transferred to the material in the tank during the process. 

(b) Reduce the general equation to its simplest form for the special case of an ideal gas with 
constant heat capacities. 

(c) Further reduce the equation of (b) for the case of RI = O. 
(d) Further reduce the equation of (c) for the case in which, in addition, Q = O. 
(e) Apply the appropriate equation to the case in which a steady supply of nitrogen at 25°C 

and 3 bar flows into an evacuated tank of 4-ml volume, and calculate the number of moles of nitrogen 
that flow into the tank to equalize the pressures if: 
1. It is assumed that no heat Hows from the gas to the tank or through the tank walls. 
2. The tank weighs 400 kg, is perfectly insulated, has a specific heat of 0.46 J g-I K-t, has an initial 

temperature of 2SQC, and is heated by the gas so as always to be at the temperature of the gas in 
the tank. 

Assume nitrogen an ideal gas for which Cp = (7/2)R. 

7.10 Develop equations which may be solved to give the final temperature of the gas remaining in 
a tank after the tank has been bled from an initial pressure PI to a final pressure P2. Known quantities 
are the initial temperature, the tank volume, the heat capacity of the gas, the total heat capacity of 
the containing tank, PI' and P2. Assume the tank to be always at the temperature of the gas remaining 
in the tank, and the tank to be perfectly insulated. 

7.11 A well-insulated tank of 70-rit3 volume initially contains 23,000 kg of water distributed between 
liquid and vapor phases at 25°C. Saturated steam at I, I 00 kPa is admitted to the tank until the pressure 
reaches 700 kPa. What mass of steam is added? 

7.12 An insulated evacuated tank of 1.5_m3 volume is attached to a line containing steam at 350 kPa 
and 200

Q
C. Steam flows into the tank until the pressure in the tank reaches 350 kPa. Assuming no 

heat flow from the steam to the tank, prepare graphs showing the mass of steam in the tank and its 
temperature as functions of pressure in the tank. 

7.13 A 3_m3 tank initially contains a mixture of saturated-vapor steam and saturated liquid water at 
3,400 kPa. Of the total mass. 15 percent is vapor. Saturated-liquid water is bled from the tank through 
a valve until the total mass in the tank is 40 percent of the initial total mass. If during the process 
the temperature of the contents of the tank is kept constant, how much heat is transferred'1 

7.14 A stream of water at 65
Q
C, flowing at the rate of 3 kg S-I, is formed by mixing water at 2O"C 

with saturated steam at 140°C. Assuming adiabatic operation. at what rates are the steam and water 
fed to the mixer? 
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7.15 In a desuperheater, water at 2,900 kPa and 40°C is sprayed into a stream of superheated 
at 2 SOO kPa and 325°C in an amount such that a single stream of saturated-vapor steam at 
flo';s from the desuperheater at the rate of 10 kg S-l. Assuming adiabatic operation, what is 
flow rate of the water? What is !~.stotal for the process? What is the irreversible feature of the 

7.16 Superheated steam at lOO(psia) and 500(OP) flowing at the rate of loo(Ibm)(s)-1 is mixed 
liquid water at loo(OP) to produce steam at lOO(psia) and 3S0ep). Assuming adiabatic o~~~~!:~ 
what rate is water supplied to the mixer? What is ~Stotal for the process? What is the' 
feature of the process? 

7.17 A stream of air at to bar and SOO K is mixed with another stream of air at I bar and 300 
three times the mass flow rate. If this process is accomplished reversibly and adiabatically, 
the temperature and pressure of the resulting air stream? Assume air an ideal gas for 
Cp ~ (7/2)R. 

7.18 A stream of hot nitrogen gas at 700(OP) and atmospheric pressure, flows into a waste-heat 
at the rate of 30(Ibm) (S)-l, and transfers heat to water boiling at I(atm). The water feed to the 
is saturated liquid at l(atm), and it leaves the boiler as superheated steam at l(atm) and 350(OP)., 
the nitrogen is cooled to 250(OP) and if heat is lost to the surroundings at a rate of 50(8tu) for 
(Ibm) of steam generated, what is the steam-generation rate? If the surroundings are at 70(OP), 
is ~Stotal for the process? Assume nitrogen an ideal gas for which Cp = (7/2)R. 

7.19 A stream of hot nitrogen gas at 370°C and atmospheric pressure, flows into a waste-heat 
at the rate of 1 kg S-l, and transfers heat to water boiling at 101.33 kPa. The water feed to the 
is saturated liquid at 101.33 kPa, and it leaves the boiler as superheated steam at 101.33 
t75°C. If the nitrogen is cooled to l20°C and if heat is lost to the surroundings at a rate of 
for each kilogram of steam generated, what is the steam-generation rate? If the surroundings are 
20oe, what is ~Stotal for the process? Assume nitrogen an ideal gas for which Cp = (7/2)R. 

7.20 Air expands through a nozzle from a negligible initial velocity to a final velocity of 350 
What is the temperature drop of the air, if air is assumed an ideal gas for which Cp = (7/2)R? 

7.21 Steam enters a nozzle at 700 kPa and 2S0°C at negligible velocity and discharges at a ' 
of 475 kPa. Assuming isentropic expansion of the steam in the nozzle, what is the exit velocity 
what is the cross-sectional area at the nozzle exit for a flow rate of 0.5 kg S-l? 

7.22 Steam enters a converging nozzle at 700 kPa and 2600 e with negligible velocity. If 
is isentropic, what is the minimum pressure that can be reached in such a nozzle and what is 
cross-sectional area at the nozzle throat at this pressure for a flow rate of 0.5 kg S-I? 

7.13 A gas enters a converging nozzle at pressure PI with negligible velocity, expands isentr,opical 
in the nozzle, and discharges into a chamber at pressure P2 • Sketch graphs showing the velocity 
the throat and the mass flow rate as functions of the pressure ratio P2 / Pl' 

7.24 Por a converging/diverging nozzle with negligible entrance velocity in which expansion 
isentropic, sketch graphs of mass flow rate rh, velocity u, and area ratio A/ Al vs. the pressure 
P/ Pl' Here, A is the cross-sectional area of the nozzle at the point in the nozzle where the 
is P, and subscript 1 denotes the nozzle entrance. 

7.25 An ideal gas with constant heat capacities enters a converging/diverging nozzle with 
velocity. If it expands isentropically within the nozzle, show that the throat velocity is given by 

, yRT, ( 2 ) 
UthToat = M 'Y + 1 

where Tl is the temperature of the gas entering the nozzle and R is the gas constant in units 
J (kgmoI)-1 K- l. 

7.26 Steam expands isentropically in a converging/diverging nozzle from inlet conditions of:1()(I(psij] 
6OO(OP), and negligible velocity to a discharge pressure of 50(psia). At the throat, the Cf()ss-·se'cti,'" 
area is l(in)2. Determine the mass ftow rate of the steam and the state of the steam at the exit of 
nozzle. 
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7.27 ~team expands adiabatically in a nozzle from inlet conditions of loo(psia), 4OO(OP), and a 
velOCity of 200(ft)(S)-1 to, Ii discharge pressure of 20(psia) where its velocity is 2,OOO(ft)(sr l. What 
is the state of the steam at the nozzle exit, and what is aStotal for the process. 

7.28 Air discharges from an adiabatic nozzle at 4O(OP) [4.4°C] with a velocity of 1,800(ft)(S)-1 
[550 m S-l J. What is the temperature at the entrance of the nozzle if the entrance velocity is negligible? 
Assume air an ideal gas for which Cp = (7/2)R. 

7.29 A steam turbine operates adiabatically at a power level of 3,000 kW. Steam enters the turbine 
at 2,100 kPa and 475°C and exhausts from the turbine as saturated vapor at 30 kPa. What is the steam 
rate through the turbine,_ and what is the turbine efficiency? 

7.30 A porta~le power-supply system consists of a 3D-liter bottle of compressed nitrogen, connected 
to a small adiabatic turbine. The bottle is initially charged to 13,SOO kPa at 27°C and in operation 
drives the turbine continuously until the pressure drops to 700 kPa. The turbine exhausts at 101.33 kPa. 
Neglecting all heat transfer to the gas, calculate the maximum possible work that can be obtained 
during the prOCess. Assume nitrogen an ideal gas for which Cp = (7/2)R. 

7.31 A turbine operates adiabatically with superheated steam entering at Tl and PI with a mass flow 
rate m. The exhaust pressure is P2 and the turbine efficiency is 71. Por one of the following sets of 
operating conditions, determine the power output of the turbine and the enthalpy and entropy of 
the exhaust steam. 

(a) T] = 450°C, PI = S,OOOkPa, m = SO kg s-l, P2 = 30kPa. 71 = O.SO. 
(b) T] = 550°C, PI = 9,OOOkPa, m = 90 kgs- l, P2 = 20 kPa, 71 = 0.77. 
(c) TI = 600°C, PI = 8,600kPa, m = 70kgs- l, P2 = 10kPa, 71 = 0.S2. 
(d) T] = 400°C, p] = 7,000 kPa, m = 65 kg S-I, P2 = 50 kPa, 71 = 0.75. 
(e) Tl = 200

c
C, PI = 1,400kPa, m = 5kgs- l• P2 = 2ookPa, 71 = 0.75. 

(f) T, ~ 900(OF), P, ~ 1,200(psia), m ~ ISO(lbm)(s)-', P, ~ 2(psia), ~ ~ O.SO. 
(g) T, ~ SOWF), P, ~ I,OOO(psia), m ~ lOO(lbm)(s)-', P, ~ 4(psia), ~ ~ 0.7S. 

7.32 The steam rate to a turbine for variable output is controlled by a throttle valve in the inlet line. 
Steam is supplied to the throttle valve at 240(psia) and 440(OP). During a test run, the pressure at 
the turbine inlet is 160(psia), the exhaust steam at I(psia) has a quality of 0.95, the steam flow rate 
is l(lbm)(s)-\ and the power output of the turbine is 240(hp). 

(a) What are the heat losses from the turbine? 

(b) What would be the power output if the steam supplied to the throttle valve were expanded 
isentropically to the final pressure? 

7.33 Isobutane expands adiabatically in a turbine from 7oo(psia) [4,S26 kPa] and 500(OP) [2600C] 
to 70(psia) [4S3 kPaJ at the rate of 1.5(Ib mol)(s)-l [0.68 kg mol S~l]. If the turbine efficiency is O.SO, 
what is the power output of the turbine and what is the temperature of the isobutane leaving the turbine? 

7.34 Combustion products from a burner enter a gas turbine at 7.5 bar and 9000e and discharge at 
1.2 bar. The turbine operates adiabatically with an efficiency of SO percent. Assuming the combustion 
products to be an ideal-gas mixture with a heat capacity of 30 J mol- l °e- l, what is the work output 
of the turbine per mole of gas, and what is the temperature of the gases discharging from the turbine? 

7.35 An expander operates adiabatically with nitrogen entering at Tl and PI with a molar flow rate 
n. The exhaust pressure is P2 , and the expander efficiency is 1]. Estimate the power output of the 
expander and the temperature of the exhaust stream for one of the following sets of operating 
conditions. 

(a) Tl = 4S0oe, PI = 6 bar, ri = 200 mol s-], P2 = 1 bar, 71 = O.SO. 
(b) TI = 4oooe, PI = 5 bar, ri = 150 mol s-], P2 = I bar, 71 = 0.75. 
(c) Tl = 5oooe, PI = 7 bar, ri = 175 mol s-t, P2 = I bar, 1] = 0.7S. 
(d) T] = 450°C, PI = Sbar, ri = lOOmols- l, P2 = 2 bar, 71 = 0.S5. 
(e) T, ~ 90WF), P, ~ 9S(psia), ri ~ O.5(lb mol)(s)-', P, ~ IS(psia), ~ ~ O.SO. 

7 . .36 Saturated steam at 175 kPa is compressed adiabatically in a centrifugal compressor to 650 kPa 
at the rate of 1.5 kg s -I. The compressor efficiency is 75 percent. What is the power requirement of 
the compressor and what are the enthalpy and entropy of the steam in its final state? 
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7.37 A compressor operates adiabatically with air entering at TI and PI with a molar flow 
The discharge pressure is P2 and the compressor efficiency is .". Estimate the power:q~::~~:::,~~ 
the compressor and the temperature of the discharge stream for one of the following sets 

conditions. 
(a) TI = 25°C, PI = 101.33 kPa, ri = 100 mols- I

, P2 = 375 kPa, ." = 0.75. 
(b) TI = soac, PI = 375 kPa, ri = 100 mol S-I, P2 = 1,000 kPa, ." = 0.70. 
(c) TI = 30°C, PI = l00kPa, ri = 150mols- l

, P2 =500kPa,." =0.80. 
(d) T

J 
= 100°C, PI = 500 kPa, Ii = 50 mol s-I, P2 = 1,300kPa, ." = 0.75. 

(e) T, ~ 80('F), P, ~ 14.7(psia), ri ~ O.5(Ib mol)(s)-', P, ~ 55(psia), ~ ~ 0.75. 
(f) T, ~ 150('F), P, ~ 55(psia), ri ~ O.5(Ib mol)(s)-', P, ~ 135(psia), ~ ~ 0.70. 

7.38 Ammonia gas is compressed from 21°C and 200kPa to I,OOOkPa in an adiabatic eo,np,resa 
with an efficiency of 0.S2. Estimate the work required per mol of ammonia and the enthalpy 
entropy changes of the ammonia. 
7.39 Propylene is compressed adiabatically from 11.5 bar and 30°C to 18 bar at the rate of I kg 
If the compressor efficiency is 0.8, what is the power requirement of the compressor and what is 
discharge temperature of the propylene? 
7.40 Methane is compressed adiabatically in a pipeline pumping station from 500(psia) p,"JU '" 

and 77('F) [25'C] 10 725(psia) [5,000 kPaJ al Ihe rale of 2.5(lb mol)(s)-' [1.134 kg mol s-'J. If 
compressor efficiency is 0.75, what is the power requirement of the compressor and what is 

discharge temperature of the methane? 
7AI A pump operates adiabatically with liquid water entering at TI and PI with a mass flow 
m. The discharge pressure is P2 , and the pump efficiency is .". For one of the following sets 
operating conditions, determine the power requirement of the pump and the temperature of the 
stream discharged from the pump. 
(a) TI = 25°C, PI = 1 bar, m = 20 kg S-I, P2 = 20 bar, ." = 0.75, f3 = 257.2 X 10-

6 
K-

I
. 

(b) T = 90°C P, = 2 bar m = 30kgs- l
, P2 = 50 bar, ." = 0.70, f3 =696.2 x 1O-6 K-

I
• 

I , , -6 -I 
(c) T,~60'C,P,~20kPa,m~15kgs-',P,~5,OOOkPa,~~0.75,f3~523.lXIO K. 
(d) T, ~ 70('F), P, ~ I(alm), m ~ 50(Ibm )(s)-', P, ~ 20(alm), ~ ~ 0.70, (3 ~ 217.3 x 10-' K-'. 
(e) T, ~ 200('F), P, ~ 15(psia), m ~ 80(lbm )(s)-', P, ~ I,500(psia), ~ ~ 0.75, (3 ~ 714.3 X IO--<S 

CHAPI'ER 

EIGHT 

CONVERSION OF HEAT INTO WORK 
" BY POWER CYCLES 

Prior to the development of nuclear power, all significant contributions to the 
mechanical energy used by humankind had the sun as their source. However, 
economical methods have not been developed as yet for directly converting solar 
radiation into work on a large scale. The total rate at which energy reaches the 
earth from the sun is staggering, but the rate at which it falls on a square meter 
of surface is small. The difficulty is therefore to concentrate the heat gathered 
over a large surface so that it is a practical energy source for the production of 
work. Research in this area continues, and progress has been made on the direct 
use of solar energy for heat. For example, solar radiation is used to heat homes, 
to produce high temperatures for metallurgical operations (solar furnaces), and 
to concentrate aqueous solutions by evaporation. 

The kinetic energy associated with mass movement of air has been used to 
some extent for the production of work (windmills), especially in rural areas. 
Variations and uncertainties in wind speed, and the need for large-size equipment 
to produce significant quantities of work, are problems in this field. 

Conceivably, the potential energy of tides could be exploited. Attempts in 
this direction on a large scale have been made in parts of the world where tides 
are particularly high. However, total power production from this source is unlikely 
to be significant in comparison with world demands for energy. 

By far the most important sources of power are the chemical (molecular) 
energy of fuels, nuclear energy, and the potential energy of water. The use of 
water power involves the conversion of mechanical energy from one form to 
another, and an efficiency of I ()() percent is theoretically possible. On the other 
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hand, all present-day methods for the large-scale use of molecular or 
energy are based on the evolution of heat and subsequent conversion of 
the heat into useful work. Accordingly, the efficiency of all such pro''''''SS.lS 
destined to be low (values greater than 35 percent are uncommon), 
improvements in the design of equipment. This is, of course, a direct cons"q'lelll 
of the second law. When it is possible to convert the energy in fuels 
without the intermediate generation of heat, conversion efficiency is cOlnside,ral) 
improved. The usual device for the direct conversion of chemical energy 
electrical energy is the electrolytic cell. Progress has been made in developil 
cells which operate on hydrogen and on carbonaceous fuels such as natural 
or coal. Such fuel cells are already in use to supply modest power re,~uiirelme'l1I 
for special purposes. The efficiency of these cells ranges from 65 to 80 
about twice the value obtained by the conventional process of first conv"rtm 
the chemical energy into heat. 

In a conventional power plant the molecular energy of fuel is released 
combustion process. The function of the work-producing device is to 
part of the heat of combustion into mechanical energy. In a nuclear power 
the fission or fusion process releases the energy of the nucleus of the atom 
heat, and then this heat is partially converted into work. Thus, th'Hllerm()d)lnllIn1 
analysis of heat engines, as presented in this chapter, applies equally well 
conventional (fossil-fuel) and nuclear power plants. 

In one form of heat engine, the steam power plant, the working fluid 
is completely enclosed and goes through a cyclic process, accomplished 
vaporization and condensation. Heat is transferred to the fluid from another 
of the plant across a physical boundary. In a coal-fired plant the cOlmb,usltiol 
gases are separated from the steam by boiler-tube walls. The intenral .. comtmstiO! 
engine is another form of heat engine, wherein high temperatures are attainl~ 
by conversion of the chemical energy of a fuel directly into internal energy 
the work-producing device. Examples of this type are the Otto engine and 
gas turbine. t 

To illustrate the calculation of thermal efficiencies, we analyze in this 
several common heat-engine cycles. 

8.1 THE STEAM POWER PLANT 

The Carnot-engine cycle, described in Chap. 5, operates reversibly and cornsillt! 
of two isothermal steps connected by two adiabatic steps. In the isothermal 
at higher temperature T H, heat I QH I is absorbed by the working fluid of 
engine, and in the isothermal step at lower temperature Te, heat IQcI is discald"! 

t Details of steam power plants and internal-combustion engines can be found in E .. B. Woodl~ 
H. B. Lammers, and T. S. Lammers, Steam Plant Operation, 5th ed., McGraw-Hill, New 
and C. F. Taylor and E. S. Taylor, The Internal Combustion Engine, International Textbook, Seran!""" 
Pa., 1962. 
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of the UI. The work produced is W = I 

Carnot engine [Eq. (5.8)J is QHI-IQc/, and the thermal efficiency 

7J =~= 1- Te 
~ IQHI TH 

ClearlY,.7J increases as TH increases 
of practical heat en ines a and as Tc decreases. Althou h . 
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Figure 8.2 Carnot cycle on a IS diagram. 

The property changes of the lIuid as it lIo,,:s through .the indivi~ual . 
of equipment may be shown as paths on a TS dIagram, as Illustrated m FIg. 
The sequence of paths represents a cycle. Indeed, the particular cycle sh~wn 
a Carnot cycle. In this idealization, step I ... 2 is the isothermal absorptIon 
heat at T H, and is represented by a horizontal line on the TS diagram. 
vaporization process occurs also at constant pressure .and prqd~ces 
vapor steam from saturated-liquid water. Step 2 ... 3 IS a reversIble, adla~,ab 
expansion of saturated vapor to a pressure at which T'"' = Te. This isentrop! 
expansion process is represented by a vertical line on the TS diagram and p,ro,du.:C 
a wet vapor. Step 3 ... 4 is the isothermal rejection of heat at telnper.,tUlre 
and is represented by a horizontal line on the TS diagram. It is a cOlnd"DS.atio 
process, but is incomplete. Step 4 ... I takes the cycle back to its o~gin, pr,odlucio 
saturated-liquid water at point I. It is an isentropic compressIOn process 
which th~ path is a vertical line on the TS diagram. 

The thermal efficiency of this cycle is that of a Carnot engine, given by 
(5.8). As a reversible cycle, it could serve as a standard of comparison for 
steam power plants. However, severe practical difficulties atten.d the op,eratiOl 
of equipment intended to carry out steps 2 ... 3 and 4 ... I. Turbmes that take 
saturated steam produce an exhaust with high liquid content, which causes . 
erosion problems. t Even more difficult is the design of a pump that takes tn 
mixture of liquid and vapor (point 4) and discharges a saturated liquid 
I). For these reasons, an alternative model cycle is taken as the standard, 
for fossil-fuel-burning power plants. It is called the Rankine cycle, and 
from the cycle of Fig. 8.2 in two major respects. First, the heating st,:p I ... 2 

t Nevertheless, present·day nuclear power plants generate saturated steam and operate 
turbines designed to eject liquid at various stages of expansion. 
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Figure 8.3 The Rankine cycle. 

carried well beyond vaporization, so as to produce a superheated vapor, and 
second, the cooling step 3 ... 4 brings about complete condensation, yielding 
saturated liquid to be pumped to the boiler. The Rankine cycle therefore consists 
of the four steps shown by Fig. 8.3, and described as follows: 

I ... 2 A constant-pressure heating process in a boiler. The path lies along an 
isobar (the pressure of the boiler), and consists of three sections: heating 
of liquid water to its saturation temperature, vaporization at constant 
temperature and pressure, and superheating of the vapor to a temperature 
well above its saturation temperature. 

2 ... ~ Reversible, adiabatic (isentropic) expansion of vapor in a turbine to the 
pressure of the condenser. The path normally crosses the saturation curve, 
producing a wet exhaust. However, the superheating accomplished in step 
I ... 2 shifts the path far enough to the right on Fig. 8.3 that the moisture 
content is not too large. 

3 ~ 4 A constant-pressure, constant-temperature process in a condenser to pro
duce saturated liquid at point 4. 

4 ... I Reversible, adiabatic (isentropic) pumping of the condensed liquid to the 
pressure of the boiler. The vertical path (whose length is exaggerated in 
Fig. 8.3) is very short, because the temperature rise associated with com
pression of a liquid is small. 

Power plants can be built to operate on a cycle that departs from the Rankine 
cycle only to the extent that the work-producing and work-requiring steps are 
irreversible. We show in Fig. 8.4 the effects of these irreversibilities on steps 2 ... 3 
and 4 ... I. The paths are no longer vertical, but tend in the direction of increasing 
entropy. The turbine exhaust is normally still wet, but as long as the moisture 
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Figure 8A Simple practical power cycle. 

content is less than about 10 percent, erosion problems are not serious. 
subcooling of the condensate in the condenser may occur, but the effect 
inconsequential. 

The boiler serves to transfer heat from a burning fuel to the cycle, and 
condenser transfers heat from the cycle to the surroundings. Neglecting 
and potential-energy changes reduces the energy relations, Eqs. (7.9) and 
in either case to 

Q = ';'!J.H 

and 
Q=!J.H 

Turbine and pump calculations are treated in detail in Chap. 7. 

Example 8.1 Steam generated in a power plant at a pressure of 8,600 kPa and 
temperature of 500°C is fed to a turbine. Exhaust from the turbine enters a collden .. 
at 10 kPa, where it is condensed to saturated liquid, which is then pumped to the 

(a) Determine the thermal efficiency of a Rankine cycle operating at 
conditions. 

(b) Determine the thermal efficiency of a practical cycle operating at 
conditions if the turbine efficiency and pump efficiency are both 75 percent. 

(c) Ifthe rating of the power cycle of part (b) is 80,000 kW, what is the 
rate and what are the heat-transfer rates in the boiler and condenser? 

SOLUTION (a) The turbine operates under the same conditions as the turbine 
Example 7.5, where we found 

(!J.H)s = -1,274.2 kJ kg-I 

Thus, 
W,(isentropic) = -(!J.H)s = 1,274.2 kJ kg-I 

Moreover, we found the enthalpy at the end of isentropic expansion (Hi in Example 
7.5) to be . 

H; = 2,117.4 kJ kg-I 

The enthalpy of saturated liquid at 10 kPa (and t~' = 45.83°C) is 

H, = 191.8 kJ kg-' 
~ 

Thus by Eq. (8.2) applied to the condenser, 

Q(condenser) = H, - H; = 191.8 - 2,117.4 

= -1,925.6 kJ kg-' 

where the minus sign signifies that the heat flows out of the system. 
The pump operates under essentially the same conditions as the pump of Example 

7.lD, where we found 

W,(isentropic) = -(!J.H)s = -8.7 kJ kg-' 
Thus, 

H, = H, + (!J.H)s = 191.8 + 8.7 = 200.5 kJ kg-' 

The enthalpy of superheated steam at 8,600 kPa and 500°C is 

H2 = 3,391.6 kJ kg-' 

By Eq. (8.2) applied to the boiler, 

Q(boiler) = H2 - H, = 3,391.6 - 200.5 

= 3,191.1 kJ kg-' 

The net work of the Rankine cycle is the sum of the turbine work and the pump work: 

W,(Rankine) = 1,274.2 - 8.7 

= 1,265.5 kJ kg-' 

This result is of course also given by 

W,(Rankine) = Q(boiler) + Q(condenser) 

= 3,191.1 - 1,925.6 = 1,265.5 kJ kg-' 

The thermal efficiency of the cycle is 

and 

W,(Rankine) 

Q(boiler) 

1,265.5 
3,191.1 = 0.3966 

(b) If the turbine efficiency is 0.75, then we also have from Example 7.5 that 

W,(turbine) = -!J.H = 995.6 kJ kg-' 

H, = H2 +!J.H = 3,391.6 - 955.6 

= 2,436.0 kJ kg-' 

For the condenser, 

Q(condenser) = H, - H, = 191.8 - 2,436.0 

= 2,244.2 kJ kg-' 



~ INIKUUULlIVl'1 

By Example 7.10 for the pump, -I 

W,(pump) = -AH = -11.6 kJkg 

Whence 

Then 

HI = H4 + AH = 191.8 + 11.6 

= 203.4kJkg- 1 

Q(boiler) = H, - HI = 3,391.6 - 203.4 

= 3,188.2 kJ kg-I 

The thennal efficiency of the cycle is therefore 

W,(net) 955.6 - 11.6 = 0.2961 
'I = Q(boiler) 3,188.2 

d with the result of part (a). 
which may be compare. f W ( t) = 80000 kW, we have 

(c) For a power ratmg 0 s ne , 

or 

W,(net) = riJW,(net) 

W,(net) 
riJ---

- W,(net) 
80,000 kJ S-I = 84.75 kg S-I 
944.0 kJ kg I 

Whence by Eq. (8.1), 

Q(boiler) = (84.75)(3,188.2) = 270.2 X 10' kJ S-I 

and 
)(2 244 2) = 190.2 x 103 kJ S-I Q(condenser) = (84.75 , . 

Note that 

Q(boiler) - Q(condenser) = W,(net) 

. ower cycle is increased when the 
The thermal effiCiency of a steam p 'n the boiler is raised. It is also IDe:re'''' 

h rization temperature • d 
and hence t e vapo .. b'l Thus high boiler pressures an 
by increased superheatin~ ID .the 01 er. th;se same conditions increase 

f h" h efficiencies However, . 
peratures avor .g 'b they require heavier construct.on 
capital investment ID the plant, ecau~e Moreover these costs increase 

. tenals of constructIOn. , . 
more expensive rna . " . mposed Thus in practice 

. evere conditIOns are I . , .elmpler:.t~'rt more rap.dly as more s h b 10 000 kPa and " 
t t pressures muc a ove , 

plants seldom opera e a ffi . of a power plant increases as 
b 600°C The thermal e c.ency H r 

much a ove. . the condenser is reduced. oweve, 
pressure a~d hence the temper~t~:e~; er than the temperature of ~e 
condensation temperature mu~. gh II d b local conditions of chmate 
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CONVERSION OF HEAT INTO WORK BY POWER CYCLES 2S5 

Boiler 

P=2,9OOkPa 

231.97 
'c 

181'C 

P = 1,150 kPa 

136'C 

186.05 141.30 
°C °C 

Feedwater heaters 

P=375kPa 

91'C 

96.00 
'c 

Figure 8.5 Steam power plant with feedwater heating. 

" III IV V 

P= 87.69 kPa 

46'C Condenser 

Most modem power plants operate on a modification of the Rankine cycle 
that incorporates feedwater heaters. Water from the condenser, rather than being 
pumped directly back to the boiler, is first heated by steam extracted from the 
turbine. This is normally done in several stages, with steam taken from the turbine 
at several intermediate states of expansion. An arrangement with four feedwater 
heaters is shown in Fig. 8.S. The operating conditions indicated on this figure 
and described in the following paragraphs are typical, and are the basis for the 
illustrative calculations of Example 8.2. 

The conditions of steam generation in the boiler are the same as in Example 
8.1: 8,600 kPa and SOO°C. The exhaust pressure of the turbine, 10 kPa, is also the 
same. The saturation temperature of the exhaust steam is therefore 4S.83 0 C. 
Allowing for slight subcooling of the condensate, we fix the temperature of the 
liquid water from the condenser at 4SoC. The feedwater pump, which operates 
under exactly the conditions of the pump in Example 7.10, causes a temperature 
rise of about 1°C, making the temperature of the feedwater entering the series 
of heaters equal to 46°C. 

The saturation temperature of steam at the boiler pressure of 8,600 kPa is 
300.06°C, and the temperature to which the feed water can be raised in the heaters 
is certainly less. This temperature is a design variable, which is ultimately fixed 
by economic considerations. However, a value must be chosen before any ther
modynamic calculations can be made. We have therefore arbitrarily specified a 
temperature of 226°C for the feedwater stream entering the boiler. We have also 



specified that each of the four feed water heaters accomplishes the same 
perature rise. Thus, the total temperature rise of 226 - 46 = 180'C is divided 
four 45'C increments. This establishes all intermediate feedwater telnpe""tUlr~ 
at the values shown on Fig. 8.5. 

The steam supplied to a given feedwater heater must be at a pressure 
enough that its saturation temperature is higher than the temperature of 
feedwater stream leaving the heater. We have here presumed a minimum 
perature difference for heat transfer of no less than 5'C, and have 
extraction steam pressures such that the (sat values shown in each f .. ,n'''",'A 
heater are at least 5'C greater than the exit temperature of the feedwater 
The condensate from each feed water heater is Hashed through a throttle 
to the heater at the next lower pressure, and the collected condensate in the 
heater of the series is Hashed into the condenser. Thus, all condensate 
from the condenser to the boiler by way of the feedwater heaters. 

The purpose of heating the feed water in this manner is to raise the 
temperature at which heat is added in the boiler. This raises the thermal eHicien,Cl 
of the plant, which is said to operate on a regenerative cycle. 

Example 8.2 Determine the thermal efficiency of the power plant shown in Fig. 
assuming turbine and pump efficiencies of 0.75. If its power rating is 80,000 kW 
is the steam rate from the boiler and the heat-transfer rates in the boiler and conden"er 

SOLUTION Initial calculations are made on the basis of I kg of steam entering 
turbine from the boiler. The turbine is in effect divided into five sections, as incliC!.te< 
in Fig. 8.5. Because steam is extracted at the end of each section, the flow rate in 
turbine decreases from one section to the next. The amounts of steam extracted 
the first four sections are determined by energy balances. 

For this, we need enthalpies of the compressed feedwater streams. The effect 
pressure at constant temperature on a liquid is given by Eq. (7.37) written as 

l!.H ~ V(I- ,BT) l!.P (const T) 

For saturated liquid water at 226°C (499.15 K), we find from the steam tables: 

psat = 2,598.2 kPa 

H ~ 971.5 kJ kg-1 

V ~ 1,201 em' kg- 1 

In addition, at this temperature 

,B ~ 1.582 X 10-' K- 1 

Thus. for a pressure change from the saturation pressure to 8,600 kPa. 

and 

l!.H ~ 1,201[1 - (1.528 x 10-')(499.15)] (8,600 - :,598.2) 
10 

H ~ H(sat liq) + l!.H ~ 971.5 + 1.5 ~ 973.0 kJ kg- 1 

Similar calculations yield the enthalpies of the feedwater at other temperatures. All 
pertinent values are given as follows: 

226 181 136 91 46 

H fkJ kg -I ('If water 
at t and P = 8,600 kPa 973.0 771.3 577.4 387.5 200.0 

Consider the first section o,f the turbine and the first feedwater heater, as shown 
by Fig. 8.6. The enthalpy and entropy of the steam entering the turbine are found 
from the tables for superheated steam. The assumption of isentropic expansion of 
steam in section I of the turbine to 2,900 kPa leads to the result: 

(l!.H)s ~ -320.5 kJ kg-1 

If we assume that the turbine efficiency is independent of the pressure to which the 
steam expands, then Eq. (7.28) gives: 

By Eq. (7.26), 

1 kg superheated 
steam 
from boiler 

P~8,600kPa 
t =500"C 

H ~ 3,391.6 
S ~6.6858 

l!.H ~ '1(l!.H)s ~ (0.75)(-320.5) ~ -240.4kJkg- 1 

W,(I) ~ -l!.H ~ 24Q.4 kJ 

I--.W,(I) 

(I-m)kg 1-_....:..:....;:;;,;..::._. Steam feed to 
section II 

P ~2,900kPa 
H ~ 3,151.2 

mkg 

1 kg liquid _----1--""1'-+--
water 1 kg liquid 

I ~ 363.65"C 
S~6.8150 

P = 8,600 kPa water 
I ~ 226"C P ~ 8,600 kPa 
H~973.0 '~181"C 

H ~ 771.3 

'-________ ...... m kg condensate 

Saturated liquid at 
2.900kPa ,'.1 = 231.970C 

H~999.5 

Figure 8.6 Section I of turbine and first feedwater heater. Enthalpies in kJ kg-I; entropies in 
kJkg-' r'. 



In addition, the enthalpy of the steam discharged from this section of the 

H = 3,391.6 - 240.4 = 3,151.2 kJ kg-' 

An energy balance on the feedwater heater requires app1i~atio~ of Eq. (7 
Neglecting kinetic- and potential-energy changes and noting that Q = Ws = 0, . 

ll.(mH)" = 0 

This equation expresses mathematically the requirement that the t~tal . 
for the process be zero. Thus on the basis of 1 kg of steam entenng the turbme 
Fig. 8.6), 

m(999.5 - 3,151.2) + (1)(973.0 -771.3) = 0 

Whence 

m = 0.09374 kg and 1 - m = 0.90626 kg 

On the basis of 1 kg of steam entering the turbine, 1 - m is the mass of steam 
into section II of the turbine. 

Section II of the turbine and the second feedwater heater are·shown in Fig. 
In doing the same calculations as for section I, we assume that each kilogr~ 
steam leaving section II expands from its state at the turbine entrance to the eXit 

0.90626 kg steam 
from section I 

H=3,15\'2 

\I 1---- W,(II) 

1-....:.(0,;..,;,906.;.;;;2;;;6_-..;m;;.;..) k;;:g,,-__ Steam feed to 

m kg section III 
P = 1,150 kPa 
H =2,981.8 

1 kg water ----t-..IIIII'--+--- 1 kg water 
H = 111.3 H = 511.4 

0.09314 kg 
condensate 

H =999.5 

'-------_ (0.09314+m) kg 
condensate 

Saturated liquid at 
1,150 kPa 

loa' = 186.05°e 
H=189.9 

Figure 8.7 Section II of turbine and second feedwater heater. EnthaIpies in kJ kg-I; entropiC$ 
kJkg-1 K-

'
. 

section II with an efficiency of 7S percent compared with isentropic expansion. The 
enthalpy of the steam leaving section II found in this way is 

H = 2,987.81tJ kg-' 

Then on the basis of I kg of steam entering the turbine, 

W,(II) = -(2,987.8 - 3,151.2)(0.90626) 

= 148.08 kJ 

An energy balance on the feedwater heater (see Fig. 8.7) gives: 

(0.09374 + m)(789.9) - (0.09374)(999.5) - m(2,987.8) + (1)(771.3 - 577.4) = 0 

Whence 

m = 0.07971 kg 

Note that throttling the condensate stream does not change its enthalpy. 
These results and those of similar calculations for the remaining sections of the 

turbine are listed in the following table: 

H/kJkg-' Ire at m/kg of 
at section W,/kJ section steam 
exit for section exit State extracted 

Sec. I 3,151.2 240.40 363.65 Superheated 0.09314 

Sec. II 2,981.8 148.08 212.48 
vapor 

Superheated 0.01928 
vapor 

Sec. III 2,821.4 132.65 183.84 Superheated 0.06993 
vapor 

Sec. IV 2,651.3 133.32 96.00 Wet vapor 0.06251 
x = 0.9919 

Sec. V 2,435.9 149.59 45.83 Wet vapor 
x = 0.9318 

L W, = 804.0 kJ L m = 0.3055 

Thus for every kilogram of steam entering the turbine, the work produced is 
804.0 kJ and 0.3055 kg of steam is extracted from the turbine for the feedwater heaters. 
The work required by the pump is exactly the work calculated for the pump in 
Example 7.10, that is, 11.6 kJ. The net work of the cycle is therefore 

W,(nel) = 804.0 - 11.6 = 792.4 kJ 

on the basis of I kg of steam generated in the boiler. On the same basis, the heat 
added in the boiler is 

Q(boiler) = Il.H = 3,391.6 - 973.0 = 2,418.6 kJ 

The thermal efficiency of the cycle is therefore 

W,(nel) 
'1= 

Q(boiler) 
792.4 

--=0.3276 
2,418.6 



This is a significant improvement over the value of 0.2961 found in Example 8.1. 
Since W,(net) = 80,000 kJ s-t, 

m = W,(net) = 80,000 = 100.96 kg S-I 

W,(net) 792.4 

This is the steam rate to the turbine, and with it we can calculate the he.t-ltral"S~" 
rate in the boiler: 

Q(boi1er) = ml1H = (100.96)(2,418.6) 

= 244.2 x 10' kJ S-I 

The heat-transfer rate to the cooling water in the condenser is 

Q(condenser) = Q(boiler) - W,(net) 

= 244.2 x 10' - 80.0 x 10' 

= 164.2 X 10' kJ S-I 

Although the steam generation rate is higher than was found in Example 8.1, the 
heat-transfer rates in the boiler and condenser are appreciably less, because their 
functions are partly taken over by the feedwater heaters. 

8.2 INTERNAL-COMBUSTION ENGINES 

In a steam power plant, the steam is an inert medium to which heat is transferred 
from a burning fuel or from a nuclear reactor. It is therefore characterized by 
large heat-transfer surfaces: (1) for the absorption of heat by the steam at a high 
temperature in the boiler, and (2) for the rejection of heat from the steam at a 
relatively low temperature in the condenser. The disadvantage is that when heat 
must be transferred through walls (as through the metal walls of boiler tubes) 
the ability of the walls to withstand high temperatures and pressures imposes a 
limit on the temperature of heat absorption. In an internal-combustion engine, 
on the other hand, a fuel is burned within the engine itself, and the combustion 
products serve as the working-medium, acting for example on a piston in a 
cylinder. High temperatures are internal, and do not involve heat-transte'r~urfaces. 

The burning of fuel within the internal-combustion engine does complicate 
thermodynamic analysis. Moreover, fuel and air flow steadily into an internal
combustion engine and combustion products flow steadily out of it; there is no 
working medium that undergoes a cyclic process, as does the steam in a steam 
power plant. However, for making simple analyses, one imagines cyclic engines 
with air as the working fluid that are equivalent in performance to actual internal
combustion engines. In addition, the combustion step is replaced by the addition 
to the air of an equivalent amount of heat. In each of the following sections, we 
first present a qualitative description of an internal-combustion engine. Quantita
tive analysis is then made of an ideal cycle in which air, treated as an ideal gas 
with constant heat capacities, is the working medium. 

3 

Volume 

8.3 THE OTTO ENGINE 

Figure 8.8 Otto internal·combustion-engine 
cycle. 

The most common internal-combustion engine, because of its use in automobiles, 
is the Otto engine. Its cycle consists of four strokes, and starts with an intake 
stroke at essentially constant pressure, during which a piston moving outward 
draws a fuel/ air mixture into a cylinder. This is represented by line 0 -+ I in Fig. 
8.8. During the second stroke (line I -+ 3), all valves are closed, and the fuel/air 
mixture is compressed, approximately adiabatically, along line I -+ 2. The mixture 
is then ignited, and combustion occurs so rapidly that the volume remains nearly 
constant while the pressure rises along line 2 -+ 3. It is during the third stroke 
(line 3 -+ I) that work is produced. The high-temperature, high-pressure products 
of combustion expand, approximately adiabatically, along line 3 -+ 4. Then the 
exhaust valve opens and the pressure falls rapidly at nearly constant volume 
along line 4 -+ I. During the fourth or exhaust stroke (line I -+ 0), the piston 
pushes the remaining combustion gases (except for the contents of the clearance 
volume) from the cylinder. The volume plotted in Fig. 8.8 is the total volume of 
gas contained in the engine between the piston and the cylinder head. 

The effect of increasing the compression ratio, defined as the ratio of the 
volumes at the beginning and end of the compression stroke, is to increase the 
efficiency of the engine, i.e., to increase the work produced per unit quantity of 
fuel. We demonstrate this for an idealized cycle, called the air-standard cycle, 
shown in Fig. 8.9. It consists of two adiabatic and two constant-volume steps, 
which comprise a heat-engine cycle for which air is the working fluid. In step 
DA, sufficient heat is absorbed by the air at constant volume to raise its tem
perature and pressure to the values resulting from combustion in an actual Otto 
engine. Then the air is expanded adiabatically and reversibly (step AB), cooled 
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A 

Volume Figure 8.9 Air-standard Otto cycle. 

at constant volume (step BC), and finally compressed adiabatically and 
to the initial state at D. .. . 

The thermal efficiency "I of the air-standard cycle shown In Fig. 8.9 IS 

",,(net) QDA + QBC 
"1= 

QDA QDA 

For I mol of air with constant heat capacities, 

QDA = CV(TA - TD) 

QBC = Cy(Tc - TB) 

Substituting these expressions in Eq. (8.3) gives 

or 

Cy(TA - TD) - Cy(TB - Tel 
"1= Cy(TA - TD) 

TB - Tc 
"I = I 

TA - TD 

The thermal efficiency is also related in a simple way to the cOlmpressio 
ratio r = Vcl YD. We replace each temperature in Eq. (8.4) by an 
group PV / R, in accord with the ideal-gas equation. Thus 

PBVB PBVC 
TB=T=T 

----- -. ____ • __ - ....... &.0 ...................... ....., ~ 

• 

T. 
_ PcVc 

c-
R 

T 
_ PDVD 

D-
R 

Substituting into Eq. (8.4) leads to 

"I = 1- VC(PB-PC) = l_r(PB-Pc ) 
VD PA - PD PA - PD 

For the two adiabatic, reversible steps, we have PV' = const; whence 

PA Vb = pBvr. 
PcVb = PvVb 

(since VD = VA and Vc = VB) 

These expressions are combined to eliminate the volumes: 

Also 

Pc = (Vv)' = (1.)' 
Pv Vc r 

These equations transform Eq. (8.5) as follows: 

or 

(I)' (1)'-1 "I=I-r -;: =1--;: 

(8.5) 

(8.6) 

This equation shows that the thermal efficiency increases rapidly with the com
pression ratio r at low values of r, but more slowly at high compression ratios. 
This agrees with the results of actual tests on Otto engines. 

8.4 THE DIESEL ENGINE 

The Diesel engine differs from the Otto engine primarily in that the temperature 
at the end of compression is sufficiently high that combustion is initiated spon
taneously. This higher temperature results because of a higher compression ratio 
that carries the compression step to a higher pressure. The fuel is not injected 
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until the end of the compression step, and then is added slowly enough that 
combustion process occurs at approximately constant pressure. 

For the same compression ratio, the Otto engine has a higher efficiency 
the Diesel engine. However, preignition limits the compression ratio attair.ab·11 
in the Otto engine. The Diesel engine therefore operates at higher COllllpres:sie'n 
ratios, and consequently at higher efficiencies. 

p 

Example 8.3 Sketch the air-standard Diesel cycle on a PV diagram, and derive 
equation giving the thermal efficiency of this cycle in relation to the cOInpressioi 
ratio r (ratio of volumes at the beginning and end of the compression step) and 
expansion ratio Fe (ratio of volumes at the end and beginning of the expansion 

SOLUTION The air-standard Diesel cycle is the same as the air-standard Otto 
except that the heat-absorption step (corresponding to the combustion process in 
actual engine) is at constant pressure, as indicated by line DA in Fig. 8.10. 

On the basis of one mol of air, considered to be an ideal gas with constant 
capacities, the heat absorbed in the cycle is 

QDA = Cp(TA - TD) 

The heat rejected in step Be is 

Q.c = Cv(Tc - T.) 

By an energy balance, Ws = QDA + QBC, and the thermal efficiency is given by 

'I = 1 _ Cv( T. - Tc) = 1 _.!.( T. - Tc) 
Cp TA - TD 'Y TA - TD 

For reversible, adiabatic expansion (step AB) and reversible, adiabatic cOlnplre .. ,im 
(step CD), Eq. (3.22) applies: 

and 

TD(VD),-I = TC<Vcl'-' 

By definition, the compression ratio is r = Vcl VD : in addition the expansion 

Volume Figure 8.10 Air-standard Diesel cycle. 

is defined as re = VBI VA' Thus 

and 

(1)'-' Tc = TD ; 
, 

Substituting Eqs. (B) and (C) into Eq. (A) gives 

'I = 1 _.!.[TA(I/r.)'-' - TD(I/r)'-'] 
'Y TA - TD 

Also, PA = PD , and from the ideal-gas equation, 

and 

Hence 

TD VD VDIVc re 
-=-=---=-
TA VA VA/V. r 

This relation combines with Eq. (D) to give: 

'I = 1 _ .!.ro/r,V-' - (r,/r)(l/r)'-'] 
'Yl l-relr 

or 

'I = 1 _ .!.[(I/ r,)' - (I/r)'] 
"y l/r, - l/r 

8.S THE GAS-TURBINE POWER PLANT 

(B) 

(C) 

(D) 

(8.7) 

Consideration of the Otto and Diesel engines has shown that direct use of the 
energy of high-temperature and high-pressure gases, without transfer of external 
heat, possesses some advantages in power production. On the other hand, the 
turbine is more efficient than the reciprocating engine, primarily because of 
friction between the reciprocating piston and cylinder and because offtuid friction 
generated by action of the valves. The gas turbine combines in one unit the 
advantages of internal combustion with the advantages of -Ibe turbine. 

The gas turbine is driven by high-temperature gases from a combustion space, 
as indicated in Fig. S.lI. The entering air is compressed (supercharged) to a 
pressure of several bars before combustion. The centrifugal compressor operates 
on the same shaft as the turbine, and part of the work of the turbine serves to 
drive the compressor. The unit shown in Fig. 8.11 is a complete power plant, as 
are Otto and Diesel engines. The gas turbille is just one part of the assembly and 
performs the same function as the steam turbine in a steam power plant (Fig. 8.1). 

The higher the temperature of the combustion gases entering the turbine, the 
higher the efficiency of the unit, i.e., the greater the work produced per unit of 
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Filure 8.11 Gas-turbine power plant. 

fuel burned. The limiting temperature is determined by the strength of the 
turbine blades, and is much lower than the theoretical Harne temperature 
4.7) of the fuel. Sufficient excess air must be supplied to keep the cOlnbuslil 
temperature at a safe level. 

The idealization of the gas-turbine cycle (based on air, and called the 
cycle) is shown on a PV diagram in Fig. 8.12. The compression step AB· 
represented by an adiabatic, reversible (isentropic) path in which the . 
increases from PA (atmospheric pressure) to PB. The combustion process 
replaced by the constant-pressure addition of an amount of heat QBC. 
produced in the turbine as the result of isentropic expansion of the air to 

B ...... ...,..e_-': 

p 

A D 

V. specific volume 
Figure 8.12 Ideal cycle for gas-turbine 
plant. 

CONVERSION OF HEAT INTO WORK BY POWER CYCLES 261 

PD. Since the hot gases from the turbine are exhausted 
PD = PA- The thermal efficiency of the cycle is given by 

to the atmosphere, 

11= 
W,(net) WCD + WAB 

QBC QBC 
(8.8) 

where each energy quantity is based on I mol of air. 
The work done as the air passes through the compressor is given by Eq. (7.26): 

-WAB = HB-HA 

For air as an ideal gas with constant heat capacities, 

- WAB = HB - HA = Cpr TB - TA) 

Similarly, for the combustion and turbine processes, 

QBC = Cp(Tc - TB) 

- Wev = Cp(TD - Tel 

Substituting these equations into Eq. (8.8) and simplifying leads to: 

TD - TA 
11 = I-~--:~ 

Tc - TB 
(8.9) 

Since processes AB and CD are isentropic, the temperatures and pressures are 
related as follows [Eq. (3.23)]: 

TB = (PB)('-Il/Y 

TA PA 
(8.10) 

and 

~ = (PD)(,-ll/' = (PA)(,-ll/' 

Tc Pc PB 
(8.11 ) 

With these equations, TA and T D may be eliminated to give: 

(
PA)(,-I)!Y 

11=1- -
PB 

(8.12) 

Example 8.4 A gas-turbine power plant operates with a pressure ratio PHI PA of 6. 
The temperature of the air entering the compressor is 25°C, and the maximum 
permissible temperature in the turbine is 760°C. 

(a) What is the efficiency of the reversible ideal-gas cycle for these conditions 
if 'Y = 1.41 

(b) If the compressor and turbine operate adiabatically but irreversibly with 
efficiencies '1Ie = 0.83 and '1Ir = 0.86, what is the thermal efficiency of the power plant 
for the given conditions? 

SOLUTION 

(a) Direct substitution in Eq. (8.12) gives the ideal-cycle efficiency: 

'1 = I - (1/6),1.4-1)/1.4 = I - 0.60 = 0.40 
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(b) Irreversibilities in the compressor and turbine greatly reduce the therm,¢ 
efficiency of the power plant, because the net work is the difference between the 
required by the compressor and the work produced by the turbine. The ternp.oraturo: 
of the air entering the compressor TA and the temperature of the air en~~:l:,:; 
turbine, the specified maximum for Te , are the same as for the ideal cycle. 
the temperature after irreversible compression in the compressor TB is higher 
the temperature after isentropic compression T~. and the temperature after imevers;' 
ible expansion in the turbine T D is higher than the temperature after isentropiC 
sion Th. 

The work required by the compressor is 

- W(comp) = cpt T. - TA ) 

Alternatively. this may he found from the isentropic work: 

Cp(n- TA) 
-W(comp) 

Similarly, the work produced by the turbine is 

W(turb) = -Cp(TD - Te) = -Cp'l,(Th - Te) 

and the heat absorbed in place of combustion is 

Q = Cp(Te - T.) 

These equations are combined to give the thermal efficiency of the power plant: 

W(comp) + W(turb) -[(n - TA)/'I<l+ 'I,(Te - Th) 
'1= 

Q Te - T. 

Combining Eqs. (A) and (B) and using the result to eliminate 
equation gives after simplification: 

-(niTA -I) + 'I,'IA Tel TA - niTA) 
'I = 'I«TeIT" I) (niTA I) 

The temperature ratio T~/TA is related to the pressure ratio by Eq. (8.10). The 
TelTA depends on given conditions. In view of Eq. (8.11), the ratio Th/TA can 
written: 

Substituting these expressions in Eq. (E) gives 

'I 

where 

'I,'I«TeITA)(l-I/a) - (a -I) 
'I«TeITA -I) - (a-I) 

a = (::YY-I)/Y 
It can be shown from Eq. (8.13) that the thermal efficiency of the gllll-l1lo1>lDl 

power plant increases as the temperature of the air entering the turbine ( 
and also as the compressor and turbine efficiencies "'c and "'t increase. 
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The given efficiency values are here 

'I, = 0.86 and '1< = 0.83 

Other given data provide: 

Te 760+273.15 
TA = 25 + 273.15 = 3.47 

and 
a = (6)(1.4-1)/1.4 = 1.67 

Substituting these quantities in Eq. (8.13) gives 

(0.86)(0.83)(3.47)(1 - 1/1.67) - (1.67 - I) 
'I (0.83)(3.47 -I) - (1.67 -I) = 0.235 

This analysis shows that, even with a compressor and turbine of rather high efficiencies, 
the thermal efficiency (23.5 percent) is considerably reduced from the ideal-cycle 
value of 40 percent. 

8.6 JET ENGINES; ROCKET ENGINES 

In the power cycles considered up to this point the high-temperature, high
pressure gas has been expanded in a turbine (steam power plant, gas turbine) 
or in the cylinder of a reciprocating Otto or Diesel engine. In either case, the 
power becomes available through a rotating shaft. Another device for expanding 
the hot gases is a nozzle. Here the power is available as kinetic energy in the jet 
of exhaust gases leaving the nozzle. The entire power plant, consisting of a 
compression device and a combustion chamber, as well as a nozzle, is known as 
a jet engine. Since the kinetic energy of the exhaust gases is directly available 
for propelling the engine and its attachments, jet engines are most commonly 
used to power aircraft. There are several types of jet-propulsion engines based 
on different ways of accomplishing the compression and expansion processes. 
Since the air striking the engine has kinetic energy (with respect to the engine), 
its pressure may be increased in a diffuser. 

The turbojet engine illustrated in Fig. 8.13 takes advantage of a diffuser to 
reduce the work of compression. The axial-flow compressor completes the job 
of compression, and then the fuel is injected and burned in the combustion 
chamber. The hot combustion-product gases first pass through a turbine where 
the expansion provides just enough power to drive the compressor. The remainder 
of the expansion to the exhaust pressure is accomplished in the nozzle. Here, 
the velocity of the gases with respect to the engine is increased to a level above 
that of the entering air. This increase in velocity provides a thrust (force) on the 
engine in the forward direction. If the compression and expansion processes are 
adiabatic and reversible, the turbojet-engine cycle is identical to the ideal gas
turbine-power-plant cycle shown in Fig. 8.11. The only differences are that, 
physically, the compression and expansion steps are carried out in devices of 
different types. 
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Figure 8.13 The turbojet power plant. 

A rocket engine differs from a iet engine in that the oxidizing agent is calmed 
with the engine. Instead of depending on the surrounding air for burning 
fuel, the rocket is self-contained. This means that the rocket operates in va'Cul'tn; 
such as in space. In fact, the performance is better in a vacuum, because 
of the thrust is required to overcome friction forces. 

In rockets burning liquid fuels the oxidizing agent (e.g., liquid oxygen) 
pumped from tanks into the combustion chamber. Simultaneously, fuel 
kerosene) is pumped into the chamber and burned. The combustion takes 
at a constant high pressure and produces high-temperature product gases 
are expanded in a nozzle, as indicated in Fig. 8.14. 

In rockets burning solid fuels the fuel (organic polymers) and oxidizer 
ammonium perchlorate) are contained together in a solid matrix and stored 
the forward end of the combustion chamber. 

In an ideal rocket, the combustion and expansion steps are the same as 
for an ideal iet engine (Fig. 8.12). A solid-fuel rocket requires no colmpression: 

Fuel 

Oxidizer 

Combustion chamber 
I 

Flpft 8.14 Liquid·fuel rocket engine. 

Nozzle 

-..----. Exhaust 
gases 
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work, and in a liquid-fuel rocket the compression energy is small, since the fuel 
and oxidizer are pumped as liquids. 

PROBLEMS 

8.1 The basic cycle for a steam power plant is shown by Fig. 8.1. Suppose that the turbine operates 
adiabatically with inlet steam at 6,500 kPa and 525°C and that the exhaust steam enters the condenser 
at 100°C with a quality of 0.98. Saturated liquid water leaves the condenser, and is pumped to the 
boiler. Neglecting pump work. and kinetic· and potential·energy changes, determine the thermal 
efficiency of the cycle and the turbine efficiency. 

8.2 A steam power plant operates on the cycle of Fig. 8.4. For one of the following sets of operating 
conditions, determine the steam rate, the heat·transfer rates in the boiler and condenser, and the 
thermal efficiency of the plant. 
(a) PI = P2 = IO,OOOkPa; T2 = 600°C; p) = P4 = 10 kPa; '1(turbine) = 0.80; '1(pump) = 0.75; power 

rating = 80,000 kW. 
(b) PI = P2 = 7,000 kPa; T2 = 550°C; p) = P4 = 20 kPa; '1(turbine) = 0.75; '1(pump) = 0.75; power 

rating = 100,000 kW. 
(c) PI = P2 = 8,500 kPa; T2 = 600°C; p) = P4 = 10 kPa; '1(turbine) = 0.80; '1(pump) = 0.80; power 

rating = 70,000 kW. 
(d) P, ~ P, ~ 6,500kPa; T, ~ 525'C; P, ~ P, ~ 1Ol.33 kPa; ~(turbine) ~ 0.78; ~(pump) ~ 0.75; 

power rating = 50,000 kW. 
(e) P, ~ P, ~ 950(psia); T, ~ I,OOO('F); P, ~ P, ~ 14.7(psia); ~(turbine) ~ 0.78; ~(pump) ~ 0.75; 

power rating = 50,000 kW. 
(f) P, ~ P, ~ 1,450(psia); T, ~ 1,IOO('F); P, ~ P, ~ l(psia); ~(turbine) ~ 0.80; ~(pump) ~ 0.75; 

power rating = 80,OOOkW. 

8.3 Steam enters the turbine of a power plant operating on the Rankine cycle (Fig. 8.3) at 3,500 kPa 
and exhausts at 20 kPa. To show the effect of superheating on the performance of the cycle, calculate 
the thermal efficiency of the cycle and the quality of the exhaust steam from the turbine forturbine·inlet 
steam temperatures of 400, 500, and 600°C. 

8A Steam enters the turbine of a power plant operating on the Rankine cycle (Fig. 8.3) at 450°C and 
exhausts at 20 kPa. To show the eflect of boiler pressure on the performance of the cycle, calculate 
the thermal efficiency of the cycle and the quality of the exhaust steam from the turbine for boiler 
pressures of 4,000, 6,000, 8,C)(M) and 10,000 kPa. 

8.5 A steam power plant employs two adiabatic turbines in series. Steam enters the first turbine at 
600°C and 6,500 kPa and discharges from the second turbine at 10 kPa. The system is designed for 
equal power outputs from the two turbines, based on a turbine efficiency of 76 percent for each 
turbine. Determine the temperature and pressure of the steam in its intermediate state between the 
two turbines. What is the overall efficiency of the two turbines together with respect to isentropic 
expansion of the steam from the initial to the final state? 

8.6 A steam power plant operating on a regenerative cycle, as illustrated in Fig. 8.5, includes just 
one feedwater heater. Steam enters the turbine at 4,000 kPa and 450°C and exhausts at 20 kPa. Steam 
for the feedwater heater is extracted from the turbine at 300 kPa, and in condensing raises the 
temperature of the feedwater to within 6°C of its condensation temperature at 300 kPa. If the turbine 
and pump efficiencies are both 78 percent, what is the thermal efficiency of the cycle and what fraction 
of the steam entering the turbine is extracted for the feedwater heater? 

8.7 A steam power plant operating on a regenerative cycle, as illustrated in Fig. 8.5, includes just 
one feedwater heater. Steam enters the turbine at 6OO(psia) and 850eF) and exhausts at I(psia). 
Steam for the feedwater heater is extracted from the turbine at 45(psia), and in condensing raises 
the temperature of the feedwaler to within I 1 (OF) of its condensation temperature at 4S(psia). If the 
turbine and pump efficiencies are both 78 percent, what is the thermal efficiency of the cycle and 
what fraction of the steam entering the turbine is extracted for the feedwater heater? 
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8.8 A steam power plant operating on a regenerative cycle, as illustrated in Fig. 8.5, .","uuo.~ 
feedwater heaters. Steam enters the turbine at 6,000 kPa and 5()()"C and exhausts at 10 kPa. 
For the Feed water heaters is extracted from the turbine at pressures such that the feedwater is 
to 180"C in two equal increments oftemperature rise, with 5-"C approaches to the ,,,,.n,·,on,den,." 
temperature in each feedwater heater. If the turbine and pump efficiencies are both 80 
is the thermal efficiency of the cycle and what Fraction of the steam entering the turbine is 
for each feedwater heater? 

8.9 A power plant operating on heat recovered From the exhaust gases ofintemal-combustion 
uses isobutane as the working medium in a modified Rankine cycle in which the upper pre","re I. 
is above the critical pressure of isobutane. Thus the isobutane does not undergo a change 
as it absorbs heat prior to its entry into the turbine. Isobutane vapor is heated at 4,800 kPa to 
and enters the turbine as a supercritical fluid at these conditions. Isentropic expansion in the 
produces superheated vapor at 450 kPa, which is cooled and condensed at constant pro,,,",,,. 
resulting saturated liquid enters the pump for return to the heater. If the power output of the 
Rankine cycle is 1,000 kW, what is the isobutane flow rate, the heat-transFer rates in the heater 
condenser, and the thermal efficiency of the cycle? 

The vapor pressure of isobutane is given by: 

2606.775 
In P/kPa ~ 14.57100 - -/~' =':-':-c:c 

I °c + 274.068 

8.10 A power plant operating on heat from a geothermal source uses isobutane as the 
medium in a Rankine cycle. lsobutane is heated at 3,400 kPa (a pressure just a little below its 
pressure) to a temperature of 140"C, at which conditions it enters the turbine. Isentropic 
in the turbine produces superheated vapor at 450 kPa, which is cooled and condensed at 
pressure. The resulting saturated liquid enters the pump for return to the heater/boiler. If the 
rate of isobutane is 75 kg S-I, what is the power output of the Rankine cycle and what are 
heat-transFer rates in the heater/boiler and condenser? What is the thermal efficiency of the 

The vapor pressure of isobutane is given in the preceding problem. 

8.11 Show that the thermal efficiency of the air-standard Diesel cycle can be expressed as 

(1)7'- ,7 -1 
'I'j -1- - --'--

, Y(',-I) 

where, is the compression ratio and 'c is the cutoff ratio, defined as rc = VA/ YD' (See Fig. 
Show that for the same compression ratio the thermal efficiency of the air-standard Otto 

is greater than the thermal efficiency of the air-standard Diesel cycle. 
Hint: Show that the fraction which multiplies (I/r))'-I in the above equation for 'I'j IS 

than unity by expanding r~ in a Taylor's series with remainder taken to the first derivative. 

If 'Y = 1.4, how does the thermal efficiency of an air-standard Quo cycle with a c~~::~:::: 
ratio of 8 compare with the thermal efficiency of an air-standard Diesel cycle with the same c 
ratio and a cutoff ratio of 2? How is the comparison changed if the cutoff ratio is 3? 

8.12 An air-standard Diesel cycle absorbs 1,500 J mol-I of heat (step DA of Fig. 8.10, which 
combustion). The pressure and temperature at the beginning of the compression step are 1 bar 
20"e, and the pressure at the end of the compression step is 4 bar. Assuming air to be an ideal 
for which Cp = (7/2)R and Cv = (5/2)R, what are the compression ratio and the expansion 
of the cycle? 

8.13 Calculate the efficiency for an air-standard gas-turbine cycle (the Brayton cycle) operating 
a pressure ratio of 3. Repeat for pressure ratios of 5,7, and 9. Take')' = 1.35. 

8.14 An air-standard gas-turbine cycle is modified by installation of a regenerative h$!at e,cha",1Ii 
to transfer energy from the air leaving the turbine to the air leaving the compressor. In an 
countercurrent exchanger, the temperature of the air leaving the compressor is raised to that 
D in Fig. 8.12, and the temperature of the gas leaving the turbine is cooled to that of point B in 
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8.12. Show that the thermal efficiency of this cycle is given by 

~-I-- -
_ TA(PB)()'-Il/)' 

Tc PA 

8.15 Consider an air-standard cycle for representing the turbojet power plant shown in Fig. 8.13. 
The temperature and Plies sure of the air entering the compressor are 1 bar and 30"C The pre 
"th '65 . ssure 

ratio 10 .• e comp~ssor ~s . ,and the temperature at the turbine inlet is 1,IOO"C. If expansion in the 
nozzle IS IsentropIC ~d If the nozzle exhausts at I bar, what is the pressure at the nozzle inlet (turbine 
exhaust) and what IS the velocity of the air leaving the nozzle? 



REFRIGERATION AND LlQUEF 

Refrigeration is best known for its use in the air conditioning of buildings 
in the treatment, transportation, and preservation of foods and beverages. It also' 
finds large-scale industrial use, for example, in the manufacture of ice and the' 
dehydration of gases. Applications in the petroleum industry include lubricating
oil purification, low-temperature reactions, and separation of volatile hydro-' 
carbons. A closely related process is gas liquefaction, which has importa.nt. 
commercial applications. 

The purpose of this chapter is to present a thermodynamic analysis 
refrigeration and liquefaction processes. However, the details of equipment design . 
are left to specialized books. t 

The word refrigeration implies the maintenance of a temperature below 
of the surroundings. This requires continuous absorption of heat at a low tem
perature level, usually accomplished by evaporation of a liquid in a steady-state . 
flow process. The vapor formed may be returned to its original liquid state for 
reevaporation in either of two ways. Most commonly, it is simply compressed 
and then condensed. Alternatively, it maybe absorbed by a liquid oflow volatility, 
from which it is subsequently evaporated at higher pressure. Before treating these 
practical refrigeration cycles, we consider the Carnot refrigerator, which provides 
a standard of comparison. 

t ASHRAE Handbook and Product Directory: Equipment, 1983; Fundamentals, 1981; Systems. 
1980, American Society of Heating, Refrigerating and Air-Conditioning Engineers, Brown and Briley, 
Atlanta. 
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9.1 THE CARNOT REFRIGERATOR 

In a continuous refrigeration process, the heat absorbed at a low temperature 
must be continuously rejected to the surroundings at a higher temperature. 
Basically, a refrigeration cycle is a reversed heat-engine cycle. Heat is transferred 
from a low temperlllure level to a higher one; according to the second law, this 
cannot be accomplished without the use of external energy. The ideal refrigerator, 
like the ideal heat engine (Sec. 5.2), operates on a Carnot cycle, consisting in 
this case of two isothermal steps in which heat IQel is absorbed at the lower 
temperature Te and heat I QH I is rejected at the higher temperature T H and two 
adiabatic steps. The cycle requires the addition of net work I WI to the system. 
Since II U of the working fluid is zero for the cycle, the first law gives 

(9.1) 

The usual measure of performance of a refrigerator is called the coefficient 
of performance w, defined as 

w= 
heat absorbed at the lower temperature 

Thus 

net work 

w'" IQcI 
IWI 

Division of Eq. (9.1) by IQd gives 

But according to Eq. (5.7), 

whence 

and Eq. (9.2) becomes 

IWI =IQHI_ I 
IQel IQcI 

IWI = TH_I TH-Te 
IQel Te Te 

Te 
w =----=-

TH - Te 

(9.2) 

(9.3) 

This equation applies only to a refrigerator operating on a Carnot cycle, and it 
gives the maximum possible value of w for any refrigerator operating between 
given values of TH and Te. It shows clearly that the refrigeration effect per unit 
of work decreases as the temperature of the refrigerator Te decreases and as the 
temperature of heat rejection T H increases. For refrigeration at a temperature 
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level of 5°C and a surroundings temperature of 30°C, the value of w for a 
refrigerator is 

= 5+273.15 = 11.13 
w (30 + 273.15) - (5 + 273.15) 

9.2 THE VAPOR-COMPRESSION CYCLE 

A liquid evaporating at constant pressure provides a means for heat ahsOlpti,OI 
at constant temperature. Likewise, condensation of the vapor, after comI,ressi'OI 
to a higher pressure, provides for the rejection of heat at constant tellllp'er:.tul'l 
The liquid from the condenser is returned to its original state by an eXIlansiOi 
process. This can be carried out in a turbine from which work is obtained. 
compression and expansion are isentropic, this sequence of processes cOlostitu'ICI 
the cycle of Fig. 9.1 a. It is equivalent to the Carnot cycle, except that su:~~~:;:: 
vapor from the compressor (point 3 in Fig. 9.la) must be cooled to its 
temperature before condensation begins. 

T 

s 
(a) 

T 

s 
(b) 

Figure 9.1 Vapor-compression refrigeration cycles. 

Throttle 
valve 
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Evaporator 

Condenser 
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On the basis of a unit mass of fluid, the heat absorbed in the evaporator is 

IQcI = AH = H2 - H, 

This equation follows from Eq. (7.10) when the small changes in potential and 
kinetic energy are neglected. Likewise, the heat rejected in the condenser is 

IQHI = H,- H. 

By Eq. (9.1), 

I WI = (H, - H.) - (H2 - H,) 

and by Eq. (9.2), the coefficient of performance is 

w = .,--__ "H,,2~---=H"_'_' __ ...,
(H, - H.) - (H2 - H,) 

(9.4) 

The process requires a turbine or expander that operates on a two-phase 
liquid/vapor mixture. Such a machine is impractical for small units. Therefore, 
the cycle of Fig. 9.la is used only for large installations. More commonly, 
expansion is accomplished by throttling the liquid from the condenser through 
a partly opened valve. The pressure drop in this irreversible process results from 
fluid friction in the valve. In small units, such as household refrigerators and air 
conditioners, the simplicity and lower cost of the throttle valve outweigh the 
energy savings possible with a turbine. As shown in Sec. 7.3, the throttling process 
occurs at constant enthalpy. 

The vapor-compression cycle incorporating an expansion valve is shown in 
Fig. 9.lb, where 'line 4 -+ I represents the constant-enthalpy throttling process. 
Line 2 -+ 3, representing an actual compression process, slopes in the direction 
of increasing entropy, reflecting the irreversibility inherent in the process. The 
dashed line 2 -+ 3' is the path of isentropic compression (see Fig. 7.6). For this 
cycle, the coefficient of performance is simply 

H 2 -H, 
w= 

H,-H2 

(9.5) 

Design of the evaporator, compressor, condenser, and auxiliary equipment 
requires knowledge of the rate of circulation of refrigerant m. This is determined 
from the heat absorbed in the evaporatort by the equation: 

IQcl 
H 2 -H, 

(9.6) 

The vapor-compression cycle of Fig. 9.1b is shown on a PH diagram in Fig. 
9.2. Such diagrams are more commonly used in refrigera,ion work than TS 

t In the United States refrigeration equipment is commonly rated in tons of refrigeration; a ton 
of refrigeration is defined as heat absorption at the rate of 12,OOO(Btu) or 12,660 kJ per hour. This 
corresponds approximately to the rate of heat removal required to freeze l(ton) of water, initially at 
32(OF). per day. 
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Figure 9.2 Vapor-compression refrigeration cycle on a PH diagram. 

diagrams, because they show directly the required enthalpies. Although the . 
evaporation and condensation processes are represented by constant-pressure 
paths, small pressure drops do occur because of tluid friction. 

9.3 COMPARISON OF REFRIGERATION CYCLES 

The effectiveness of a refrigeration cycle is measured by its coefficient of perfor
mance. For given values of Tc and TH , the highest possible value is attained by 
the Carnot refrigerator. The vapor-compression cycle with reversible compression' 
and expansion approaches this upper limit. A vapor·compression cycle with 
expansion in a throttle valve has a somewhat lower value, and this is reduced 
further when compression is not isentropic. The following example provides an 
indication of the magnitudes of coefficients of performance. 

ExaDlple 9.1 A refrigerated space is maintained at lO(OP), and cooling water is 
available at 70(OP). The evaporator and condenser are of sufficient size that a lO(OP) 
minimum-temperature difference for heat transfer can be realized in each. The refriger
ation capacity is l20,OOO(Btu)(hr)-" and the refrigerant is Freon-12. 

(a) What is the value of (J) for a Carnot refrigerator? 
(b) Calculate wand m for the vapor-compression cycle of Pig. 9:1a. 
(c) Calculate OJ and riI for the vapor-compression cycle of Fig. 9.1 b if the 

compressor efficiency is 80 percent. 
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SOLUTION (a) For a Camot refrigerator, Eq. (9.3) gives 

0+459.67 
OJ (80 + 459.67) _ (0 + 459.67) ~ 5.75 

(b) Since Freon-12 is the refrigerant, the enthalpies for states 1,2,3, and 4 of 
Fig. 9.1 a are read'from Table 9.1 and Fig. 9.3. From the entry at 10 - 10 ~ O(·F) in 
Table 9.t, we see that Freon-l 2 vaporizes in the evaporator ata pressure of23.85(psia). 
Its properties as a saturated vapor at these conditions are: 

H, ~ 77.27(Btu)(Ibm )-1 

S, ~ 0.1689(Btu)(lbm )-I(R)-1 

From the entry at 70+ 10 ~ 80(·F) in Table 9.1, we find that Freon-12 condenses at 
98.87(psia); its properties as a saturated liquid at these conditions are: 

H4 ~ 26.37(Btu)(lbm )-) 

S4 ~ 0.0548(Btu)(Ibm )-'(R)-' 

Since S, ~ S, ~ 0.1689, the enthalpy from Fig. 93 allhis entropy and ata pressure 
of 98.87(psia) is 

H, ~ 883(Btu)(Ibm )-' 

State I is a two.phase mixture to which Eq. (6.53) applies. Written for the entropy, 
It IS 

SI ~ (I - x)S' + xS" 

where x is the quality (mass fraction of the mixture that is vapor). Since 8. = 84 = 
0.0548, this becomes 

0.0548 ~ (I - x)(0.0193) + x(O.l689) 

Solution for x gives 

x ~ 0.2373 

Similarly, 

HI ~ (I - x)H' + xH" 

~ (0.7627)(8.52) + (0.2373)(77.27) ~ 24.83(Btu)(lbm )-' 

Evaluation of the coefficient of performance by Eq. (9.4) gives 

77.27 - 24.83 
OJ 

(883 - 2637) - (77.27 _ 24.83) ~ 5.53 

By Eq. (9.6), the Freon- [2 circulation rate is 

120,000 -I 

77.27 - 24.83 ~ 2,288(1bm )(hr) 

(c) For the expansion step of the cycle shown in Fig. 9.tb, HI = H4 = 
26.37(Btu)(Ibm )-I. For the compression step, 

(t1Hls ~ (H, - H,ls ~ 883 - 77.27 ~ 11.03 



Table 9.1 Thermodynamic properties of saturated Freon-12t Table 9.1 ( Continued) 

Volume Enthalpy Entropy Volume Enthalpy Entropy 
(ft)'(Ibm)-' (Btu)(Ibm)-' (Btu)(lbm)-'(R)-' (ft)'(Ibm)-' (Btu)(Ibm)-' (Btu)(lbm)-'(R)-' 

I p I P 
(OF) (psia) y' y" H' H' S' S" (OF) (psia) y' yo H' H" S' S" 

-40 9.31 0.01056 3.875 0.00 72.91 0.0000 0.1737 60 72.75 . 0.01191 0.5584 21.77 83.41 0.0462 0.1648 
-38 9.80 0.01059 3.692 0.42 73.13 0.0010 0.1734 62 74.81 0.01195 0.5411 22.22 83.60 0.0470 0.1647 
-36 10.32 0.01067 3.520 0.84 7335 0.0020 0.1731 64 77.24 0.01198 0.5245 22.68 83.79 0.0479 0.1646 
-34 10.86 0.01063 3.357 1.27 73.58 0.0030 0.1729 66 79.73 0.01202 0.5085 23.13 83.98 0.0488 0.1645 
-32 11.42 0.01065 3.204 1.69 73.80 0.0040 0.1726 68 82.28 0.01205 0.4931 23.59 84.17 0.0496 0.1644 

-30 12.<J9 0.01067 3.059 2.11 74.02 0.0050 0.1723 70 84.89 0.01209 0.4782 24.05 84.36 0.0505 0.1643 
-28 12.60 0.01070 2.921 2.54 74.23 0.0059 0.1720 72 87.56 0.01213 0.4638 24.51 84.55 0.0513 0.1643 
-26 13.23 0.01072 2.792 2.96 74.45 0.0069 0.1718 74 90.29 0.01216 0.4500 24.97 84.73 0.0522 0.1642 
-24 13.89 0.01074 2.669 3.38 74.67 0.0079 0.1715 76 93.09 0.01220 0.4367 25.44 84.92 0.0530 0.1641 
-22 14.56 0.01076 2.553 3.81 74.89 0.0089 0.1713 78 95.95 0.01224 0.4238 25.90 85.10 0.0539 0.1640 

-20 15.27 0.01079 • 2.443 4.24 75.11 0.0098 0.1710 80 98.87 0.01228 0.4114 26.37 85.28 0.0548 0.1639 
-18 16.00 0.01081 2.339 4.66 75.33 0.0108 0.1708 82 101.86 0.01232 0.3994 26.83 85.46 0.0556 0.1638 
-16 16.75 0.01083 2.240 5.09 75.55 0.0118 0.1706 84 104.92 0.01236 0.3878 27.30 85.64 0.0565 0.1638 
-14 17.54 0.01086 2.146 5.52 75.76 0.0127 0.1703 86 108.04 0.01240 0.3766 27.77 85.82 0.0573 0.1637 
-12 18.35 0.01088 2.057 5.94 75.98 0.0137 0.1701 88 111.23 0.01244 0.3658 28.24 86.00 0.0581 0.1636 

-10 19.19 0.01091 1.973 6.37 76.20 0.0146 0.1699 90 114.49 0.01248 0.3553 28.71 86.17 0.0590 0.1635 
-8 20.06 0.01093 1.892 6.80 76.41 0.0156 0.1697 92 117.82 0.01252 0.3452 29.19 86.35 0.0598 0.1635 
-6 20.96 0.01096 1.816 7.23 76.63 0.0165 0.1695 94 121.22 0.01256 0.3354 29.66 86.52 0.0607 0.1634 
-4 21.89 0.01098 1.744 7.66 76.84 0.0174 0.1693 96 124.70 0.01261 0.3259 30.14 86.69 0.0615 0.1633 
-2 22.85 0.01101 1.675 8.09 77.06 0.0184 0.1691 98 128.24 0.01265 0.3168 30.62 86.86 0.0624 0.1632 

0 23.85 0.01103 1.609 8.52 77.27 0.0193 0.1689 100 131.86 0.01269 0.3079 31.10 87.03 0.0632 0.1631 
2 24.88 0.01106 1.546 8.95 77.49 0.0203 0.1687 102 135.56 0.01274 0.2994 31.58 87.20 0.0640 0.1631 
4 25.94 0.01108 1.487 9.38 77.70 0.0212 0.1685 104 139.33 0.01278 0.2911 32.07 87.36 0.0649 0.1630 
6 27.04 0.01111 1.430 9.82 77.91 0.0221 0.1683 106 143.18 0.01283 0.2830 32.55 87.52 0.0658 0.1629 
8 28.17 0.01113 1.376 10.25 78.12 0.0230 0.1682 108 147.11 0.01288 0.2752 33.04 87.68 0.0666 0.1629 

10 29.34 0.01116 1.324 10.68 78.34 0.0240 0.1680 110 151.11 0.01292 0.2677 33.53 87.84 0.0675 0.1628 
12 30.54 0.OI1l9 1.275 11.12 78.55 0.0249 0.1678 112 155.19 0.01297 0.2604 34.02 88.00 0.0683 0.1627 
14 31.78 0.01121 1.228 11.55 78.76 0.0258 0.1677 Il4 159.36 0.01302 0.2533 34.52 88.16 0.0691 0.1626 
16 33.06 0.01124 1.183 11.99 78.97 0.0267 0.1675 116 163.61 0.01307 0.2464 35.01 88.31 0.0700 0.1626 
18 34.38 0.01127 1.140 12.43 79.18 0.0276 0.1673 118 167.94 0.01312 0.2397 35.51 88.46 0.0708 0.1625 

20 35.74 0.01130 1.099 12.86 79.39 0.0285 0.1672 120 172.35 0.01317 0.2333 36.01 88.61 0.0717 0.1624 
22 37.14 0.01132 1.060 13.30 

~r 
0.0294 0.1670 122 176.85 0.01323 0.2270 36.52 88.76 0.0725 0.1623 

24 38.57 0.01135 1.022 13.74 7 .80 0.0303 0.1669 124 181.43 0.01328 0.2209 37.02 8~.90 0.0734 0.162j 
26 40.06 0.01138 0.986 14.18 0.01 0.0312 0.1668 126 186.10 0.01334 0.2150 37.53 89.04 0.0742 0.1622 
28 4L58 0.01141 0.952 14.62 80.21 0.0321 0.1666 128 190.86 0.01339 0.2092 38.04 89.18 0.0751 0.1621 

30 43.15 O.oII44 0.919 15.06 80.42 0.0330 0.1665 130 195.71 0.01345 0.2036 38.55 89.32 0.0759 0.1620 
32 44.76 0.01147 0.887 15.50 80.62 0.0339 0.1664 132 200.64 0.01350 0.1982 39.07 89.46 0.0768 0.1619 
34 46.42 0.01150 0.857 15.94 80.83 0.0348 0.1662 134 205.67 0.01356 0.1929 39.59 89.59 0.0776 0.1619 
36 48.12 0.01153 0.828 16.38 81.03 0.0357 0.1661 136 210.79 0.01362 0.1878 40.11 89.72 0.0785 0.1618 
38 49.87 0.01156 0.800 16.83 81.23 0.0366 0.1660 138 216.01 0.01368 0.1828 40.63 89.84 0.0793 0.1617 

40 51.67 0.01159 0.774 17.27 81.44 0.0375 0.1659 140 221.32 0.01375 0.1780 41.16 89.97 0.0802 0.1616 
42 53.51 0.01162 0.748 17.72 81.64 0.0383 0.1657 142 226.72 0.01381 0.1733 41.69 90.09 0.0811 0.1615 
44 55.41 0.01165 0.723 18.16 81.84 0.0392 0.1656 144 232.22 0.01387 0.1687 42.23 90.20 0.0819 0.1614 
46 57.35 0.01168 0.700 18.61 82.04 0.0401 0.1655 146 237.82 0.01394 0.1642 42.77 90.32 0.0828 0.1613 
48 59.35 0.01171 0.677 19.06 82.24 0.0410 0.1654 148 243.51 0.01401 0.1599 43.31 90.43 0.0837 0.1612 

50 61.39 0.0ll75 0.655 19.51 82.44 0.0418 0.1653 150 249.31 0.01408 0.1556 43.85 90.53 0.0845 0.1611 
52 63.49 0.01178 0.634 19.96 82.63 0.0427 0.1652 152 255.20 0.01415 0.1515 44.40 90.64 0.0854 0.1610 
54 65.65 0.01181 0.614 20.41 82.83 0.0436 0.1651 154 261.20 0.01422 0.1475 44.95 90.74 0.0863 0.1609 
56 67.85 0.01185 0.595 20.86 83.02 0.0444 0.1650 156 267.30 0.01430 0.1436 45.51 90.83 0.0872 0.1608 
58 70.12 0.01188 0.576 21.31 83.22 0.0453 0.1649 158 273.51 0.01437 0.1398 46.07 90.92 0.0880 0.1607 

t Reprinted by permission. Courtesy of E. I. du Pont de Nemours and Co., copyright 1967. 
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Figure 9.3 Pressure/enthalpy diagram for Freon-12. (Reprinted by permission. Courtesy of E. I. 
Pont de Nemours and Co., Copyright 1967.) 

By Eq. (7.29) for a compressor efficiency of 0.80, 

t;.H = H, - H2 = (t;.H)s = 11.03 = 13.8(Btu)(lb
m

)-1 
'I 0.80 

The coefficient of performance is now found from Eq. (9.5): 

H2 - HI 77.27 - 26.37 = 3.69 
H, - H2 13.8 

Kr.rKU..:ibKAIlUN ANU LIQUBFACTION ., 

The Freon-12 circulation rate is 

120,000 _ _I 

77.27 _ 26.37 - 2,358(1bm )(hr) 

Results are summarized as follows: 

Cycle ., rit (lbm)(hr)-I 

(a) Carnot 5.75 
(b) Fig.9.la 5.53 2,288 
(e) Fig.9.lb 3.69 2,358 

9.4 THE CHOICE OF REFRIGERANT 

As shown in Sec. 5.2, the efficiency of a Camot heat engine is independent of 
the working medium of the engine. Similarly, the coefficient of performance of 
a Camot refrigerator is independent of the refrigerant. However, the irrever
sibilities inherent in the vapor-compression cycle cause the coefficient of perfor
mance of practical refrigerators to depend to some extent on the refrigerant. 
Nevertheless, such characteristics as its toxicity, flammability, cost, corrosion 
properties, and vapor pressure in relation to temperature are of greater importance 
in the choice of refrigerant. So that air cannot leak into the refrigeration system, 
the vapor pressure of the refrigerant at the evaporator temperature should be 
greater than atmospheric pressure. On the other hand, the vapor pressure at the 
condenser temperature should not be unduly high, because of the high initial 
cost and operating expense of high-pressure equipment. These two requirements 
limit the choice of refrigerant to relatively few fluids. t The final selection then 
depends on the other characteristics mentioned. 

Ammonia(R-717U methyl chloride(R-40), carbon dioxide(R-744), pro
pane(R-290) and other hydrocarbons, and various halogenated hydrocarbons are 
used as refrigerants. Of the last, Freon-12 (dichlorodiftuoromethane, also desig
nated R-12), is widely employed in small units. Pressure/enthalpy diagrams for 
Freon-12 and ammonia are shown in Figs. 9.3 and 9.4, and Tables 9.1 and 9.2 
provide saturation data for Freon-12 and ammonia.§ Tables and diagrams for a 
variety of refrigerants are given by Perry and Green. ~ 

t R. H. Perry and D. Green, Perry's Chemical Engineers' Handbook, 6th ed., table 12-6, p.12-25, 
MCGraw-Hill, New York, 1984. 

+ The R-designation for refrigerants is standard nomenclature of the American Society of Heating, 
Refrigerating, and Air-Conditioning Engineers. 

§ The data for ammonia in Table 9.2 and Fig. 9.5, from NBS Circular 142, 1923, and adequate 
for instructional purposes, have been superseded by the very extensive tables of L. Haar and J. S. 
Gallagher, J. Phys. Chem. Ref. Data, 7: 635, 1978. 

, R. H. Perry and D. Green, op. cit., sec. 3. 
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Table 9.2 Thermodynamic properties of saturated ammoniat 

Volume Enthalpy Entropy 
(ft)'(Ibm )-' (Btu)(lbm )-' (Btu)(Ibm )-'(R)-' 

I p 
('F) (psia) V' VO H' H" S' So 
-40 10.41 • 0.02322 24.86 0.0 597.6 0.0000 1.4242 -38 11.04 0.02327 23.53 2.1 598.3 0.0051 1.4193 -36 11.71 0.02331 22.27 4.3 599.1 0.0101 1.4144 -34 12.41 0.02336 21.10 6.4 599.9 0.0151 1.4096 -32 13.14 0.02340 20.00 8.5 600.6 0.0201 1.4048 

-30 13.90 0.02345 18.97 10.7 601.4 0.0250 1.4001 -28 14.71 0.02349 18.00 12.8 602.1 0.0300 1.3955 -26 15.55 0.02354 17.09 14.9 602.8 0.0350 1.3909 -24 16.42 0.02359 16.24 17.1 603.6 0.0399 1.3863 -22 17.34 0.02364 15.43 19.2 604.3 0.0448 1.3818 

-20 18.30 0.02369 14.68 21.4 605.0 0.0497 1.3174 -18 19.30 0.02373 13.97 23.5 605.7 0.0545 1.3729 -16 20.34 0.02378 13.29 25.6 606.4 0.0594 1.3686 -14 21.43 0.02383 12.66 27.8 607.1 0.0642 1.3643 -12 22.56 0.02388 12.06 30.0 607.8 0.0690 1.3600 

-10 23.74 0.02393 11.50 32.1 608.5 0.0738 1.3558 -8 24.97 0.02398 10.97 34.3 609.2 0.0786 1.3516 -6 26.26 0.02403 10.47 36.4 609.8 0.0833 1.3474 -4 27.59 0.02408 9.991 38.6 610.5 0.0880 1.3433 -2 28.98 0.02413 9.541 40.7 611.1 0.0928 1.3393 

0 30.42 0.02419 9.116 42.9 611.8 0.0975 1.3352 2 31.92 0.02424 8.714 45.1 612.4 0.1022 1.3312 4 33.47 0.02430 8.333 47.2 613.0 0.1069 1.3273 6 35.09 0.02435 7.971 49.4 613.6 0.1115 1.3234 8 36.77 0.02441 7.629 51.6 614.3 0.1162 1.3195 

10 38.51 0.02446 7.304 53.8 614.9 0.1208 1.3157 12 40.31 0.02452 6.996 56.0 615.5 0.1254 1.3118 14 .42.18 0.02457 6.703 58.2 616.1 0.1300 1.3081 16 44.12 0.02463 6.425 60.3 616.6 0.1346 1.3043 18 46.13 0.02468 6.161 62.5 617.2 0.1392 1.3006 

20 48.21 0.02474 5.910 64.7 617.8 0.1437 1.2969 22 50.36 0.02479 5.671 66.9 618.3 0.1483 1.2933 24 52.59 0.02485 5.443 69.1 618.9 0.1528 1.2897 26 54.90 0.02491 5.227 71.3 619.4 0.1573 1.2861 28 57.28 0.02497 5.021 73.5 619.9 0.1618 1.2825 

30 59.74 0.02503 4.825 75.7 620.5 0.1663 1.2790 32 62.29 0.02509 4.637 17.9 621.0 0.1708 1.2755 
34 64.91 0.02515 4.459 80.1 621.5 0.1753 1.2721 36 67.63 0.02521 4.289 82.3 622.0 0.1797 1.2686 
38 70.43 0.02527 4.126 84.6 622.5 0.1841 1.2652 

40 73.32 0.02533 3.971 86.8 623.0 0.1885 1.2618 42 76.31 0.02539 3.823 89.0 623.4 0.1930 1.2585 
44 79.38 0.02545 3.682 91.2 623.9 0.1974 1.2552 46 82.55 0.02551 3.547 93.5 624.4 0.2018 1.2519 48 85.82 0.02557 3.418 95.7 624.8 0.2062 1.2486 

50 89.19 0.02564 3.294 97.9 625.2 0.2105 1.2453 
52 92.66 0.02571 3.176 100.2 625.7 0.2149 1.2421 
54 96.23 0.02517 3.063 102.4 626.1 0.2192 1.2389 
56 99.91 0.02584 2.954 104.7 626.5 0.2236 1.2357 
58 103.7 0.02590 2.851 106.9 626.9 0.2279 1.2325 

t From U.S. Natl Bur. Stand. Cire. 142 (1923). ( Continued) 
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Table 9.2 (Continued) 

Volume 
(ft)'(lbm)-' 

Enthalpy 
(Btu)(lbm)-' 

Entropy 
(Btu)(lbm)-'(R)-' 

t p 
(OF) (psia) V' V" H' H" S' S" 

60 107.6 0.02597 2.751 109.2 627.3 0.2322 1.2294 

62 111.6 0.02604 2.656 111.5 627.7 0.2365 1.2262 

64 115.7 0.02611 2.565 113.7 628.0 0.2408 1.2231 

66 120.0 0.02618 2.477 116.0 628.4 0.2451 1.2201 

68 124.3 0.02625 2.393 118.3 628.8 0.2494 1.2170 

70 128.8 0.02632 2.312 120.5 629.1 0.2537 1.2140 

72 133.4 0.02639 2.235 122.8 629.4 0.2579 1.2110 

74 138.1 0.02646 2.161 125.1 629.8 0.2622 1.2080 

76 143.0 0.02653 2.089 127.4 630.1 0.2664 1.2050 
78 147.9 0.02660 2.021 129.7 630.4 0.2706 1.2020 

80 153.0 0.02668 1.955 132.0 630.7 0.2749 1.1991 
82 158.3 0.02675 1.892 134.3 631.0 0.2791 1.1962 
84 163.7 0.02683 1.831 136.6 631.3 0.2833 1.1933 
86 169.2 0.02691 1.772 138.9 631.5 0.2875 1.1904 
88 174.8 0.02699 1.716 141.2 631.8 0.2917 1.1875 

90 180.6 0.02707 1.661 143.5 632.0 0.2958 1.1846 
92 186.6 0.02715 1.609 145.8 632.2 0.3000 1.1818 
94 192.7 0.02723 1.559 148.2 632.5 0.3041 1.1789 

% 198.9 0.02731 1.510 150.5 632.7 0.3083 1.1761 
98 205.3 0.02739 1.464 152.9 632.9 0.3125 1.1733 

100 211.9 0.02747 1.419 155.2 633.0 0.3166 1.1705 
102 218.6 0.02755 1.375 157.6 633.2 0.3207 1.1677 
104 225.4 0.02763 1.334 159.9 633.4 0.3248 1.1649 
106 232.5 0.02772 1.293 162.3 633.5 0.3289 1.1621 

108 239.7 0.02781 1.254 164.6 633.6 0.3330 1.1593 

110 247.0 0.02790 1.217 167.0 633.7 0.3372 1.1566 
112 254.5 0.02799 1.180 169.4 633.8 0.3413 1.1538 
114 262.2 0.02808 1.145 171.8 633.9 0.3453 1.1510 
116 270.1 0.02817 1.112 174.2 634.0 0.3495 1.1483 
118 278.2 0.02826 1.079 176.6 634.0 0.3535 1.1455 

120 286.4 0.02836 1.047 179.0 634.0 0.3576 1.1427 
122 294.8 0.02845 1.017 181.4 634.0 0.3618 1.1400 . 
124 303.4 0.02855 0.987 183.9 634.0 0.3659 1.1372 

Limits placed on the operating pressures of the evaporator and cond,erulei 
of a refrigeration system also limit the temperature difference T H - Tc nverw~,id 
a simple vapor-compression cycle can operate. With T H fixed by the telnp,eratun 
of the surroundings, a lower limit is placed on the temperature level of relng'em 
tion. This can be overcome by the operation of two or more refrigeration 
employing different refrigerants in a cascade. A two-stage cascade is shown 
Fig. 9.5. Here, the two cycles operate so that the heat absorbed in the inllefl,h,mg;e 
by the refrigerant of the higher-temperature cycle (cycle 2) serves to co,nd.,J1S4 
the refrigerant in the lower-temperature cycle (cycle I). The two refrigerants 
so chosen that at the required temperature levels each cycle operates at re"sclO"bll 
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Figure 9.5 A two-stage cascade refrigeration system. 

pressures. For example, let us assume the following operating temperatures 

TH = 86(OP) 

Ti; = O(OF) 

n = 10(OF) 

Tc = -50(OF) 

If Freon-12 is the refrigerant in cycle I, then the intake and discharge pressures 
for the compressor are about 24(psia) and 108(psia), and the pressure ratio is 
about 4.5. If propylene is the refrigerant in cycle 2, these pressures are about 16 
and 58(psia), and the pressure ratio is about 3.6. All of these are reasonable 
values. On the other hand, for a single cycle operating between -50 and 86(OF) 
with Freon-I 2 as refrigerant, the intake pressure to the condenser is about 7(psia), 
well below atmospheric pressure. Moreover, for a discharge pressure of about 
108(psia) the pressure ratio is about 15.4, too high a value for a single-stage 
compressor. 
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9.5 ABSORPTION REFRIGERATION 

In vapor-compression refrigeration the work of compression is usually SU1Pplie 
by an electric motor. But the source of the electric energy for the motor is pr'ob:abl 
a heat engine (central power plant) used to derive a generator. Thus the 
for refrigeration comes ultimately from heat at a high temperature level. 
suggests the direct use of heat as the energy source for refrigeration. The 
tion-refrigeration machine is based on this idea. 

The work required by a Camot refrigerator absorbing heat at ternp,era.tUl 
T c and rejecting heat at the temperature of the surroundings, here de:signa11' 
Ts, follows from Eqs. (9.2) and (9.3): 

IWI = Ts - TCIQcl 
Tc 

where I Qc I is the heat absorbed. If a source of heat is available at a ternp'era,tuf 
above that of the surroundings, say at T H, then work can be obtained from 
Camot engine operating between this temperature and the surroundings 
perature Ts. The heat required I QH I for the production of work I WI is 
from Eq. (5.8): 

whence 

Substitution for I WI gives 

TH Ts - Tc 
IQHI = IQcl TH - Ts Tc 

The value of IQHI/IQcl given by this equation is of course a minimum, be,oaulill 
Camot cycles cannot be achieved in practice. 

A schematic diagram for a typical absorption refrigerator is shown in 
9.6. The essential difference between a vapor-compression and an ab:sorptiol 
refrigerator is in the different means employed for compression. The section 
the absorption unit to the right of the dashed line in Fig. 9.6 is the same as in 
vapor-compression refrigerator, but the section to the left accomplishes comI,reI 
sion by what amounts to a heat engine. Refrigerant as vapor from the eV:lptJratc 
is absorbed in a relatively nonvolatile liquid solvent at the pressure 
evaporator and at relatively low temperature. The heat given off in the 
is discarded to the surroundings at Ts. This is the lower temperature level of 
heat engine. The liquid solution from the absorber, which contains a relati'vell 
high concentration of refrigerant, passes to a pump, which raises the pressure 
the liquid to that of the condenser. Heat from the higher temperature source 
THis transferred to the compressed liquid solution, raising its temperature 
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Regenerator 

.i 
I I 
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Fllun 9.6 Schematic diagram of an absorption-refrigeration unit. 

evaporating the refrigerant from the solvent. Vapor passes from the regenerator 
to the condenser, and solvent (which now contains a relatively low concentration 
of refrigerant) returns to the absorber. The heat exchanger conserves energy and 
also adjusts stream temperatures toward proper values. Low-pressure steam is 
the usual source of heat for the regenerator. 

The most commonly used absorption-refrigeration system operates with water 
as the refrigerant and a lithium bromide solution as the absorbent. This system 
is obviously limited to refrigeration temperatures above the freezing point of 
water. It is treated in detail by Perry and Green. t For lower temperatures the 
usual system operates with ammonia as refrigerant and water as the solvent. 

As an example, one might have refrigeration at a temperature level of -10°C 
(Tc = 263.15 K) and a heat source of condensing steam at atmospheric pressure 
(TH = 373.15 K). For a surroundings temperature of 30°C (Ts = 303.15 K), the 
minimum possible value of IQHI/IQcl is found from Eq. (9.7): 

IQHI = ( 373.15 )(303.15 - 263.15) _ 
IQcl 373.15 - 303.15 263.15 - 0.81 

For an actual absorption refrigerator, the value would be on the order of three 
times this result. 

t R. H. Perry and D. Green, op. cit, pp. 12·39-12-41. 



9.6 THE HEAT PUMP 

The heat pump, a reversed heat engine, is a device for heating houses 
commercial buildings during the winter and cooling them during the 
In the winter it operates so as to absorb heat from the surroundings and 
heat into the building. Refrigerant is evaporated in coils placed underground" 
in the outside air, and the vapor is compressed for condensation by air or 
used to heat the building, at temperatures above the required heating level. 
operating cost of the installation is the cost of electric power to run the comp're!l. 
If the unit has a coefficient of performance,lQcl/1 WI = 4, the heat av,tilalble; 
heat the house IQHI is equal to five times the energy input to the cOlmpresSI 
Any economic advantage of the heat pump as a heating device depends on 
cost of electricity in comparison with the cost of fuels such as oil and natural 

The heat pump also serves for air conditioning during the summer. The 
of refrigerant is simply reversed, and heat is absorbed from the building 
rejected through underground coils or to the outside air. 

Example 9.2 A house has a winter heating requirement of 30 kJ s -I and a 
cooling requirement of 60 kJ 5-

1
, Consider a heat-pump installation to maintain 

house temperature at 200e in winter and 25°C in summer. This requires ci'r culati~ 
of the refrigerant through interior exchanger coils at 30°C in winter and 5°C H",UHun. 

Underground coils provide the heat source in winter and the heat sink in 
For a year-round ground temperature of 15°C, the heat-transfer characteristics of 
coils necessitate refrigerant temperatures of loge in winter and 25°C in summer. 
are the minimum power requirements for winter heating and summer cooling? 

SOLUTION The minimum power requirements are provided by a Camot heat 
For winter heating, the house coils are at the higher-temperature level T H. and 
know that IQHI = 30 kJ .-'. Application of Eq. (5.7) gives 

T (10 + 273.15) IQcI = IQHI.....£ = 30 ~ 28.02 kJ .-1 
TH 30 + 273.15 

This is'the heat absorbed in the ground coils. By Eq. (9.1) we now have 

IWI = IQHI-IQcI = 30 - 28.02 = 1.98 kJ s-' 

Thus the power requirement is 1.98 k W. 
For summer cooling, I Qc I = 60 kJ S -1, and the house coils are at the 

temperature level Te. Combining Eqs. (9.2) and (9.3) and solving for W, we get 

T - T 
IWI~IQcI H e 

Te 

Whence 

( 
25-5 ) 

IWI=60 5+273.15 =4.3lkJs-
1 

The power requirement here is therefore 431 kW. 
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9.7 LIQUEFACTION PROCESSES 

Liquefie~ gases are common for a variety of purposes. For example, liquid 
propane In cylinders is used as a domestic fuel, liquid oxygen is carried in rockets 
natural gas is liquefied for ocean transport, and liquid nitrogen is used fo; 
low-temperature refrigeration. In addition, gas mixtures (e.g., air) are liquefied 
for separation into their component species by fractionation. 

Liquefaction results when a gas is cooled to a temperature in the two-phase 
region. This may be accomplished in several ways: 

1. By heat exchange at constant pressure. 
2. By expansion in a turbine from which work is obtruned. 
3. By a throttling process. 

The lirst method requires a heat sink at a temperature lower than that to 
:-vhi~h the g~s is cooled, and is most commonly used to precool a gas prior to 
Its hquefactlOn by the other two methods. An external refrigerator is required 
for a gas temperature below that of the surroundings. 

The three methods are illustrated in Fig. 9.7. The constant-pressure path (I) 
approaches the two-phase region (and liquefaction) most closely for a given drop 
In temperature. The throttling process (3) does not result in liquefaction unless 
the initial state is at a high enough pressure and low enough temperature for the 
constant-enthalpy path to cut into the two-phase region. This does not occur 
:-vhen the initial state is at A If the initial state is at A', where the temperature 
IS the same but the pressure is higher than at A, then isenthalpic expansion by 
path (3') does result in the formation of liquid. The change of state from A to 
A' is most easily accomplished by compression of the gas to the final pressure 
at B, followed by constant-pressure cooling to A'. Liquefaction by isentropic 
expansion along path (2) may be accomplished from lower pressures (for given 

T 

s 
Figure 9.7 Cooling processes on a 
temperature! entropy diagram. 



temperature) than by throttling. For example, continuation of process (2) 
initial state A ultimately results in liquefaction. 

The throttling process (3) is the one commonly employed in sm.all··sc.lii 
commercial liquefaction plants. The temperature of the gas must of 
decrease during expansion. This is indeed what happens with most gases at 
conditions of temperature and pressure. The exceptions are hydrogen and 
which increase in temperature upon throttling unless the initial temperature 
below about 100 K for hydrogen and 20 K for helium. Liquefaction of these 
by throttling requires initial reduction of the temperature to lower values 
method I or 2. 

As already mentioned, the temperature must be low enough and the pre,"s1'rj 
high enough prior to throttling that the constant-enthalpy path cuts into 
two-phase region. For example, reference to the TS diagram for air of Fig. 
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Figure 9.8 Temperature/entropy diagram for air. (Reproduced by permission/rom E. M. LaI,dsl~"11\ 
W. S. Dodds, W. F. Stevens, B. 1. Solhlm~ and L F. Stutzman, AIChE 1., 1: 392, 1955.) 

Kht<"KIUhRATION AND LIQUEFACTION D~ 

shows that at a pressure of IOO(atm) the temperature must be less than 305(R) 
for any liquefaction to occur along a path of constant enthalpy. In other words, 
if air is compressed to 100(atm) and cooled to below 305(R), it can be partly 
liquefied by throttling. The most economical way to cool the air is by countercur
rent heat exchange with the unliquefied portion of the air from the expansion 
process. 

This simplest kind of liquefaction system, known as the Linde process, is 
shown in Fig. 9.9. Mter compression, the gas is precooled to ambient temperature. 
It may even be further cooled by refrigeration. The lower the temperature of the 
gas entering the throttle valve, the greater the fraction of gas that is liquefied. 
For example, evaporating a refrigerant in the precooler at -40("F) gives a lower 
temperature into the valve than if water at 70("F) is the cooling medium. 

Under steady-state conditions, an energy,balance [Eq. (7.8)] around the 
separator, valve, and cooler gives ll.(mH)j, = 0, or 

H6Z + H 8 (1 - z) = H, (9.8) 

where the enthalpies are for a unit mass of fluid at the positions indicated in Fig. 
9.9. Knowledge of the enthalpies allows solution of Eq. (9.8) for z, the fraction 
of the gas that is liquefied . 

. The flow diagram for the Claude process, shown by Fig. 9.10, is the same as 
for the Linde process, except that an expansion engine or turbine replaces the 
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Figure 9.10 Claude liquefaction process. 

throttle valve. The energy balance here becomes 

3 

r"F=-- Expansion 
engine 

H.z + H.(1 - z) + W, = H, 

where W, is the work of the expansion engine on the basis of a unit mass 
fluid entering the cooler at point 3. If the engine operates adiabatically, the 
is given by Eq. (7.26), which here becomes 

W, = -(H, - H.) 

Equations (9.8) through (9.10) suppose that no heat leaks into the aplparall! 
from the surroundings. This can never be exactly true, and heat leakage may 
significant when temperatures are very low, even with well-insulated eq,uiI,meni 

Example 9.3 Natural gas, assumed here to be pure methane, is liquefied in a 
Linde process (Fig. 9.9). Compression is to 60 bar and precooling is to 300 K. 
separator is maintained at a pressure of I bar, and unliquefied gas at this 
leaves the cooler at 295 K. What fraction of the gas is liquefied in the process, 
what is the temperature of the high-pressure gas entering the throttle valve? 

SOLUTION Data for methane are given in Perry's Chemical Engineers' H'md.book. 
From the table of properties for superheated methane, 

H, = 1,140.0 kJ kg-1 

H, = 1,188.9 kJ kg-1 

t R. H. Perry and D. Green. op. cit., pp. 3-203. 

(at 300 K and 60 bar) 

(at 295 K and I bar) 

By interpolation in the table of properties for saturated liquid and vapor, we find for 
a pressure of 1 bar that 

T'"' = 111.45 K 

H. = 285.4 kJ kg-1 

H, = 796.9 kJ kg- 1 

Solution of Eq. (9.8) for z gives 

(saturated liquid) 

(saturated vapor) 

1,188.9 - 1,140.0 
1,188.9 - 285.4 = 0.0541 

z 

Thus 5.41 percent of the gas entering the throttle valve emerges as liquid. 
The temperature of the gas at point 4 is found from its enthalpy. which is 

calculated by an energy balance around the cooler: 

(I)(H. - H,) + (I - z)(H, - H,) = 0 

Solution for H4 and substitution of known values yields 

H. = 1,140.0 - (0.9459)(1,188.9 -796.9) = 769.2 kJ kg-1 

Interpolation in the tables for superheated methane at 60 bar gives the temperature 
of the gas entering the throttle valve as 206.5 K. 

PROBLEMS 

9.1 A Carnot engine is coupled to a Carnot refrigerator so that all of the work produced by the 
engine is used by the refrigerator in extraction of heat from a heat reservoir at 270 K at the rate of 
4 kJ S-I. The source of energy for the Carnot engine is a heat reservoir at 500 K. If both devices 
discard heat to the surroundings at 300 K., how much heat does the engine absorb from the 500-K 
reservoir? 

If the actual coefficient of perfonnance of the refrigerator is W = wearnoJ 1.5 and if the thenna1 
efficiency of the engine is 'I = 'Ieamot/1.5, how much heat does the engine absorb from the 500-K 
reservoir? 

9.2 A refrigeration system requires 1 kW of power for a refrigeration rate of 3 kJ S-I. 

(a) What is the coefficient of performance? 
(b) How much heat is rejected from the system!! 
(e) If heat rejection is at 35°C. what is the lowest temperature the system can possibly maintain? 

9.3 A conventional vapor-compression refrigeration system operates on the cycle of Fig. 9.th. For 
one of the following sets of operating conditions, determine the circulation rate of the refrigerant, 
the heat-transfer rate in the condenser, the power requirement, the coefficient of perfonnance of the 
cycle, and the coefficient of perfonnance of a Camot refrigeration cycle operating between the same 
temperature levels. 
(a) Refrigerant is ammonia; evaporation 1= 30(OF); 

condensation t = 9O(OF); 'I(compressor) = 0.80; 
refrigeration rate = 3,OOO(Btu)(sr l

. 

(b) Refrigerant is ammonia; evaporation t = O(OF); 
condensation 1= 9O(OF); l1(compressor) = 0.75; 
refrigeration rate = 1.500(Btu)(S)-I. 

(e) Refrigerant is Freon-12; evaporation t = IO(OF); 
condensation t = 80(OF); 'I(compressor) = 0.77; 
refrigeration rate = 4OO(Btu)(sr l

• 
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(d) Refrigerant is Freon·12; evaporation t = 20("F); 
condensation t = 85("F); 'J(compressor) = 0.80; 
refrigeration rate = lOO(Btu)(s)-I. 

(e) Refrigerant is Freon·12; evaporation t = -20eF); 
condensation t = 8S("F); .,.,(compressor) = 0.80; 
refrigeration rate = 200(Btu)(sr l

. 

(f) Refrigerant is water; evaporation t = 4"C; 
condensation t = 30"C; 'J(compressor) = 0.76; 
refrigeration rate = 1,000 kJ S-I. 

9.4 A refrigerator with Freon·12 as refrigerant operates with an evaporation temperature of 
and a condensation temperature of 76("F). The saturated liquid Freon·12 from the condenser 
through an expansion valve into the evaporator, from which it emerges as saturated vapor. 

(a) What is the circulation rate of the Freon·12 for refrigeration at the rate of S(Eltu)'(s)-'?' 
(b) By how much would the circulation rate be reduced if the throttle valve were replaced 

a turbine in which the Freon·12 expands isentropically1 
(c) Suppose the cycle of (a) is modified by the inclusion of a countercurrent heat 

between the condenser and the throttle valve in which heat is transferred to vapor ret1urn,ing 
the evaporator. If liquid from the condenser enters the exchanger at 76("'F) and if vapor 
evaporator enters the exchanger at -14("F) and leaves at 65("F), what is the circulation rate 
Freon·12? 

(d) For each of (a), (b), and (e), determine the coefficient of performance for 
compression of the vapor. 

9.5 A vapor·compression refrigeration system is conventional except that a countercurrent 
exchanger is installed to subcool the liquid from the condenser by heat exchange with the 
stream from the evaporator. The minimum temperature difference for heat transfer is toeFl. 
is the refrigerant, evaporating at 22("F) and condensing at 80("F). The heat load on the 
is 2,OOO(Btu)(S)-I. If the compressor efficiency is 75 percent, what is the power relluilren,entl 

How does this result compare with the power required by the compressor if the system 
without the heat exchanger? How do the ammonia circulation rates compare for the two 

9.6 Consider the vapor·compression refrigeration cycle of Fig. 9.lb with Freon·12 as refrig,,, .. nt 
the evaporation temperature is 10("F), show the effect of condensation temperature on the 
of performance by making calculations for condensation temperatures of 60, 80, and lOO("P). 
(a) Assume isentropic compression of the vapor. 
(b) Assume a compressor efficiency of 75 percent. 

9.7 A heat pump is used to heat a house in the winter and to cool it in the summer. Durina: 
winter, the outside air serves as a low·temperature heat source; during the summer, it acts 
high.temperature heat sink. The heat·transfer rate through the walls and roof ofthe house is 0.75 
for each "'C of temperature difference between the inside and outside of the house, summer 

winter. The heat·pump motor is rated at I.S kW. Determine the minimum outside t:~ie:~::~ 
which the house can be maintained at 200e during the winter and the maximum outside 
for which the house can be maintained at 200e during the summer. 

9.8 Dry air is supplied by a compressor and precooling system to the cooler of a Linde 
system (Fig. 9.9) at l80(atm) and 80("F). The low·pressure air leaves the cooler at a 
10("F) lower than the temperature of the incoming high-pressure air. The 
and the product is saturated liquid at this pressure. What is the maximum fraction of the air enteri 
the cooler that can be liquefied. 

9.9 Rework the preceding problem for air entering at 200(atm), and precooled to -40("F) bv e,,''''' 
refrigeration. 

CHAPTER 

TEN 
SYSTEMS OF VARIABLE COMPOSITION. 

IDEAL BEHAVIOR 

In. Chap. 6 we treated the. the.rmodynamic properties of constant-composition 
flUids. However, many apphcations of chemical-engineering thermodynamics are 
t? systems wherein multicomp?~ent mixtures of gases or liquids undergo composi
tIOn changes as the result of mlXlng or separation processes, the transfer of species 
from one phase to another, or chemical reaction. The properties of such systems 
d~pend on co~position as well as on temperature and pressure. Our first task in 
thIS chapter IS therefore to develop a fundamental property relation for 
hom?geneous fI~id mixtur~s of variable composition. We then derive equations 
appl.lcable t~ mIxtures of Ideal gases and ideal solutions. Finally, We treat in 
~et~t1 a partIcularly simple description of multicomponent vapor/liquid equi
hbnum known as Raoul!'s law. 

10.1 FUNDAMENTAL PROPERTY RELATION 

Equation (6.6) expresses the basic relation connecting the Gibbs energy to the 
temperature and pressure in any closed system: 

d(nG) = (nV) dP - (nS) dT (6.6) 

We a~ply this ~quation to the case of a single-phase fluid that does not undergo 
~heml~ reaction. The system is then of constant composition, and we can write 
Immediately that 

[
a(nG)] = nV 

ap 7;.11 
and [ a(nG)] = -nS 

aT P,II 



where the subscript n indicates that the numbers of moles of all chemical 
are held constant. 

We are now prepared to treat the more general case of a single-phase, 
system that can interchange matter with its surroundings. The total Gibbs 
nO is still a function of T and P; since material may be taken from or 
to the system, nO is now also a function of the number of moles of each ch"miiQ 
species present. Thus 

nG = g(P, T., n), "2 •... , "h"') 

where the n, are mole numbers of the species. The total differential of nO is 

d(nO) = [a(no)] dP + [a(no)] dT + I [a(nO)] dn, 
ap T," aT p." i ani P,T.nj 

where the summation is over all species present, and subscript nj indicates 
all mole numbers except the ith are held constant. Replacing the first two 
derivatives by (nV) and -(nS), we have 

d(nO) = (nV) dP - (nS) dT+ ~ [a~~)LT.nJ dn, 

The derivative of nO with respect to the number of moles of species i has . 
special significance, and is given its own symbol and name. Thus, we define . 
chemical potential of species i in the mixture as 

~," [a~~tT,nJ 
Expressed in terms of ~i' the general equation for d(nO) is 

I d(nO)=(nV)dP-(nS)dT+I~,dn, I 
Equation (10.2) is the fundamental property relation for single-phase 
of constant or variable mass and constant or variable composition. . 
foundation equation upon which the structure of solution thermodynamics . 
built. It is applied initially in the following section, and will appear again 
subsequent chapters. 

10.2 THE CHEMICAL POTENTIAL AS 
A CRITERION OF PHASE EQUILIBRIUM 

Consider a closed system consisting of two phases in equilibrium. Within 
closed system, each of the individual phases is an open system, free to 
mass to the other. Equation (10.2) may therefore be written for each phase: 

d(nO)" = (nV)" dP - (nS)" dT + I fL~ dn~ 

d(nO)~ = (nV)~ dP - (nS)~ dT + I fL~ dn~ 
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where superscripts a and (3 identify the phases. In writing these expressions,we 
have supposed that at equilibrium T and P are uniform throughout the entire 
system. The total change in the Gibbs energy of the system is the sum of these 
equations. When each total-system property is expressed by an equation of the 

w 
form 

nM = (nM)" + (nM)~ 

this sum is given by 

d(nO) = (nV) dP - (nS) dT + I ~~ dn~ + I ~~ dn~ 

Since the two-phase system is closed, Eq. (6.6) must also be valid. Comparison 
of the two equations shows that at equilibrium 

I ~~ dn~ + I fL~ dn~ = 0 

However, the changes dn~ and dn~ result from mass transfer between the phases, 
and mass conservation requires that 

dn~ = -dnr 

Therefore 

I (~~ - ~~) dn~ = 0 

Since the dn~ are independent and arbitrary, the left-hand side of this equation 
can be zero in general only if each term in parentheses is separately zero. Hence 

(i= 1,2,3, ... ,N) 

where N is the number of species present in the system. Although not given here, 
a similar but more comprehensive derivation shows (as we have supposed) that 
T and P must also be the same in the two phases at equilibrium. 

By successively considering pairs of phases, we may readily generalize to 
more than two phases the equality of chemical potentials; the result for 1T 

phases is 

(i = 1,2, ... , N) (10.3) 

Thus multiple phases at the same T and P are in eqUilibrium when the chemical 
potential of each species is the same in all phases .. 

The application of Eq. (10.3) to specific phase-equilibrium problems requires 
use of models of solution behavior, which provide expressions for 0 or for the 
~, as functions of temperature, pressure, and composition. The simplest of such 
expressions are for mixtures of ideal gases and for mixtures that form ideal 
solutions. These expressions, developed in this chapter, lead directly to Raoult's 
law, the simplest realistic relation between the compositions of phases coexisting 
in vapor/liquid equilibrium. Models of more general validity are treated in Chaps. 
II and 12. 
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10.3 THE IDEAL-GAS MIXTURE 

If n moles of an ideal-gas mixture occupy a total volume V' at temperature 
the pressure is 

nRT P=y. 

If the n. moles of species k in this mixture occupy the same total volume 
at the same temperature, the pressure is 

Dividing the latter equation by the former gives 

or 

(k=I,2, ... ,N) 

where y. is the mole fraction of species k in the gas mixture, and P. is 
as the partial pressure of species Ie. The sum of the partial pressures as given 
Eq. (lOA) equals the total pressure. 

An ideal gas is a model gas comprised of imaginary molecules of zero volurrU 
that do not interact. Each chemical species in an ideal-gas mixture therefore 
its own private properties, uninfluenced by the presence of other species. This 
the basis of Gibbs' s theorem: 

A total thermodynamic property (nU, nH, nCp , nS, nA, or nG) of an lCl"al-glU 
mixture is the sum of the total properties of the individual species, 
evaluated at the mixture temperature but at its own partial pressure. 

This is expressed mathematically for general property M by the equation 

nMig(T, P) = L n.Ml%(T, P.) 

where the superscript ig denotes an ideal-gas property. Division by n gives 

Mig(T, P) = Ly.Ml%(T,p.) 

Since the enthalpy of an ideal gas is independent of pressure, 

Hl%( T, P.) = Hl%( T, P) 

Therefore, Eq. (10.5) becomes 

I Hig = Ly.Hl% I 
where Hig and Hl% are understood to be values at the mixture T and P. Anlal()gol~ 
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equations apply for U ig and other properties that are independent of pressure. 
[See Eq. (4.10) for C~.l 

When Eq. (10.6) is written 

the difference on the left is the enthalpy change associated with a process in 
which appropriate amounts of the pure species at T and P are mixed to form 
one mole of mixture at the same T and P. For ideal gases, this enthalpy change 
of mixing is zero. 

The entropy of an ideal gas does depend on pressure, and by Eq. (6.23), 

dSl% = -R d In P (const T) 

Integration from P. to P gives 

'. P P 
S':(T, P) - S':(T,P.) = -R In - = -R In- = R Iny. 

P. Y.p 

whence 

Sl%( T, P.) = Sl%( T, P) - R In Y. 

Substituting this result into Eq. (10.5) written for the entropy gives 

Sig(T, P) = Ly.sl%(T, P) - R Ly.ln Y. 

or more simply 

I Si9 = L y.sl% - R L Y. In Y. 

where Si9 and the Sl% are values at the mixture T and P. 
When this equation is rearranged as 

. i I 
S·g - Ly.St = R L y. In-

Y. 

(10.7) 

we have on the left the entropy change of mixing for ideal gases. Since 1/ Y. > 1, 
this quantity is always positive, in agreement with the second law. The mixing 
process is inherently irreversible, and for ideal gases mixing at constant T and 
P is not accompanied by heat transfer [Eq. (10.6)]' 

For the Gibbs energy of an ideal-gas mixture, Gig = Hig - TSig. Substitution 
for Hig and Sig by Eqs. (10.6) and (10.7) gives 

or 

I Gig = Ly.Gl% + RTLYk Iny. I 
where Gig and the Gl% are values at the mixture T and P. 

(10.8) 
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The chemical potential of species i in an ideal-gas mixture is found 
application of Eq. (10.1): 

Multiplication of Eq. (10.8) by n gives 

nG"' = L nkG': + RTL nk In Yk 

Since Yk '" nk/ n, where n = L nk, this becomes 

nG,g = L nkG': + RTL nk In nk - RTn In n 

Separating particular species i from the set {k} of all species, we are left 
set {j} of all species except i. Then 

nG,g = n,G;g + L njG;g + RTn, In n, + RT L nj In nj - RTn In n 

Since differentiation according to Eq. (A) is at constant T and P, G;g and 
GJg are constant; moreover, all nj are constant. Differentiation therefore 

. . [(aln n,) ] [ (a In n) (an) ]. ",:g=G'{'+RT n, --.- +Inn, -RT n --. +(lnn)-. 
an, ") an, ") an, "J 

Since n = ni + L nj, we also have (an/an.).) = I. The preceding equation th,orefor 
reduces to 

or 

1",'1' = G'1' + RTinYi 

This equation is applied in the development of Raoul!'s law in Sec. 10.5. 

10.4 THE IDEAL SOLUTION 

The equations just derived show that for ideal gases a mixture property delJenldi 
only on the properties of the pure ideal gases which comprise the mixture. 
information about the mixture other than its composition is required. 
circumstance is not limited to ideal gases, but extends more generally to 
solution wherein all molecules are of the same size and all forces bet:we'ec 
molecules (like and unlike) are equal. Equations based on these ch:.ralct.,ris:tiCl 
provide a model of behavior known as the ideal solution. 

The ideal gas, consisting of molecules with zero volume that do not interact 
fulfills the conditions of solution ideality as a special case. When ideal' gases 
mixed, there is no volume change of mixing, because the molar volume of 
mixture V ig and the molar volumes of the pure species V:g are all equal to 
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Thus for ideal gases, the equation 

v ig 
= LYiV :

g 

is a simple identity. However, an analogous equation written for the ideal-solution 
model provides an essential relation: 

(10.10) 

w?ere Vid is the molar volume of the ideal solution formed from pure species 
WIth actual molar volumes V; at the temperature and pressure of the mixture. 
Thus the volume change of mixing is zero for ideal solutions as well as for ideal 
gases. In Eq. (10.10), x, is used for mole fraction, because our immediate 
application of the ideal-solution model is to liquids. Since the formation of an 
ideal solution results in no change in molecular energies or volumes, we can 
write an equation for the enthalpy of an ideal solution analogous to Eq. (10.6): 

I Hid = L xiHi I (10.11) 

where Hi is the enthalpy of pure species i at the mixture T and P. 
For solutions comprised of species of equal molecular volume in which all 

molecular interactions are the same, one can show by the methods of statistical 
thermodynamics that the lowest possible value of the entropy is given by an 
equation analogous to Eq. (10.7). Thus we complete the definition of an ideal 
solution by specifying that its entropy be given by the equation: 

I Sid = LX,S, - R L Xi In Xi I (10.12) 

The Gibbs energy of an ideal solution then follows from its defining equation 
G id = Hid_TSid : ' 

I Gid=LX,G,+RTLxilnxi I (10.13) 

Finally, the chemical potential of species i in an ideal solution follows from Eq. 
(10.13) by a derivation completely analogous to the derivation of Eq. (10.9): 

I",,;, = Gi + RTlnx, I (10.14) 

In the preceding equations, the quantities S, and G, are the properties of pure 
species i at the mixture T and P. 

Ideal-solution behavior is often approximated by solutions comprised of 
molecules not too different in size and of the same chemical nature. Thus, a 
mixture of isomers, such as ortho-, meta-, and para-xylene, conforms very closely 
to ideal-solution behavior. So do mixtures of adjacent members of a homol
ogous series, as for example, n-hexane/ n-heptane, ethanol/propanol, and 
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benzene/toluene. Other examples are acetone/acetonitrile and 
nitromethane. 

10.5 RAOULT'S LAW 

When combined with the ideal-gas and ideal-solution models of phase beha',ill 
the criterion of vapor/liquid equilibrium produces a simple and useful equa1li( 
known as Raoul!"s law. Consider a liquid phase and a vapor phase. both comI,ri •• 
of N chemical species. coexisting in equilibrium at temperature T and 
P a condition of vapor/liquid equilibrium for which Eq. (10.3) becomes • 

IL~ = 1£: (i = 1.2 •...• N) (I 

If the vapor phase is an ideal gas and the liquid phase is an ideal 
we may replace the chemical potentials in this equality by Eqs. (10.9) and ( 

O:g + RTlnYi = 0: + RTlnxi 

Rearrangement gives 

RTin Yi = O:(T, P) - O:g(T, P) 
Xi 

where we indicate explicitly that the pure-species properties are evaluated at 
equilibrium T and P. Assuming a negligible effect of pressure on 0:. we 

0:( T, P) = 0:( T, P:") 

where p~at is the saturation or vapor pressure of pure species i at telmI,er<atli 
T. For pure i as an ideal gas. we have from Eq. (6.10) that 

dO:
g 

= V:g 
dP (const T) 

f P P sat 'Id Integration at temperature T rom to i yte s 

. fP
:'" RT P:" 

O:g(T, P:") - o;g(T, P) = P pdP = RTln--p 

Combining Eqs. (A). (B). and (C) gives 
p~at 

RT In Yi = 0:( T, P:") - O:g( T, P:") + RT In--j;-
Xi 

But the first two terms on the right are the Gibbs energies of pure liquid i 
pure vapor i at the pure-species equilibrium conditions T and P:"; accOl,dil 
to Eq. (6.47). they are equal. The preceding equation therefore reduces to 

I YiP = XiP';" I (i=I.2 •...• N) 

This equation expresses Raoult'st law. According to Eq. (10.4). the'lelt-DlaD 

t Francois Marie Raoult (1830-1901). French chemist. 
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side is the partial pressure of species i in the vapor phase. equal here to the 
product of the liquid-phase mole fraction of species i and its vapor pressure at 
temperature T. 

Since P;" is a function of temperature only; Raoul!"s law is a set of N 
equations in the Vllriables T, p. {y,}. and {x,}. There are. in fact. N - I independent 
vapor-phase mole fractions (the y;'s). N - I independent liquid-phase mole 
fractions (the x;'s). and T and P. This makes a total of 2N independent variables 
related by N equations. The specification of N of these variables in the formula
tion of a vapor/liquid equilibrium problem allows the remaining N variables to 
be determined by the simultaneous solution of the N equilibrium relations given 
here by Raoult's law. In practice. one usually specifies either T or P and either 
the liquid-phase or the vapor-phase composition. fixing I + (N - I) = N vari
ables. 

Example 10.1 The binary system acetonitrile(1)/nitromethane(2) conforms closely to 
Raoult's law. Vapor pressures for the pure species are given by the following Antoine 
equations: 

In P;"'/kPa = 14.2724 

In p,"'/kPa = 14.2043 

2.945.47 
tj"C+ 224.00 

2.972.64 
tj"C + 209.00 

(a) Prepare a graph showing P vs. XI and P VS. YI for a temperature of 75"C. 
(b) Prepare a graph showing t VS. XI and t vs. YI for a pressure of 70 kPa. 

SOLUTION (a) At 7SoC, vapor pressures calculated from the given equations are 

P';"' = 83.21 and 1"," = 41.98 kPa 

We write Eq. (10.16) for each of the two species: 

Since YI + Y2 = I, addition gives 

YIP = XIP~at 
Y2P = X2 P'!!'t 

P=XI~+X2P2t 

When 1 - XI is substituted for X2, this becomes 

P = P'!!'t + (Pft _ Pft)XI 

(A) 

(B) 

(D) 

Thus a plot of P vs. XI is a straight line connecting P'it at XI = 0 with Pft at XI = I. 
We can, of course, calculate P for a single value of XI' For example, when XI = 0.6, 

P = 41.98 + (83.21 - 41.98)(0.6) = 66.72 kPa 

The corresponding value of YI is then found from Eq. (A): 

YI = xlP';"' = (0.6)(83.21) = 0.7483 
P 66.72 

These results mean that at 7SoC a liquid mixture of 60 mole percent acetonitrile and 
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40 mole percent nitromethane is in equilibrium with a vapor containing 74.83 mole 
percent acetonitrile at a pressure of 66.72 kPa. The results of this and similar calcula .. 
tions for 7SoC are tabulated as follows: 

" y, P/kPa 

0.0 0.0 41.98 
0.2 0.3313 50.23 
0.4 0.5692 58.47 
0.6 0.7483 66.72 

0.8 0.8880 74.96 
1.0 1.0 83.21 

These same results are shown by the Pxy diagram of Fig. 10.1. 
This figure is an example of a phase diagram. because the lines represent phase 

boundaries. Thus the line labeled P - Xl represents states of saturated liquid; the 
subcooled-liquid region lies above this line. The curve labeled P - YI represents states 
of saturated vapor; the superheated-vapor region lies below the P - Yl curve. Points 
lying between the saturated-liquid and saturated-vapor lines are in the two-phase 

100 

p~a' = 83.21 

80 
a 

Subcooled 
liquid 

• .. 
-" 60 ~ 

"-

d 
I 

P~' ~ 41.98 I 
40 P-YI I 

I 
Superheated I 
vapor I 

I 
20 

0 0.2 0.4 0.6 0.8 1.0 
X1,YI 

Fipre 18.1 Pxy diagram for acetonitrile(l)/nitromethane(2) at 75°C as given by Raoult's law. 
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region, where saturated liquid and saturated vapor coexist in equilibrium. The P - XI 

and P - y. lines meet at the edges of the diagram, where saturated liquid and saturated 
vapor of the pure species coexist at the vapor pressures P"'('t and pe;t. 

We can illustrate the nature of phase behavior in this binary (two-component) 
system by following the course of a constant-temperature process on the Pxy diagram. 
Imagine a subcooled liquid mixture of 60 mole percent acetonitrile and 40 mole 
percent nitromethane existing in a piston/cylinder arrangement at 7SoC. Its state is 
represented by point a in Fig. 10.1. The pressure is reduced slowly enough so that 
the system is always in equilibrium at 7SOC. Since the system is closed, the overall 
composition remains constant during the process, and the states of the system as a 
whole fall on the vertical line descending from point a. When the pressure decreases 
to the state represented by point b. the system is saturated liquid on the verge of 
vaporizing. A minute further decrease in pressure is accompanied by the appearance 
of a bubble of vapor, represented by point b'. The two points band b' together 
represent the equilibrium state at x, = 0.6, P = 6"6.72 kPa, and Y, ~ 0.7483 for which 
calculations were illustrated. This is known as a BUBL P calculation, because the 
bubble (vapor) composition Yl and the pressure are calculated from given values of 
Xl and t. Point b is called a bubble point, and the P - XI lirie is the locus of bubble 
points. 

As the pressure is further reduced, the amount of vapor increases and the amount 
of liquid decreases, with the states of the two phases following paths b' c and be', 
respectively. The dotted line from b to c represents the overall states of the two-phase 
system. Finally, as point c is approached, the liquid phase, represented by point c', 
has almost disappeared. with only minute drops (dew) remaining. Point c is therefore 
called a dew point, and the P - YI line is the locus of dew points. Once the dew has 
evaporated. only saturated vapor at point c remains, and further pressure reduction 
leads to superheated vapor at point d. 

The composition of the vapor at point c is Yl = 0.6, but the composition of the 
liquid at point c' and the pressure must either be read from the graph or calculated. 
This is a DEW P calculation, because the dew (liquid) composition Xl and the pressure 
are calculated for given values of Y, and t. We write Eqs. (A) and (B) as 

y,P 
XI = p~t 

Since Xl + X2 = 1. addition gives 

whence 

P~ /~l _, 
YI rl + Y2/ r 2 

For y, ~ 0.6 and t = 75°C, 

I 
P ~ 59.74kPa 

0.6/83.21 + 0.4/41.98 

(E) 

(F) 

(0) 
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By Eq. (E), 

(0.6)(59.74) 
XI = 0.4308 

83.21 

This is the liquid-phase composition at point c'. 
(b) When pressure P is fixed, the temperature varies along with Xl and YI • 

temperature enters calculations based on Raoult's law only indirectly t.lorc,u8:h 
vapor pressures, we canilot solve explicitly for t, and an iterative procedure IS 

For a given pressure, the temperature range is bounded by the 
t~ and t~at, the temperatures at which the pure species exert vapor P"'SSUfl'S 
to P. For the present system, these temperatures are calculated from the 
equations with ~t = P = 70 kPa: 

and 

When Xl is known along with P, Eq. (C) is the basis of solution for t: 

or 

P 

where al2 'iii Ps:stj Pit. Although Pft and P;8t both increase rapidly with in,~e'lSi. 
temperature, a l 2 is a weak function of t. Values of au are readily calculated 
the Antoine equations. Subtracting In Pit from In Pft

, we get 

In a12 = 0.0681 

The iteration procedure is as follows: 

2,945.47 + 2,972.64 

t + 224.00 t + 209.00 

1. Choosing a value of a 12 calculated at some intermediate temperature, calCUllat 
1";' by Eq. (H). 

2. Calculate t from the Antoine equation for species 2: 

2,972.64 
t = 209.00 

14.2043 -In P~' 

3. Determine a new value of a12 by Eq. (I) and a new value of 1";' by Eq. (H). 
4. Return to step 2, and iterate to convergence. 

When y, is known along with P, Eq. (0) is the basis of solution: 

P 
1 Pft 

or 

Pf" = P(y, + y,a12) 

The iteration procedure is the same as before, except that 

t = 2,945.47 224.00 
14.2724 - In Pf" 
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For the purpose of preparing a txy diagram, the simplest procedure is to select 
values of t between 1ft and tiot, calculate Pf"t and Pit for these temperatures, and 
evaluate x, by Eq. (D): 

For example, at 78°C, 

p _ p':t 
x--==--"-''= l- ps:st_P2t 

ps:st = 91.76 and 1";' = 46.84 kPa 

whence 

70 - 46.84 x, = 0.5156 
91.76 - 46.84 

By Eq. (A), 

x,Pf" (0.5156)(91.76) 
y, =-p= 70 0.6759 

The results of this and similar calculations for P = 70 kPa are given in the following 
table: 

X, y, ,re 
0.0 0.0 89.58 (t~t) 
0.1424 0.2401 86 
0.3184 0.4742 82 
0.5156 0.6759 78 
0.7378 0.8484 74 
1.0 1.0 69.84 (If') 

Figure 10.2 is the txy diagram showing these results. 
This figure is another example of a phase diagram, drawn here for a constant 

pressure of 70 kPa. The t - YI curve represents states of saturated vapor, with states 
of superheated vapor lying above it. The t - Xl curve represents states of saturated 
liquid, with states of subcooled liquid -lying below it. The two-phase region lies 
between these curves. 

With reference to the txy diagram, we describe the course of a constant-pressure 
heating process leading from a state of subcooled liquid at point a to a state of 
superheated vapor at point d. The path shown on the figure is for a constant 
composition of 60 mole percent acetonitrile. The temperature of the liquid increases 
as the result of heating from point a to point b, where the first bubble of vapor 
appears. Thus point b is a bubble point, and the t - XI curve is the locus of bubble 
points. 

We here know Xl = 0.6 and P = 70 kPa; t is therefore determined by the iteration 
scheme described in connection with Eq. (H). The result in this case is t = 76.42°C, 
the temperature of points b and b'. At this temperature, ~t = 87.17 kPa, and by Eq. 
(A) we find the composition of point b': 

x,Pr" (0.6)(87.17) 
y, =-p= 70 0.7472 
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P~70kPa 

Ii' = 89.58 
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Figure 10.2 Diagram showing t vs. YI and t VS. XI for acetonitrile(l)/nitromethane(2) at 70kPa 
given by Raoult's law. 

This is a BUBL T calculation, because the bubble composition y, and the tenIperalu", 
are calculated from given values of Xl and P. 

Vaporization of a mixture at constant pressure, unlike vaporization of a 
species, does not in general occur at constant temperature. As the he"a:~ti~n~~g:.:;~:: 
continues beyond point b, the temperature rises, the amount of vapor ill 
the amount of liquid decreases. During this process, the vapor- and liql0id·pblaso 
compositions change as indicated by paths b' e and be', until the dew point is rea,ch.<l! 
at point c. where the last droplets of liquid disappear. The t - y, curve is the 
of dew points. 

The vapor composition at point c is Yl = 0.6; since the pressure is also 
(P ~ 70 kPa), we may carry out a DEWT calculation according to th,';t,:rallio,. s.:he,me: 
associated with Eq. (I). The result here is t = 79.58°C, the temperature of 
and c'. With J'f' = 96.53 kPa, we find by Eq. (E) that the composition at point c' 

y, P (0.6)(70) 
Xl = Pft = 96.53 0.4351 

Thus the temperature rises from 76.42 to 79.58°C during the vaporization step from 
point b to point c. Continued heating simply superheats the vapor to point d. 
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~tra!ghtforward ~eneralizations of the procedures for binary systems allow 
a!,phca{ bO}n OfdRaOult s Ilaw to multicomponent systems. For a BUBL Pcalculation, 
gIven Xk an t, we ca culate {yd and P. Since Raoult's law gives 

YkP=XkPk" (k=I,2, ... ,N) 

then 

(10.17) 

Once P is calculated by Eq. (10.17), each Yk is found from Raoult's law. 
For a DEW P calculation, we know {yd and t, and calculate {Xk} and P. Since 

(k= 1,2, ... ,N) (10.18) 

then 

and 

P= I 
L (Ykl Pk") 

(10.19) 

k 

Once P is calculated by Eq. (10.19), each Xk is given by Eq. (10.18). 
. A BUBL Tcalculation of {Yk} and t, given {xd and P, is based on Eq. (10.17) 

wntten ' 
p,at 

P = P~" '<' _k_ 
I L. Xk P'" 

k , 

where i is an arbitrarily selected member of set {k}. Solution for 1>:"' gives 

p~at = ___ P __ 
I LXkaki 

(10.20) 

k 

where 

aid ;;;;;; P1at
/ ~t 

When the vapor pressures are given by Antoine equations, 

I 
Bk B· 

n "ki = Ak - A, - --+ ---'- (10.21) 
t+Ck t+C, 

An iterative procedure starts with solution of Eq. (10.21) with an initial value of 
t provided by the equation 

(10.22) 
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Equation (10.20) then yields P:"', and we get an improved value of t from 
Antoine equation: 

This calculational sequence is repeated until there is no significant change 
from one iteration to the next. Final values of P~"' are found from the 
equations, and final y, values come from Raoult's law. 

The DEW T calculation is similar. Since we know {y.} and P and seek 
and t, we write Eq. (10.19) as 

or 

P:"' = P L (Yk/ a'i) , 
Again an iterative process starts with Eq. (10.21), now with an initial value 

10 = L Yktkat 

k 

Equation (10.24) then yields P:", and Eq. (10.23), an improved value of t 
which to repeat the calculations. After convergence, we evaluate the p~", 
calculate the final x, by Eq. (10.18). 

Example 10.2 For the acetone(l)/acetonitrile(2)/nitromethane(3) system, we 
the following Antoine equations: 

In p~at = 14.5463 _ 2,940.46 
1 + 237.22 

In P'" = 14.2724 _ 2,945.47 
, 1 + 224.00 

In P~' = 14.2043 _ 2,972.64 
, 1 + 209.00 

where t is in °C and the vapor pressures are in kPa. Assuming that Raoult's law 
appropriate to this system, calculate: 
(a) P and {y.!, given that 1 = 80·C, x, = 0.25, x, = 0.35, and x, = 0.40. 
(b) P and (x.!, given that 1 = 70·C, y, = 0.50, y, = 0.30, and y, = 0.20. 
(c) 1 and {y,}, given that P = 80 kPa, x, = 0.30, x, = 0.45, and x, = 0.25. 
(d) 1 and {x,}, given that P = 90 kPa, y, = 0.60, y, = 0.20, and y, = 0.20. 

SOLUTION (a) A BUBL P calculation. For 1 = 80·C, we calculate the follovvillj 
vapor pressures: 

P'f't = 195.75 F,' = 97.84 p~t = 50.32 kPa 
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Then by Eq. (10.17) with the given value. of x" 

P = (0.25)(195.75) + (0.35)(97.84) + (0.40)(50.32) 

= 103.31 kPa 
~ 

From Eq. (10.16) written as y. = x,F.' / P, we get 

y, = 0.4737 y, = 0.3315 y, = 0.1948 

The sum of these mole fractions equals unity. as it should. 
(b) A DEW P calculation. For 1 = 70·C, 

Pft = 144.77 Pit = 70.37 Pjat = 43.80 kPa 

Then by Eq. (10.19) with the given values of Yk, 

P = 74.27kPa 

and by Eq. (10.18), 

x, = 0.2565 x, = 0.3166 x, = 0.4269 

Again, the mole fractions sum to unity. 
(e) A BUBL T calculation. For a ternary system with i = 3, Eq. (10.20) becomes 

~,- P r, -
x 1a 13 + x2an + X3 a 33 

80 

0.30"" + 0.45"" + 0.25 

Setting each P'kt in the Antoine equations equal to 80 tPa, we find: 

t~t = 52.07 

Equation (10.22) then gives 

tit = 73.81 

10 = 72.25·C 

For this initial temperature, we find from Eq. (10.21) that 

"" = 4.0951 and "" = 2.0037 
whence 

F,' = 33.61 kPa 

Then by Eq. (10.23), 

t = _~2c:,9:..:72:::.64~_ 
14.2043 -In 33.61 

209.00 = 69.09·C 

This new value of t allows the calculations to be repeated. Further iteration leads to 
a final value of 

At this temperature. 

F,' = 138.56 

and by Eq. (l0.i6), 

Yl = 0.5196 

t = 68.60·C 

F,' = 67.08 Pf' = 32.98 kPa 

y, = 0.3773 y, = 0.1031 
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(d) A DEW T calculation. We again take j = 3. and Eq. (10.24) becomes 

ps;t = p(ll+lL+~) 
an all a33 

At P = 90 kPa, the saturation temperatures are 

tit = 77.40 

and by Eq. (10.25). 
I. = 68.23·C 

At this temperature we find from Eq. (10.21) that 

a" = 4.2123 a" = 2.0370 

whence 
1'3' = 39.66 kPa 

By Eq. (10.23). 

1 = 73.46·C 

This new estimate of t allows the calculations to be repeated; continued 
leads to a final value of 

At this temperature, 

Pi' = 163.47 

Equation (10.18) then yields 

x, = 0.3303 

1 = 73.95·C 

Pi' = 80.37 Pj't = 40.39 kPa 

x, = 0.2240 x, = 0.4457 

One further vapor/liquid equilibrium problem is the flash calculation. 
origin of the name is in the change that occurs when a liquid under pr<ess,un 
passes through a valve to a pressure low enough that some of the liquid valPorize 
or "flashes." producing a two.-phase stream of vapor and liquid in eqluilliblriunl 
We consider here only the p. 't-flash. which refers to any calculation of 
quantities and compositions of the vapor and liquid phases making up a two-I,h,1Si 
system in equilibrium at known p. T, and overall composition. 

Consider such a system containing a total of one mole of chemical sp1edes 
and having an overall composition represented by the set of mole fractions 
Let L be the moles of liquid. with mole fractions {x.}. and let V be the moles 
vapor. with mole fractions {yol. The material-balance equations are 

L+ V= I 

(i = 1.2 •...• N) 

Choosing to eliminate L from these equations. we get 

Zi = xi(l - V) + y;V (i=I.2 •...• N) 
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As a matter of convenience, we write Raoulfs law as 

Yi = K,xi 

wher~ Ki is known as a "K-value." given here by 

(10.27) 

K, = 1";"/ P (10.28) 

Since p;at ~s a function of T only. K, is a function of T and P. Substituting 
x, = yJ K, In Eq. (10.26) and solving for y, gives 

y, = I + V(K, - I) (i = 1.2 •...• N) (10.29) 

Since LYi = I. the sum of Eqs. (10.29) gives 

L z,K, 
, 1+ V(K,-I) 

(10.30) 

!n a flash calculatio~. T,. P, and {zol are known; the only unknown in Eq. (10.30) 
IS therefore V. Soluhon IS by trial. (Note that there is always a trivial solution at 
V = 1.) The Yi are then found from Eq. (10.29). and the x, from Eq. (10.27). 

Example 10.3 The system acetone(l)/acetonitrile(2)/nitromethane(3) at 80·C and 
110 kPa has the overall composition. z, = 0.45. z, = 0.35. z, = 0.20. Determine L, V. 
{x,}. and {y,}. • 

~OLUTlO~ There is no assurance at the outset that at the stated conditions the system 
IS actually In the two-phase region. This should be detennined before a 8ash calculation 
is atte~~ted. A tw?-phase system at a given temperature and with given overall 
composItion can eXist over a range of pressures from the bubble point at Pb, where 
~ = 0 and {z.} ':" {x,}. to the dew point at Pd. where V = 1 and {z.} = {y.}. If the 
given pressure hes between Pb and Pd. then the system is indeed made up of two 
phases at the stated conditions. 

~e vapor pressures of the pure species at 80°C are given in Example 1O.2(a): 

Pi' = 195.75 Pi'" = 97.84 p;a' = 50.32 kPa 

First. we do a BUBL P calculation with {z,} = {x,} to determine Pb. By Eq. (10.17). 

Numerically. 

Pb = (0.45)(195.75) + (0.35)(97.84) + (0.20)(50.32) 

= 132.40kPa 

Second. we do a DEW P calculation with {z,} = {y,} to determine Pd. By Eq. (10.19). 

1 
Pd = ~=-:---7-=-'--;-:= 

y,( Pi' + y,/ P'? + y,/ p;a' 0.45/195.75 + 0.35/97.84 + 0.20/50.32 

= 101.52 kPa 

Since the given pressure lies between Pb and Pd. we proceed to the flash calculation. 



By Eq. (10.28), 

Similarly, 

Kl ~ 195.75 ~ 1.7795 
110 

K, ~ 0.8895 

K, ~ 0.4575 

Substitution of known values into Eq. (10.30) gives 

(0.45)(1.7795) + (0.35)(0.8895) + (0.20)(0.4575) 
I + 0.7795 V 1-0.1l05V 1-0.5425V 

Solution for V by trial yields 

whence 

By Eq. (10.29), 

Yl 

Similarly, 

By Eq. (10.27), 

Similarly, 

V ~ 0.7364 mol 

L ~ 1- V ~ 0.2636 mol 

(0.45)(1.7795) ~ 0.5087 
I + (0.7795)(0.7364) 

y, ~ 0.3389 

y, ~ 0.1524 

~ .D.. ~ 0.5087 ~ 0.2859 
Xl K, 1.7795 

X, ~ 0.3810 

X, ~ 0.3331 

Obviously, we must have L y, ~ L X, ~ 1. 

PROBLEMS 

10 1 What is the change in entropy when 0.8 ml of nitrogen and 0.2 m2 of oxygen, each at 1 bar 
• d" . 1 As . deal gases 25°C blend to form a homogeneous gas mixture at the same con lUons sume I . 

10.2 A vessel is divided into two parts by a partition, and contains 2 mol of nitrogen .~ a~ 800C 
40 bar on one side and 3 mol of argon gas at 15(f'C and 15 bar on the other. If the partition ~ 
and the gases mix adiabatically and completely. what is the change in entropy? Assume mtrogen 
ideal gas with C = (Sj2)R and argon an ideal gas with Cv = (3/2)R. 

10.3 A stream o;nitrogen flowing at the rate of 14,OOO(lbm)(hr)-1 and a stream of hy~oge~ 
at the rate of 3,024{lbm)(hr)-1 mix adiabatically in a steady-~ow process. If the ~Iases _~ tdeal 
if both are at the same T and P, what is the rate of entropy tDCtease [(Btu)(hr) (R) ] as a 
of the process'1 

lOA A design for purifying helium consists of an adiabatic process that splits a helium stream 
containing 30-mole-percent methane into two product streams, one containing 97-mole-percent helium 
and the other 90-mole-percent methane. The feed enters at 10 bar and 117°C; the methane-rich product 
leaves at I bar and 27°C; the heHum-rich product leaves at 50°C and 15 bar. Moreover, wort is 
produced by the process. Assuming heHum an ideal gas with Cp = (S/2)R and methane an ideal gas 
with Cp = (9/2)R., ealculate the total entropy change of the process on the basis of I mol of feed to 
confirm that the process does not violate the second law. 

10.5 A liquid mixture containing 40 mole percent benzene and 60 mole percent toluene is fed to a 
distil1ation column. The overhead product is nearly pure benzene and the bottoms product, pure 
toluene. The reboiler is heated by steam condensing at 140°C at the rate of 80 kg for each kilogram 
mole of feed. The overhead condenser is cooled by water at the essentially constant temperature of 
20°C. Neglecting heat losses and sensible heat effects and assuming that the feed mixture is an ideal 
solution, calculate the total change in entropy reSUlting from the separation of I kg mol of feed. 

10.6 Assuming Raoult's law to be valid for the system acetonitrile(1)/nitromethane(2). 
(a) Prepare a Pxy diagram for a temperature of 100°C. 
(b) Prepare a txy diagram for a pressure of 101.33 kPa. 
Vapor pressures of the pure species are given by the following Antoine equations (Pft in kPa and 
I in °C): 

In Pf-t = 14.2724 

In Pft = 14.2043 

2,945.47 

,+ 224.00 

2,972.64 

,+ 209.00 

10.7 Assuming Raoult's law to be valid for the system benzene(I)/ethylbenzene(2). 
(a) Prepare a Pxy diagram for a temperature of lOO"C. 
(b) Prepare a Ixy diagram for a pressure of 101.33 kPa. 

Vapor pressures of the pure species are given by the following Antoine equations (Pfl in kPa and 
I in °e): 

In Pf' ~ 13.8858 
2,788.51 

,+ 220.79 

3,279.47 

'+213.20 

10.8 Assuming Raoult's law to be valid for the system l-chlorobutane(I)/chlorobenzene(2). 
(a) Prepare a Pxy diagram for a temperature of 100°C. 
(b) Prepare a txy diagram for a pressure of 101.33 kPa. 
Vapor pressures of the pure species are given by the following Antoine equations (P~t in kPa and 
I in °C): 

In Pft = 13.9600 

In Pft = 13.9926 

2,826.26 

,+ 224.10 

3,295.12 

,+ 217.55 

10.9 For the system acetone(1)/acetonitrile(2), the vapor pressures of the pure species are given by 

2940.46 
In Pr"t = 14.5463 - -2'::":':::':':c. 

,+ 237.22 

In Pit = 14.2724 _ 2,945.47 
1+224.00 

Where I is in °C and the vapor pressures are in kPa. Assuming Raoult's law to describe the vapor/liquid 



equilibrium states of this system. determine: 
(a) XI and YI for the equilibrium phases at 54"C and 65 kPa. 
(b) t and y, for P = _65 kPa and XI = 0.4. 
(e) P and y, for t = S4GC and XI = 0.4. 
(d) 1 and XI for P = 65 kPa and Yl = 0.4. 
(e) P and x, for t = 54°C and y, = 0.4. 
(f) The fraction of the system that is liquid. Xl, and YI at,54°C and 65 kPa, when the 

composition of the system is 70 mole percent acetone. 
(g) The fraction of the system that is liquid, Xl, and y, at 54°C and 65 kPa, when the 

composition of the system is 60 mole percent acetone. 

10.10 For the system n-pentane(I)/ n-heptane(2). the vapor pressures of the pure species ~" 0·'·0",. 

2.4n07 

1+233.21 

2,911.32 
In Pit = 13.8587 - t + 216.64 

where t is in °C and the vapor pressures are in kPa. Assuming Raoult's law to describe the va'>o,ili'" 
equilibrium states of this system, detennine: 
(a) X, and y, for the equilibrium phases at 63°C and 95 kPa. 
(b) t and YI for P = 95 kPa and XI = 0.34. 
(e) P and YI for t = 6O"C and XI = 0.44. 
(d) t and XI for P = 85 kPa and YI = 0.86. 
(e) P and XI for t = 70GC and YI = 0.08. 
(f) The fraction of the system that is liquid, XI, and YI at 60"C and 115 kPa, when the 

composition of the system is equimolar. 
(g) The fraction of the system that is liquid. x .. and .1', at 60°C and 1I5 kPa, when the 

composition of the system is 60 mole percent n~pentane. 

10.11 For the system benzene(l)/toluene(2)/ethylbenzene(3), the vapor pressures of the pure 

are given by 

2,788.51 
In prt 

= 13.8858 - t + 220.79 

In Pit = 13.9987 
3,096.52 

1+219.48 

3,279.47 
In Pfl = 14.0045 - t + 213.20 

where t is in "c and the vapor pressures are in kPa. Assuming Raoult's law to describe th., ",no,r/l10.11 
equilibrium states of this system, determine: 
(a) P and {yd, given that t = 1l0°C, XI = 0.22, X2 = 0.37, X3 = 0.41. 
(b) P and {xd. given that t = 105°C, YI = 0.45, Y2 = 0.32. Y3 = 0.23. 
(e) t and {Yd, given that P = 90kPa, Xl = 0.47, X2 = 0.18"x3 = 0.35. 
(d) I aod {x.!, given that P ~ 95 kPa, y, ~ 0.52, y, ~ 0.28, y, ~ 0.20. 

10.12 For the system of the preceding problem at a temperature of l00"C and an overall cmnp'"ilj, 

%1 = 0.41, %2 = 0.34, and %3 = 0.25, determine: 
(a) The bubble-point pressure Pb and the bubble composition. 
(b) The dew-point pressure Pd and the dew composition. 
(e) L, V. {xil, and {YI} for a pressure equal to !(Pb + Pd )· 

10.13 The system l_chlorobutane(l)/benzene(2)/chlorobenzene(3} confonns closely to Raoult's 
The vapor pressures of the pure species are given by the following Antoine equations: 
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In P';"' ~ 13.9600 _ 2,826.26 
I t + 224.10 

In P!!" ~ 13.8858 _ 2,788.51 
2 t + 220.79 

In P!!" ~ 13.9926 _ 3,295.12 
3 1+217.55 

where 1 is in °C and the vapor pressures are in kPa. Detennine: 
(a) P and {yd. given that t = 90"C, XI ,.. 0.16, X2 = 0.22, X3 = 0.62. 
(b) P and {ot,}, given that I ~ 95'C, y, ~ 0.39, y, ~ 0.27, y, ~ 0.34. 
(e) 1 and {Ykl, given that P = 101.33 kPa, Xl = 0.24, x2 = 0.52, X3 = 0.24. 
(d) I and {x,}, given that P ~ 101.33 kPa, y, ~ 0.68, Y, ~ 0.12, y, ~ 0.20. 

10.14 For the system of the preceding problem at a temperature of 125°C and an overall composition 
Z I = 0.20, %2 = 0.30, and %3 = 0.50, detennine: 
(a) The bubble-point pressure Pb and the bubble composition. 
(b) The dew-point pressure Pd and the dew composition. 
(c) L, V. {Xi}, and {Yi} for a pressure of 175 kPa. 

10.15 The system n~pentane(1)/n-hexane(2)/n-heptane(3) confonns closely to Raoult's law. The 
vapor pressures of the pure species are given by the following Antoine equations: 

In Pft = 13.8183 

In Pf't = 13.8216 

In Pf' ~ 13.8587 

2,477.07 

1+233.21 

2,697.55 

1+224.37 

2,911.32 

1+216.64 

where t is in 0(: and the vapor pressures are in kP.a. Detennine: 
(a) P and {Ykl, given that t = 7O"C. XI = 0.09, X2 = 0.57, X3 = 0.34. 
(b) P aod {x,), given that I ~ 80"C, y, ~ 0.43, y, ~ 0.36, y, ~ 0.21. 
(c) t and {Yk}, given that P = 250 kPa, XI = 0.48, X2 = 0.28. X3 = 0.24. 
(d) I aod {x.!, given that P ~ 300 kPa, y, ~ 0.44, y, ~ 0.47, y, ~ 0.09. 

10.16 For the system of the preceding problem at a temperature of 105"C and an overall composition 
%1 = 0.25, %2 = 0.45, and %3 = 0.30, detennine: 
(a) The bubble-point pressure Pb and the bubble composition. 
(b) The dew-point pressure Pd and the dew composition. 
(e) L, V. {Xi}, and {YI} for a pressure equal to i(Pb + Pd ). 

• 



SYSTEMS OF VARIABLE 
NONIDEAL BEHA 

The properties of mixtures of ideal gases and of ideal solutions depend 
on the properties of the pure constituent species, and are calculated from 
by simple equations, as illustrated in Chap. 10. Although these models appnlxi,.: 
mate the behavior of certain ftuid mixtures, they do not adequately represent 
behavior of most solutions of interest to chemical engineers, and Raoulfs law is 
not in general a realistic relatign for vapor/liquid equilibrium. However, these 
models of ideal behavior-the ideal gas, the ideal solution, and Raoulfs law~ . 
provide convenient references to which the behavior of nonideal solutions 
be compared. 

In this chapter we lay the foundation for a general treatment of vapor/liquid 
equilibrium (Chap. 12) through introduction of two auxiliary thermodynamic' 
properties related to the Gibbs energy, namely, the fugacity coefficient and the 
activity coefficient. These properties, relating directly to deviations from ideal ' 
behavior, will serve in Chap. 12 as correction factors that transform Raoulfs law 
into a valid general expression for vapor/liquid eqUilibrium. Their definitions 
depend on development of the concept of fugacity, which provides an alternative 
to the chemical potential as a criterion for phase equilibrium. This treatment first 
requires the introduction of a new class of thermodynamic properties known as ' 
partial properties. The mathematical definition of these quantities endows them 
with all the characteristics of properties of the individual species as they exist in 
solution. 

3:10 

11.1 PARTIAL PROPERTIES 

The definition of the chemical potential by Eq. (10.0 as the· mole-number 
derivative of nO suggests that such derivatives may be of particular use in solution 
thermodynamics!We can, for example, write 

v, '" [a(nv)] 
I ani P,T,"; 

(11.1) 

This equation defines the partial molar volume V; of species i in solution. It is 
simply the volumetric response of the system to the addition at constant T and 
P of a differential amount of species i. A partial molar property may be defined 
in like fashion for each extensive thermodynamic property. Letting M represent 
the molar value of such a property, we write the general defining equation for a 
partial molar property as 

(11.2) 

Here, M, may represent the partial molar internal energy 0" the partial molar 
enthalpy H" the partial molar entropy S" the partial molar Gibbs energy G" etc. 
Comparison of Eq. (10.1) with Eq. (11.2) written for the Gibbs energy shows 
that the chemical potential and the partial molar Gibbs energy are identical, that 
is, J.Li == OJ. 

Example 11.1 What physical interpretation can be given to the defining expression 
[Eq. (11.1)] for the partial molar volume? 

SOLUTION Consider an open beaker containing an equimoiar mixture of alcohol 
and water. The mixture occupies a total volume n V at room temperature T and 
atmospheric pressure P. Now add to this solution a small drop of pure water, also 
at T and p, containing ~nw moles, and mix it thoroughly into the solution, allowing 
sufficient time for heat exchange so that the contents of the beaker return to the initial 
temperature. What is the volume change of the solution in the beaker? One might 
suppose that the volume increases by an aJllount equal to the volume of the water 
added, i.e., by Vw &.nw, where Vw is the molar volume of pure water at T and P. If 
this were true, we would have 

~(nV) ~ Vw ~nw 

However, we find by experiment that the actual value of &.( n V) is somewhat less 
than that given by this equation. Evidently, the effective molar volume of the added 
water in solution is less than the molar volume Qf pure water at the same T and P. 
Designating the effective molar volume in solution by Vw , we can write 

(A) 
or 

(B) 
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If this effective molar volume is to represent the property of species i in 
original equimolar solution, it must be based on data for a solution of this coropc"itH 
However, in the process described a finite drop of water is added to the 
solution, causing a small but finite change in composition. We may, however, 
the limiting case for which anw -+ O. Then Eq. (B) becomes 

_ _ . A(nV) d(nV) 
V =V = 11m --=--

w w 411", ___ 0 .dnw dnw 

Since T, P, and na (the number of moles of alcohol) are constant, this eql.alion 
more appropriately written: 

_ [a(nV)] V =--
w anw P,T,IIa 

which is a particular case of Eq. (11.1), Thus the partial molar volume of the 
in solution is the rate of change of the total solution volume with nw at COIlSULDi 

P, and na' 
If we write Eq. (A) for the addition of dnw moles of water to the solutic,n, 

becomes 

d(nV) = Vw dnw 

When V w is considered the effective molar property of water as it exists in 
the total volume change d (n V) is merely this molar property multiplied by the 
of moles of water added. 

If dnw moles of water is added to a volume of pure water, then we have 
reason to expect the volume change of the system to be given by 

d(nV) = Vw dnw 

where V w is the molar volume of pure water at T and P. Comparison of Eqs. 
and (F) indicates that Vw = Vw when the "solution" is taken as pure water. 

The definition of a partial molar property, Eq. (11.2), provides the 
for calculation of partial properties from solution-property data. Implicit in 
definition is a second, equally important, equation that allows the calculation 
solution properties from knowledge of the partial properties. The derivation 
this second equation starts with the observation that the thermodynamic orc,m,rti 
of a homogeneous phase are functions of temperature, pressure, and the Dum I", 
of moles of the individual species which comprise the phase. Fo,r tllterm(ldl'naJll 
property M we may therefore write 

mM = M(T, P, nl. n2. n3,···) 

The total differential of nM is then 

d(nM) = [a(nM)] dP + [a(nM)] dT + L [a(nM)] dn, 
aP T,II aT P,II i ani P, T,rti 

where subscript n indicates that all mole numbers are held constant, and sulbs(:rij 
nj that all mole numbers except n, are held constant. Because the first two 
derivatives on the right are evaluated at constant n and in view of Eq. 
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this equation may be written more simply as 

d(nM) = n (a~) dP + n (aM) dT + L M, dn, 
a T,x aT p.x 

where subscript ~ denotes differentiation at constant composition. 
Since ni = xin, 

dni = Xidn + ndxi 

Replacing dn, by this expression and replacing d(nM) by the identity 

d(nM) '" n dM + M dn 

we write Eq. (11.3) as 

(\1.3) 

n dM + M dn = n (aM) dP + n(aM) dT+ L M,(x,dn + ndx,) ap T,x aT P,X 

When the terms containing n are collected and separated from those containing 
dn, this equation becomes 

[dM - (:~L.. dP- e~t dT-LM,dx,]n +[M -Lx,M,Jdn = 0 

In application, one is free to choose a system of any size, as represented by n, 
and to choose any variation in its size, as represented by dn. Thus, n and dn are 
independent and arbitrary. The only way that the left-hand side of this equation 
can then, in general, be zero is for both quantities enclosed by brackets to be 
zero. We therefore have: . 

( aM) (aM) _ dM= -P dP+ - dT+LM,dx, a T,x aT P,X 
(11.4) 

and 

(11.5) 

Multiplication of Eq. (11.5) by n yields the alternative expression 

I nM=Ln,M, I ( 11.6) 

Equation (11.4) is in fact just a special case of Eq. (11.3), obtained by setting 
n = I, which also makes n, = x,. Equations (\1.5) and (11.6) on ilie other hand 
are new and vital. They allow the calculation of mixture properties from partial 
properties, playing a role opposite to that of Eq. (11.2), which provides for the 
calculation of partial properties from mixture properties. 

One further important equation follows directly from Eqs. (11.4) and (11.5). 
Since Eq. (11.5) is a general expression for M, differentiation yields a general 



expression for dM: 

dM =Ix,dM,+IM,dx, 

Comparison of this equation with Eq. (11.4). another general equation for 
yields the Gibbs/ Duhemt equation: 

(aM) (aM) -- dP+ - dT-Ix,dM,=O 
ap T,x aT P,x 

This equation must be satisfied for all changes in P, T, and the M, caused 
changes of state in a homogeneous phase. For the important special case 
changes at constant T and P, it simplifies to: 

(const T, P) 

Equation (11.5) implies that a molar solution property is given as a sum 
its parts and that M, is the molar property of species i as it exists in solutic)m 
This is a proper interpretation provided one understands that the defining eqloatiol 
for M" Eq. (11.2), is an apportioning formula which arbitrarily assigns to 
species i a share of the mixture property, subject to the constraint of Eq. (II 

The constituents of a solution are in fact intimately intermixed, and 
to molecular interactions cannot have private properties of their own. N e,vertillel,:s 
they can have assigned property values, and partial molar properties, as 
by Eq. (11.2), have all the characteristics of properties of the individual 
as they exist in solution. 

The properties of solutions as represented by the symbol M may be on 
unit-mass basis as well as on a mole basis. The equations relating solutio. 
properties are unchanged in form; one merely replaces the various n's, rel>re,se"lti 
ing moles, by m's, representing mass, and speaks of partial specific pr"p"rti.ei 
rather than of partial molar properties. In order to accommodate either, 
generally speak simply of partial properties. 

Since we are concerned here primarily with the properties of solutions, 
represent molar (or unit-mass) properties of the solution by the plain symbol 
Partial properties are denoted by an overbar, and a subscript identifies the'"l.ecies; 
giving the symbol M,. In addition, we need a symbol for the properties of 
individual species as they exist in the pure state at the T and P of the sol'ution. 
These molar (or unit-mass) properties are identified by only a subscript, and 
symbol is M,. In summllry, three kinds of properties used in solution th"rnl0(ly' 
namics are distinguished by the following symbolism: 

t Pierre-Maurice-Marie Duhem (1861-1916), French physicist. 
:j: Other apportioning equations, which make different allocations of the mixture property, 

possible and are equally valid. 

Solution properties 
Partial properties 
Pure-species properties 

M, for example, V, H, S, G 
Mil for example, OJ, Hj, Sit OJ 
Mj, for example, Vj, Hi, Sh G f 

Example 11.2 The need arises in a laboratory for 2,000 em3 of an antifreeze solution 
consisting of a 30 mole percent solution of methanol in water. What volumes of pure 
methanol and of pure water at 25°C must be mixed to form the 2.000 em) of antifreeze, 
also at 25°C? Partial molar volumes for methanol and water in a 30 mole percent 
methanol solution at 25°C are: 

Meth.nol(l): 
W.ter(2): 

For the pure species at 25°C: 

Meth.nol(I): 
W.ter(2): 

V, = 38.632 em' mol-I 
V, = 17.765 em' mol-I 

V, = 40.727 em' mol-I 
V, = 18.068 em' mol-I 

SOLUTION Equation (11.5) written for the volume of a binary solution is 

V = XI VI + X2 V2 

All quantities on the right are known, and we calculate the molar volume of the 
antifreeze solution: 

V = (0.3)(38.632) + (0.7)(17.765) = 24.025 em' mol-I 

The required total volume of solution is 

V t = nV = 2,OOOcm1 

Thus the total number of moles required is 

V' 2000 
n =-=-' -= 83.246 mol 

V 24.025 

Of this, 30 percent is methanol, and 70 percent is water: 

n, = (0.3)(83.246) = 24.974 mol 

n, = (0.7)(83.246) = 58.272 mol 

The volume of each pure species is V; = nj Vi; thus 

V: = (24.974)(40.727) = 1,017 em' 

V; = (58.272)(18.068) = 1,053 em' 

Note that the simple sum of the initial volumes gives a total of 2,070 cm3
, a volume 

more than 3 percent larger than that of the solution formed. 

11.2 FUGACITY AND FUGACITY COEFFICIENT 

For a constant-composition fluid at constant temperature, Eq. (6.10) becomes 

dG= VdP (const T) (11.9) 

An inherent problem with use of the Gibbs energy has its origin with this equation. 



Integration at constant temperature from the state of a gas at a low pressure 
to the state at higher pressure P gives 

o*=o-fP VdP 
P' 

In the limit as p* approaches zero, V becomes infinite, making the integlra 
infinite as well. Thus 

lim 0* = 0-00 
p· ..... o 

If we are to have finite values of 0 at positive pressures, then the Gibbs 
must approach the awkward limit of -00 as p* approaches zero. 

We can, however, define an auxiliary property that is mathematically 
behaved. A clue to the nature of such a property is found in Eq. (11.9) 
for an ideal gas: 

or 

dO" = V" dP = RT dP 
P 

(const T) 

dO" = RTd In P (const T) 

Although correct only for an ideal gas, the simplicity of this equation su~:ge,", 
writing another equation of exactly the same form for a real fluid that defines 
new property f that also has dimensions of pressure: 

I dO'" RTd Inf I (const T) 

Equation (11.11) serves as a partial definition of f, which is called fugacity. t 
Subtraction of Eq. (11.10) from Eq. (11.11) gives 

or 

dO - dO" = RTd Inf - RTd In P 

d(O - 0"') = RTd In1 
P 

(const T) 

According to the definition of Eq. (6.32), 0 - 0" is the residualOibbs 
OR; the dimensionless ratio II P is a mixture property called the fugacity cOIifjiciell 
and given the symbol </>. Thus, 

dOR = RTd In </> (const T) 

t Introduced by Gilbert Newton Lewis (1875-1946), American physical chemist, who 
developed the concepts of the partial property and the ideal solution. 

where 

Integration of Eq. (11.12) yields the general relation, 

OR = RTin </> + C(T) 

(11.13) 

(11.14) 

where the integration constant is a function oftemperature only. We now complete 
the definition of fugacity by setting the fugacity of an ideal gas equal to its pressure: 

P'=P (11.15) 

Thus for the special case of an ideal gas, OR = 0, </> = I, and the integration 
constant in Eq. (11.14) must vanish. Therefore C(T) = 0, and Eq. (11.14) may 
be written 

~
R 

-=In</> 
RT 

This general equation applies to a mixture. 
For the special case of pure species ~ Eq. (11.11) is written 

dO, = RT d Inf, 

Equation (11.16) here becomes 

where 

(const T) 

(11.16) 

(11.17) 

(11.18) 

(11.19) 

The identification of In </> with OR / RT allows Eq. (6.40) to be rewritten as 

f.
p dP 

In</>= (Z-I)-
o P 

(const T, x) (11.20) 

Fugacity coefficients (and therefore fugacities) are evaluated by this equation 
from PVT data or from an equation of state. For example, when the compressibil
ity factor is given by Eq. (3.31), we have 

BP 
Z-I=

RT 

where the second virial coefficient B is a function of temperature only for a 



constant-composition gas. Substitution into Eq. (11.20) gives 

whence 

B IP In 01> =- dP 
RT 0 

(canst T, x) 

BP 
In 01> =

RT 

Equation (11.17), which defines the fugacity of pure species i, may 
integrated for the change of state from saturated liquid to saturated vapor, 
at temperature T and at the vapor pressure p~at: 

G" G' RTI fr 
i - i = n I: 

According to Eq. (6.47), G? - G: = 0; therefore 

fr = If = f~at 

where f~"' indicates the value for either saturated liquid or saturated vapor. 
corresponding fugacity coefficient is 

whence 

f ·at 
cP~at = _,_ 

I p~at 

Since coexisting phases of saturated liquid and saturated vapor are in 
librium, the equality of fugacities as expressed by Eqs. (11.22) and (11.24) 
criterion of vapor/liquid equilibrium for pure species. 

Because of the equality of fugacities of saturated liquid and vapor, 
calculation of fugacity for species i as a compressed liquid is done in two 
First, one calculates the fugacity coefficient of saturated vapor 0I>? = 01>:"' by 
integrated form of Eq. (11.20), evaluated for P = p:"t. Then by Eqs. (I 
and (11.23), 

The second step is the evaluation of the change in fugacity of the liquid with 
increase in pressure above p:"t. The required equation follows directly 
Eq. (11.17), 

dG, = RTd InI. (canst T) 

together with Eq. (11.9) written for pure species i, 

Whence 

dG, = V.dP 

v: 
dln~=-' dP 

JI RT 

(canst T) 

(const T) 

___________ •• __ • _______ • _________ ••• ___ '-:-___ ___ u ........ __ 

Integration from the state of saturated liquid to that of compressed liquid gives 

I. I fP 
In /;at = RT Pr't ~ dP 

Since v., the liqilid-phase molar volume, is a very weak function of P at 
temperatures well below T" an excellent approximation is often obtained when 
evaluation of the integral is based on the assumption that V. is constant at the 
value for saturated liquid, vi: 

I. 
In /fat 

Vi(p - P:"') 

RT 

Substituting fl"' = oI>:"'P:"' and solving for I. gives 

~ .J...atp.at V:(P - P:"') 
Ji = 'f'i i exp RT 

The exponential is known as the Poyntingt factor. 

(11.26) 

Example 11.3 For H20 at a temperature of 300'C and for pressures up to 10,000 kPa 
(100 bar) plot values of I. and <P, calculated from data in the steam tables vs. P. 

SOLUTION Equation (11.17) may be written: 

I 
d Ini. = RT dG, 

Integration from a low-pressure reference state (designated by *) to a state at pressure 
P, both at the same temperature T, gives 

In I. = _I_(G - G*) Jr RT I I 

By the definition of the Gibbs energy, 

Gj=H,-TSj 

and 

at = H1 - 1'87 

Whence 

I. I [HI -Hf ] In - = - - (S - SO) fr R T I I 

If the reference-state pressure P* is low enough that the ft.uid closely approximates 
an ideal gas, then It = P*. and 

I. _ .!.[HI -Hf 
IDp·-R T (S, - S1)] (A) 

t John Henry Poynting (1852-1914), British physicist. 
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The lowest pressure for which data at 300°C are given in the steam 
I kPa, and we assume that steam at these conditions is for practical purposes an 
gas. Data for this state provide the following reference values: 

P'~lkPa 

Hr ~ 3,076.8 J g-I 

Sr ~ 10.3450 J g-I rl 

Equation (A) may now be applied to states of superheated steam at 300°C for 
values of P from I kPa to the saturation pressure of 8.592.7 kPa. For example9 

p ~ 4,000 kPa and 300·C, 

HI ~ 2,962.0 J g-I 

SI ~ 6.3642 J g-I K- 1 

These values must be multiplied by the molar mass of water (18.016) to put them 
a molar basis for substitution into Eq. (A): 

In 1. ~ 18.016 [2,962.0 - 3,076.8 _ (6.3642 _ 10.3450)] 
P* 8.314 573.15 

~ 8.1922 

and f.1 p' ~ 3,612.5. Since p' ~ I kPa, 1. ~ 3,612.5 kPa. The fugacity coefficient. 
given by 

. ~ Ii ~ 3,612.5 ~ 0.9031 
</>, P 4,000 

Similar calculations at other pressures lead to the values plotted in Fig. 11.1 
pressures up to the saturation pressure of 8,592.7 kPa, where flat = 6,742.2 kPa 
</>;"' = 0.7846. According to Eqs. (11.22) and (11.24), the saturation values 
unchanged by condensation. 

Values of/; and tP, for liquid water at higher pressures are found by app1i,:atiioD 
of Eq. (11.26). Taking Vi equal to the molar volume of saturated liquid water 
300oe, we have, 

v; ~ (1.404)(18.016) ~ 25.29 em' mol-I 

For a pressure of 10,000 kPa, Eq. (11.26) then gives 

25.29(10,000 - 8,592.7) 
1. ~ 6,742.2 exp (8,314)(573.15) 6,792.7kPa 

The fugacity coefficient for liquid water at these conditions is then 

</>1 ~ J.I p ~ 6,792.7/10,000 ~ 0.6793 

Such calculations allow completion of Fig. 11.1, where the solid lines show how. 
and ~i vary with pressure. 

The curve for /; deviates increasingly with increasing pressure from ideal-II'" 
behavior, which is shown by the dashed line. j; = P. At Pft there is a sharp . 
and the curve then rises very slowly with increasing pressure. Thus the fugaCity 
liquid water at 300°C is a weak function of pressure. This behavior is eh'lfacterist:iC 
of liquids at temperatures well below the critical temperature. The fugacity co"ffici~ 
,pi decreases steadily from its zero-pressure value of unity as the pressure rises. 

6 

5 

• "- 4 
'" ~ , 
" x 

" 
3 

2 

SYSTEMS OF VARIABLE COMPOSITION. NONIDEAL BEHAVIOR 331 

1.0 

-,----- j,'" -------- _---1 

2 

,p, / 
/ 

4 6 
P x 1O-3jkPa 

/ 
/ 

/ 

8 

0.9 

0.8 
--c/J~~t 

,p, 

0.6 

10 

Figure 11.1 Fugacity and fugacity coefficients of pure species i as functions of pressure at constant 
temperature. 

rapid decrease in the liquid region is a consequence of the near constancy of the 
fugacity itself. 

11.3 FUGACITY AND FUGACITY COEFFICIENT 
FOR SPECIES i IN SOLUTION 

For a species in solution, we recall that the chemical potential 1'1 is identical 
with the partial molar Gibbs energy. Therefore, we write Eq. (10.9) for an ideal 
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gas as 

0:9 = 0:9 + RTlnYi 

Differentiation at constant temperature gives 

dO;" = dG;" + RT d In Yi (const T) 

In combination with Eq. (11.10) this becomes 

dO;" = RTd In YiP (const T) 

For species i in a real solution, we proceed by analogy with Eq. (11.11) and 
the defining equation: 

I dO, '" RTd III 1. (const T) 

where 1. is the fugacity of species i in solution. However, it is not a 
property, and we therefore identify it by a circumflex rather than an ov,,,b,ar., 

An immediate application of this definition shows its potential utility. 
Sec. I 0.2 we found that the chemical potential provides a criterion for 
equilibrium according to the equation 

(i= 1,2, ... ,N) 

An alternative and equally general criterion follows from Eq. (11.28); 
JJ.i = 0" this equation may be written 

dJJ.i = RT d In1. (const T) 

Integration at constant temperature gives 

JJ.i = RTln1. + 8i (T) 

where tbe integration constant depends on temperature only. Since all phases 
equilibrium are at the same temperature, substitution for the JJ.'s in Eq. 
leads to 

I if = Jr = ... = it I (i=I,2, ... ,N) 

Thus mUltiple phases at the same T and P are in equilibrium when the 
of each species is uniform throughout the system. This criterion of eqluiliibriiu 
is the one usually applied by chemical engineers in the solution of 
equilibrium problems. 

For the specific case of multicomponent vapor/liquid equilibrium, Eq. (I 
becomes 

A A/ 

f[=fi (i=I,2, ... ,N) 

Equation (11.22) results as a special case when this rdation is applied to 
vapor/liquid equilibrium of pure species i. 
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The definition of the residual Gibbs energy as given by Eq. (6.32) is readily 
combined with Eq. (11;2), the definition of a partial property, to provide a defining 
equation for the partial residual Gibbs energy. Thus, upon multiplication by n, 
Eq. (6.32) becomcrs 

This equation applies to n moles of mixture. Differentiation with respect to n, 
at constant T, P, and the nj gives: 

[a(:~RtT,"J = [a~n~tT,"J -[a(:~'"tT."J 
Reference to Eq. (11.2) shows that each term has the form of a partial molar 
property. Thus, 

(11.31) 

an equation which defines the partial residual Gibbs energy, O~. 
Subtracting Eq. (11.27) from Eq. (11.28) gives 

- - 1. 
d(G-G~")=RTdln- (constT) 

I I YiP 

By Eq. (11.31), 0, - 0:' is the partial residual Gibbs energy O~; the dimension
less ratio 1./ y,P is called the fugacity coefficient of species i in solution, and is 
given the symbol ¢,. Then 

(const T) (11.32) 

where 

(11.33) 

Integration of Eq. (11.32) at constant temperature yields the general equation 

O~ = RTin ¢, + f3(T) 

where the integration constant is a function of T. However, if this equation is 
applied to a pure species, it must reduce to Eq. (11.18). Thus f3(T) = 0, and we 
have 

(11.34) 

This general result is the analog of Eqs. (11.16) and (11.18), which relate ~ to 
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OR and </>, to of. For an ideal gas, of is necessarily zero; therefore J.:' = I, 

J:g = y,P (I 

Thus the fugacity of a species in an ideal·gas mixture is equal to the 
pressure of the species. 

Since o~ / RT is a .partial property with respect to OR / RT, Eqs. (11.34) 
(11.16) show that In </>, is a partial property with respect to In </>. As a 
of Eqs. (11.2) and (lI.S) we therefore have the following important rel,mo,ns~; 

and 

In addition, the Gibbs/Duhem equation as given by Eq. (11.8) becomes 

I Lx,dlnJ.,=O I (const T, P) 

Example llA Develop a general equation for calculation of In J,j values from 
pressibility·factor data. 

SOLUTION For n moles of a constant·composition mixture, Eq. (11.20) becornes 

nln4>= rp 

(nZ_n)dP J. P 

Direct application of Eq. (11.36) to this expression gives 

In,$, = rp[a(nZ-n)] dP 
J. an, p. T •• , P 

Since a(nZ)/an, = Z, and an/a., = I, this becomes 

• rp 
- dP 

In 4>, = J. (Z, -1)1' 

where integration is at constant temperature and composition. This general 
is the partial.property analog of Eq. (11.20). It allows the calculation of 
from PYf data. 

11.4 GENERALIZED CORRELATIONS FOR 
THE FUGACITY COEFFICIENT 

The generalized methods developed in Sec. 3.6 for the compressibility factor, 
and in Sec. 6.6 for the residual enthalpy and entropy of pure gases are 
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here to the fugacity coefficient. Equation (ll.20) is put into generalized form by 
substitution of the relationships 

P = P,P, dP = P,dP, 
• 

Whence 

J.
p, dP 

In</> = (Z - 1)-' 
o P, 

(11.40) 

where integration is at constant T,. Substitution for Z by Eq. (3.4S) yields 

In</> = J.
P
' (ZO - I) dP, + w J. P' Z, dP, 

o P, 0 P, 

Alternatively, we may write 

In</> = In </>0 + w In </>' (ll.41) 

where 

In </>0 == J.P' (ZO _ I) dP, 
o P, 

and 

In </>' == J.P' Z' dP, 
o P, 

Calculated values of In </>. and In </>' result from evaluation of the integrals 
for various T, and P, from the compressibility-factor data of Figs. 3.12 through 
3.IS, and we may plot these quantities vs. P, for selected values of T,. We also 
have the option of plotting </>0 and </>' rather than their logarithms. Equation 
(i 1.41) is then written 

(11.42) 

This is the choice made here, and Figs. 11.2 through II.S provide a three-parameter 
generalized correlation for the fugacity coefficient. Figures 11.2 and 11.4 for</> 0 

can be used alone as a two-parameter correlation which does not incorporate 
the refinement introduced by the acentric factor. 

Example 11.5 Estimate from Eq. (11.42) a value for the fugacity of I·butene vapor 
at 200·C and 70 bar. 

SOLUTION These are the same conditions given in Example 6.5, where we found 

T, = 1.13 P, = 1.74 OJ = 0.187 

From Figs. 11.3 and 11.5 at these conditions, 

4>0 = 0.620 and 4>' = 1.095 
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P, 

Figure 11.2 Generalized correlation for <1>0, P~ < l.0. (Based on data of B. 1. Lee and M. G. 
AIChE J., 21: 510-527, 1975.) 

Equation (11.42) then gives: 

q, ~ (0.620)(1.095)°·187 ~ 0.631 

and 

f ~ q,p ~ (0.631)(70) ~ 44.17 bar 

A particularly simple generalized correlation for In q, results when 
simplest form of the virial equation is valid. Equations (3.46) and (3.47) cOJ:nhill 
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Figure 11.3 Generalized correlation for <1>0, Pr > l.0. (Based on data of B. I. Lee and M. G. Kesler, 
ibid.) 
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Figure 11A Generalized correlation for </II. P, < 1.0. (Based on data of B. 1. Lee and M. G. A"""" '""I 

to give 

Z-l = P'(Bo+wB1
) 

T, 

Substitution in Eq. (i 1.40) and integration yield 

In</> = P'(B"+wB' ) 
T, 

This equation, used in conjunction witb Eqs. (3.48) and (3.49), provides 
values of </> for any nonpolar or slightly polar gas when applied at ¢Ollditioi 
where Z is linear in pressure. Figure 3.16 again serves as a guide to the 
of this criterion. 
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Figure 115 Generalized correlation for </II. P, > 1.0. (Based on data o/B. I. Lee and M. G. Kesler, ibid.) 

Altl10ugh we have omitted an identifying subscript in the preceding equations, 
their application so far has been to the development of generalized correlations 
for pure gases only. In the remainder of this section we show how the virial 
equation may be' generalized to allow calculation of fugacity coefficients ,j" of 
species in gas mixtures. 



The virial equation is written for a gas mixture exactly as it is for a 
species. Thus Eq. (3.31), 

BP 
Z=I+

RT 

expresses the compressibility factor, and Eq. (11.21), 

BP 
In </> = RT 

the fugacity coefficient of a constant-composition gas mixture. Here, the 
virial coefficient B is a function of composition, a dependence that arises 
of the differences between force fields of unlike molecules. Its exact comI,ositic 
dependence is given by statistical mechanics, and this makes the virial equal:ic 
preeminent among equations of state where it is applicable, i.e., to gases at 
to moderate pressures. The equation giving this composition dependence is 

B = IIytYjB. 
i j 

where y represents mole fractions in a gas mixture. The indices i and j 
species, and both run over all species present in the mixture. The virial coeffici01 
B. characterizes a bimolecular interaction between molecule i and molecule; 
and therefore B. = Bj ,. The summations account for all possible bilnolleCllll 
interactions. 

For a binary mixture i = 1,2 anll j = I, 2, and expansion of Eq. (11.44) 

B = y,y,BII + y,y,B" + y,y,B" + y,y,B22 

or 

B = yiB II + 2y,y,B" + y~B22 
Two types of virial coefficients have appeared: BII and B22 , 
successive subscripts are the same, and B", for which the two subscripts 
different. The first type represents the virial coefficient of a pure species; . 
second is a mixture property, known as a cross coefficient. Both are functions 
temperature only. 

Equation (11.45) allows us to find expressions for In ,[" and In ,[" for a 
gas mixture that obeys Eq. (3.31), the simplest form of the virial equati~ 
Equation (11.21) for the mixture may be multiplied by n: 

(nB)P 
n In </> = RT""" 

Differentiation with respect to n, gives 

[
a(nln</»] P [a(nB)] 

ani p. T."2 = RT ~ T."2 
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In view of Eq. (11.36) this may be written 

• 
In,[" = ~[a(nB)] 

RT ani T,n2 

All that remains is evaluation of the derivative. 
The second virial coefficient as given by Eq. (11.45) may be written: 

B = y,(I - y,)BII + 2y,y,B" + y,(I - y,)B22 

= y,BII - y,y,BII + 2y,y,B" + y,B22 - y,y,B22 
or 

where 

Since y, = nJ n, 

Differentiation gives 

[
a(nB)] _ (I n,) 

an - BII + --, n,ll" 
I T,"2 n n 

Therefore 

(11.46) 

and similarly, 

(11.47) 

Equation~ (11.46) and (11.47) are readily extended for application to multicom
ponent mlxtures;t the general equation is: 

• P [I ] In </>. = RT B .. + 2 ~ ~ ytY,(2Il,. - Il il ) 

where the dummy indices i and I run over all species, and 

Il .. '" 2B .. - B" - B .. 

ail := 2Bil - Bjj - Bll 

with 8ii = 0, Bick = 0, etc., and Bid = 8ik , etc. 

(11.48) 

A i.H.~. Van Ness and M. M. Abbott, Classical ThermodYruJmics of Nonelectrolyte SolutioPU' With 
pp ,catIOns to Phase Equilibria. pp. 135-140, McGraw-Hili, New York. 1982. . 



342 INTRODUCTION TO CHEMICAL ENGINhliKINU I-H1::.KMVUI N~MI'--''' 

Values of the pure-species virial coefficients B Ick , Bii, etc., can be delterminl! 
from the generalized correlation represented by Eqs. (3.47) through (3.49). 
cross coefficients B jk , Bij' etc., are found from an extension of the same correlatlOl) 
For this purpose, Prausnitzt has rewritten Eq. (3.47) in the more general 

RT"j 0 I) Bij = --(B + ",ijB 
PCij 

where BO and BI are the same functions of T, as given by Eqs. (3.48) and 
The combining rules proposed by Prausnitz for calculation of "'ij, T"b and P"j 

and 

where 

and 

ClJi+ Wj 

wij = 2 

v .. = (V;{' + Vlf')' 
a} 2 

In Eq. (11.51), k. is an empirical intera~ion param~ter sp~ci~c to a~ 
molecular pair. When i = j or when the species are chemically similar, k,j -
Otherwise, it is a small positive number evaluated from minimal PVT data or 
the absence of data set equal to zero. 

When i = j, all equations reduce to the appropriat~ values for a pure sl.pecies, 
When i .. j, these equations define a set of interaction parameters. haVIng 
physical significance. Reduced temperature is given for each ij pair by Tnj 

~~. . . 
For a mixture, values of B. from Eq. (11.49) substituted mto Eq. 

yield the mixture second virial coefficient B, and substituted lnto Eq. (I 
[Eqs. (11.46) and (11.47) for a binary 1 they yield values of In .pi' 

The primary virtue of the generalized correlation for second virial coeffici,ent 
presented here is simplicity; more accurate, but more complex, COITf,laltionsappellll 

in the literature. * 
t 1. M. Prausnitz, Molecular Thermodynamics of Fluid~Phase Equilibria, chap. 5, !'renti,»-I~alli. 

Englewood Cliffs, N.J., 1969. 
t: See, for example: 1. G. Hayden and J. P. O'Connell, IntI. Eng. Chern. Proc. Des. Dev., 14: 209.-. 

1975; D. W. McCann and R. P. Danner, Ind. Eng. Chern. Prot:. Des. Dev., 23: 529, 1984. 
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Example 11.6 Estimate 4>1 and 4>, by Eqs. (11.46) and (11.47) for an equimolar 
mixture of methyl etbyl ketone(l )/toluene(2) at 50·C and 25 kPa. Set all k,j = O. 

SOLUTION The'required data are as follows: 

ij Tc!iK Pc;/bar Vc!icm3 mol-' Zclj W,} 

II 535.6 41.5 267. 0.249 0.329 
22 591.7 41.1 316. 0.264 0.257 
12 563.0 41.3 291. 0.256 0.293 

where values in tbe last row have been calculated by Eqs. (11.50) tbrough (11.54). 
The values of Trii , together with BO, B', and BIj calculated for each ij pair by Eqs. 
(3.48), (3.49), and (11.49), are as follows: 

ij Trl} B" B' Bli/ em3 mol-' 

II 0.603 -0.865 -1.300 -1,387 
22 0.546 -1.028 -2.045 -1,860 
12 0.574 -0.943 -1.632 -1,611 

Calculating 812 according to its definition, we get 

6" = 2B" - BIl - B" = (2)(-1,611) + 1,387 + 1,860 

= 25 cm3 mol-' 

Equations (11.46) and (11.47) tben yield: 

A P ,25 , 
In 4>1 = RT(BIl + y,6,,) = (8,314)(323.15)[-1,387 + (0.5) (25)] 

= -0.0128 

A P ,25 , 
In 4>, = RT(B" + y,6,,) = (8,314)(323.15)[-1,860 + (0.5) (25)] 

= -0.0172 

Whence 

4>1 = 0.987 and 4>2 = 0.983 

These results are representative of values obtained for vapor phases at typical condi
tions of low~pressure vapor/liquid equilibrium. 

11.5 THE EXCESS GIBBS ENERGY 

The residual Gibbs energy and the fugacity coefficient are directly related to 
experimental PVT data by Eqs. (6.40) and (11.20). Where such data can be 
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adequately correlated by equations of state, thermodynamic-property intorrnalio 
is advantageously provided by these and other residual properties. Indeed, 
convenient treatment of all 1Iuids by means of equations of state were pOlssU.h 
the thermodynamic-property relations already presented would suffice. He.we,vel 
liquid solutions are often more easily dealt with through properties that me:aSl.t 
their deviations, not from ideal-gas behavior, but from ideal-solution bellla,IiOl 
Thus the mathematical formalism of excess properties is analogous to that of 
residual properties. 

If M represents the molar value of an extensive thermodynamic pre.pen 
(for example, V, U, H, S, G, etc.), then an excess property ME is defined as 
difference between the actual property value of a solution and the value it 
have as an ideal solution (Sec. 10.4) at the same temperature, pressure, 
composition. Thus, 

where the superscript id denotes an ideal-solution value. This definition 
analogous to the definition of a residual property as given by Eq. (6.35). Howe". 
excess properties have no meaning for pure species, whereas residual pre)pe:rti~ 
exist for pure species as well as for mixtures. 

The only excess property of immediate interest is the excess Gibbs 

Multiplication of this equation by n and differentiation with respect to "' 
constant T, P, and nj leads to the analog of Eq. (11.31), which was derived 
exactly the same way: 

I a~= a,-a:" I 
Equation (U.57) defines the partial excess Gibbs energy. 

Equation (11.28) may be integrated at constant T and P for the change 
species i from a state of pure i, where a, = G, and j, = I., to a state in solutio 
at arbitrary mole fraction x,: 

- j, 
G, - Q. = RTln....! 

I }; 

Since the chemical potential /J-, and the partial molar Gibbs energy are idelntic.l 
Eq. (10.14) gives the partial molar Gibbs energy for species i in an ideal sollutiOl 

a;d - G, = RTlnx, 

The difference between this expression and Eq. (11.58) is 

- -", j, 
G, - G, = RTln-,: 

XIJi 
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According to Eq. (11.57), a, - a:d is the partial excess Gibbs energy ar; 
the dimensionless ratio.j,/ xJ, is called the activity coefficient of species i in solution, 
and is given the symbol ')I,. Thus, by definition, 

1')1,=;.1 (11.59) 

and 

ar = RTln ')I, 

Or 

aE 
R~ = In ')I, (11.60) 

Comparison with Eq. (11.34) shows that Eq. (11.60) relates ')I, to ar exactly 
as Eq. (11.34) relates .j" to a~. 

For art ideal solution, ar = 0, and therefore ')I, = I. For this case, Eq. (11.59) 
becomes 

J,'" = xJ, (11.61) 

This expression is known as the Lewis/Randall rule. 
Since ar / RT is a partial property with respect to G E 

/ RT, it follows from 
Eq. (11.60) that In ')/, is also a partial property with respect to G E 

/ RT. As a result 
of Eqs. (11.2), (11.5), and (11.8) we therefore have the following important 
relations: 

(11.62) 

(1\.63) 

and 

Ix,dln')l, =0 (eonst T, P) (11.64) 

The usefulness of these equations derives from the fact that ')/, values are experi
mentally accessible through vapor/liquid equilibrium (VLE) data, as explained 
in the folloWing section. Once established, values of the activity coefficients are 
used in the calculation of phase compositions for systems in vapor/liquid equi
librium, as discussed in Chap. 12. 
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adequately correlated by equations of state, thermodynamic-property inl'onmati 
is advantageously provided by these and other residual properties. Inciecd; 
convenient treatment of all fluids by means of equations of state were 
the thermodynamic-property relations already presented would suffice. HClw~'Vi 
liquid solutions are often more easily dealt with through properties that 
their deviations, not from ideal-gas behavior, but from ideal-solution beha,rij 
Thus the mathematical formalism of excess properties is analogous to that 
residual properties. 

If M represents the molar value of an extensive themodynamic 
(for example, V, U, H, S, G, etc.), then an excess property ME is defined as 
difference between the actual property value of a solution and the value it 
have as an ideal solution (Sec. 10.4) at the same temperature, pressure, 
composition. Thus, 

where the superscript id denotes an ideal-solution value. This d~I~!:: 
analogous to the definition of a residual property as given by Eq. (6.35). 
excess properties have no meaning for pure species, whereas residual prclperti 
exist for pure species as well as for mixtures. 

The only excess property of immediate interest is the excess Gibbs 

Multiplication of this equation by n and differentiation with respect to 
constant T, P, and nj leads to the analog of Eq. (11.31), which was 
exactly the same way: 

Equation (11.57) defines the partial excess Gibbs energy. 
Equation (11.28) may be integrated at constant T and P for the chlmg .• 

species i from a state of pure ~ where 0, = G, and J. = !., to a state in 
at arbitrary mole fraction x,: 

- J. G· - G = RTln..! 
I I j; 

Since the chemical potential p" and the partial molar Gibbs energy are 
Eq. (10.14) gives the partial molar Gibbs energy for species i in an ideal 

G~ - Gj = RTlnxi 

The difference between this expression and Eq. (11.58) is 

- -id J. G,-G, =RTln-' 
XI!. 
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~ccor~ing to Eq: (11.5:7),. 0, - 0:" is the partial excess Gibbs energy of; 
the d.'m~nslOnless ratto J./ x,J. tS called the activity coefficient of species i in solution, 
and tS glVen tM symbol y,. Thus, by definition, 

~ y--,- x,J. (11.59) 

and 
-E G, = RTln y, 

or 

OE 
R~ = In y, (11.60) 

Comparison with Eq. S".34) shows that Eq. (11.60) relates y, to of exactly 
as Eq. (11.34) relates <p, to O~. 

For an ideal solution, of = 0, and therefore y, = I. For this case, Eq. (Il.59) 
becomes 

f
Aid 
, = x,J. (11.61) 

This ~xpres!1on is ~own as the Lewis/Randall rule. 
Smce G, / RT tS a partial property with respect to G E 

/ RT. it follows from 
Eq. (11.60) that In y, is also a partial property with respect to G E / RT. As a result 
of E.qs. (11.2), (11.5), and (11.8) we therefore have the following important 
relatIOns: 

(11.62) 

(11.63) 

and 

Lx,dlny,=O (const T, P) (11.64) 

The usefulness ?f these equations derives from the fact that y, values are experi
~entallY acc~s~tble ~rough vapor/liquid equilibrium (VLE) data, as explained 
n the fOllowmg sectIOn. Once established, values of the activity coefficients are 
~se~ in the calculation of phase compositions for systems in vapor/liquid equi
hbnum, as discussed in Chap. 12. 
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Figure 11.6 A state of 
equilibrium represented 
cally. 

11.6 ACTIVITY COEFFICIENTS FROM VLE DATA 

Figure 11.6 shows a vessel in which a vapor mixture and a liquid solution 
in equilibrium. The temperature T and pressure P are uniform throughout 
vessel and can be measured with appropriate instruments. Samples of the 
and Ii~uid phases may be withdrawn for analysis, and this provi?es . 
values for the mole fractions in the vapor {yJ and the mole frachons m the 
{Xi}' For species i in the vapor mixtures. Eq. (11.33) is written: 

Jr = Wf,iP 

and for species i in the liquid solution, Eq. (11.59) becomes 

A, I" 
Ii = Xi"YUi 

According to Eq. (11.30) these two expressions must be equal; whence 

I Yi¢iP = xi"YJ. I (i = 1,2 •...• N) 

Superscripts v and 1 are omitted here with the understandi~g that ¢: re.fers 
the vapor phase and that "Yi and J. are liquid-phase propertIes. Substltutmg 
J. by Eq. (11.26) and solving for "Yi gives 

(i = 1,2 •...• N) 
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Table 11.1 VLE Data for methyl ethyl ketone(I)/toluene(2) at sooC 

P/kPa XI y, In 11 In 12 aE/RT G E/X,x2RT 

12.3ot 0.0000 0.0000 0.000 0.000 
15.51 0.0895 0.2716 0.266 0.009 0.032 0.389 
18.61 0.1981 0.4565 0.172 0.025 0.054 0.342 
21.63 0.3193 0.5934 0.108 0.049 0.068 0.312 
24.01 0.4232 0.6815 0.069 0.075 0.072 0.297 
25.92 0.5119 0.7440 0.043 0.100 0.071 0.283 
29.96 0.6096 0.8050 0.023 0.127 0.063 0.267 
30.12 0.7135 0.8639 0.010 0.151 0.051 0.248 
31.75 0.7934 0.9048 0.003 0.173 0.038 0.234 
34.15 0.9102 0.9590 -0.003 0.237 0.019 0.227 
36.09; 1.0000 1.0000 0.000 0.000 

t Pft 
:j:Pf" 

where 

¢i [ <I> i :;;;;; -;at exp 
"'i 

V,(P - P:") ] 
RT (11.67) 

We could of course calculate <l>i values by Eq. (11.67) for conditions of 
low-pressure VLE and combine them with experimental values of P, T, X" and 
Yi for the evaluation of activity coefficients by Eq. (11.66). However, at.low 
pressures (up to at least I bar). vapor phases usually approximate ideal gases. 
for which ¢i = ",:at = I. and the Poynting factor (represented by the exponential) 
differs from unity by only a few parts per thousand. Moreover, values of ¢i and 
"'':' differ significantly less from each other than from unity. and their influence 
in Eq. (11.67) tends to cancel. Thus the assumption that <l>i = I introduces little 
error for low-pressure VLE. and it reduces Eq. (11.66) to 

YiP 
1j = P'" 

Xj i 
(i=1.2, ... ,N) (11.68) 

This simple equation is adequate to our present purpose. allowing easy calculation 
of activity coefficients from experimental low-pressure VLE data. For comparison. 
When a system obeys Raoult's law, yjP = XiP~a\ and 1i = 1. 

The first three columns of Table 11.1 contain experimental p-x,-Y, data for 
the methyl ethyl ketone(l)/toluene(2) system at 50·C.t These data points are 
also shown as circles on Fig. 11.7. Values of In "y, and In"Y2 calculated for each 
data point by Eq. (11.68) are listed in columns 4 and 5 of Table 11.1, and are 
shown by the open squares and triangles in Fig. 11.8. These are combined 

t M. Diaz Pena, A. Crespo Colin, and A. Compostizo, J. Chern. Thermodyn., 10: 337, 1978. 
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Figure 11.7 Pxy data at 50°C for methyl ethyl ketone(l)jtoluene(2). 

according to Eq. (11.63) written for a binary system: 

OE 
- = XI In ')II + x21n ')12 
RT 

1.0 

The values of OE I RT so calculated are divided by XIX2 to provide in auun', 
values of OE I xlx2RT; the two sets of numbers are listed in columns 6 and 7 
Table 11.1 and appear as solid circles on Fig. 11.8. . 

The four thermodynamic functions for which we have expenmental . 
In ')II, In ')I" OE I RT, and OE I x l x2 RT, are !,~opertie~ of the Ii.quid phase.. . 
11.8 shows how each varies with compositIOn. This figure IS charactenstic 
systems for which 

')1,;;;1 and In')l,2:0 (i=I,2) 

Such systems are said to show positive deviations from Raoull's law. This is 
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Figure 11.8 Liquid-phase properties from VLE data for methyl ethyl ketone(l)/toluene(2) at 50°C. 

also in Fig. 11.7, where the P-x I data points all lie above the dashed line 
representing the linear relation of Raoult's law. 

The points on Fig. 11.8 representing In ')I; (i = 1,2) are seen to tend toward 
zero as Xi ... 1. This is in accord both with Eq. (11.59) and Eq. (11.68); by the latter, 

(I)(p:a,) 

(I)(p:a,) = I 

Thus the activity coefficient of a species in solution becomes unity as the species 
becomes pure. At the other limit, where Xi ... 0 and species i becomes infinitely 
dilute, In ')I, is seen to approach some finite limit, which we represent by In ')1'('. 

In the limit as XI ... 0, the dimensionless excess Gibbs energy OE I RT as 
given by Eq. (11.69) becomes 

lim ROTE = (0) In ')1'(' + (1)(0) = 0 
Xl40 

The same result is obtained for X2 ... 0 (XI'" I). Thus the value of OE I RT goes 
to zero at both XI = 0 and X, = 1. 

The quan\ity OE Ix l x2RT becomes indeterminate both at XI = 0 and XI = I, 
because G

E 
is zero in both limits, as is the product X 1X2. Thus for XI ~ 0, we have 

I . OE I' OE I RT I' _d.o..( O_E""I_R_T-'.) 
1m =lm = lID 

xJ"''''O xlx2RT XI ..... O XI XI ..... O dxl 
(A) 
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The derivative of the final member is found by differentiation of Eq. (11.69) 

respect to XI: 

d(OE/RT) dIn 'Y, dIn 'Y2 
x, --+ In 'Y, + X2 ~ -In 'Y2 

dx, dx, , 

The minus sign preceding the last term comes from dx2/ dx, = -I, a CO,o!.iequetIQ 
of the equation x, + X2 = I. Equatio~ ~11.64), the Oib~s/?uhem equatIOn, 
be written for a binary system and dIvIded by dx, to gl'{e. 

dIn 'Y, d In 'Y2 _ 0 
x --+X2----

, dx, dx, 
(const T, P) 

Although the data set treated here is at constant T, the pressure va~es: and 
(11.70) strictly does not apply. However, the activity coel?<:ients for ~lqiU'l'tdrO':Iu,:e 
at low pressure are very nearly independent of P, and negl.,g,ble error IS . h 
through application of Eq. (11.70). We tIlerefore combme Eq. (11.70) WIt 

(B) to get 

d(OE/RT) = In.!! 
dx, 'Y2 

In the limit as x, -+ 0 (X2 -+ I), tIlis becomes 

lim d(OE / RT) = lim In 'Y, = In 'Yf 
XI .... O dxl XI .... O 'Y2 

and by Eq. (A), 

Similarly, as x, -+ I (X2 -+ 0), 

OE 
lim = In 'Y'; 
Xl""" I xlX2RT 

Thus tile limiting values of OE / x,x2RT are equal to the infinite-dilution 

of In 'Y, and In 'Y2' . 
Equation (11.70), the Gibbs/Duhem equation, has further mlluence on 

nature of Fig. 11.8. Rewritten as 

d In 'Y, X2 d In 'Y2 
~=-x,~ 

it shows tile direct relation required between the slopes of curves drawn 
the data points for In 'Y, and In 'Y2' Qualitatively, .we .observe that at 
composition the slope of the In 'Y, curve is of opposIte sIgn to the slope of 
In 'Y2 curve. Furthermore, when X2 -+ 0 (and x, -+ I), the slop~ of the In 'Y, 
is zero. Similarly, when x, -+ 0, the slope of tile In 'Y2 curve IS zero. Thus, 
In 'Yi (i = I, 2) curve becomes horizontal at Xi = I. 
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Of the sets of points shown in Fig. 11.8, those for OE /x,x2RT most closel' 
conform to a simple mathematical relation. Thus we draw a straight line as ; 
reasonable a'l>proximation to this set of points, and we give mathematica 
expression to this assumed linear relation by an equation of the form 

OE 

X IX2 RT = A 2,x, + A'2X2 (lI.72a 

where A 2, and A'2 are constants in any particular application. Alternatively, 

OE 
RT = (A2,x, + A'2X2)X,X2 (I1.72b 

Application of Eq. (11.62) to this expression leads to equations for In 'Y, and In 'Y2 

In 'Y, = X~[A'2 + 2(A2, - AI2)x,j (I1.73a: 
and 

In 'Y2 = X;[A2' + 2(A'2 - A 2,)X2] (I1.73b: 

These are the Margulest equations, and they represent a commonly used empirica; 
model of solution behavior. For the limiting conditions of infinite dilution, tile) 
'show tIlat when x, = O,ln 'Yf = A'hand whenx2 = O,ln 'Y'; = A 2 ,. For the methyl 
ethyl ketone/toluene system considered here, the curves of Fig. 11.8 for OE / R7; 
In 'Y" and In 'Y2 represent Eqs. (I1.72b), (l1.73a), and (l1.73b) with A'2 = 0.372 
and A 2 , = 0.198, the intercepts at x, = 0 and x, = 1 of the straight line drawn to 
represent tile OE / x,x2RT data points. 

What we have accomplished is tile reduction of a set of VLE data to a simple 
mathematical equation for the dimensionless excess Gibbs energy, 

OE 
RT = (0.198x, + 0.372X2)X,X2 

which concisely stores the information of the data set. Indeed, witll tile Margules 
equations for In 'Y, and In 'Y2, we can easily construct a correlation of the original 
P-x,-y, data. 

Rearrangement of Eq. (I 1.68) provides a modified Raoul!'s law: 

(i=1,2, ... ,N) (11.74) 

For species 1 and 2 of a binary system, 

YIP = XI'YIP~at 

and 

t Max Margules (1856-1920). Austrian meteorologist and physicist. 
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Table 11.2 VLE Data ror cblorororm(1)1l,4-c1loxane(2) at SO'C 

P/kPa x, y, In 1', In 1'2 aE/RT 

15.79t 0.0000 0.0000 0.000 0.000 

17.51 0.0932 0.1794 -0.722 0.004 -0.064 -0.758 

18.15 0.1248 0.2383 -0.694 -0.000 -0.086 -0.790 

19.30 0.1757 0.3302 -0.648 -0.007 -0.120 -0.825 

19.89 0.2000 0.3691 -0.636 -0.007 r--O.133 -0.828 

21.37 0.2626 0.4628 -Mil -0.014 -0.171 -0.882 

24.95 0.3615 0.6184 -0.486 -0.057 -0.212 -0.919 

29.82 0.4750 0.7552 -0.380 -0.127 -0.248 -0.992 

34.80 0.5555 0.8378 -0.279 -0.218 -0.252 -1.019 

42.10 0.6718 0.9137 -0.192 -0.355 -0.245 -1.l13 

60.38 0.8780 0.9860 -0.023 -0.824 -0.120 -1.l24 

65.39 0.9398 0.9945 -0.002 -0.972 -0.061 -1.074 

69.36* 1.0000 1.0000 0.000 0.000 

t Plat 

:t: P'lat 

Addition gives: 

psat + psat p = Xt'YI I X2'Y2 2 

whence 

XI 'YIP~at 
YI = psat + psat 

XI 'YI 1 X2'Y2 2 

Finding values of y, and y, from Eqs. (11.73) with AI2 and A2I as del:enninLe~ 
for the methyl ethyl ketone(I)/toluene(2) system and taking p~" and p~" as 
experiment,ll values, we calculate P and y, by Eqs. (11.75) and (11.76) at. 
values of x,. The results are shown by the pox, and P-y, curves of FIg. 
which provide an adequate correlation of the experimental data points. 

A second set of P-x,-y, data, for chloroform(l)/1,4-dioxane(2) at 50'C,t 
given in Table 11.2, along with values of pertinent thermodynamic'~~;:i~~: 
Figures 11.9 and 11.10 display as points all of the experimentally d 
values. This system shows negative deviations from Raoull's law; since y, and 
are less than unity, values of In y" In y" a E 

/ RT, and a E 
/ x,x,RT. are ne:gative 

Moreover, the pox, data points in Fig. 11.9 all lie below the dashed Ime re]pre,selll 
ing the Raoult's-Iawrelation. Again the data points for aE 

/ x,x,RT are rel.sona"bl 
well correlated by Eq. (I l.72a), and the Margules equations [Eqs. (11.73)] 
apply, here with AI2 = -0.72 and A2I = -1.27. Values of a E 

/ RT, In y,; In y" 

t M. L. McGlashan and R. P. Rastogi, Trans. Faraday Soc., 54: 496, 1958. 
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Figure 11.9 Pxy data at 50Ge for chlorofonn(l)fl,4-dioxane(2). 

and y, calculated by Eqs. (l1.72b), (11.73), (11.75), and (11.76) provide the 
curves shown for these quantities in Figs. 11.9 and 11.10. Again, the experimental 
Pxy data are adequately correlated. 

Although the correlations provided by the Margules equations for the two 
sets of VLE data presented here are satisfactory, they are not perfect. The two 
possible reasons are, first, that the Margules equations are not precisely suited 
to the data set; second, that the data themselves are systematically in error such 
that they do not conform to the requirements of the Gibbs/ Duhem equation. 

We have presumed in applying the Margules equations that the deviations 
of the experimental points for aE 

/ x,x,RT from the straight lines drawn to 
represent them result from random error in the data. Indeed, the straight lines 
do provide excellent correlations of all but a few data points. Only toward edges 
of a diagram are there significant deviations, and these have been discounted, 
because the error bounds widen rapidly as the edges of a diagram are approached. 
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Figure 11.10 Liquid·phase properties from VLE data for chlorofonn(1)/l,4·dioxane at 50°C. 

In the limits as x, -+ 0 and x, -+ I, OE /x,x,RT becomes indeterminate; 
mentally this means that the values are subject to unlimited error and 
measurable. However, we cannot rule out the possibility that the correlatic 
would be improved were the OE / x,x,RT points represented by an apprc'pflial 
curve. Finding the correlation that best represents the data is a trial pr,oc"d~1l' 

The Gibbs/Duhem equation imposes a constraint on the activity coeflilci.,n 
that may not be satisfied by experimental values that contain systematic error .. 
this is the case, the experimental values of In 'Y, and In 'Y, used for callculatic 
of OEI RTby Eq. (11.69), which does not depend on the Gibbs/Duhem eq'18um 
will not agree with values of In 'Y, and In 'Y, later calculated by equations 
from Eq. (i 1.62), which do implicitly contain the Gibbs/Duhem equation. It 
then impossible to find a correlating equation that precisely represents tn,~ olnglLn 
data. The following example provides an illustration. 

Example 11.7 Reduce the VLE data set for diethyl ketone(l)/n-hexan.e(2) at 
given by Maripuri and Ratcliff. t 

tv. C. Maripuri and G. A. Ratcliff, 1. AppL Chern. BiotechnoL, 11: 899, 1972. 
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Table 1l.3 VLE Data for dletbyl ketone(1)/n-hexane(2) at 6SoC 

p(kPa x,- y, In 11 In 12 G E
/X1X2RT 

9O.l5t 0.000 0.000 0.000 
91.78 0.063 0.049 0.901 0.033 1.481 
88.ot 0.248 0.131 0.472 0.121 1.114 
81.67 0.372 0.182 0.321 0.166 0.955 
78.89 0.443 0.215 0.278 0.210 0.972 
76.82 0.508 0.248 0.257 0.264 1.043 
73.39 0.561 0.268 0.190 0.306 0.977 
66.45 0.640 0.316 0.123 0.337 0.869 
62.95 0.702 0.368 0.129 0.393 0.993 
57.70 0.763 0.412 0.072 0.462 0.909 
50.16 0.834 0.490 0.016 0.536 0.740 
45.70 0.874 0.570 0.027 0.548 0.844 
29.00' 1.000 1.000 0.000 

t Pit 
t Pf'1 

SOLUTION The experimental P·X'·YI values for this system are reproduced in the 
first three columns of Table 11.3. The remaining columns present values of In 'Y 

E " In 'Y" and G /x,x,RT calculated from the data by Eqs. (11.68) and (11.69). All 
values are shown as points on Figs. 11.11 and 11.12. The object of data reduction is 
to arrive at an equation for aE 

/ RT which provides a suitable correlation of the data. 
The data points of Fig. 11.12 for G E /xtx2RT show scatter, but are adequate to 

define a straight line, drawn here by eye and represented by the equation: 

GE 

----- = 0.70x, + 1.35x, 
x,x2RT 

~is is Eq. (l1.72a) with A2I = 0.70 and 11' = 1.35. Equations (11.73) allow calcula
tion of values for In 'Y, and In 'Y, at various values of x" and Eqs. (11.75) and (11.76) 
provide for the calculation of P and Yt at the same values of XI' Results of such 
calculations are plotted as the solid lines of Figs. 11.11 and 11.12. They clearly do 
not represent a good correlation of the data. 

The problem is that the data are not consistent with the Gibbs/Duhem equation. 
That is, the experimental values of In 'Yt and In '}'2 do not conform to Eq. (11.70). 
However, the values of In 'YI and In ')'2 found from the co"elation necessarily obey 
this equation; the two sets of values therefore cannot possibly agree, and the resulting 
correlation cannot provide a precise representation of the complete set of p.x,-Yt 
data. Although this is true regardless of the means of data reduction, the method just 
described produces a correlation that is unnecessarily divergent from the experimental 
values. 

An alternative is to process just the P-x, data; this is possible because the P.X1-YI 
data set includes more information than necessary. The procedure requires a computer, 
but in principle is simple enough. Assuming that the Margules equation is appropriate 
to the data, one merely searches for values of the parameters Au and A2t that yield 
pressures by Eq. (11.75) that are as close as possible to the measured values. The 
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Figure 11.11 Pxy data at 65°C ror dietbyl ketone(I)/n-hexane(2). 

method is applicable regardless of the correlating equation assumed, and is 
as Bar.ker's method. t Applied to the present data set. it yields the parameters 

A" = 1.153 and A2l = 0.596 

Use of these parameters in Eqs. (11.72a), (11.73), (11.75), and (11.76) produces 
results described by the dashed lines of Figs. 11.11 and 11.12. The correlation 
be precise, but it clearly provides a better overall representation of the eXI~eriffi<enl 
Pxy data. 

PROBLEMS 

11.1 Prove that the "partial molar mass" of a species in solution is equal to its molar mass (molocu/4 
weight). 

t J. A. Barker, AustraL 1. Chem.. 6: 207, 1953. 

~T:SlbM:S Uf" VAKIAISL~ (';UMt"U:SITIUN. NUNIUbAL BI!.HAYIQIl .." 

• 
1.4 

0.4 0.6 
x, 

o 

0.8 

o Figure 11.12 Liquid·phase prop-
1.0 erties from VLE data for diethyl 

ketone(l)! n-hexane(2) at 65OC. 

11.2 From the following compressibility data for hydrogen at O°C determine the fugacity of hydrogen 
at l,OOO(atm), 

P(atm) Z P(atm) Z 

100 1.069 600 1.431 
200 1.138 700 1.504 
300 1.209 800 1.577 
400 1.283 900 1.649 
500 1.356 1,000 1.720 

11.3 For ammonia at 600 K and 300 bar, determine good estimates of the fugacity and of OR! RT. 

11.4 Estimate the fugacity of "-pentane as a gas 
(a) At 280°C and 100 bar. 
(b) At 280°C and 20 bar. 
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H.s Estimate the fugacity of liquid acetone at 110°C and 275 bar. At 110°C the vapor pressure 
acetone is 4.360 bar and the molar volume of saturated-liquid acetone is 73 cm

3 
mol-I. . 

H.6 Estimate the fugacity of liquid n-butane at 120°C and 34 bar. At l20°C the vapor pressure 
n-butane is 22.38 bar and the molar volume of saturated liquid is 137 em

3 mol-I. 

11.7 From data in the steam tables, determine a good estimate for f/ fS8t for liquid water at 
and 100 bar, where fS8t is the fugacity of saturated liquid at 100°C. 

H.8 Steam at 13,000 kPa and 380°C undergoes an isothermal change of state to a pressure of 275 
Determine the ratio of the fugacity in the final state to that in the initial state. 

11.9 Steam at 1,850(psia) and 700(OF) undergoes an isothermal change of state to a pressure 
4O(psia). Determine the ratio of the fugacity in the final state to that in the initial state. 

1l.tO The normal boiling point of n-butane is O.5°C. Estimate the fugacity of liquid n-butane at 

temperature and 200 bar. 
H.ll The normal boiling point of l-pentene is 30.0°C. Estimate the fugacity of liquid I-pentene . 

this temperature and 350 bar. 
I t.ll The normal boiling point of isobutane is -11.8°C. Estimate the fugacity of liquid i,o,butane 

this temperature and ISObar. 
11.13 Prepare plots of f vs. P and of.p vs. P for isopropanol at 200°C for the pressure range 
o to SO bar. For the vapor phase, values of Z are given by 

Z = 1-9.86 X 10-3 P-I1.41 X 10-5 p2 

where P is in bars. The vapor pressure of isopropanol at 200°C is 31.92 bar, and the IiQuid.-pl .. 
isothermal compressibility Ie at 200°C is 0.3 X 10-3 bar-I, independent of P. 

11.14 Prepare plots of f vs. P and of .p vs. P for 1,3-butadiene at 40°C for the pressure range 
o to lObar. At 40°C the vapor pressure of 1,3-butadiene is 4.287 bar. Assume that Eq. (11.43) is 
for the vapor phase. The molar volume of saturated liquid 1,3-butadiene at 40°C is 90.45 cm

3 

11.15 The saturation humidity formula gives the mole fraction of water vapor in air that is 

with water vapor: 
YH 20 = PS~~o/ P 

where P is the ambient pressure and p;:~ is the vapor pressure of water at the ambient lenlp"rallA 
Derive this formula, starting with the phase-equilibrium criterion 

J' 1-0 H20 = H 20 

State and justify any assumptions. 
H.16 The fugacity coefficient of a binary mixture of gases at 200°C and SO bar is given by Ib" «,u,,1l< 

In.p = (I + Y2)YIY2 

where YI and Y2 are the mole fractions of species 1 and 2. Multiply this equation through 
eliminate all remaining mole fractions in favor of mole numbers, and apply Eq. (11.36) 
expressions for JI and 12' Then determine values of the fugacities for the species in an 
mixture at the given conditions. 
11.17 Equation (I1.30) is a fundamental criterion of vapor/liquid eqUilibrium. The question 
arisen as to whether at equilibrium it is also true that 

I' ~f" 
In, words, is it true that the fugacity of a liquid mixture is equal to the fugacity of the va·nm· mixU 
with which it is in equilibrium? 

11.18 For the system ethylene(1)/propylene(2) as a gas, estimate JI' J2' rbl> and rb2 at t = 

P = 20 bar, and YI = 0.2S: 
(a) Through application of Eqs. (11.46) and (11.47). 
(b) Assuming that the mixture is an ideal solution. 
Apply Eq. (11.37) to the results of parts (a) and (b) and determine values of .p andf for the 

11.t9 For the system methane(1)/ethane(2)/propane(3) as a gas, estimate 1" J2' J3' rbI' 4>2' 
at t = 40°C, P = 20 bar, YI = 0.17, and Y2 = 0.35: 

(a) Through application of Eq. (11.48). 
(b) Assuming: that the mixture is an ideal solution. 
Apply Eq. (11.37) to ~e results of parts (a) and (b) and determine values of t/J and f for the mixture. 

11.20 Prove thaI Eq,. (11.73) do indeed follow from Eq. (1I.72b) by application of Eq. (11.62). To 
do this, first multiply Eq. (ll.72b) through by n; then eliminate all remaining: mole fractions by the 
substitution, XI = ndn. Finally, apply Eq. (11.62), noting: that n cannot be treated as a constant. 

11.21 A special case of Eq. (l1.72b) results when Au = A2I = A: 

G E 
/ RT = Axl x2 

This is the simplest realistic expression for the excess Gibbs energy. and applies to binary systems 
comprised of species that are chemically similar. 

(a) What are the expressions for In 'YI and In Y2 that result from this expression? 
(b) For a particular binary system to which these equations are known to apply, data are 

available for a single data point: 

P~37kPa XI = 0.398 

In addition, Pf't = 27.78 kPa and Pit = 29.82 kPa. From these data, determine the value of A 
(e) Using: the value of A determined in (b) and for t = 4SoC, calculate P and y, for XI = O.SOO. 

11.22 Given in what follows are values of infinite-dilution activity coefficients and pure-species vapor 
pressures for binary systems at specified temperatures. For one of the systems, determine the Marples 
parameters, and then apply the Margules equation to a sufficient number of VLE calculations to 
allow construction of a Pxy diagram for the given temperature. Base your calculations on the modified 
Raoult's-Iaw expression, i.e., Eq. (11.74). 
(a) For diethylelber(I)/cbloroform(2) aI30"C, 

yf' = 0.71; 'Y~ = 0.57; ~ = 33.73 kPa; Pit = 86.S9 kPa 

(b) For acelone(I)/benzene(2) aI45·C, 

yf' = 1.60; l'~ = 1.47; ~ = 68.36 kPa; Pit = 29.82 kPa 

(c) For 2-butanone(I)/loluene(2) al 50"C, 

'Yf' = 1.47; y~ = 1.30; ~ = 36.09 kPa; P~ = 12.30kPa 

(d) For benzene(1)/acetonitrile(2) at 4SoC, 

l'f' = 2.74;"y~ = 3.01; Pf't = 29.81 kPa; p? = 28.12 kPa 

(e) For diethyl ether(I)/acelone(2) at 30·C, 

"Yf' = 1.78; y~ = 2.18; Pft = 85.93 kPa; Pft = 38.01 kPa 

11.23 The following is a set of VLE data for the system carbon disulfide(1)/chloroform(2) at 25"C 
[N. D. Litvinov. Zh. Fu. Khim., 26: 1144. 1952]. Assuming: the validity of Eq. (11.74), find parameter 
values for the Marples equation that provide a suitable correlation of these data, and prepare a Pxy 
diagram that compares the experimental points with curves determined from the correlation. 

P/kPa Xl y, 

27.30 0.000 0.000 
31.61 0.100 0.219 
34.98 0.200 0.363 
37.74 0.300 0.468 
39.84 0.400 0.555 
41.64 0500 0.630 
43.16 0.600 0.699 
44.46 0.700 0.768 
45.49 0.800 0.838 
46.30 0.900 0.914 
46.85 1.000 1.000 



11.24 The following is a set of VLE data for the system acetone(l)/c~loroform(?). at 50°C [H. 

d W Sch ··d Z Plays. Chern. (Frankfurt), 11: 41, 1957]. Assummg the vahdlty of Eq. an . ro er, . 1· f h 
fi d eter values for the Margulcs equation that provide a sUitable corre atton 0 t esc 
nparam .. 'h dt ·df and prepare a Pxy diagram that compares the expenmental POlDtS Wit curves e enmne rom 

correlation. 

P/kPa " y, 

69.38 0.000 0.000 

66.11 0.104 0.066 

63.07 0.198 0.153 

61.25 0.298 0.269 

60.60 0.401 0.414 

62.01 0.502 0.562 

64.53 0.591 0.676 

68.29 0.695 0.793 

72.75 0.797 0.879 

77.13 0.895 0.946 

81.75 1.000 1.000 

CHAPfER 

TWELVE 

PHASE EQUILIBRIA 
AT LOW TO MODERATE PRESSURES 

A number of industrially important processes, such as distillation, absorption, 
and extraction, bring two phases into contact. When the phases are not in 
equilibrium, mass transfer occurs between the phases. The rate of transfer of 
each species depends on the departure of the system from equilibrium. Quantita
tive treatment of mass-transfer rates requires knowledge of the equilibrium states 
(T, P, and compositions) of the system. 

In most industrial processes coexisting phases are vapor and liquid, although 
liquid/liquid, vapor/solid, and liquid/solid systems are also encountered. In this 
chapter we present a general qualitative discussion of vapor/liquid phase behavior 
(Sec. 12.3) and describe the calculation of temperatures, pressures, and phase 
compositions for systems in vapor/liquid equilibrium (VLE) at low to moder
ate pressures (Sec. 12.4).t Comprehensive expositions are given of dew-point, 
bubble-point, and P, T-flash calculations. 

12.1 THE NATURE OF EQUILIBRIUM 

Equilibrium is a static condition in which no changes occur in the macroscopic 
properties of a system with time. This implies a balance of all potentials that 
may cause change. In engineering practice, the assumption of equilibrium is 
justified when it leads to results of satisfactory accuracy. For example, in the 

t For VLE at high pressures, see chap. 14. 

361 
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rebuiler fur a distillatiun column. equilibrium between vapur and liquid 
is commonly assumed. For finite vaporization rates this is an approximation, 
it dues nut intruduce significant errur intu engineering calculatiuns. 

If a system cuntaining fixed amuunts uf chemical species and cunsisting 
liquid and vapur phases in intimate cuntact is completely isulated. then in 
there is nu further tendency fur any change tu uccur within the system. 
temperature. pressure. and phase cumpusitiuns reach final values which th,oreafieJ 
remain fixed. The system is in equilibrium. Nevertheless. at the micruscupic 
cunditiuns are nut static. The mulecules cumprising une phase at a given 
are nut the same mulecules as thuse in that phase at a later time. Mulecules 
sufficiently high velucities that are near the interphase buundary uvercume 
furces and pass intu the uther phase. Huwever. the average rate uf passage 
mulecules is the same in buth directiuns. and there is nu net transfer uf m'"elrtlU 
between the phases. 

12.2 THE PHASE RULE. DUHEM'S THEOREM 

The phase rule fur nunreacting systems. presented withuut pruuf in Sec. 
results frum applicatiun uf a rule uf algebra. The number uf phase-rule variailliel 
which must be arbitrarily specified in urder tu fix the intensive state uf a 
at equilibrium. caUed the degrees uf freedum F. is the difference between 
tutal number uf phase-rule variables and the number uf independent equatiu:1Il 
that can be written connecting these variables. 

The intensive state uf a PVT system containing N chemical species and 
phases in equilibrium is characterized by the temperature T, the pressure P, 
N - I mule fractiunst fur each phase. These are the phase-rule variables. 
their number is 2+ (N -1)(17). The masses uf the phases are nut Dhase:-rulle 
variables. because they have nu influence un the intensive state of the system. 

The phase-equilibrium equatiuns that may be written cunnecting the 
rul~ variables are given by Eqs. (10.3) ur Eqs. (11.29): 

i~ = if = ... = i:r 
(i= 1.2 •...• N) 

(i= 1.2 •...• N) 

(10.3) 

Either set cuntains (17 - I)(N) independent phase-equilibrium equatiuns. 
are equatiuns cunnecting the phase-rule variables. because the ch,'mical pute:ntilal! 
and fugacities are functiuns uf temperature. pressure. and compusitiun. 
difference between the number uf phase-rule variables and the number 
equatiuns connecting them is the degrees uf freedum: 

F = 2+ (N -1)(17) - (17 -I)(N) 

t Only N - t mole fractions are required, because L XI = I. 
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This reduces tu Eq. (2.12): 

!F=2- 17 +N! (2.12) 

Applicatiuns uf the phase rule were discussed in Sec. 2.8. 
~hem' s theorem is anuther rule. similar tu the phase rule. but less celebrated. 

It apphes tu clused systems fur which the extensive state as weU as the intensive 
state uf the syst~m is fixed. The state uf such a system is said tu be completely 
determmed, and IS characterized nut unly by the 2 + (N I) . t . h 1 . - 7T' In enSlve p ase-
ru e vanables but alsu by the 17 extensive variables represented by the masses 
(or mole numbers) uf the phases. Thus the tutal number uf variables is 

2 + (N - 1)17 + 17 = 2 + Nl7 

If the system is clused a.nd furmed. frum specified aIhuunts uf the chemical species 
present. then we can wnte a matenal-balance equatiun fur each uf the N h . I 
specIes. These in a.dditiun tu the (17 - I) N phase-equilibrium eqUatiuns

c 
p;:i':e 

a tutal number uf Independent equatiuns equal tu 

(l7-I)N+ N= l7N 

The difference between the number of variables and the number uf equatiuns is 
therefure 

2+Nl7-l7N=2 

On the basis uf this result. Duhem's theurem is stated as fuUuws: 

Fur ~ny clus~d system f?rm~d initial1y from given masses uf prescribed 
che".'lcal specIes. the eqUlhbnum state is cumpletely determined when any 
twu Independent variables are fixed. 

!he twu independ~nt variables subject to specificatiun may in general be either 
~nte~SIve or extenSIve. However, the number of independent intensive variables 
IS given by the. phase rule. Thus when F = I. at least une uf the twu variables 
must be extensIve. and when F = O. buth must be extensive. 

12.3 PHASE BEHAVIOR FOR V APORILIQUID SYSTEMS 

:Vapur/liquid equilibrium (VLE) ref;rs tu systems in which a single liquid phase 
ISIne Tb' 'h' . qUI I num Wit Its vapur. In this qualitative discussiun we limit consl'der-
atIon to t . d ' ' c ~ys ems cumpnse uf twu chemical species. because systems uf greater 
umplexIty cannut be adequately represented graphical1y. 

When N = 2. the phase rule becomes F = 4 - 17. Since there must be at least 
:nec~hase (17 = I), ~he m~imum number uf phase-rule variables which must be 
pe lfied tu fix the IntensIVe state uf the system is three: namely P T. and 

mule (ur rna ) f ct' AIl . . • ,. une 
ss ra IOn. eqUlhbrium states uf the system can therefure be 



364 INTRODUCTION TO CHEMICAL ENGINEERING THERMODYNAMICS 

represented in three-dimensional P-T-composition space. Within this space, 
states of pairs of phases coexisting at equilibrium (F = 4 - 2 = 2) define 
A schematic three-dimensional diagram illustrating these surfaces for 
shown in Fig. 12.1. 

This figure shows schematically the P-T-composition surfaces which 
equilibrium states of saturated vapor and saturated liquid for a binary 
The under surface represents saturated-vapor states; it is the PTy surface. 
upper surface represents saturated-liquid states; it is the PTx surface. 
surfaces intersect along the lines UBHC, and KAC2 , which represent the 
pressure-vs.- T curves for pure species I and 2. Moreover, the under and 
surfaces form a continuous rounded surface across the top of the diagram 
C, and C2 , the critical points of pure species I and 2; the critical points of 

t 
p 

I 

/ 
T 

Flgare 12.1 PTxy diagram fof' vapor/liquid equilibrium. 
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various mixtures of I and 2 lie along a line on the rounded edge of the surface 
between C, and c,. This critical locus is defined by the points at which vapor 
and liquid phases in equilibrium become identical. Further discussion of the 
critical region is given later. 

The region lying above the upper surface of Fig. 12.1 is the subcooled-liquid 
region; that below the under surface is the superheated-vapor region. The interior 
space between the two surraces is the region of coexistence of both liquid and 
vapor phases. If one starts with a liquid at F and reduces the pressure at constant 
temperature and composition along vertical line Fa, the first bubble of vapor 
appears at point L, which lies on the upper surface. Thus, L is a bubble point, 
and the upper surface is the bubble-point surface. The state of the vapor bubble 
in equilibrium with the liquid at L must be represented by a point on the under 
surface at the temperature and pressure of L This point is indicated by the letter 
If. Line VL is an example of a tie line, which connects points representing phases 
in equilibrium. 

As the pressure is further reduced along line Fa, more and more liquid 
vaporizes until at W the process is complete. Thus W lies on the under surface 
and represents a state of saturated vapor having the mixture composition. Since 
Wi,<; the point at which the last drops of liquid (dew) disappear, it is a dew point, 
and the lower surface is the dew-point surface. Continued reduction of pressure 
merely leads into the superheated vapor region. 

Because of the complexity of Fig. 12.1, the detailed characteristics of binary 
VLE are usually depicted by two-dimensional graphs that display what is seen 
on various planes that cut the three-dimensional diagram. The three principal 
planes, each perpendicular to one of the coordinate axes, are illustrated in Fig. 
12.1. Thus a vertical plane perpendicular to the temperature axis is outlined as 
ALBDEA. The lines on this plane represent a Pxy phase diagram at constant T, 
of which we have already seen examples in Figs. 10.1, 11.7, 11.9, and 11.11. If 
the lines from several such planes are projected on a single parallel plane, a 
diagram like Fig. 12.2 is obtained. It shows Pxy plots for three different tem
peratures. The one for T. represents the section of Fig. 12.1 indicated by ALBDEA. 
The horizontal lines are tie lines connecting the compositions of phases in 
equilibrium. The temperature T. lies between the two pure-species critical tem
peratures identified by C, and C2 in Fig. 12.1, and temperature Td is above both 
critical temperatures. The curves for these two temperatures therefore do not 
extend all the way across the diagram. However, the first passes through one 
mixture critical point, and the second through two such points. All three of these 
critical points are denoted by the letter C. Each is a tangent point at which a 
horizontal line touches the curve. This is so because all tie lines connecting phases 
in equilibrium are horizontal, and the tie line connecting identical phases (the 
definition of a critical point) must therefore be the last such line to cut the diagram. 

A horizontal plane passed through Fig. 12.1 perpendicular to the P axis is 
identified by HIlKLH. Viewed from the top, the lines on this plane represent a 
Txy diagram similar to that of Fig. 10.2. When lines for several pressures are 
projected on a paralll,1 plane, the resulting diagram appears as in Fig. 12.3. This 
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Figure 12.2 Pxy diagram for three 
temperatures. 

figure is analogous to Fig. 12.2, except that it represents values for three 
pressures, Po, Pb, and Pd' 

It is also possible to plot the vapor mole fraction YI vs. the liquid 
fraction XI for either the constant-temperature conditions of Fig. 12.2 or 
constant-pressure conditions of Fig. 12.3. Examples of such xy diagrams 
shown later. 

T 

o 

c 

~-=::::~----=-' ......... Ph 

-----
............ ----

-- Saturated liquid (bubble line) 

----- Saturated vapor (dew line) 
Figure 12.3 Txy diagram for three 
pressures. 
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The third plane identified in Fig. 12.1 is the vertical one perpendicular to 
the composition axis all.d indicated by MNQRSLM. When projected on a parallel 
plane, the lines from several such planes present a diagram such as that shown 
by Fig. 12.4. This is the PT diagram; lines UC I and KC2 are vapor-pressure 
curves for the pure species, identified by the same letters as in Fig. 12.1. Each 
interior loop represents the PT behavior of saturated liquid and of saturated 
vapor for a mixture of fixed composition; the different loops are for different 
compositions. Clearly, the PT relation for saturated liquid is different from that 
for saturated vapor of the same composition. This is in contrast with the behavior 
of a pure species, for which the bubble line and the dew line coincide. At points 
A and B in Fig. 12.4 saturated-liquid and saturated-vapor lines intersect. At such 
points a saturated liquid of one composition and a saturated vapor of another 
composition have the same T and P, and the two phases are therefore in 
equilibrium. The tie lines connecting the coinciding points at A and at Bare 
perpendicular to the PT plane, as illustrated by the tie line VL in Fig. 12.1. 

The critical point of a binary mixture occurs where the nose of a loop in Fig. 
12.4 is tangent to the envelope curve. Put another way, the envelope curve is the 

c, 
p 

---- Saturated liquid (bubble line) 

- - - Saturated vapor (dew line) 

T 

Figure 12.4 PT diagram for several compositions. 
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critical locus. One can verify this by considering two closely adjacent loops and 
noting what happens to the point of intersection as their separation becomes 
infinitesimal. Figure 12.4 illustrates that the location of the critical point on the 
nose of !he loop varies from one composition to another. For a pure species the 
critical point is the highest temperature and highest pressure at which vapor and 
liquid phases can coexist, but for a mixture it is, in general, neither. Therefore 
under certain conditions a condensation process occurs as the result of a reduction 
in pressure. 

Consider the enlarged nose section of a single PT loop shown in Fig. 12.5. 
The critical point is at C. The points of maximum pressure and maximum 
temperature are identified as Mp and M T • The dashed curves of Fig. 12.5 indicate . 
the fraction of the overall system that is liquid in a two-phase mixture of liquid' . 
and vapor. To the left of the critical point C a reduction in pressure along a line 
such as BD is accompanied by vaporization from the bubble point to the dew 
Point, as would be expected. However, if the original condition corresponds to 
Point F, a state of saturated vapor, liquefaction occurs upon reduction of the 
pressure and reaches a maximum at G, after which vaporization takes place 
Until the dew point is reached at H. This phenomenon is called retrograde 
condensation. It is of considerable importance in the operation of certain deep 
natural-gas wells where the pressure and temperature in the underground forma-

Critical locus 

p 

T 

Figure 12.5 Portion of a PT diagram showing phase behavior in the critical region. 
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tion are approximately the conditions represented by point F. If one then main
t~ins the. pressure at the ,wellhead at a value near that of point G, considerable 
hquefactlO~ of the ~roduct stream is accomplished along with partial separation 
of the heaVier speCies of the mixture. Within the underground formation itself, 
the pressure tends to drop as the gas supply is depleted. If not prevented, this 
leads to the formation of a liquid phase and a consequent reduction in the 
production of the well. Repressuring is therefore a common practice; i.e., lean 
gas (gas from which the heavier species have been removed) is returned to the 
underground reservoir to maintain an elevated pressure. 

~ PT diagram for the ethane/heptane system is shown in Fig. 12.6, and a 
yx d!a~ram for seve~al pressures for the same system appears in Fig. 12.7. 
According to conventIOn, one plots as y and x the mole fractions of the more 
volatile species in the mixture. The maximum and minimum concentrations of 
the more volatile species obtainable by distillation at a given pressure are indicated 
by the points of intersection of the appropriate yx curve with the diagonal for 
at these points the vapor and liquid have the same composition. They are in' fact 
mixture critical points, unless y = x = 0 or y = x = l. Point A in Fig. 12.7 
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FllJUre 12.6 Pressure/temperature diagram for the ethane/heptane system. (Reproduced by perm-ission 
from F. H. B1m·David, AlChE I., 2: 426, 1956.) 
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Figure 12.7 yx diagram for the ethane/heptane system. (Reproduced by permission from F. H. Ban'- . 
David, AIChE 1.,2: 426, 1956.) 

represents the composition of the vapor and liquid phases at the m'lximllm 
pressure at which the phases can coexist in the ethane/heptane system. The 
position is about 77 mole percent ethane and the pressure is about 1,2!i3(psia.) 
The corresponding point on Fig. 12.6 is labeled M. Barr-Davidt has prepared 
complete set of consistent phase diagrams for this system. 

The PT diagram of Fig. 12.6 is typical for mixtures of nonpolar substali,Ces 
such as hydrocarbons. An example of a diagram for a highly nonideal sY'ltel[J1 
methanol/benzene, is shown in Fig. 12.8. The nature of the curves in this 
suggests how difficult it can be to predict phase behavior, particularly for 
so dissimilar as methanol and benzene. 

Although VLE in the critical region is of considerable importance in 
petroleum and natural-gas industries, most chemical processing is accomI.lis,he 
at much lower pressures. As indicated in Chap. II, the primary reason 
departures from Raoult's law for systems at pressures well below the 
pressure is that liquid solutions rarely conform to ideal-solution behavior. 
phase behavior at low to moderate pressures is conveniently classified ac,:ordid 

t F. H. Barr-David, AIChE J., 2: 426, 1956. 
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to the sign and magnitude of deviations from Raoult's law. In addition to 

I d· sed in Chap II we present here data for four systems that examp es [seus . , 
the common types of behavior. . 

Data for tetrahydrofuran/ carbon tetrachloride ~t 30·C .are shown 10 

12.9a. Here, the Px or bubble-point curve on a Pxy dIagram hes below the 
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Figure 12.9 Pxy diagrams at constant temperature. (a) TetrahYdrOfuran(l)/ca~boOln:::·~~:::~t~ 
at 30"C; (b) chloroform(1)/tetrahydrofuran(2) at 30"C; (c) f~ran(l)/carbo. t« 
30OC: (d) ethanol(l)/toluene(2) at 65"C. Dashed lines: Px relatton for Raoults law. 
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Px relation of Raoul!,s law, and the system therefore exhibits negative deviations. 
When the deviations befome sufficiently large relative to the difference between 
the two pure-species vapor pressures, the Px curve exhibits a minimum, as 
iIIustrated in Fig. 12.9b for the chloroform/tetrahydrofuran system at 30·C. This 
figure shows that the Py curve also has a minimum at the same point. Thus at 
this point where x = y the dew-point and bubble-point curves are tangent to the 
same horizontal line. A boiling liquid of this composition produces a vapor of 
exactly the same composition, and the liquid therefore does not change in 
composition as it evaporates. No separation of such a constant-boiling solution 
is possible by distillation. The term azeotrope is used to describe this state. 

The data for furan/ carbon tetrachloride at 30·C shown by Fig. 12.9c provide 
an example of a system that exhibits small positive deviations from Raoult's law. 
Ethanol/toluene is a system for which the positive deviations are sufficiently 
large to lead to a maximum in the Px curve, as shown for 65·C by Fig. 12.9d. 
Just as a mimimum on the Px curve represents an azeotrope, so does a maximum. 
Thus there are minimum-pressure and maximum-pressure azeotropes. In either 
case the vapor and liquid phases at the azeotropic state are of identical compo
sition. 

At the molecular level, appreciable negative deviations from Raoult's law 
rellect stronger forces of intermolecular attraction in the liquid phase between 
unlike than between like pairs of molecules. Conversely, appreciable positive 
deviations result for solutions in which intermolecular forces between like 
molecules are stronger than between unlike. In this latter case the forces between 
like molecules may be so strong as to prevent complete miscibility, and the system 
then forms two separate liquid phases over a range of compositions. Systems of 
limited miscibility are treated in Sec. 13.9. 

Since distillation processes are carried out more nearly at constant pressure 
than at constant temperature, txy diagrams of data at constant P are in common 
use. The four such diagrams corresponding to those of Fig. 12.9 are shown for 
atmospheric pressure in Fig. 12.10. Note that the dew-point (ty) curves lie above 
the bubble-point (Ix) curves. Moreover, the minimum-pressure azeotrope of Fig. 
12.9b corresponds to the maximum-temperature (or maximum-boiling) azeotrope 
of Fig. 12.10b. There is an analogous correspondence between Figs. 12.9d and 
12.lOd. The yx diagrams at constant P for the same four systems are shown in 
Fig. 12.11. The point at which a curve crosses the diagonal line of the diagram 
represents an azeotrope,..for at such a point Yt == XI' 

12.4 LOW-PRESSURE VLE FROM 
CORRELATIONS OF DATA 

In Sec. 10.5 we treated dew- and bubble-point calculations for multi component 
systems that obey Raoul!,s law [Eq. (10.16)], an equation valid for low-pressure 
VLE when an ideal-liquid solution is in equilibrium with an ideal gas. Calculations 
for the general case are carried out in exactly the same way as for Raoul!'s law, 
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chloride(2): (b) chloroform( I )/tetrahydrofuran(2); (e) furan(1)/ carbon tetrachlonde(2), 
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but with equations of greater complexity. The equilibrium relation provided by 
Eq. (11.66) may be written 

(k=I.2 ..... N) (12.1) 

where olIk is defined by Eq. (11.67). At low to moderate pressures. the Poynting 
factor is very nearly unity. and Eq. (11.67) simplifies to 

.$k 
-cI»k = tP~at (12.2) 

Systematic application of Eqs. (12.1) and (12.2) depends on the availability of 
correlations of data from which values may be obtained for Pf". olIk• and J'k' We 
consider each of these in tum. 

The vapor pressures of the pure species are usually calculated from equations 
that give Pf" as a function of temperature. Most commonly used is the Antoine 
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equation, Eq. (6.51), which we rewrite for species k as 

IP'"A B. 
n • = • - T+ C. 

Restriction to relatively low pressures allows calculation of the 
coefficients in Eq. (12.2) from the simplest form of the virial equation 
the two-term expansion in P [Eq. (3.31)]. In this case the expression for 
fugacity coefficient for species k in solution, follows from Eq. (11.48): 

where 

and 

Bit = lili = 2Bi/ - Bjj - B" 

Values of the virial coefficients come from a generalized correlation, such as 
one represented by Eqs. (11.49) through (11.54). 

The fugacity coefficient for pure k as a saturated vapor "'~ .. is obtained 
Eq. (12.4) with all 5i• and 5i1 set equal to zero: 

B psat 
A.,sat kk k 
'1" =exp~ 

This result also follows from Eq. (11.21). 
Combination of Eqs. (12.2), (12.4), and (12.5) gives: 

4> _ B .. (P - P~") + n:i L,YiY,(25i• - 5i1 ) 

• - exp RT 

For a binary system comprised of species land 2, this becomes: 

Bll(P - P~") + lY~512 
4>, = exp RT 

and 

Bzz(P - P~") + lYr5l2 
4>2 = exp RT 

Activity coefficients "Y. have traditionally been calculated from cOITetali( 
equations for G E 

/ RT by application of Eq. (11.62). The excess Gibbs energy, 
a function of T, P, and composition, but for liquids at low to mc.de,ral:e llIe:ssUiI1 
it is a very weak function of P. Under these conditions, its pressure depellde:nl 
and therefore the pressure dependence of the activity coefficients are 
neglected. This is consistent with our earlier omission of the Poynting factor 
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the evaluation of <1>., Thus we have for data at constant T: 

G E , 

RT = g(x" x 2,.··, X N ) (const T) 

The Margules equations [Eq. (l1.72)J provide an example of this functionality. 
Other equations are also in common use for the correlation of activity 

coefficients. For binary systems the function often most conveniently represented 
by an equation is G

E 
/ Xlx2RT, and one procedure is to express this function as 

a power series in XI: 

GE 

--=-- = a + bx, + cxr + ... 
x,x2 RT 

(const T) 

Since X2 = I - Xl for a binary system of species I and 2, Xl can be taken as the 
single independent variable. An equivalent power series with certain advantages 
is known as the Redlich/Kister expansion:t 

GE 

-=-- = B + C(x, - x2) + D(XI - X2)2 + ... 
x,x2 RT 

In application, different truncations of this series are appropriate. For each 
particular expression representing G E 

/ X,X2RT, specific expressions for In "Yl and 
In "Y2 result from application of Eq. (11.62). Thus, when B = C = D = ... = 0, 
G

E 
/ RT = 0, In "Y2 = 0, and In "Y2 = 0. In this event "y, = "Y2 = I, and the .olution 

is ideal. 
If C = D = ... = 0, then 

GE 

---='= = B 
XlX2RT 

where B is a constant for a given temperature. The corresponding equations for 
In "y, and In "Y2 are 

In"y, = Bx~ (12.9) 

and 

In"Y2 = Bxr (12.10) 

The symmetrical naturo of these relations is evident. The infinite-dilution values 
of the activity coefficients are given by In "Y':' = In "Y:;' = B. 

If D = ... = 0, then 

B+ C(X,-X2) 

and in this case G E 
/ x,x2RT is linear in X,. Multiplication of B by x, + X2 ( = 1) 

to. Redlich, A. T. Kister, and C. E. Turnquist, Chern. Eng. Progr. Symp. Ser., 48(2): 49, 1952. 
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gives 
OE 

----'=--- = B(x, + X2) + C(XI - X2) = (B + C)XI + (B - C)X2 
xl x2RT 

Letting B + C = A21 and B - C = A12, we have 

OE 
-..::::..= = A 21 xI + A I2 X2 
xl x2RT 

The corresponding equations for the activity coefficients are 

In YI = X~[AI2 + 2(A2I - A I2)XI] 

In Y2 = xr[A21 + 2(AI2 - A 21 )X2] 

These are the Margules e'luations, written earlier as Eqs. (11.73). Note that 
XI = 0, In ,,;0 = All; when X2 = 0, In ,,;' = A21 • 

Another well-known equation is obtained when we write the rec:ipro~ 
expression XIX2RT/OE as a linear function of XI: 

XIX2 = B'+ C'(x -x) 
OE/RT I 2 

This may also be written: 

XI X2 
OE/RT 

B'(xl + X2) + C'(XI - X2) = (B' + C')XI + (B' - C')X2 

We now let B' + C' = 1/ A~, and B' - C' = 1/ A;2' Then 

or 

xlx2RT Abx, + A;IX2 

The activity coefficients implied by this equation are given by 

, 12 X l 

( 
A' )-2 

In YI = AI2 I +-A' 
21 X 2 

In"2 = A;I(I + AA~IX2)-2 
l2 X l 

these are known as the van Laart equations. When XI = 0, I~ ,,;0 = A~2; 
X2 = 0, In ,,;-=' = A;l' 

The Redlich/Kister expansion, the Margules equations, and the van 
equations are all special cases of a very general treatment based OR 

functions, i.e., on equations for OE given by ratios of polynomials. These 

t Johannes Jacobus van Laar (1860-1938), Dutch physical chemist. 
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presented in detail by Van Ness and Abbott.t They provide great lIexibility in 
the fitting of VLE data for binary systems. However, they have scant theoretical 
foundation, and as a result there is no rational basis for their extension to 
multi component systems. Moreover, they do not incorporate an explicit tem
perature dependence for the parameters, though this can be supplied on an ad 
hoc basis. 

Modem theoretical developments in the molecular thermodynamics ofliquid
solution behavior are based on the concept of local composition. Within a liquid 
solution, local compositions, different from the overall mixture composition, are 
presumed to account for the short-range order and nonrandom molecular orienta
tions that result from differences in molecular size and intermolecular forces. 
The concept was introduced by G. M. Wilson in 1964 with the publication of a 
model of solution behavior since known as the Wilson equation.* The success 
of this equation in the correlation of VLE data prompted the development of 
alternative local-composition models, most notably the NRTL (Non-Random
TwoiLiquid) equation of Renon and Prausnitz§ and the UNIQUAC (UNIversal 
QUAsi-Chemical) equation of Abrams and Prausnitz.~ A further significant 
development, based on the UNIQUAC equation, is the UNIFAC method, tt in 
which activity coefficients are calculated from contributions of the various groups 
making up the molecules of a solution. 

The Wilson equation, like the Margules and van Laar equations, contains 
just two parameters for a binary system (A12 and A21 ), and is written: 

OE 
RT = -XI In (XI + x2A,2) - x21n (X2 + x ,A21 ) (12.17) 

In YI = -In (XI + X2AI2) + X2 ( AI2 
Xl + X2AJ2 

(12.18) 

In Y2 = -In (X2 + x,A21 ) - XI ( AI2 
Xl + X2AJ2 

(12.19) 

For infinite dilution, these equations become 

and 
In y;o = -In AI2 + I - A21 

In y~ = -In A21 + I - AI2 

We note that AI2 and A,I must always be positive numbers. 

t H. C. Van Ness and M. M. Abbott, Classical Thermodynamics of Nonelectrolyte Solutions: With 
AppUCfJtions 10 Phase Equilibria, sec. 5-7, McGraw-Hili, New York, 1982. 

:j: O. M. Wilson,1. Am. Chem. Soc.,86: 127, 1964. 
§ H. Renon and J. M. Prausnitz, AIChE J., 14: 135, 1968. 
11 D. S. Abrams and J. M. Prausnitz, AIChE J., 21: 116, 1975. 
tt UNIQUAC Functional-group Activity Coefficients; proposed by Aa. Fredenslund, R. L. Jones, 

and J. M. Prausnitz, AIChE 1.. 21: 1086, 1975; given detailed treatment in the monograph: Aa. 
Fredenslund, J. Gmehling, and P. Rasmussen, Vapor-Liquid Equilibrium using UNIFAC, Elsevier. 
Amsterdam, 1977. 
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The NRTL equation contains three parameters for a binary system and is 
written: 

(12.20) 

(12.21) 

(12.22) 

Here 

G" = exp (-aT,,) 

and 

where a, b12 , and b2h parameters specific to a partic~lar ~ai~ of speciesi-:: 
independent of composition and temperat~re. The infimte-dtlutlon values 0 

activity coefficients are given by the equatIOns: 

In y~ = T21 + T" exp (-aTI2) 

In y~ = TI2 + T21 exp (- aT21) 

The UNIQUAC equation and the UNIFAC method are models of greater 

complexity and are treated in App. D. .... f d t 
The local-composition models have limited flexiblhty m the fittmg o. a.a, 

. . ' Moreover they are Imphc-but they are adequate for most engmeenng purposes. '. f 
itly generalizable to multicomponent systems without th.e introd.uctlOn 0 any 
parameters beyond those required to desc?be the constItuent ~ma'?'t:~~tems. 
For example, the Wilson equation for multI component systems IS wnt . 

G
E 

= -Ix,lnIxjAij (12.23) 
RT i j 

and 

XkAki 
In y, = I -In;: xjAij - ~ LXjAkj 

where A .. = I for i = j etc. All indices in these equations refer to the same species, 
and all s~mmations ar~ over all species. For each ij pair there are t~o p~r~eters, ' 
because Aij ". Aj ,. For example, in a ternary syste~ the three Xosslble IJ paIrs are 
associated with the parameters A12, A21 ; A13 , A3It a~d ~23' 32: 

The temperature dependence of the parameters IS gIVen by. . 

PHASE EQUILIBRIA AT LOW TO MODERATE PRESSURES 381 

where "1 and Vi are the molar volumes at temperature T of pure liquids j and 
i, and aij is a constani independent of composition and temperature. Thus the 
Wilson equation, like all other local-composition models, has built into it an 
approximate temperature dependence for the parameters. Moreover, all 
parameters are found from data for binary (in contrast to multi component) 
systems. This makes parameter determination for the local-composition models 
a task of manageable proportions. 

12.5 DEW-POINT AND BUBBLE-POINT CALCULATIONS 

Although VLE problems with other combinations of variables are possible, those 
of engineering interest are usually dew-point or bubble-point calculations; there 
are four classes: 

BUBL P: Calculate {y.} and P, given {x.} and T 
DEW P: Calculate {xo} and P, given {Y.} and T 
BUBL T: Calculate {yo} and T, given {x.} and P 
DEWT: Calculate {x.} and T, given {yo} and P 

Thus, one specifies either T or P and either the liquid-phase or the vapor-phase 
composition, fixing I + (N - I) or N phase-rule variables, exactly the number 
required by the phase rule for vapor/liquid equilibrium. All of these calculations 
require iterative schemes because of the complex functionality implicit in Eqs. 
(12.1) and (12.2). In particular, we have the following functional relationships 
for low-pressure VLE: 

<1>. = <1>( T, P, Yh Y2, ... ,YN-I) 

'Yk = y(T,X.,X2, ... ,XN_1) 

P't' = itT) 

For example, when solving for {yo} and P, we do not have values necessary for 
calculation of the <1>0, and when solving for {x.} and T, we can evaluate neither 
the p~at nor the y.. Simple iterative procedures, described in the following 
paragraphs, allow effietent solution of each of the four types of problem. 

In all cases Eq. (12.1) provides the basis of calculation. This equation, valid 
for each species k in a multi component system, may be written either as 

(12.26) 

or as 

(12.27) 
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Since L Y. = I and L x. = I, we also have 

or 

and 

or 

P••
t 

I =L x.'Y. • 
• <I>.p 

I 
P = '" / p •• t L.y."". 'Y •• 

(12.28) 

(12.29) 

_ '" - I E (1228) and (12.29) reduce to the Raoult's-Iaw expres-When 'Yk - '¥k - ,qs. . 
sions Eqs. (10.17) and (10.19). . ' I 

BUBL P. The iteration scheme for this simple and direct bubble-pOInt ca ~-
. . h' . FI'g 12 12 With reference to a computer program for carrymg lation IS sown m . . . }. h II tants 

it out one reads and stores the given values of T and {x. ,~Iong w~t a cons 
requi~ed in evaluation of the P't, 'Y., and <1> •• Since {Y.} IS not given, we cannot 

BUBLP 

Read T, {Xl.}, constants. 
Set all cJ>l. = 1.0. 

Evaluate {P~t}. ba. 
Calc. P by Eq. (12.28). 

~ 
Calc. {y,} by Eq. (12.26). 

Evaluate {cJ>k}' , 
Calc. P by Eq. (12.28). 

~ 
I Is8P<E? 

~ 

~ves 

I Print p. {yd· I 

No 

Fieure 12.12 Block diagram for the calculation 
BUBL P. 
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yet determine values for the <1>., and each is set equal to unity. Values for {Pl."'} 
are found from theAlltoine equation [Eq. (12.3)] and values of {'Y.} come from 
an activity-coefficient correlation. Equations (12.28) and (12.26) are now solved 
for P and {Y.}. Values of <1>. from Eq. (12.6) allow recalculation of P by Eq. 
(12.28). Iteration leads to final values for P and {Y.}. 

DEW P. The calculational scheme here is shown in Fig. 12.13. We read and 
store T and {Y.}, along with appropriate constants. Since we can calculate neither 
the <1>. nor the 'Y .. all values of each are set equal to unity. Values of {P~at} are 
found from the Antoine equation, and Eqs. (12.29) and (12.27) are then solved 
for P and {x.}. Evaluation of {'Y.} now allows recalculation of P by Eq. (12.29). 
With this rather good estimate of P, we evaluate {<I>.} and enter an inner iteration 
loop that converges on values for {x.} and {y.}. Subsequent recalculation of P 
by Eq. (12.29) leads to the outer iteration loop that establishes the final value of 
P. Since the x. calculated within the inner loop are not constrained to sum to 

DEWP 

Read T, {Yl}, constants. 
Set all cJ> ~ "" 1.0, all Y~ = 1.0. 

Evaluate {Pk~l}. 
Calc. P by Eq. (12.29). 

Calc. {x,} by Eq. (12.27). 
Evaluate {Yk)' 

Calc. P by Eq. 02.29). 

I 
I Evaluate {cJ>~). 

I 
I 

1 
Calc. {xd by Eq. (12.27). 
Normalize the Xl values. 

Evaluate {Yk}' 

1 
I Is each 8Yk < {?,/ 

~ Yes 

Calc. P by Eq. (12.29). , 
r Is 8P< E? 

! Yes 

r Print P, {xd. I 

No 

No 

FIgure 12.13 Block diagram for the calcula
tion DEW P. 
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unity, each value is divided by l: x.: 

X. 
Xk=--

LX. 

This yields a set of normalized x. values, which do sum to unity. Actually, the 
inner loop can be omitted; it is included simply to make the calculational 
procedure more efficient. 

In the BUBL P and DEW P calculations, the temperature is known initially, 
and this allows immediate calculation of the key quantities p'''. This is not the 
case for the two remaining procedures, BUBL T and DEW T, where the tem
perature is to be found. Here, as with the analogous Raoult's law calculations, 
we deal with vapor-pressure ratios, because they are weak functions of tem
perature. To introduce these ratios on the right-hand sides of Eqs. (12.28) and 
(12.29), we mUltiply by P:" (outside the summation) and divide by P:" (inside 
the summation). Solution for the P:" outside the summation then gives: 

(12.30) 

and 

p~at = P'L Yk k _, <I> (P''') 
I k 'Yk picat 

(12.31) 

In these equations the summations are over all species including ~ which is an 
arbitrarily selected species of the set {k}. When Y. = <1>. = I, Eqs. (12.30) and 
(12.31) reduce to Eqs. (10.20) and (10.24) used in the analogous calculations for 
Raoult's law. The temperature corresponding to the vapor pressure P:" is found 
from an appropriate equation giving vapor pressure as a function of T, here the 
Antoine equation: 

B, 
T = A. _ In p~at Cj 

, , 
(12.32) 

where Ai, Bi, and Cj are the Antoine constants for species i. 
For purposes of finding an initial temperature to start an iteration procedure, 

we need values of the saturation temperatures of the pure species Tk" at pressure 
P. These are also given by the Antoine equation, written as: 

B. _ C. 
A. -In P 

(12.33) 

BUBL T. Figure 12.14 shows the iterative scheme for this bubble-point 
calculation. The given values of P and {x.} along with appropriate constants are 
read and stored. In the absence of T and the Y. values, all <1>. are se.t equal to 
unity. Iteration is controlled by T, and for an initial estimate we set 

T=LX.Tk" 
• 

(12.34) 
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BUBLT 
. • 

Read P, {Xk}, constants. 
Set all 4>/c = 1.0. 

Calc. {T:"} by Eq. (12.33). 
Calc. T=L xkna,. 

• 
Evaluate {p~al}, {'YIc}' 

Identify species i. 
Calc. P:" by Eq. (12.30). 
Calc. T by Eq. (12.32). 

~ 
Evaluate {Ptal

}. 

Calc. {y.} by Eq. (12.26). 
Evaluate {<I>.}. !y.}. 

Calc. P:" by Eq. (12.30). 

~ 
Calc. T by Eq. (12.32). , 
I Is BT< e? 

'Yes 

I Print T, {y.}. I -

No 

Figure 12.14 Block diagram for the calculation 
BUBLT. 

where the Tk" are found from Eq. (12.33). With this initial value of T, we find 
values for {p'''} from the Antoine equations and values of {Y.} from the activity
coefficient correlation. Species i is identified, P:" is calculated by Eq. (12.30), 
and a new value of T is found from Eq. (12.32). The Pla' are immediately 
reevaluated, and the Yk are calculated by Eq. (12.26). Values can now be found 
for both {<I>.} and {y.}, allowing a revised value of P:"" to be calculated by Eq. 
(12.30) and a better estimate of T to be found from Eq. (12.32). Iteration then 
leads to final values of T and {y.}. 

DEW T. The scheme for this dew-point calculation is shown in Fig. 12.15. 
Since we know neither the x. values nor the temperature, all values of both <1>. 
and Y. are set equal to unity. Iteration is again controlled by T, and here we find 
an initial value by 

T = Ly.Tk" 
k 

(12.35) 

With this value of T, we determine {Pl"} from the Antoine equations. All quantities 
on the right-hand side of Eq. (12.31) are now fixed; we identify species i and 
solve for P:",'. from which we get a new value for T by Eq. (12.32). We immediately 
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DEWT 

Read P, {Yk}. constants. Set all ¢I k = 1.0, all Yk = 1.0. 
Calc {T~al} by Eq. (12.33). Calc. T=l.YkT~a,. • . . k 

Evaluate {P1a
,}. Identify species i. 

Calc. P;"' by Eq., (12.31). Calc. T by Eq. (12.32). 
Evaluate {pt"'J. {<I>d· Calc. {xd by Eq. (12.27). 

Evaluate (yd. Calc. P;" by Eq. (12.31). T by Eq. (12.32). 

1 
Evaluate {P'tl. {¢Ik}· -.l 

~ 
Calc. {x,J by Eq. (12.27). 
Normalize the Xk values. 

Evaluate {yd. 

1 No 
I Is each 6Yk < f"! ..J 

~ Yes 

Calc. P:"' by Eq. (12.31). 
Calc. T by Eq. (12.32). 

~ 
No I Is8T<E? 

~ 

l·Yes 

I Print T, {x,J-j 
Figure 12:.1S Block diagram 
the calculation DEW T. 

reevaluate {pr'} which, together with {4>.}, permits c alculation of the Xk by 
I) and of T by Eq, (12,27), This allows recalculation of P:" by Eq, (12.3 

With this rather good estimate of T, we again evaluat e {Pt"} and {4>k}, and 
an inner iteration loop that converges on values of 
recalculation of P:" and T then leads to the outer it 
a final value of T. As in the DEW P procedure, the Xk 

{Xk} and {Yk}' Sub'sequtn 
eration loop that pf(ld~lceI 
calculated within the 

loop are not constrained to sum to unity, and each value is divided by L Xk: 

Xk x ---
k - LXk 

This set of normalized Xk values does sum to unit y. Again, the inner loop 
e more efficient. . 
Iculation for the system 
ne(4), The given pressure 

included simply to make the calculational procedur 
Table 12,1 shows the results of a BUBL T ca 

hexane( 1)/ ethanol(2) / methy\cyclopentane(3) /benze 
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Table 12.1 Results of BUBL T calculatioDS for the system, n-hexaae/ethanoU 
methylcyclopentane(MCpY/henzene at l(atm) 

Species y, y, pt'" 
k x, (calc) (exp) (atm) <1>, y, 

n-Hexane( I) 0.162 0.139 0.140 0.797 0,993 l.073 Etbanol(2) 0.068 0.279 0.274 0.498 0.999 8.241 MCP(3) 0.656 0.500 0.503 0,725 0.990 l.042 Benzene(4) 0.114 0.082 0.083 0.547 0.983 1.289 
T(calc) ~ 334.82 K T( exp) ~ 334.85 K Iterations = 4 

is I(atm), and the given liquid-phase mole fractions Xk are listed in the second 
column of Table 12.1. Parameters for the Antoine equationst [T in kelvins, Pin 
(atm)), supplied as input data, are: 

A, = 9,2033 B, = 2,697.55 C, = -48,78 

A, = 12.2786 B, = 3,803,98 C, = -41.68 

A, = 9.1690 B, = 2,731.00 C, = -47.11 

A4 = 9,2675 B4 = 2,788.51 C4 = -52,36 

As additional input information, we supply the following virial coefficients* (in 
cm'mol-'): 

B" = -1,360,1 

B" = -1,174.7 

B" = -1,191.9 

B .. = -1,086,9 

BI2 = -657,0 

s" = -621.8 

B'4 = -1,137,9 

BI3 = -1,274.2 B'4 = -1,218.8 

B'4 = -589,7 

Finally, the input information includes parameters for the UNIFAC method 
(App. D). The calculated values of T and the vapor-phase mole fractions Yk 
compare favorably with experimental values.§ Also listed in Table 12,1 are final 
computed values of Ptat, <l>k' and "Yk. 

The BUBL Tcalculation for which results are given in Table 12.1 is for a 
pressure of I(atm), a pressure for which vapor phases are often assumed to be 
ideal gases. With this assumption, 4>k is unity for each species. In fact, these 
values lie between 0.98 and 1.00, Thus in this example, and usually at pressures 
of I(atm) and less, the assumption of ideal gases introduces little error. When 

t R. C. Reid, J. M. Prausnitz. and T. K. Sherwood, The Properties of Gases and Liquids, 3d ed., 
app. At McGraw-Hili. New York, 1977. 

:j: From the correlation of J. G. Hayden and J. P. O'Connell, Ind. Eng. Chem. Proc. Des. Dev., 14: 
209, 1975. 

§ J. E. Sinor and J. H. Weber, J. C~em. Eng. Data, 4: 243, 1960. 
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this assumption is made, Eq. (12.1) reduces to Eq. (11.74): 

Yop = xo"YoP'':' (k = 1,2, ... , N) (11.74) 

This modified Raoult's law was used for data reduction in Sec. 11.6. Bubble- and 
dew-point calculations made with Eq. (11.74) are, of course, somewhat simpler 
than those shown by Figs. 12.12 through 12.15. Indeed, the BUBL P calculation 
yields final results in a single step, without iteration. The additional assumption 
of liquid-phase ideality ("Yo = I), on the other hand, is justified only infrequently. 
We note that "Yo for ethanol in Table 12.1 is greater than 8. 

Values of parameters for the Margules, van Laar, Wilson, NRTL, and 
UNIQUAC equations are given for many binary pairs by Gmehling et al.t in a . 
summary collection of the world's published VLE data for low to moderate' 
pressures. These values are based on reduction of data through application of 
Eq. (11.74). On the other hand, data reduction for determination of parameters 
in the UNIFAC method (App. 0) is carried out with Eq. (12.1). 

Example 12.1 For the system 2-propanol( I )/water(2), the following parameter values 
are recommended for the Wilson equation: 

aI, = 437.98 a21 = 1,238.00 cal mol-I 

VI = 76.92 V, = 18.07 cm' mol-I 

In addition, we have the following Antoine equations: 

In P'" = 16.6780 _ 3,640.20 
I T- 53.54 

In P'" = 16.2887 _ 3,816.44 
, T-46.13 

where T is in kelvins and the vapor pressures are in kPa. Assuming the validity of 
Eq. (11.74), calculate: 

(a) P and {Yo}, for T = 353.15 K(80"C) and XI = 0.25. 
(b) P and {xo}, for T = 353.15 K (80"C) and YI = 0.60. 
(c) T and {Yo}, for P = 101.33 kPa [I(atm)] and XI = 0.85. 
(d) T and {xo}, for P = 101.33 kPa [I(atm)] and YI = 0.40. 
(e) pal', the azeotropic pressure, and xf = yf, the azeotropic composition, for 

T = 353.15 K (80"C). 

SOLUTION Since we have assumed the validity of Eq. (11.74),4>0 = 1.0 throughout· 
this problem. This, together with the fact that we are considering a binary .v.te""· 
makes the solution simple enough that the steps can be explained as though 
out by hand calculations. 

(a) A BUBL P calculation. For T = 353.15 K, the Antoine equations yield 
following vapor pressures: 

~' =92.59 p~at = 47.38 kPa 

t J. Gmehling, U. Onken, and W. Arlt, "Vapor-Liquid Equilibrium Data Collection," Chemistry 
Data Series. vol. I, Parts 1-8. DECHEMA, Frankfurt/Main, 1977-1984. 
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The activity coefficient~ as given by the Wilson equation are calculated by Eqs. (12.18) 
and (12.19). First, however, we must find the values of AI2 and A2I by Eq. (12.25). Thus 

A V, -al2 18.07 -437.98 
12 = VI exp RT = 76.92 exp (1.987)(353.15) 

= 0.1258 
and 

A VI -a21 76.92 -1,238.00 
21 = V, exp RT = 18.07 exp (1.987)(353.15) 

= 0.7292 

Substituting known values into Eqs. (12.18) and (12.19) gives: 

or 

and 

whence 

In YI = -In (0.25 + 0.75 x 0.1258) 

+0.75( 0.1258 0.7292) 
0.25 + 0.75 x 0.1258 0.75 + 0.25 x 0.7292 

In YI = 1.0661 + 0.75( -0.4168) = 0.7535 

In y, = -In (0.75 + 0.25 x 0.7292) - 0.25( -0.4168) 

= 0.0701 + 0.1042 = 0.1743 

YI = 2.1244 y, = 1.1904 

By Eq. (12.28) with 4> = 1.0, 

- P = (0.25)(2.1244)(92.59) + (0.75)(1.1904)(47.38) 

= 91.48 kPa 

From Eq. (11.74), written as Yo = xoYoPr'/ P, we get 

YI = 0.538 y, = 0.462 

(b) A DEW P calculation. With T unchanged from part (a), the values of P'("', 
p~at, A12 , and A21 are the same as already calculated. However, here the liquid-phase 
composition is unknown. We therefore set 'Yk = 1.0, and Eq. (12.29) reduces to its 
Raoult's law counterpart: 

I 
P = ---:=,------,-= 

ytf ~' + y,/ ~' 

From this we find P = 67.01 kPa. Equation (12.27), written XI = YIP!~' now gives: 

(0.6)(67.01) 
XI = = 0.434 

92.59 

Whence Xz = 1 - XI = 0.566. The resulting values of 'YI and 'Y2, calculated by Eqs. 
(12.18) and (12.19) are: 

YI = 1.4277 y, = 1.4558 
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We recompute P by Eq. (12.29), now written 

P yd 'Y1Pft + Yz/ 'Yzps;-t 

This gives P = 96.73kPa. Recalculation of XI by Eq. (12.27) gives 

(0.60)(96.73) 
0.439 

( 1.4277)(92.59) 

Similarly, X, = 0.561. Equations (12.18) and (12.19) now yield new values of 
activity coefficients: 

11 = 1.4167 1, = 1.4646 

Iteration within the inner loop of Fig. (12.13) leads to the values: 

XI = 0.449 11 = 1.3957 1, = 1.4821 

Equation (12.29) now gives P = 96.72 kPa. Since the <1>, are fixed at unity, no 
iteration is required, and we have for final values: 

P = 96.72 kPa XI = 0.449 X, = 0.551 

(c) A BUBL T calculation. Application of Eq. (12.33) with the given 
constants and P = 101.33 kPa leads to the values: 

n"' = 355.39 11'" = 373.15 K 

An initial value for T is then given by Eq. (12.34): 

T = (0.85)(355.39) + (0.15)(373.15) = 358.05 K 

Evaluation of the Pkt values at this temperature by the given Antoine eqluatiorls i:i1 

Piat = 112.60 P't' = 57.60 kPa 

The activity coefficie"nts at this temperature are calculated by the Wilson 
after evaluation of AI2 and A2I by Eq. (12.25): 

AI2 = 0.1269 

Then by Eqs. (12.18) and (12.19), 

11 = 1.0197 

A2I = 0.7471 

1, = 2.5265 

Substitution of values into Eq. (12.30), with i = 1 and each 4tk = 1 gives: 

101.33 
(0.85)(1.0197) + (0.15)(2.5265)(57.60/112.60) 

= 95.54kPa 

Equation (12.32) written for species I then gives a new value for the telnp,e'" 
T = 353.924 K. The sequence of calculations is now repeated for this telnpera 
yielding: 

r,' = 48.88 kPa 

11 = 1.0197 

Pf" = 95.52 kPa 

AI2 = 0.1260 

1, = 2.5287 

T = 353.920K 

A2I = 0.7320 
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The change in T is negligible, and additional iteration leads to no significant further 
change in values. We therefore calculate YI by Eq. (12.26): 

(0.85)(1.0197)(95.52) 
(1)(101.33) = 0.817 

Thus for final results we have: 

T = 353.92K YI = 0.817 y, = 0.183 

(d) A DEW T calculation. Since P = 101.33 kPa, the saturation temperatures 
are the same as those of part (c), but the initial T is given by Eq. (12.35): 

T = (0.40)(355.39) + (0.60)(373.15) = 366.05 K 

The Pkt values at this temperature found from the Antoine equations are: 

Piat = 152.89 rzat = 78.19 kPa 

For i = I and 1, = <1>, = 1.0, we evaluate r,' by Eq. (12.31): 

Pl"' = 101.33 [0.40 + 0.60 ( 152.89)] = 15941 kPa 
78.19 . 

Writing Eq. (12.32) for species I gives the new estimate, T = 367.17 K. At this 
temperature, r,' = 81.54 kPa, and AI2 and A2I by Eq. (12.25) are: 

A12 = 0.1289 A2I = 0.7801 

Application of the Wilson equation for evaluation of activity coefficients requires 
knowledge of the liquid-phase composition. We therefore calculate XI by Eq. (12.27): 

(0.40)( 1)(101.33) 
XI = (1)(159.41) 0.254 

Whence x, = I - XI = 0.746. Equations (12.18) and (12.19) then give: 

1, = 2.0276 1, = 1.1902 

We now recalculate P'{" by Eq. (12.31): 

P.'" = 101 33 [ 0.40 + 0.60 (159.41)] _ 
, . 2.0276 1.1902 81.54 - 119.86 kPa 

Reevaluation of T by Eq. (12.32) gives T = 359.65 K. At this temperature, 

r,' = 61.31 kPa A12 = 0.1273 A2I = 0.7529 

These values remain fixed while the iterations of the inner loop of Fig. 12.15 are 
carried out. Calculation of x, by Eq. (12.27) gives 

YIP 
XI = p g , 

1, , 

(0.40)(101.33) 

(2.0276)(119.86) 

Similarly, x, = 0.833. By Eqs. (12.18) and (12.19), 

1, = 2.8103 1, = 1.0999 

0.167 

Equation (12.27) yields new values of XI and Xz. which are then normalized, and 'YI 

and 1, are again calculated by Eqs. (12.18) and (12.19). The process is repeated until 
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the ')II and 'Y2 values do not change appreciably in successive iterations. The results· 
of this procedure are: 

X, = 0.0658 11 = 5.1369 1, = 1.0203 

Leaving the inner loop, we calculate ~"' by Eq. (12.31): 

n' _ [ 0.40 0.60 (119.86)] = 124.384kPa 
P, - 101.33 5.1369 + 1.0203 61.31 

By Eq. (12.32), written for species I, we find T = 360.61 K. At this temperature: 

Fr' = 63.62 kPa A" = 0.1275 A" = 0.7563 

We now return to the inner loop, and iteration for Xh ')lit and 'Yl leads to the 

X, = 0.0639 11 = 5.0999 1, = 1.0205 

A return to the outer loop produces no significant change in these results. Thus we 

T = 360.61 K X, = 0.0639 X, = 0.9361 

(e) First we determine whether or not an azeotrope exists at the given 
perature. This calculation is facilitated by the definition of a quantity called the 
volatility all: 

y,/X, 
a12--

y,/x, 

This quantity becomes unity at an azeotrope. By Eq. (11.74), 

Yk = ')IkPk
t 

Therefore 

Xk P 

'YI~ 
au = nsat 

')'1£"1 

At the limits XI = 0 and Xl = 1, this quantity is given by: 

and 

These values are readily calculated from the given information. If one of them 
than 1 and the other is greater than I, then an azeotrope exists, because all 

continuous function of Xl and must then pass through the value of J.O at 
intermediate composition. 

Values of Pft and Pft and values of Au and All for the Wilson equation 
given in part (a) for the temperature of interest here. Expressions for the 
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dilution activity coefficients appear following Eqs. (12.18) and (12.19). Thus 
. ~ 

and 

Whence 

and 

In 1;" = -In A" + I - A" = -In 0.1258 + I - 0.7292 

= 2.3439 

In 1;" = -In A" + I - A" = -In 0.7292 + I - 0.1258 

= 1.1900 

1;" = 10.422 1;" = 3.287 

(a) = (10.422)(92.59) 20.37 
11 -,,\-0 47.38 

(92.59) 
0.595 

(3.287)(47.38) 

From these results, we conclude that an azeotrope does indeed exist. 
For a" = I, Eq. (12.37) becomes 

')'i Pit 47.38 
1; = Pi' = 92.59 = 0.5117 

The difference between Eqs. (12.19) and (12.18), the Wilson equations for 1, and 1 .. 
gives the general expression: 

I 1, I Xl + x I A 21 All All n-= n +-~"'--:--
')11 Xl + xlAu XI + xlAll Xl + xlAll 

Thus the azeotropic composition is the value of XI (with Xl = I - XI) for which this 
equation is satisfied when 

and 

1, 
In - = In 0.5 117 = -0.6700 

1, 

A" = 0.1258 A" = 0.7292 

Solution by trial for Xl gives xi = 0.7173. For tltis value of Xh we find from Eq. 
(12.18) that 1f = 1.0787. With X;Z = yf, Eq. (11.74) becomes 

1'" = 1fPj' = (1.0787)(92.59) 
Thus 

1'" = 99.83 kPa xf = yi = 0.7173 

12.6 FLASH CALCULATIONS 

The P, T-ftash calculation was discussed in Sec. 10.5 in connection with Raoulfs 
law. The problem is to calculate for a system of known overall composition {z,} 
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at given T and P the fraction of the system that is vapor V ~nd the colmp. 'osiitiolnsc 

of both the vapor phase {y,} and the liquid phase {x,}. ThIS problem IS 
to be determinate on the basis of Duhem's theorem. because two in'i.' '.I,er.d.,nt. 
variables (T and P) are specified for a system made up of fixed quanllt.es of 
constituent species. 

The flash calculation illustrated by Example 10.3 for a system obeying RaLou,lt's 
law was solved by a very simple trial procedure. This was possible be,:ause 
K-values (K, '" y.! x.) could be calculated from knowledge of T and P 
When the K-values depend not only on T and P but also on the phase cOlnp,~sj. 
tions their calculation is inherently more difficult. Moreover. since the 
com~ositions are not initially known. they are most conveniently found by 
iterative computation scheme. 

On the basis of material balances and the definition of a K-value. we aenv'~ 
in Sec. 10.5 the equation. 

y, = I + V(K, - 1) 
(i = 1.2 •...• N) 

Since Xj = yi/ Kh an alternative equation is 

z, 
x, = 1+ V(K, - 1) 

(i = 1.2 •...• N) 

Since both sets of mole fractions must sum to unity. I x, = I y, = I. Thus. 
sum Eq. (10.29) over all species and subtract unity from this sum. the 
Fy must be zero; that is. 

- zjKj _ I = 0 
Fy - ~ I + V(K, - 1) 

Similar treatment of Eq. (12.38) yields the difference F" which must also be 

z· 

Fx = ~ I + V(~, - I) 
1=0 

Solution to a p. T-flash problem is accomplished when a value of V is 
that makes either the function Fy or Fx equal to zero. However. a more cOlnv.'ni~ 
function for use in a general solution proceduret is the difference Fy - F. = . 

" z,(K, - 1) _ 0 
F=L. -

, 1+ V(K, - I) 

The advantage of this function is apparent from its derivative: 

dF z,(K, _ 1)2 

dV = -~ [I + V(K, _1)]2 

t H. H. Rachford, Jr., and J. D. Rice, 1. PetroL TechnoL, 4(10): sec. I, p. 19 and sec. 2. 
October, 1952. 
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Since dF / dV is alw'lYs negative. the F vs. V relation is monotonic. and this 
makes Newton's method (App. E). a rapidly converging iteration procedure. well 
suited to solution for V. Newton's method here gives 

F; 
~+I = ~ (12.43) 

(dF/ dV)j 

where j is the iteration index. and F; and (dF/dV)j are found by Eqs. (12.41) 
and (12.42). In these equations the K-values come from Eq. (11.66) written 

(i = 1.2 •...• N) (12.44) 

where Eq. (11.67) without the Poynting factor gives 

,j" 
cl>i = q,~at 

The K-values contain all of the thermodynamic information. and are related in 
a complex way to 1; p. {yol. and {x,}. Since we are solving for {yol and {x,}. the 
P, T-ftash calculation inevitably requires iteration. 

A general solution scheme is shown by the block diagram of Fig. 12.16. The 
given information is read and stored. Since we do not know in advance whether 
the system of stated composition at the stated T and P is in fact a mixture of 
saturated liquid and saturated vapor and not entirely liquid or entirely vapor. 
we do preliminary calculations to establish the nature of the system. At the given 
T and overall composition. the system exists as a superheated vapor if its pressure 
is less than the dew-point pressure Pdow ' On the other hand. it exists as a subcooled 
liquid if its pressure is greater than the bubble-point pressure Pbobl ' Only for 
pressures between Pdew and Pbubl is the system an equilibrium mixture of vapor 
and liquid. We therefore determine Pdow by a DEW P calculation (see Fig. 12.13) 
at the given T and for {y,} = {z,} and PbObl by a BUBL P calculation (see Fig. 
12.12) at the given T and for {x,} = {zol. The P, T-flash calculation is performed 
only if the given pressure P lies between Pdow and Pbobl ' If this is the case. then 
we make use of the results of the preliminary DEW P and BUBL P calculations 
to provide initial estimates of {y,}. {,j,ol. and V. For the dew point. we have 
calculated values of Pdew , 'Yi.dew, ,foi.dew. and Vdew = I; for the bubble point, we 
have calculated values of Pbubh 'Yi. bub" ¢i,bUbh and Vbubl = O. The simplest pro
cedure is to interpolate between dew- and bubble-point values in relation to the 
location of P between Pdew and Pbubl : 

and 

'Yi - 'Yi. dew ¢i - ¢i. dew P - Pdew 
A A 

'Yi.bubl - 'Yi,dew q,i,bubl - q,i,dew Pbubl - Pdew 

V - I P - Pdow 

o - I Pbubl - P dew 
or V= Pbubl-P 

Pbubl - P dew 
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~--

I 
I 
I 
I , , 

I 

I 
I 
I 

I I 
Li __ _ 

Read T, P, {Z,}, constants. 

DEW P calculation with {y;} = {z;}. 

BUBl P calculation with {x;} = {z,}. 

No 

Yes 

Estimate {y,}, {<!o,}, V. 

Evaluate {K,} by Eq. (12.44). 
Evaluate F and dFjdV by Eqs. (12.41) and (12.42). 

Find V by Newton's method. 
Evaluate {x,} by Eq. (12.38). 

Evaluate {y;} by y, = K,x;. 
Evaluate {y,}, {<!o,}. 

Are a V, each ax;, and each ay, < e? 

Figure 12.16 Block diagram for a P, T-8ash calculation. 

Stop 

No 

With these initial values of the 'Yi and ,j,,, initial values of the Ki can be 
by Eq. (12.44). The P:"'t and <t>:at values are already available from the prelilmil 
DEW P and BUBL P calculations. Equations (12.41) a~d. ~12.42) now 
initial values of F = Fo and dF / dV = (dF / dV)o. The Inlttal value of 
comes from ihe preceding step. These values are substituted into Eq. ( 
which represents Newton's method, and re~eate~ application of this 
leads to the value of V for which Eq. (12.41) IS satisfied for the present 
of the K i• The remaining calculations serve to provide new est.imates of 
and <1>. from which to reevaluate the K i• The sequence of steps IS repeated 
there i~ no significant change in results from one iteration to the next. 
first application of Newton's method, the starting value Vo in . 
is simply the most recently calculated value. Once the value of V IS est.abli. 
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Table 12.2 Results or.. P, T -Rasb calculation for tbe system, 
n-bexsne/etbanol/methylcyclopentane(MCP)/benzene 

Species(i) z, x, y, K, 

n-Hexane( 1) 0.250 0.160 0.270 1.694 
Ethanol(2) 0.400 0.569 0.362 0.636 
MCP(3) 0.200 0.129 0.216 1.668 
Benzene(4) 0.150 0.142 0.152 1.070 
P ~ I(atm) T ~ 334.15 K V ~ 0.8166 

the Xi values are calculated by Eq. (12.38) and the y, values by the equation 
Yi = Kjxj • 

Table 12.2 shows the results of a P, T-fiash calculation for the system n
hexane(l)/ethanol(2)/methyicyclopentane(3)/benzene(4). This is the same sys
tem for which the results of a BUBL T calculation were presented in Table 12.1, 
and the same correlations and parameter values have been used here. The given 
P and Tare I (atm) and 334.15 K. The given overall mole fractions for the system 
{z.} are listed in the table along with the calculated values of the liquid-phase 
and vapor-phase mole fractions and the K-values. The molar fraction of the 
system that is vapor is here found to be V = 0.8166. 

12.7 COMPOSITION DEPENDENCE OF 1. 
Numerical values for the fugacities of species in liquid mixtures are readily 
calculated from experimental VLE data. According to Eq. (11.30), 

/" -/" ,- , 
for each species. If we assume the equilibrium vapor phase to be an ideal gas, 
then h = y,P, the partial pressure of species i in the vapor, and 

1: = YiP 

In the limit of pure species ~ where Xi = y, = I, this becomes 1: = t. = p:",t. 
Thus, for example, we can calculate the fugacities of species I and 2 in the liquid 
mixture methyl ethyl ketone(l)/toluene(2) at 50°C to a good approximation from 
the YI - P data listed in Table 11.1. Specifically, when P = 25.92 kPa, YI = 0.744, 
and y, = I - Yt = 0.256, then 

11 = (0.744)(25.92) = 19.28 kPa 
and 

1, = (0.256)(25.92) = 6.64 kPa 

Where superscript 1 has for simplicity been dropped. The values of 1t and 1, so 
calculated from the data of Table Ii.! are plotted in Fig. 12.17 as the solid lines. 
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f, 

30 

iJkPa 

f, 

x, 

Figure 12.17 Fugacities Jl and J2 for the system methyl ethyl ketone(l)/toluene(2) at 5O"C. 
dashed lines represent the Lewis/Randall rule. 

The straight dashed lines represent Eq. (11.61), the Lewis/Randall rule, 
expresses the composition dependence of the component fugacities in an 
solution: 

Jid 
i =xJ; 

Figure 12.17, derived from a specific set of data, illustrates the 
characteristics of the J, and J2 vs. x, relationships for a binary liquid sollutiiOi 
constant T. Although P varies, its influence on the J, is very small, and a 
at constant T and P would look the same. Thus in Fig. 12.18 we show a 
diagram of the J,-vs,-xi relation for species i (i = 1,2) in a binary solutiOI 
constant T and P. 

The straight dashed line in Fig. 12.18 that represents the Lewis/ Rllndall 
is the only model of ideal-solution behavior so far considered. Alternative 
also express the direct proportionality between J, and Xi represented 
(11.61), but with different proportionality constants. We may express this 
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Constant T and P 

/ 
/ 

Aid / f, (HL)~x,k, / 
/ 

/ 
/ 

/ 
/ 

/ 
/ / Henry's law 

/ 

/ 
/ 

/ 

/ 
/ 

/ 

f?(HL) 

/ f?(LR) 
/ 

/ 
/ " -"...;:;;.-"' 

/ J; ........ ..-
/ / "...; "...; ""';Lewis/ Randall rule 

// "...;"...;..-"""'" 
/ .......... 

/ ..... 
/ --f-"( /. __ ...... LR) ~ xJ, 

....... "...;..-"...;"...; 

O'~----------------------------------~ 
x, 

Figure 12.18 Composition dependence of J;, showing relation to Henry's law and the Lewis/Randall 
rule. 

proportionality quite generally by writing: .. Aid Ii = xJ7 (12.45) 

When Xi = I, J':' is equal to the fugacity of pure species i in some state at the 
mixture T and P. Such 'States are called standard states, and they may be either 
real or imaginary. When fl = f" Eqs. (11.61) and (12.45) are identical; thus the 
standard state associated with the Lewis/Randall rule is the real state of species 
I at the T and P of the mixture. 

The nature of imaginary (or ficticious or hypothetical) standard states is most 
easily explained by reference to Fig. 12.18. The two dashed lines shown both 
conform to ideal-solution behavior as prescribed by Eq. (12.45). The points 
labeled fl(LR) and fl(HL) are both fugacities of pure i, but only fl(LR) is the 
fugacity of pure i as it actually exists at the given T and P. The other point 
fl(HL) represents an imaginary state of pure i in which its imaginary properties 
are fixed at values other than those of the real fluid. Either choice of value for 
f~ fixes the entire line which represents i:d = xi/~. 
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The ideal solution is introduced to provide a model of solution belha'nOl 
which we may compare actual solution behavior. Such a model is arbitrary, 
as an idealization it should be simple, and at the same time it should 
to actual solution behavior over some limited range of conditions. The 
of Eq. (12.45) ensures that the ideal solution exhibits simple behavior. M,)re01 
the two standard-state fugacities chosen, I:(LR) and I:(HL), ensure that 
models represent real-solution behavior at a limiting condition. 

The line terminating at J'/(LR) in Fig. 12.18 is tangent to the solid 
x, = I (as explained later, this is a consequence of the Gibbs/Duhem equal:ic 
and therefore represents real-solution behavior in the limit as x, ~ I. The 
matical expression of this requirement is given by 

( 
dj;) I' j; - Im-
dXi x;=t Xl .... t Xi 

or, since J'/(LR) represents the fugacity /; of pure i as it actually exists, by 

This equation is the exact expression of the Lewis/Randall rule as it 
real solutions. It shows that Eq. (11.61) is valid in the limit as x, ~ I and. 
this equation is approximately correct for values of x, near unity. 

The line terminating at J'/(HL) is drawn tangent to the solid curve at 
and therefore represents real-solution behavior in the limit as x, ~ O. The 
mati cal expression of the tangent condition is 

lim j; = (dj;) = I:(HL) 
x; .... o Xi dXi x;=O 

or more commonly 

Equation (12.47) is a statemept of Henry's law (HL) as it applies to real 
It shows that the equation /; = x,1e, applies in the limit as x, ~ 0, and 
relation is of approximate validity for small values of x,. The nr.,n"rtiioll 
factor k, is called Henry's constant. 

Equations (12.46) and (12.47) imply two models of solution idealit:y. 
first is based on the Lewis/Randall rule, for which the standard-state 

fl(LR)=/; 

and the other is based on Henry's law, for which the standard-state 

fl(HL) = Ie, 
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Thus in practice t?e direct proportionality of Eq. (12.45) takes two forms: 

l:d(LR) = x,/; (12.48) 

and 

l:d(HL) = x,1e, (12.49) 

Both models of ideality are shown in Fig. 12.18 in relation to the curve 
representing the actual j;-vs.-x, behavior. These equations have two uses. First 
they provide approximate values for j; when applied to appropriate compositio~ 
ranges. Second, t~ey pr~vide refe.rence values to which actual values of j; may 
be compared. This use IS formahzed through the activity coefficient, which is 
defined by 

(12.50) 

F~r ideality in the sense of the Lewis/Randall rule, this equation is identical 
with Eq. (11.59). For ideality in the sense of Henry's law, it becomes 

j; 
y,(HL) = -' (12.51) 

x,1e, 

Use of acti~ity coefficients based on Henry's law is treated in the follOwing section. 
The Glbbs/Duhem equation provides a relation between the Lewis/Randall 

rule and Henry's law. Substituting dO, from Eq. (11.28) for dM, in Eq. (11.8) 
gives, for a binary solution at constant T and P , 

x, dlnl, +x,dlnl,=O 

~n the region where Henry's law is valid for component I, Eq. (12.47) is written 
I, = x,k" in which case the foregoing equation becomes 

x, d In (x,k,) + x, d In 1, = 0 

or 

d Inf' - - x'd I (k ) _ x, d(k,x,) -dx, 
2 - n ,Xt - - = --

X2 X2 ktx, X2 

Since dx, + dx, = 0 for composition changes in a binary system, 

• dx, 
d In I, =- = d In x, 

x, 

Integration from x, = I, where 1, = J" to arbitrary mole fraction x, gives 

1, x, 
In- = In-

J, 1 
or 
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This is the Lewis/Randall rule for species 2, and the derivalion shows 
holds whenever Henry's law is valid for species I. Similarly, f, = fIx, whenc'\l 
i2 = k2x,. 

Figure 12.18 is drawn for a species that shows positive deviations u~, ... ,u."." 
iti the sense of the Lewis/Randall rule. Negative deviations from ideality are 
common and in this case the };-vs.-x; curve lies below the Lewis/Randall 
In Fig. 12.19 we show the composition dependence of the fugacity of ac"to'le 
two different binary solutions at 50·C. When the second component is me'th'lII 
acetone shows positive deviations from ideality. On the other hand, when 
second component is chloroform, acetone shows negative deviations from 
The fugacity of pure acetone f""on, is of course the same regardless of the 
component. However, Henry's constants, represented by the slopes of the 
dotted lines, are very different for the two cases. 

0.6 

0.4 

0.2 

...... 
.' .' .' .. ' 

.' .' .' .' 
. ' 

.' ...... 

X"cetone 

facetone 

FJlUre 12.19 Composition dependence of the fugacity of acetone in two binary liquid solotic,.sat S 
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12.8 HENRY'S LAW AS A MODEL FOR 
IDEAL BEHAVIOR OF A SOLUTE 

Application of the Lewis/Randall rule, Eq. (11.61), 

f
Aid 

i =Xih 
to species i in a liquid solution requires knowledge of t., the fugacity of pure 
liquid i at the mixture T and P. We have presumed in the preceding discussion 
that the liquid phase being considered is stable throughout the entire composition 
range at the given T and P. Where this is true, as for mixtures of subcooled 
liquids, the ideal-solution model based on the Lewis/Randall rule provides the 
most convenient values of i:d for reference purposes. However, there is always 
a range of conditions of T and P for which the full curve of Fig. 12.18 for a 
given liquid phase cannot be determined, because the phase becomes unstable 
in some composition range. This is most obvious wrien gases or solids of limited 
solubility dissolve in liquids. What, then, is done when pure species i does not 
exist as a liquid at the mixture T and P? 

Consider a binary liquid solution of species I and 2, wherein species I 
dissolves up to some solubility limit at a specified T and P. Data for the solution 
can therefore exist only up to this limit, and a plot like Fig. 12.18 is necessarily 
truncated, as indicated by Fig. 12.20. Clearly, the Lewis/Randall line for species 
2, representing the relation 

"d f, = X,f2 

is readily constructed. However, " does not appear on the figure, and the 
corresponding Lewis/Randall line for species I cannot be drawn. We can, 
however, construct an alternative line for species I, representing the alternative 
model of ideal behavior provided by Henry's law, as shown in Fig. 12.20. Henry's 
constant, the standard-state fugacity, is the fugacity that pure species I would 
have if species I obeyed Henry's law over the full range of mole fractions from 
XI = 0 to XI = I. .. 

We write Eq. (11.28) for species I in solution: 

dO, = RTd Ini, (const T) 

Integration of this equation at constant T, P, and x, for a .;bange from the state 
ofspecies I in an ideal solution in the sense of Henry's law, where 0, = O,!,(HL) 
and i, = x,k" to its actual state in solution gives 

- -Cd . i, 
G, - G, (HL) = RTln

xlkl 

1]1e difference on the left is just an alternative partial excess Gibbs energy, 
Gf(HL), and the argument of the logarithm by Eq. (12.51) is: 

1',(HL) = i, 
Xtkl 

(12.52) 
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This is the Lewis/Randall rule for species 2, and the derivation shows that it 
holds whenever Henry's law is valid for species I. Similarly, f, = fIx, whenever 
f2 = k, X2' 

Figure 12.18 is drawn for a species that shows positive deviations from ideality 
in the sense of the Lewis/ Randall rule. Negative deviations from ideality are also 
common, and in this case the f.-vs.-x; curve lies below the Lewis/Randall line. 
In Fig. 12.19 we show the composition dependence of the fugacity of acetone in 
two different binary solutions at 50·C. When the second component is methanol, 
acetone shows positive deviations from ideality. On the other hand, when the 
second component is chloroform, acetone shows negative deviations from ideality. ' 
The fugacity of pure acetone fa~to", is of course the same regardless of the secolld 
component. However, Henry's constants, represented by the slopes of the two 
dotted lines, are very different for the two cases. 

0.6 

0.4 

0.2 

......... .' .' 
.' ......... 

.' ....... 

face,one 

Figure 12.19 Composition dependence of the fugacity of acetone in two binary liquid solutions at S(f'C. 
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12.8 HENRY'S LAW AS A MODEL FOR 
IDEAL BEHAVioR OF A SOLUTE 

Application of the Lewis/Randall rule, Eq. (11.61), 
A'd f: =xd; 

to species i in a liquid solution requires knowledge of /;, the fugacity of pure 
liquid i at the mixture T and P. We have presumed in the preceding discussion 
that the liquid phase being considered is stable throughout the entire composition 
range at the given T and P. Where this is true, as for mixtures of subcooled 
liquids, the ideal-solution model based on the Lewis/Randall rule provides the 
most convenient values of f;d for reference purposes. However, there is always 
a range of conditions of T and P for which the full curve of Fig. 12.18 for a 
given liquid phase cannot be determined, because the phase becomes unstable 
in some composition range. This is most obvious wIien gases or solids of limited 
solubility dissolve in liquids. What, then, is done when pure species i does not 
exist as a liquid at the mixture T and P? 

Consider a binary liquid solution of species I and 2, wherein species I 
dissolves up to some solubility limit at a specified T and P. Data for the solution 
can therefore exist only up to this limit, and a plot like Fig. 12.18 is necessarily 
truncated, as indicated by Fig. 12.20. Clearly, the Lewis/Randall line for species 
2, representing the relation 

f id 
2 =XJ2 

is readily constructed. However, It does not appear on the figure, and the 
corresponding Lewis/Randall line for species I cannot be drawn. We can, 
however, construct an alternative line for species 1, representing the alternative 
model of ideal behavior provided by Henry's law, as shown in Fig. 12.20. Henry's 
constant, the standard-state fugacity, is the fugacity that pure species I would 
have if species I obeyed Henry's law over the full range of mole fractions from 

" x, = 0 to XI = I. 
We write Eq. {I 1.28) for species I in solution: 

(const T) 

Integration of this equation at constant T, P, and x, for a dtange from the state 
of species I in an ideal solution in the sense of Henry's law, where 0 1 = O':'(HL) 
and fl = XI k" to its actual state in solution gives 

0, - O;d(HL) = RT In f, 
x1k1 

The difference on the left is just an alternative partial excess Gibbs energy, 
Of(HL), and the argument of the logarithm by Eq. (l2.51) is: 

YI(HL) = j, 
x1kl 

(l2.52) 
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Const T and P 

k, 

1. 

j, 

j, 

x, 

Figure 12.10 Plots of 11 and 12 VS. Xl for a binary liquid system wherein species I is of 
solubility in species 2. 

Therefore 

af(HL) = RTin 'Y,(HL) 

Analytical representation of the excess Gibbs energy of a system 
knowledge of the standard-state fugacities r. and of the j,-vs.-x, reillti~msllipl 
Since an equation expressing J, as a function of x, cannot recognize a solubi1i~ 
limit, it implies an extrapolation of the J,-vs.-x, curve from the solubility 
to x, = I, at which point J, = fl. This provides a fictitious or hypoilietical 
for ilie fugacity of pure species 1 that serves to establish a Lewis/Randall 
for iliis species, as shown by Fig. 12.21. It is also the basis for calculation of 
activity coefficient of species I: 

This equation may be written 
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C,onst T and P 

j, 

oL-----------______ ~ 

x, 

whence 

In view of Eq. (12.47), this becomes 
~ 

k, 

j, 

Figure 12.21 Plot of il VS. Xl show
ing extrapolation to Xl = 1. The 
straight lines represent ideal-solu_ 
tion models based on Henry's law 
and the Lewis/Randall rule. 

k, = 'Y~J. (12.55) 

a direct r~lation between k, and I., the two fictitious standard-state fugacities of 
pure speCIes I. 

m Sbolving Eqds. (12:52) and (12.54) for flo we get two expressions for ~ which 
Qe~_~~: ' 

or 
x,k,'Y,(HL) = x,J.'Y, 

'Y,(HL)=~ 
k.JJ. 

In view of Eq. (12.55) this becomes 

'Y,(HL) = 12 
1'~ (12.56) 
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or 

In 'Y,(HL) = In 'Y, -In 'Y~ (12.57) 

These equations allow calculation of activity coefficients based on Henry's law 
from activity coefficients based on the Lewis/Randall rule. In the limit as x, ... 0, 
Eq. (12.56) yields: 

or 

lim 'Y,(HL) = I (12.58) 
XI""'*O 

In the limit as x, ... I 

lim 'Y,(HL) = ~ lim 'Y, 
xl""'*1 11 XI"" 1 

or 

lim 'Y,(HL) = ~ 
xl""'*1 11 

When Henry's law is taken as the model of ideality for the solute (species .. 
I) and the Lewis/Randall rule provides the model of ideality for the solvent· 
(species 2), Eq. (1l.5) written for M = G E /RT is 

(
G

E)* = x Of(HL) + of 
RT 'RT X2 RT 

where the asterisk (*) denotes a value based on this asymmetric treatment 
solution ideality. As a result of Eqs. (11.60) and (12.53), the preceding eqluatiol1 
becomes 

( G
E)* RT = x, In 'Y,(HL) + x21n 'Y2 

Substitution for In 'Y,(HL) by Eq. (12.57) gives 

( G
E)* RT = x, In 'Y, - x, In 'Y~ + X2 In 'Y2 

In view of Eq. (11.63) this can be written 

(
G

E)* GE 
RT = RT - x, In 'Y~ 

This equation relates the excess Gibbs energy based on the as:ymme:tric t,reatmer 
of solution ideality to the excess Gibbs energy based entirely on the 
Randall rule. 
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Exam.ple 12.2 Given a binary solution for which h .. 
constant T anci P of the exces G ·bb . t e compOSItion dependence at 

SIs energy IS expressed by 

GE 

RT= BX1X2 

find the corresponding equations for In y,(HL) and (GE / RT)*. 

S?LUTION Equations (12.9) and (12.10) for In . 
gIVen equation for aE / RT: 1'1 and In 1'2 are associated with the 

In 1'1 = Bx~ 
and 

In 1'2 = Bxr 

When x, = 0, X2 = I, and Eq. (A) becomes 

In1'~=B 

Equation (12.57) then yields 

In y,(HL) = Bxl- B = B(xl- I) = B[(l - x,)' - I] 
or 

By Eq. (12.61) 

or 

( G
E

)' RT = -Bxr 

(A) 

(B) 

(C) 

(D) 

We should be able to regenerate E (B) d ( 
Multiplying Eq. (D) by n and s b t·t q.s. an C) ?y application of Eq. (11.62). 

., U s I utmg XI = nil n gIVes 

(nGE
)' = -Bn; 

RT n 

With the understanding that T and P are held .... 
to n

1 
at constant n

2 
gives: constant, differentiatJon WIth respect 

In y,(HL) = _B[2n,_ n;(an) ] 
n n iJnl n 

Since (an/an,) = I, this becomes ' 

In y,(HL) = -B(2x, - xl) = -Bx,(2 - x,) 

in agreement with Eq. ( C). Similarly, differentiation with respect to n
2 

at const n
l 
gives 

In y, = - Bn; (:!) (::,)., 
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Figure 11.22 Plots showing the excess Gibbs energy and activity coefficients based on the 
treatment of solution ideality. 

or 

In 'Yz = -Bxi 

(B) F,·gure 12.22 shows plots of In "f,(HL), In "f" in agreement with Eq. . 
(a E 

/ RT)* for B = 1.36. 

PROBLEMS 

12.1 To a very good approximation, the excess Gibbs energy for the system acetone(l 
is given by 

OE / RT = BX1X2 

The vapor pressures of acetone and methanol are given by Antoine equations: 

2,795.817 
In Pf'/kPa = 14.39155 WC + 230.002 

3,644.297 
In p~t/kPa = 16.59381 ,rc + 239.765 

d 'f th apor phase is assumed an ideal ( ) If B = 0 64 independent of T and P, an 1 e v k 
a . , ° d' t P = 75 Pa. prepare a Pxy diagram for this system at SO C and a txy lagram a 
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(b) If B = 0.64 at SOOC, if dB/dT = -0.014, and if the vapor phase is assumed an ideal gas 
prepare a txy diagram/or this system at P = 75 kPa. 

(e) If B = 0.64 at SO°C and if the virial coefficients are B)) = -I,42S, BZ2 = -1,200, and 
BI2 = -i,030 cm3 mol-I, prepare a Pxy diagram at SO°C. 

12.2 The following table gives a set of VLE data for the benzene(l)/acetonitrile(2) system at 4SoC: 

P/kPa X, y, 

27.78 0.000 0.000 
30.04 0.043 0.108 
32.33 0.103 0.213 
34.37 0.186 0.309 
35.79 0.279 0.384 
36.78 0.405 0.463 
36.98 0.454 0.490 
37.07 0.494 0.512 
37.00 0.602 0.573 
36.46 0.709 0.639 
35.29 0.817 0.722 
33.55 0.906 0.818 
31.96 0.954 0.894 
29.82 1.000 1.000 

These data can be reasonably well correlated by an equation of the form OE / RT = Bx1x
Z
' Making 

the usual assumptions fot low-pressure VLE, determine a suitable value for B and calculate values 
of the deviations 6y) and 6P between values calculated from the correlation and experimental values, 
basing the correlation on: 
(a) Both the p-x) and the YI-X1 data. 
(b) JUst the pox, data. 
(e) Just the Yt-Xt data. 
What values are predicted by each correlation for x;Z and PU? 

12.3 A liquid mixture of cyclohexanone(l)fphenol(2) for which XI = 0.6 is in equitibrium with its 
vapor at 144°C. Determine the eqUilibrium pressure P and vapor composition Yt from the following 
information: 

(a) Because of the nature of the system, we assume that the composition dependence of aE is 
given by an equation of the form aB 

/ RT = Bxl x2 , where B is a function of temperature only. 
(b) At 144:C, Pl"'= 75.20 and Pl'''=31.66kPa. 
(e) The system forms an azeotrope at 144°C for which xfz = y'F = 0.294. 

12.4 Only the three data points given below are available for a particular binary system of interest 
at temperature T. Determine whether these data are better represented by the MarguJes or van Laar 
equation at temperature T, where Pf" = 21(psia) arid ptt = 47(psia). 

P(psia) 

43.17 
40.14 
36.07 

x, 

0.25 
0.50 
0.75 

y, 

0.188 
0.378 
0.545 

12.5 The excess Gibbs energy for the system chloroform(I)/ethanol(2) at 55°C is well represented by 
the Margules equation, written: 
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The vapor pressures of chloroform and ethanol at 55°C are 

Pjt = 82.37 and P'2t = 37.31 kPa 

(a) Prepare a Pxy diagram for this system at 55°C, assuming the vapor an ideal gas. What 
the pressure and composition of the azeotrope? What are Henry's constants for each species? 
what composition range can Henry's law be used to calculate fugacity values for ethanol if 
are to be no more than 5 percent? 

(b) Repeat part (a) given the virial coefficients: BI1 = -963. B22 = -1,523, and 
52 em) mol-I. 

12.6 For the system acetone(l)/water(2), the following are recommended values for the 
parameters: 

al2 = 292.66 

VI -74.05 

a21 = 1,445.26 cal mol- 1 

V2 = 18.07 em) mol- 1 

The vapor pressures of the pure species are given by: 

In P~'/kPa _ 14.39155 _ 2,795.817 
,;oe + 230.002 

In p""/kPa _ 16.26205 _ 3,799.887 
,;oe + 226.346 

Assuming the validity of Eq. (11.74), make the following calculations: 
(a) BUBL P, given x, - 0.43 and , - We. 
(b) DEW P, given YI - 0.43 and ,_76°e. 
(c) BUBL T, given XI - 0.32 and P - 101.33 kPa. 
(d) DEW T, given YI - 0.57 and P - 101.33 kPa. 
(e) A P, T-Oash for ZI = 0.43, t = 76°C, and P = j(Pb + Pd ), where Pb and Pd are the 

dew-point pressures detennined in (a) and (b). 

12.7 For the system l-propanol(l)/water(2). the following are recommended values for the 

parameters: 

a l2 = 775.48 

V, -75.14 

a21 = 1,351.90 cal mol- l 

V2 = 18.07 em) mol- l 

The vapor pressures of the pure species are given by: 

3,448.660 
In ~'/kPa - 16.06923 - /oe 204 t + .094 

In J'l'''/kPa -16.26205 - ;o~7~~87 , + 6.346 

Assuming the validity of Eq. (11.74), make the following calculations: 
(a) DUBL p. given XI = 0.62 and t = 93OC. 
(b) DEW P, given YI - 0.62 and ,- 93°e. 
(e) DUDL T. given XI = 0.73 and P = 101.33 kPa. 
(d) DEW T, given YI - 0.38 and P - 101.33 kPa. 
(e) A P, T-ftash for Zl = 0.62, t = 93°C, and P = !(Pb + Pd ), where Pb and Pd are the 

dew-point pressures determined in (a) and (b). 

12.8 For the system water(t)/l,4-dioxane(2), the following are recommended values f9r the 
parameters: 

a l2 = 1,696.98 

VI = 18.07 

a21 = -219.39 cal mol- l 

V2 = 85.71 em) mol- l 
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The vapor pressures of t~e pure species are given by: 

In ~'/kPa - 16.26205 
3,799.887 

rre + 226.346 

In J'l'''/kPa _ 14.1177 _ 2,966.88 
rre + 210.00 

Assuming the validity of Eq. (t 1.74), make the follOwing calculations' 
(a) BUBL P, given XI = 0.43 and t = 85°C. " 
(b) DEW p. given Yt = 0.43 and t = 850C. It 
(c) BUBL T, given XI - 0.17 and P - 101.33kPa. 
(d) DEW T, given YI - 0.82 and P - 101.33 kPa. 

(e) A P, T-~ash for ZI = 0.43, t = 85°C. and P = !(Pb + Pd ). where Pb and Pd are the bubble- and 
dew-pomt pressures determined in (a) and (b). 

12:9 For the system methanol(l)/acetonitrile(2), the following are recommended values for the 
Wilson parameters: 

a l2 = 504.31 

VI = 40.73 

a 21 = 196.75 cal mol- l 

V2 = 66.30 em) mol- l 

The vapor pressures of the pure species are given by: 

In ~'/kPa - 16.59381 
3,644.297 

';oe + 239.765 

3,271.241 
In J'l'''/kPa - 14.72577 

'/OC + 241.852 

Assuming the validity of Eq. (11.74), make the following calculations' 
(a) BUBL p. given Xl = 0.73 and t = 70OC. . 
(b) DEW P, given YI - 0.73 and '-70OC. 
(c) BUBL T, given XI - 0.79 and P - 101.33 kPa. 
(d) DEW T, given y, - 0.63 and P - 101.33kPa. 

(e) ~ P, T-~ash for ZI = 0.73, t = 700C, and P = !(Pb + Pd ), where Pb and P
d 

are the bubble- and 
ew-pomt pressures determined in (a) and (b). 

12.10 For the system acetone(l)/methanol(2). the following are recommended values for the Wilson 
parameters: 

a 12 = -170.18 

VI = 74.05 

a21 = 594.18 cal mol- 1 

V2 = 40.73 em) mol-I 

The vapor pressures of the pure species are given by: 

In ~'/kPa _ 14.39155 _ 2,795.817 
,;oe + 230.002 

3,644.297 
In Pl"'/kPa - 16.59381 

rre + 239.765 

Assuming the validity of Eq. (11.74), make the following calculations: 
(a) DUBL P, given XI = 0.31 and t = 60°C. 
(b) DEW p. given Yl = 0.31 and t = 600e. 
(e) DUDL T, given XI = 0.72 and P = 101.33 kPa. 
(d) DEW T, given y, - 0.43 and P - 101.33kPa. 

(e) ~ P, T-~ash for ZI = 0.31. t = 60°C, and P = !(Pb + Pd ), where Pb and Pd are the bubble- and 
ew-pomt pressures determined in (a) and (b). 
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12.11 For the system methyl acetate{l)/methanol(2), the following are recommended values 
Wilson parameters: 

all = -31.19 

VI = 79.84 

all = 813.18 cal mol-I 

Vz = 40.73 em3 mol-I 

The vapor pressures of the pure species are given by: 

In Pf't/kPa = 14.40ISO 

In P,'''/kPa = 16.59381 

2,739.174 

we + 223.115 

3,644.297 

tre + 239.765 

Assuming the validity of Eq. (11.74). make the following calculations: 
(a) BUBL P, given XI = 0.31 and t = SS°c. 
(b) DEW P, given Y, = 0.31 and t = 55'C. 
(c) BUBL T, given X, = 0.86 and P = 101.33 kPa. 
(d) DEW T given Y, = 0.17 and P = 101.33 kPa. 
(e) A P, T-ftash for z, = 0.31, t.= SS:C. and P = !(Pb + Pd ), where Pb and Pd are the bubble

dew-point pressures detemllned to (a) and (b). 

12.12 For the system methanol(I)/benzene(2), the following are recommended values for the 

parameters: 

all = 1,713.20 

V, = 40.73 

au = 187.13 cal mol-I 

Vl = 89.41 em3 mo)-I 

The vapor pressures of the pure species are given by: 

In P,"'/kPa = 16.59381 

In p,"'/kPa = 13.85937 

3,644.297 

tre + 239.765 

2,773.779 

we + 220.069 

Assuming the validity of Eq. (11.74), make the following calculations: 
(a) BUBL P, given X, = 0.82 and t = 68°C. 
(b) DEW P, given Y, = 0.82 and t = 68'C. 
(c) BUBL T, given X, = 0.21 and P = 101.33kPa. 
(d) DEW T given Y, = 0.38 and P = 101.33 kPa. 
(e) A P, T-ftash for ZI = 0.82, t = 68°C, and P = !(Pb + Pd), where Pb and Pd are the bubble. 

dew-point pressures determined in (a) and (b). 

12.13 For the system ethanol{l)/toluene(2)~ the following are recommended values for the 
parameters: 

au = 1,556.45 

V, = 58.68 

au = 210.52 cal mol-I 

Vl = 106.8S em3 mol-I 

The vapor pressures of the pure species are given by: 

In p,"'/kPa = 16.67583 

In Pl"'/kPa = 14.00976 

3,674.491 

we + 226.448 

3,103.010 

tre + 219.787 

Assuming the validity of Eq. (11.74), make the following calculations: 
(a) BUBL P, given XI = 0.31 and t = 10SOC. 
(b) DEW P, given YI = 0.31 and t = 105OC. 

PHASE EQUILIBRIA AT LOW TO MODERATE PRESSURES 413 

(e) BUBL T, given XI = 0.68 and P = 101.33 kPa. 
(d) DEW T, gi)'en y, ~().79 and P = 101.33 kPa. 

(e) A P, T-ftash for ZI = 0.31, t = 10SOC, and P = !(Pb + Pd ), where P
b 

and P
d 

are the bubble- and 
dew-point pressures determined in (a) and (b). 

12.14 Determine the azeotropic pressure and composition for one of the fOllowing: 
(a) The system of Prob. 12.7 at a temperature of 93"C. 
(b) The system of Prob. 12.8 at a temperature of 8SoC. 
(e) The system of Prob. 12.9 at a temperature of 70°C. 
(d) The system of Prob. 12.10 at a temperature of 60°C. 
(e) The system of Prob. 12.11 at a temperature of SsoC. 
(f) The system of Prob. 12.12 at a temperature of 68°C. 
(g) The system of Prob. 12.13 at a temperature of 105°C. 

12.15 For the system ethanol(1)/toluene(2). the follOwing are recommended values for the NRTL 
parameters: 

bu = 713.57 

V, = 58.68 

bZI = 1,147.86 cal mol- 1 

Vl = 106.85 em3 mol-I 

The vapor pressures of the pure species are given by: 

3,674.491 

a = 0.529 

In p,"'/kPa = 16.67583 

In p,"'/kPa = 14.00976 

tre + 226.448 

3,103.010 

we + 219.787 

Assuming the validity of Eq. (11.74), make the following calculations: 
(a) BUBL p. given XI = 0.31 and t = 105°C. 
(b) DEW P, given Yl = 0.31 and t = IOsoC. 
(c) BUBL T, given x, = 0.68 and P = 101.33 kPa. 
(d) DEW T, given Y, = 0.79 and P = 101.33 kPa. 

(e) A P, T-ftash for ZI = 0.31, t = 105"C, and P = !(Pb + Pd ). where Ph and P
d 

are the bubble- and 
dew-point pressures determined in (a) and (b). 

12.16 For a binary system the excess Gibbs energy of the liquid phase is given by an equation of 
the form aE 

/ RT = BxIXl, where B is a function of temperature only. Making the usual assumptions 
for low-pressure VLE, show that 

(a) The relative volatility of species 1 to species 2 at infinite dilution of species 1 is given by 

P.''' 
adx, = 0) = -' I (exp B) 

P," 

(b) Henry's constant for species 1 is given by 

k, = PF(exp B) 

12.17 The table of Prob. 11.24 provides Pxy data for VLE in the system acetone(1)/chloroform(2) 
at 50°C. 

(a) Assuming the vapor phase an ideal gas, calculate JI and J2 for each data point, and plot 
the results vs. XI' Show also by dotted lines the relations given by the Lewis/Randall rule. 

(b) Plot Jdxl and Jl/X2 vs. x,. What are the values of Henry's constants k, and kz indicated 
by this plot? What are the values of 'Y't' and 'Y't'? 

Repeat (a) and (b) given the virial coefficients: 

Bil = -1,425 B22 = -1,030 

12.18 The gas phase in a corked bottle of champagne is largely COl in equilibrium with the liquid 
of interest. Measurements (perhaps of the elevations attained by popping corks) indicate that at the 
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serving temperature of SOC the pressure in the unopened bottle is about S bar. If Henry's 
at this temperature is 1,000 bar, estimate the mole fraction of CO2 in the champagne. 

12,19 The excess Gibbs energy for binary systems consisting of liquids not too dissimilar in 
nature is represented to a reasonable approximation by the equation 

aE 
/ RT = BxlX2 

where B is a function of temperature only. For such systems, it is often observed that the 
the vapor pressures of the pure species is nearly constant over a considerable temperature range. 
this ratio be r, and determine the range of values of B, expressed as a function of " for which ' 
azeotrope can exist. Assume the vapor phase an ideal gas. 

12.20 The excess Gibbs energy for a particular system is represented by 

aE 
/ RT = BXIX2 

where B is a function of temperature only. Assuming the validity of Eq. (11.74), show that, at 
temperature for which an azeotrope exists, the azeotropic composition xaz and azeotropic 
paz are related by 

~ = I + [In (PU/ P:"'l] .,' 
x~z In (paz/ Pit) 

12.21 A concentrated binary liquid solution containing mostly species 2 (but X2 ~ I) is iin ',q"i1iiorli 
with a vapor phase containing both species I and 2. The pressure of this two-phase system 
the temperature is 25°C. Starting with Eq. (11.30), determine from the following data good 

of XI and Yl' 

kl = 200 bar P":," = 0.10 bar 

State and justify all assumptions. 

12.ll A vapor stream for which %1 = 0.75 and %2 = 0.25 is cooled to temperature T in the 
region and flows into a separation chamber at a pressure of I bar. If the composition of the 
product is to be Xl = 0.50, what is the required value of T. and what is the value of YI 7 For 
mixtures of species 1 and 2 

The vapor pressures of the pure species are given by 

In Pf't/bar = 10.00 

In Pit/bar = 11.70 

2,950 

T/K- 36.0 

3,840 

T/K-44.8 

12.23 A stream of isopropanol(1)/water(2) is flashed into a separation chamber at the 
t = 8o<'C and P = 91.2 kPa. A particular analysis of the liquid product shows an isopropanol 
of 4.7 mole percent, a value which deviates from the norm. The question arises as to whether 
leak into the separator could be the cause. Is this possible? The following laboratory data 
liquid phase at 80°C are available: 

Pf't = 91.11 kPa P"r = 47.36 kPa 

G E / RT is give by the van Laar equation with Ab = 2.470 and A;I = 1.094. 

12.24 Vapor/liquid equilibrium data for the system 1,2-dichlorometbane(I)/methanol(2) 
as follows: 
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P/kPa x, y, , 
55.55 0.000 0.000 
58.79 0.042 0.093 
61.16 0.097 0.174 
64.59 0.189 0.265 
65.66 0.292 0.324 
65.76 (azeotrope) 0.349 0.349 
65.59 0.415 0.367 
65.15 0.493 0.386 
63.86 0.632 0.418 
62.36 0.720 0.438 
59.03 0.835 0.484 
54.92 0.893 0.537 
48.41 0.945 0.620 
31.10 1.000 1.000 

For these data, assume the vapor phase an ideal gas and plot P vs. XIo P vs. Ylo YIP vs. XIo and Y2 P 
vs. XI' Determine Henry's constant for each species from the partial-pressure curves. For each species, 
over what composition range does Henry's law predict partial pressures within S percent of the true 
values? 

12.25 From the data of the preceding problem, calculate values of In 'Ylo In 1'2, and aE/XI~RT. 
and plot these values vs. XI' 

(a) Determine from the plot values of In 1'f and In 1'2', and use them to find values of A]2 and A21 
in the Margules equation. Draw in the line for OE /X1X2RT vs. XI that represents the Margules 
equation with these parameters. Detennine the values of A]2 and Au for the Margules equation 
from just the azeotrope data, and draw in the line for this pair of constants. 

(b) Use the values of 1'f and 'Y2' in Eq. (12.55) to determine values for Henry's constants. How do 
these results compare with the values found in Prob. 12.241 

12.26 Rework part (a) of the preceding problem for 
(a) The van Laar equation, determining the corresponding values of Ab and Ail' 
(b) The Wilson equation, determining the corresponding values of AI2 and A 2i • 



CHAPTER 

SOLUTION THERMODYNAMICS 

We turn in this chapter to a detailed study of the properties of solutions. All 
fundamental equations and necessary definitions have been given i~ pn,ce,din, 
chapters. However, the development there is concentrated on the GIbbs 
and related properties, with the specific goal of application to v.nn," I1nUl 

equilibrium. Here we present general treatments of partial properties, 
solutions, residual properties, and excess properties. Closely related to 
properties are property changes of mixing, treated in Sec. 13.6. In particular, 
enthalpy change of mixing, called the heat of mixing, is applied to prl,ctic 
problems in Sec. 13.7. In Sec. 13.8 we give a general exposition ofthe:rmlod.ynatn 
equilibrium and an elementary discussion of phase stability. This leads finall'v 1 
an introductory description of binary systems comprised of liquids that are 
completely miscible with one another. 

13.1 RELATIONS AMONG PARTIAL PROPERTIES 
FOR CONSTANT-COMPOSmON SOLUTIONS 

Partial molar properties w~re defined and discussed briefly in Se.!'. 11.1. Here. 
show how they are related to one another. Recalling that 1', = G" we may . 
Eq. (10.2) as 

d(nG) = (nV) dP - (n8) dT + L G, dn, 

Application of the criterion of exactness, Eq. (6.12), to this equatiori yields 
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Maxwell relation, 

(:n p._ = -(:;) T,- (6.16) 

plus the two additional equations: 

(
aG,) [a(n8)] 
aT P,rI = - ~ P,T,"} 

and 

(
aG,) [a(nV)] 
aP T,n = ~ p. T.n} 

where subscript n indicates constancy of all n, and therefore of composition. In 
view of Eq. (11.2), these last two equations are most simply written as: 

( aG,) = -8, (13.1) 
aT p.x 

and 

(
aG,) _ 
- = Vi 
aP T,x 

(13,2) 

These equations allow calculation of the effect of temperature and pressure on 
the partial Gibbs energy (or chemical potential). They are the partial-property 
analogs of two equations that follow by inspeclion from Eq. (10.2): 

[a(nG)] = -n8 or (aG) = -8 
aT P," aT p.x 

and 

[
a(nG)] = nV 

ap T,n 
or (

aG) - -v 
aP T,x 

.-
Indeed, for every equation providing a linear relation among the thermodynamic 
properties of a constant-composition solution there exists a corresponding equation 
connecting the corresponding partial properties of each species in the solution. 
We demonstrate this by example. 

Consider the equation that defines the enthalpy 

H=U+PV 

For n moles, 

nH = nU + P(nV) 

Differentiation with respect to n, at constant T, P, and nj yields 

[
a(nH)] = [a(nU)] + p[a(nV)] 

ani P.T."j an, p.r."} an, P,T,n} 

(2.6) 
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By Eq. (11.2) this becomes 

which is the partial-property analog of Eq. (2.6). 
In a constant-composition solution, OJ is a function of P and 

therefore write 

dO; = (00;) dP + (00;) dT 
ap T,x aT p.x 

As a result of Eqs. (13.1) and (13.2) this becomes 

dO; = V;dP - S;dT 

which may be compared with Eq. (6.10). 
These examples are sufficient illustration of the parallelism that .v;;ot, h •• ,_ 

equations for a constant-composition solution and the corresponding 
for the partial properties ofthe species in solution. We can therefore write 
by analogy many equations that relate partial properties. 

13.2 THE IDEAL SOLUTION 

In Sec. 10.4 we wrote down equations for an ideal solution by analogy to 
for an ideal gas. We wish here to formalize development of the equations 
ideal solution. We define an ideal solution as a fluid which obeys Eq. (I 
the Lewis/ Randall rule, 

where j; is a function of T and P. Thus, an ideal solution (in the sense 
Lewis/Randall rule) is a model fluid for which the fugacity of each 
species i. given by Eq. (11.61) at all conditions of temperature, pressure, 
composition. Combination of Eq. (11.58) with the Lewis/Randall rule 

I Or = G; + RTin X; I 
Since p.:d = O:d, this equation is identical with Eq. (10.14). When Eq. ( 
differentiated with respect to temperature at constant pressure and comr'os' 
and then combined with Eq. (13.1) written for an ideal solution, we get 

-;d (oO:d) (oG;) R I S·=--- =-- - fiXi 
I aT P,X aT p 

Since (oGJoT)p is simply -S;, this becomes 

I S:d=S;-Rlnx;! 
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Similarly, as a result of Eq. (13.2), 

vr' = (oOld) = (oG;) 
oP T.. oP T 

or 

-d I V; = V; 

Since BfI = a;d + T§fI, 

B:d 
= G, + RTlnx, + TS, - RTlnx; 

or 

As a special case of Eq. (11.5), we write: 

Mid = LXjM:d 

Application of this relation to Eqs. (13.3) through (13.6) yields: 

'd G = Lx;G, + RTLX, In x, 
'd S =LX,S;-RLx;lnx, 

'd ~ V' = ~Xi V; 

(13.5) 

(13.6) 

(13.7) 

(13.8) 

(13.9) 

(13.10) 

A mixture of ideal gases is a special case of an ideal solution for which the 
Lewis/Randall rule [Eq. (11.61)] simplifies to Jig = y;P. Equation (11.58) then 
reduces to 

0:9 = 0;9 + RTlnYi 

which is the particular form of Eq. (13.3) valid for species i in a mixture of ideal 
gases. In this case Eq. (13.7) becomes 

G;g = Ly;G:g + RTLY, Iny; 

Similarly, Eqs. (13.4) through (13.6) and (13.8) through (13.10) for ideal gases 
become: 

and 

and 

s;g = Ly;S:g - R LY, Iny; 

H;9 = H:g and H ig 
= L YiH:g 

These equations give the base values from which residual properties are measured. 
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13.3 THE FUNDAMENTAL 
RESIDUAL-PROPERTY RELATION 

The definition of a residual property is given by Eq. (6.35), 

MRs M-M"' 

where M is the molar (or unit-mass) value of a thermodynamic property 
fluid and M'- is the value that the property would have if the fluid were an 
gas of the same composition at the same T and P. From this we have 
[see the development of Eq. (l1.31}): 

M~=Mj-M:g 

These equations are the basis for extension of the fundamental property 
given by Eq. (10.2), to residual properties. . . 

We first develop an alternative form of Eq. (10.2), Just as was done In 

6.2, where the fundamental property relation was restricted to phases of 
composition. We make use of the same mathematical identity: 

d (no) '" _1_ d(nO) _ n02 dT 
RT RT RT 

Substitution for d(nO) by Eq. (10.2) and for 0 by Eq. (6.3) gives, after 
reduction, 

(
no) nV nH 0, d - =-dP--dT+I-dn. 
RT RT RT2 ,RT' 

We note with respect to this equation that all terms have the units of 
moreover, in contrast to Eq. (10.2), the enthalpy rather than the entropy 
on the right-hand side. Equation (13.12) is a general relation expressing 
as a function of all of its canonical variables, T, P, and the mole numt,e~ 
reduces to Eq. (6.29) for the special case of 1 mole of a collst'lnt-comI'os~ 
phase. Equations (6.30) and (6.31) follow from either equation, a~d 
for the other thermodynamic properties then come from appropnate 
equations. Knowledge of 0/ RT as a function of its canonical variables 
evaluation of all other thermodynamic properties, and therefore implicitly 
tains complete property information. However, we cannot directly exploit. 
characteristic, and in practice we deal with related properties, the 
excess Gibbs energies. 

Since Eq. (13.12) is general, it may be written for the special case of an 
gas: 

(
no,"\ nV'- nH"' o'f 

d RTJ = RT dP - RT2 dT+~ RT dn, 

In view of Eqs. (6.35) and (13.11), the difference between this equation 
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(13.12) is 

d(nOR) = nVR dP- nH
R 

dT+I O~ dn. 
RT RT RT2 ,RT' (13.13) 

This equation is the fundamental residual-property relation. Its derivation from 
Eq. (10.2) parallels the derivation in Chap. 6 that led from Eq. (6.10) to Eq. 
(6.36). Indeed Eqs. (6.10) and (6.36) are special cases of Eqs. (10.2) and (13.13) 
valid for one mole of a constant-composition fluid. An alternative form of Eq. 
(13.13) follows by introduction of the fugacity coefficients as given by Eqs. (11.16) 
and (11.34): 

(13.14) 

Equations so general as Eqs. (13.13) and (13.14) are useful for practical 
application only in their restricted forms. Division of Eqs. (13.13) and (13.14) 
by dP and restriction to constant T and composition leads to: 

V
R 

= [at OR / RT)] = (a In c/I) 
RT aP T.x ap T.x 

(13.15) 

Similarly, division by dT and restriction to constant P and composition gives: 

HR = _T[a(OR/RT)] = _T(alnc/l) 
RT aT p.x aT p.x 

(13.16) 

These equations are restatements of Eqs. (6.37) and (6.38) wherein the restriction 
of the derivatives to constant composition is shown explicitly. They lead to Eqs. 
(6.40), (6.41), (6.42), and (11.20), which allow calculation of residual properties 
and fugacity coefficients from PVT data and equations of state. It is through the 
residual properties that this kind of experimental information enters into the 
practical application of thermodynamics. 

In addition, from Eqs. (13.13) and (13.14) we have 

,; A _ [a(n In c/I)] _ [a(nOR/RT)] Inc/l, - -
anj T,P'"j ani T,P'"j 

(13.17) 

The first equality is Eq. (11.36), which demonstrates that In cf" is a partial property 
with respect to In c/I. It is also a partial property with respect to OR / RT. The 
partial-property analogs of Eqs. (13.15) and (13.16) are therefore: 

(a In cf,,) = V,R (13.18) 
aP T,x RT 

and 

(
a In cf,,) ii ~ 
'T = - RT2 u P,X 

(13.19) 

Equation (11.39) follows directly from Eq. (13.18). 



422 INTRODUCTION TO CHEMICAL ENGINEERING THERMODYNAMICS 

13.4 THE FUNDAMENTAL EXCESS-PROPERTY RELATION 

The definition of an excess property is given by Eq. (11.55): 

ME", M - Mid 
. ., 

where M is the molar (or unit-mass) value of a solutIOn property a?d M 
the property value the solution would have if it were an ideal solutIon of 
same composition at the same T and P. This definition is analogous to 
definition of a residual property; in addition, we have analogous to Eq. (I 
the partial-property relation 

where ME is a partial excess property. 
The f~ndamental excess-property relation is derived in exactly the same 

as the fundamental residual-property relation and leads to analogous 
Equation (13.12), written for the special case of an ideal solution, is sul)tnlCl 
from Eq. (13.12) itself, yielding: 

(
E) E HE (jE 

d nO = nV dP-!:.,dT+ '1 RTi dni 
RT RT RT i 

This is the fundamental excess-property relation. As a result of Eq. (11.60), it 
be written in the alternative form: 

(no~ nVE nHE 
d -- =--dP---,dT+'1lnYidni 

RT RT RT 

Again the generality of these equations preeludes their direct __ rritte'lli 
applicatio~. Rather, we make use of restricted forms, which are ~ 
inspection: 

and 

VE = [a( OE / RT)] 
RT aP T.x 

HE = _T[a(OE/RT)] 
RT aT p.x 

The last relation is Eq. (11.62), which demonstrates the partial property 
ship that In Yi bears to OE / RT. These equations are analogous to Eqs. 
through (13.17). Whereas the fundamental residual-property relanon.ac:ny .• 
usefulness from its direct relation to experimental PVT data and eal.atlOJ 
state, the excess-property formulation is useful because VE, HE, and Yi 
experimentally accessible. Activity coefficients are found from VLE 
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discussed earlier, and VE and HE values come from mixing experiments as 
described in s.oc. 13.6. 

Equations (13.23) and (13.24) allow direct calculation of the effects of pressure 
and temperature on the excess Gibbs energy. For example, '10 equimolar mixture 
of benzene and cyelohexane at 25°C and I bar has an excess volume of about 
0.65 em' mol-

I 
and an excess enthalpy of about 800J mol-I. Thus at these condi

tions, 

0.65 
(83.14)(298.15) 

and 

[
a( OE / RT)] -800 _, -I 

aT p.x = (8.314)(298.15)' = -1.08 x 10 K 

The most striking observation about these results is that it takes a pressure change 
of more than 40 bar to have an effect on the excess Gibbs energy equivalent to 
that of a temperature change of I K. This is the reason that for liquids at low 
pressures the effect of pressure on the excess Gibbs energy (and therefore on the 
activity coefficients) is usually neglected. 

and 

The partial-property analogs of Eqs. (13.23) and (13.24) are: 

(
aln YI) = V~ 

ap T,x RT 

( aln Y') = _ :;, 
aT p.x 

(13.25) 

(13.26) 

Just as the fundamental property relation of Eq. (13.12) provides complete 
property information from a canonical equation of state expressing 0/ RT as a 
function of T, P, and composition, so the fundamental residual-property relation, 
Eq. (13.13) or (13.14), provides complete residual-property information from a 
PVT equation of state, from PVT data, or from generalized PVT correlations. 
However, for complete property information, one needs in addition to PVT data 
the ideal-gas-state.heat capacities of the species that comprise the system. 

Given an equation for OE / RT as a function of T, P, and composition, the 
fundamental excess-property relation, Eq. (13.21) or (13.22), provides complete 
excess-property information. However, this formulation represents less-complete 
property information than does the residual-property formulation, because it tells 
us nothing about the properties of the pure constituent chemical species. 

13.5 EVALUATION OF PARTIAL PROPERTIES 

The definition of a partial property, 

M = [a(nM)] 
I ani p. T.nJ 

(11.2) 
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also applies to residual and to excess properties: 

- R [a(nM R
)] 

M· = 
I ani P, T,n) 

and 
- E [a(nM E

)] M, = 
ani p. T,nj 

Equations for partial properties can always be derived from. an .equation for 
solution property as a function of composition by direct apph"."tlon of Eq. (II 
(13.27), or (13.28). For binary systems, however, an alternative procedure 
be more convenient. 

Written for a binary solution Eq. (11.5) becomes 

whence 
dM = X, dM, + M, dx, +x2dM2+ M2dx2 

However when M is given as a function of composition at constant P and 
the Gibb~/Duhem equation, Eq. (11.8), is 

X, dM, + X2 dM2 = 0 

S· x + x - I we also have dx2 = -dx,. Combining Eqs. (B) and (C) meeI2-, 
eliminating dx2 gives 

or 
dM - -
-=M,-M2 
dx, 

Eliminating M2 from Eqs. (A) and (D), and solving for M" we get 

_ dM 
M, = M+x2dx, 

Similarly, elimination of M, and solution for M2 gives 

I M2=M-X'~ I 
For residual and excess properties, these are written: 
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Constant .4 p 

I, 

M ~--_--:::;...,...-

I, ""'7'''------1-------1 

o x, Flpre 13.1 

and 

(13.33) 

(13.34) 

Thus for binary systems, the partial properties are readily calculated directly 
from an expression for the solution property as a function of composition at 
constant T and P. The corresponding equations for multi component systems are 
much more complex, and are given in detail by Van Ness and Abbott.t 

Example 13.1 Describe a graphical interpretation of Eqs. (13.29) and (13.30). 

SOLUTION Figure 13.1 shows a representative plot of M VS. Xl for a binary system. 
ValueS of the derivative dM I dx, are given by the slopes of lines drawn tangent to 
the curve of M VS. XI' One such line drawn tangent at a particular value of XI "is 
shown in Fig. 13.1. Its intercepts with the boundaries of the figure at XI = 1 and XI = 0 
are labeled It and 12 , As is evident from the figure, two equivalent expressions can 
he written for the slope of this line: 

and dM = 1,- 12 = 1,- 12 
dx, 1-0 

Solving the first equation for 12 and the second for II (with elimination of 12) gives 

and 

t H. C. Van Ness and M. M. Abbott. Classical Thennotiynamics of Nonelectrolyte Solutions: With 
Applications to Phase Equilibria, pp. 46-54, McGraw-Hili, New York, 1982. 
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M 

Constant T, P 

M, 

o 
x, Figure 13.2 

Comparison of these expressions with Eqs. (13.29) and (13.30) shows that 

and 

Thus the tangent intercepts give directly the values of the two partial properties. 
intercepts of course shift as the point of tangency moves along the curve, and 
limiting values are indicated by the constructions shown in Fig. 13.2. The > 

drawn at Xl = 0 (pure species 2) gives M2 = M2 • consistent with the co,nel, .. 
reached in Example 11.1 regarding the partial property of a pure specie~l;nte 
intercept gives M) = M~, t~e partial property of species I when it is present at 
dilution (Xl = 0). Similar comments apply to the tangent drawn at Xl = I (pure 
I). In this case Aft = MI and M2 = M~. since it is species 2 that is present at 
dilution (x, ~ I, x, ~ 0). 

Example, 13.2 The enthalpy of a binary liquid system of species I and 2 at 
and P is represented by the equation 

H ~ 400x, + 600x, + x,x,(40x, + 20x,) 

where H is in Jmorl. Determine expressions for HI and H2 as functions 
numerical values for the pure-species enthalpies HI and H 2 , and numerical 
for the partial enthalpies at infinite dilution iff and /if. 

SOLUTION Elimination of X2 in the given equation for H in favor of XI yields 

H ~ 600 - 180x, - 20xl 
whence 

By Eq. (13.29), 

dH , 
-~ -180 -60x, 
dx, 
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Substitution for H al)d dH / dx, gives 

H; ;., 600 - 180x, - 20xi- ISOx, - 60x;x, 

Replacing X2 by I - XI and simplifying, we get 

HI = 420 - 60xi + 4Ox~ 
Similarly, by Eq. (13.30) 

whence 

H, ~ 600 - 180x, - 20xl + 180x, + 60xl 
or 

H, ~ 600 + 40xl 

(B) 

(C) 

We could equally well have started with the given equation for H. Since dH / dx, 
is a total derivative, X2 cannot be treated as a constant. In fact, X2 = I - XI, and 
dx2/ dxl = -1. Differentiation of the given equation for H therefore gives: 

dH 
- ~ 400 - 600 + x,x,(40 - 20) + (40x, + 20x,)( -x, + x,) 
dx, 

When X2 is replaced by I - XI, this reduces to the expression previously obtained. 
A numerical value for HI results when we substitute XI = I in either Eq. (A) or 

(B). Both equations yield H, ~ 400 J mol-'. Similarly H, is found from either Eq. 
(A) or (C) when x, ~ O. The result is H, ~ 600 J mol-'. The infinite-dilution values 
H~ and H': are found from Eqs. (B) and (C) when x, ~ 0 in Eq. (B) and x, ~ I in 
Eq. (C). The results are: 

H~~ 420 and ii': ~ 640 J mol-' 

The actual molar volumes of the binary solution methanol(I)/water(2) at 
25'C and I bar are shown in Fig. 13.3. In addition the values of V, and V2 are 
plotted as functions of x,. The line drawn tangent to the V-vs.-x, curve at X, ~ 0.3 
illustrates the procedure by which values of V, and V2 are obtained. The particular 
numerical vjllues shown on the ~aph are those given with_Example 11.2. 

We note that the curve for V, becomes horizontal (dV,/ dx, ~ 0) at X, ~ I 
and the curve for V2 becomes horizontal at X, = 0 or X2 = I. This is a requirement 
of Eq. (11.8), the Gibbs/Duhem equation, which here becomes 

X, dV, + X2 dV2 = 0 

Division of this equation by dx, and rearrangement gives: 

dV, X2 dV2 --=----
dx, X, dx, 

This result shows that the slopes dV,/ dx, and dV2/ dx, must be of opposite sign. 
When X, = I, X2 = 0 and dVt! dx, = 0, provided dV2/ dx, remains finite. When 
x, = 0, X2 = I and dV2/ dx, = O. The curves for V, and V2 in Fig. 13.3 appear to 
be horizontal at both ends; this is a peculiarity of the system considered. 
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V, ~4O.727 

40 
ii, 

V~ 
-------------------------------7. ---
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ideal-solution behavior ........... 
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v,~ 18.068:~r~===--I-------.!L------J 17.765 ii, 15 
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x, 

Ffgare 13.3 Molar volumes for methanol(O/water(2) at 25°C and 1(atm). 

If the methanol/water system is assumed an ideal solution, its 
given by Eq. (13.9), written here as: 

V" = XI VI + X2 V2 

This implies a linear relation between V" and XI: 

V" = (VI - V2)XI + V2 

Thus, for the methanol/water system the straight dashed line shown in 
connecting the pure-species volumes (VI at XI = I and V2 at XI = 0) 
the V-VS,-XI relation that would result if this system formed an ideal 

If in solving Example 11.2 we assume that the solution is ideal, we 
values for VI and V2 in place of the values for VI and V2. Otherwise the 
is worked in exactly the same way, and the results are 

V: = 983 V~ = 1,011 em' 

Both values are about 3.4 percent low. 

13.6 PROPERTY CHANGES OF MIXING 

Equations (13.7) through (13.10) are expressions for the properties of 
solutions. Each may be combined with the defining equation for an 
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property, Eq. (11.55), to yield: 
• 

G E = G - I x;G; - RT I x; In x; 

SE = S - (I x;S; - R I x; In x,) 

VE = V-Ix;¥, 

HE = H-Ix;H; 

(13.35) 

(13.36) 

(13.37) 

(13.38) 

In each of these equations there appears to the right of the equals sign a difference 
that is expressed in general as M - I x;M,. We call this quantity a property change 
of mixing and give it the symbol 11M. Thus by definition, 

1 11M "" M - I XiM; I (13.39) 

where M is a molar (or unit-mass) property of a solution and the Mi are molar 
(or unit-mass) properties of the pure species, all at the same T and P. Equations 
(13.35) through (13.38) are now rewritten 

G E 
= I1G - RT I Xi In X; (13.40) 

(13.41) 

(13.42) 

(13.43) 

where I1G, I1S, 11 V, and I1H are the Gibbs energy change of mixing, the entropy 
change of mixing, the volume change of mixing, and the enthalpy change of 
mixing. For an ideal solution', each excess property is zero, and for this special 
case Eqs. (13.40) through (13.43) become 

'd I I1G' = RT Xi In X; (13.44) 

; I1S'" = -R I x; In x; (13.45) 

11 V'" = 0 (13.46) 

I1H'" = 0 (13.47) 

These equations are just restatements of Eqs. (13.7) through (13.10), and apply 
to mixtures of ideal gases as a special case. 

Equations (13.40) through (13.43) show that excess properties and property 
changes of mixing are readily calculated one from the other. Although historically 
the property changes of mixing were introduced first, because of their direct 
relation to experiment, it is the excess properties that more readily fit into the 
theoretical framework of solution thermodynamics. The property changes of 
mixing of major interest, because of their direct measurability, are 11 V and I1H, 
and these two properties are identical to the corresponding excess properties. 
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Partition 

n, n, 
T,P T, P 

-

IQI--

P 

d 

1=1-0--- P 
Figure 13.4 Schematic 
of experimental mixing 

An experimental mixing process for a binary system is represented sel,eEn. 
cally in Fig. 13.4. The two pure species, both at T and P, are initially Sel)ara1 
by a partition, withdrawal of which allows mixing. As mixing occurs, expllln8~ 
or contraction of the system is accompanied by movement of the 
the pressure is constant. In addition, heat is added or extracted to mfLint:aiJl 
constant temperature. When mixing is complete, the total volume change of 
system (as indicated by piston displacement d) is 

.1 V' = (n, + n,) V - n, V, - n, V, 

Since the process occurs at constant pressure, the total heat transfer Q is 
to the total enthalpy change of the system: 

Q = .1H' = (n, + n,)H - niH, - n,H, 

Division of these equations by n, + n, gives 

and 

Thus the volume change of mixing .1 V and the enthalpy change of mixing .1H 
found from the measured quantities .1 V' and Q. Because of its association 
Q, .1H is usually called the heat of mixing. 

Figure 13.5 shows experimental heats of mixing .1H (or excess enlthal,," 
HE) for the ethanol/water system as a function of composition for 
temperatures between 30 and 110°C. This figure illustrates much of the 
of behavior found for HE = .1H and V E =.1 V data for binary liquid SVliteltDl 
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800 

1I0"C 

-800 

I 

o X EtOH 

Figure 13.5 Excess enthalpies for ethanol/water. 

Such data are also often represented by equations similar to those used for G E 

data, in particular by the Redlich/Kister expansion (Sec. 12.4). 

Example 13.3 The excess enthalpy (heat of mixing) for a liquid mixture of species I 
and 2 at fixed T and P is represented by the equation: 

HE = Xl X2( 40xI + 20X2) 

where HE is in J mor I. Determine expressions for H rand H: as functions of Xl. 
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SOLUTION The partial properties are found by application of Eqs. (13.33) ..... \',., 
with ME = HE. Thus, 

and 

dH E 

iif = HE -XI-
dx, 

Elimination of X2 in favor of XI in the given equation for HE yields 

HE = 20xI - 20xt 

whence 

dH E 

dx, = 20 - 60x; 

Substitution of Eqs. (C) and (D) into Eq. (A) leads to 

iif = 20 - 60xi + 40xt 

Similarly, by Eqs. (B), (C), and (D), 

iif = 40xt 

These equations contain much the same information as the equations of 
13.2. Thus H of Example 13.2 is related to HE by the equation, 

H = 4OOx, + 600x, + HE 

and the partial properties of Example 13.2 are related to iif and iii by the 

HI=Hf+HI=iif+400 

and 

ii2 = iif + H2 = iii + 600 

These two equations follow from combination of Eq. (13.6) with Eq. (13.20). . , 

We can calculate excess volumes (volume changes of mixing) for 
methanol(I)/water(2) system at 25°C from the volumetric data of Fig. 
Equation (13.20) specializes to 

According to Eq. (13.5), Vt" = v.. Therefore 

and V; = V,- V, 

Equation (11.5) written for the excess volume of a binary system bec~mes i 

VE = XI vf + X2 V; 
The results are shown in Fig. 13.6. The values on the figure for x, = 0.3 

-3.5 

(V~tO = -3.335 

-3.0 

-2.5 

-1.0 

-0.841 ----------------

o 0.2 
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(V:)<>:> =: - 3.333 

0.4 0.6 0.8 1.0 
X, 

Figure 13.6 Excess volumes for methanoI(I)/water(2) at 25°C. 

from Example 11.2. Thus 
I 

and 

V~ = 38.632 - 40.727 = -2.095 em'mol-' 

V; = 17.765 - 18.068 = -0.303 em' mol-' 

VE = (0.3)( -2.095) + (0.7)( -0.303) = -0.841 cm'mor' 

The tangent line drawn at x, = 0.3 illustrates the determination of partial excess 
volumes by the method of tangent intercepts. Whereas the values of V in Fig. 
13.3 range from 18.068 to 40.727 em' mol-I, the values of VE = d V go from zero 
at x, = 0 and at XI = I to a value of about -I em'mol-' at a mole fraction of 
about 0.5. The curves showing V~ and V; are nearly symmetrical for the 
methanol/water system, but this is by no means so for all systems. 
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13.7 HEAT EFFECfS OF MIXING PROCESSES 

The heat of mixing, defined in accord with Eq. (13.39), is 

flH = H - L x,H, 

It gives the enthalpy change when pure species are mixed at constant T and 
to form one mole (or a unit mass) of solution. Data are most commonly avail:.bI 
for binary systems, for which Eq. (13.48) solved for H becomes: 

H = x,H, + X2H2 + flH 

This equation provides for the calculation of the enthalpies of binary mixtun 
from enthalpy data for pure species I and 2 and from the heats lof 
Treatment is here restricted to binary systems. 

Data for heats of mixing are usually available for a very limited number 
temperatures. If the heat capacities of. the pure species and of the mixture 
known, heats of mixing are calculated for other temperatures by a 
analogous to the calculation of standard heats of reaction at elevated ternpc:ra,tut1 
from the value at 25'C. 

Heats of mixing are similar in many respects to heats of reaction. 
chemical reaction occurs, the energy of the products is different from the 
of the reactants at the same T and P because of the chemical rearrangement 
the constituent atoms. When a mixture is formed, a similar energy change 
because interactions between the force fields of like and unlike molecules 
different. These energy changes are generally much smaller than those as!,ociat 
with chemical bonds; thus heats of mixing are generally much smaller than 
of reaction. 

When solids or gases are dissolved in liquids, the heat effect is called a 
of solution, and is based on the dissolution of 1 mole of solute. If we take 
I as the solute, then X, is the moles of solute per mole of solution. Since 
the heat effect per mole of solution, flH / X, is the heat effect per mole of 
Thus 

_ flH 
flH=-

X, 

where W is the heat of solution on the basis of a mole of solute. 
Solution processes are conveniently represented by physical·change eqluatio 

analogous to chemical-reaction equations. Thus if I mole of LiCI is di,:solved 
12 moles of H20, the process is represented as 

LiCI(s) + 12H20(l)'" LiCI(12H20) 

The designation LiCI(12H20) means that the product is a solution of I 
LiCI in 12 moles of H20. The enthalpy change accompanying this prlJceSi 
25°C and I barisW = -33,614J. That is, a solution ofi moleofLiClin 12 
of H20 has an enthalpy 33,614J less than that of I mole of pure LiCI(s) 
12 moles of pure H20( I). Equations for physical changes such as this are 
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combined with equations for chemical reactions. This is illustrated in the following 
example. 

Example 13.4 Calculate the heat of formation of LiCI in 12 moles of H,O at 25°C. 

SOLUTION The process implied by the problem statement results in the formation 
from its constituent elements of 1 mole of Liel in solution in 12 moles of H

2
0. The 

equation representing this process is obtained as follows: 

Li + ~CI, ... LiCI(s) .loH"8 = -408,6IOJ 

LiCI(s) + 12H,0(1)'" LiCI(l2H,O) m298 = -33,614J 

Li + ~I, + 12H,0(1)'" LiCI(l2H,O) .loH, .. = -442,224 J 

The first reaction describes a chemical change resulting in the formation of 
LiCl(s) from its elements, and the enthalpy change accompanying this reaction is the 
standard heat of formation of LiCI(s) at 25°C. The second reaction represents the 
physical change resulting in the solution of I mole of LiCI(s) in 12 moles of H,O(1). 
The enthalpy change accompanying this reaction is a heat of solution. The enthalpy 
change of -442,224 J for the overall process is known as the heat of formation of 
LiCI in 12 moles ofH,O. This figure does not include the heat offormation of the H,O. 

Often heats of solution are not reported directly and must be calculated from 
heats of formation by the reverse of the calculation just illustrated. The data 
given by the Bureau of Standardst for the heats of formation of I mole of LiCI 
are: 

LiCI(s) 
LiCI'H20(s) 
LiCI'2H,O(s) 
LiCI'3H20(s) 
LiCI in 3 moles H20 
LiCI in 5 moles H20 
LiCI in 8 moles H20 
LiCI in 10 moles H20 
LiCI in 12 moles H20 
LiCI in 15 moles H20 

-408,6IOJ 
-712,580J' 

-1,012,650 J 
-1,311,300 J 

-429,366J 
-436,805J 
-440,529J 
-441,579J 
-442,224J 
-442,835J 

From these data heats of solution are readily calculated. Take the case of 
the solution of I mole of LiCI in 5 moles of H20. The reaction representing this 
process is obtained as follows: 

Li + 4c12 + 5H20(l) ... LiCI(5H,O) 

LiCI(s) ... Li + 4cl, 

LiCI(s) + 5H,O(l)'" LiCI(5H,O) 

flH~98 = -436,805 J 

flH~98 = 408,610 J 

W 298 = -28,194J 

t "The NBS Tables of Chemical Thermodynamic Properties," J. Plays. Chern. Ref. Data, vol. II. 
suppl. 2. 1982. 
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This calculation can be carried out for each quantity of H20 for which data 
are given. The r~sults are then conveniently represented graphically by a plot of 
tlH, the heat of solution per mole of solute, vs. Ii, the moles of solvent per mole 
of solute. The composition variable, Ii = n2/ n" is related to x,: 

... X2 I-x, 
n=-=--

XI XI 

whence 

We therefore have the following relations between tlH, the heat of mixing based 
on I mole of solution, and tlH, the heat of solution based on I mole of solute: 

or 

- tlH _ 
tlH=-=tlH(I+n) 

x, 

iii 
tlH = I + Ii 

Figure 13.7 shows plots of iii vs. Ii for LiCI(s) and HCI(g) dissolved in water 
at 25°C. Data in this form are readily applied to the solution of practical problems. 

Example 13.5 A single-effect evaporator operating at atmospheric pressure concen
trates a 15% (by weight) Lie) solution to 40%. The feed enters the evaporator at the 
rate of 2 kg S-l at 25°C. The Donnal boiling point of a 40% Liel solution is about 
132°C, and its specific heat is estimated as 2.72 kJ kg-1 °C-'. What is the heat-transfer 
rate in the evaporator? 

SOLUTION The 2 kg of 15% Liel solution entering the evaporator each second 
consists of 0.30 kg LiCI and 1.70 kg H20. A material balance shows that 1.25 kg of 
H20 is evaporated and that 0.75 kg of 40% Liel solution is produced. The process 
is indicated schematically in Fig. 13.8. 

Feed at 25°C 
2 kg 15% LiCI 

Figure 13.8 

r--------I--_ 1.25 kg superheated 
steam at l3rC and 
1 atm 

L ____ ,.-___ ..J--- 0.75 kg 40% LiCI 
at l32°C 

Q 
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The energy balance for this How process gives &.H I = Q, where &.H I is the 
enthalpy of the product streams minus the total enthalpy of the feed stream. 
the problem reduces to finding aH' from the available data. Since enthalpy is a 
function, the path used for the calculation of aH I is immaterial and may be 
as convenience dictates and without reference to the actual path followed 
evaporator. The data available are heats of solution of Liel in H20 at 25°C (see 
13.7), and the calculational path, shown in Fig. 13.9, allows their direct use. 

The enthalpy changes for the individual steps shown in this figure must add " 
to the total enthalpy change: 

aH' = aH! + 6.H~ + aH~+ 6.Hd 

The individual enthalpy changes are determined as follows. 

2 kg feed at 25°C 
containing 0.30 kg 
tiC! and 1.70 kg H20 

--:~~~!~~:~----l-------------------- -
into pure species a H ~ 

L_...,....~-t-~-5~-~ __ -_-_-_-_.--' ___ L 

0.30 kg LiCi 
at 25°C 

0.45 kg H,o at 25'C 

-M~:::::~~f ---r 
water ~ith 0.30 kg of I 
LiCI to form a 40% aH

I
; 

solution at 25°C 

-----------
0.75 kg 40% LiCI at 25°C 

Heat::0~5~g~;---T- Hea~: L:::--r 
LiC) solution from aH;. water from 25 to aH~ 

t.H' 

25 to 13ZOC L 13ZOC at 1 atm 1 
-1------- -------i------

0.75 kg of 40% LiCI 
solution at 132°C 

Figure 13.9 

1.25 kg of superheated 
steam at 132°C and 1 atm 
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AH!: This step involves the separation of 2 kg of a 15% LiCI solution into its 
pure constituents at 25°C. This is an "unmixing" process, and the heat effect is the 
same as for the corresponding mixing process, but is of opposite sign. For 2 kg of 
15% LiCl solution, the moles of material entering are 

and 

(0.30)(1,000) 

42.39 
7.077 mol LiCI 

(1.70)(1,000) 
18.016 = 94.361 mol H 20 

Thus the solution contains 13.33 moles of H20 per mole of LiC!. From Fig. 13.7 the 
heat of solution per mole of LiCl for;' = 13.33 is -33,800 J. For the "unmixing" of 
2 kg of solution, 

t;.H! = (+33,800)(7.077) = 239,250J 

t;.Hl: This step results in the mixing of 0.45 kg of water with 0.30 kg of LiCI to 
form a 40% solution at 25°C. This solution is made up of 

0.30 kg or 7.077 mol LiCI 

and 

0.45 kg or 24.978 mol H20 

Thus the final solution contains 3.53 moles of H 20 per mole of LiC!. From Fig. 13.7 
the heat of solution per mole of LiCI at this value of;' is -23,260J. Therefore 

t;.Hl = (-23,260)(7.077) = -164,630J 

t;.H~: For this step 0.75 kg of 40% LiCI solution is heated from 25 to B2'C. 
Since AH~ = mCp aT, 

t1H~ = (0.75)(2.72)(132 - 25) = 218.28 kJ 

or 

t;.H~ = 218,280J 

aH d: In this step liquid water is vaporized and heated to l32°C. The enthalpy 
change is obtained from the steam tables: 

or 

t;.H~ = (1.25)(2,740.3 -104.8) = 3,294.4kJ 

t;.H ~ = 3,294,400 J 

Adding the individual enthalpy changes gives: 

AH' = AH! + AH~ + AH~ + AHd 

= 239,250 - 164,630 + 218,280 + 3,294,400 

= 3,587,300J 

The required heat-transfer rate is therefore 3,587.3 kJ S-I. 
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The most convenient method for representation of enthalpy data for binary 
solutions is by enthalpy/ concentration (Hx) diagrams. These diagrams are graphs 
of the enthalpy plotted as a function of composition (mole fraction or mass' 
fraction of one species) with temperature as parameter. The pressure is a cons1tant 
and is usually I atmosphere. Figure 13.10 shows a partial diagram for the " 

H2S0JH20 system. 
The enthalpy values are based on a mole or a unit mass of solution, and 

(13.49) is directly applicable. Values of H for the solution depend not only 
the heats of mixing, but also on the enthalpies HI and H2 of the pure species. 
Once HI and H2 are known for a given T and P, H is fixed for all solutions 
the same T and P, because llH has a unique and measurable value at each,' 
composition. Since absolute enthalpies are unknown, arbitrary zero points are ' 
chosen for the enthalpies of the pure species. Thus, the basis of an enthalpy/ con- ' 
centration diagram is HI = 0 for some specified state of species I and H2 = 0 for 
some specified state of species 2. The same temperature need not be selected for 
these states for both species. In the case of the H2S04/ H20 diagram shown in • 
Fig. 13.10, HH,O = 0 for pure liquid H20 at the triple point [=32(OF)], and 
HH,SO. = 0 for pure liquid H

2
S04 at 25°C [77(OF)]. In this case the 32(OF) isotherm " 

terminates at H = 0 at the end of the diagram representing pure liquid H20, and • 
the 77 (OF) isotherm terminates at H = 0 at the other end of the diagram represent-

ing pure liquid H2S04' 
The advantage of taking H = 0 for pure liquid water at its triple point is that • 

this is the base of the steam tables. Enthalpy values from the steam tables can 
then be used in conjunction with values taken from the enthalpy/concentration 
diagram. Were some other base used for the diagram, one would have to apply' 
a correction to the steam-table values to put them on the same basis as the dia-

gram. 
For an ideal solution, isotherms on an enthalpy/concentration diagram are 

straight lines connecting the enthalpy of pure species 2 at XI = 0 with the enthalpy , 
of pure species I at XI = J. This follows immediately from Eq. (13.10), 

H;d = xlHI + (1 - xl)H2 = xl(HI - H2) + H2 

and is illustrated for a single isotherm in Fig. 13.11 by the dashed line. The solid 
curve shows how the isotherm might appear for a real solution. Also shown is a 
tangent line from which partial enthalpies may be determined. Comparison of 
Eq. (13.10) with Eq. (13.49) shows that llH = H - H"'; that is, llH is the vertical 
distance between the curve and the dashed line of Fig. 13.11. The actual isotherm 
is displaced vertically from the ideal-solution isotherm at a given composition 
by the value of llH at that composition. In the case illustrated llH is everywhere 
negative. This means that heat is evolved whenever the pure species at the given 
temperature are mixed to form a solution at the same temperature. Such a system 
is said to be exothermic. The H2S04/H20 system is an example. An endothermic 
system is one for which the hea1"s of solution are positive; in this case heat is 
absorbed to keep the temperature constant. An example is the methanol/benzene 

system. 
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One feature of an enthalpy/ .. useful is the ease with h' h c~~cent.ratlOn.dlagram which makes it particularly 
This results from the f:ctl;;'afro . ems. mv~l~ng adiabatic mixing may be solved. 
line on the Hx diagra M adlaba~lC mlxmg may be represented by a straight 

m. ore preCisely the poi t H' 
represents a solution formed b d' b . ' .. n on an X diagram which 

y a la abc mIXIng of two other solutions must lie 
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Figure 13.11 Basic relations on an enthalpy/concentration diagram. 

H, 

Pure 1 

on the straight line connecting the points representing the two initial sollutiionls, 

This is shown as follows. . 
Let the superscripts a and b denote two ini~ial binary solutlOns, colosi:stiJ11 

of na and nb moles respectively. Let superscnp~ c deno~e th~ final 
obtained by simple mixing of solutions a and b 10 an adIabatIc process. 
process may be batch mixing at constant .pressu~e 0: a steady-flo,:" 
involving no shaft work or change in potential or kinetIC energy. In eIther 

I!!.H' = Q=O 

We may therefore write for the overall change in state: 

(na + nb)H' = naHa + nbH b 

In addition, a material balance for species I gives 

(nR + nb)x~ = nRxf + nbxt 

These two equations may be writte~ 

na(H' _ H a) = -nb(H' - H b) 
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and 

Division of the first equation by the second gives 

He _ H a He _ Hb 

x~ - xf xf - xr (A) 

We now show that the three points C, a, and b represented by (H', xD, (H a, x~), 

and (H b
, xt) lie along a straight line on an Hx diagram. The general equation 

for a straight line in these coordinates is 

H = =, + k 

Assuming that this line passes through points a and b, we can write: 

H G = mxf+ k 

and 

Hb = =t + k 

Subtraction of fir~t Eq. (C) and then Eq. (D) from Eq. (B) gives 

H - H a = m(x, - x~) 

and 

H - Hb = m(x, - xt) 

Dividing the first of these by the second, we obtain 

or 

H-Ha 

H-Hb 

H-H" H-Hb 

XI - xf XI - xt 

(B) 

(C) 

(D) 

Any point with the coordinates (H, x,) which satisfies this equation lies on the 
straight line connecting points a and b. Equation (A) clearly shows that the point 
(H', xD satisfies this requirement. 

The use of enthalpy I concentration diagrams is i11ustrated in the following 
examples for the NaOH/H,O system, for which an Hx diagram is shown in Fig. 
13.12. 

Example 13.6 A single-eftect evaporator concentrates IO,OOO(Ibm )(hr)-' of a 10% (by 
weight) aqueous solution of NaOH to 50%. The feed enters at 70(°F). lbe evaporator 
operates at an absolute pressure of 3(inHg), and under these conditions the boiling 
point of a 50% solution of NaOH is 190(OF). What is the heat-transfer rate in the 
evaporator? 
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I--------l---~ 8000(lbn,) of superheated 
steam at 3(inHg) and 190(OF) Feed at 70(OF) 

1O,OOO(lbm) of ~~-I 
10% NaOH 

L ____ ,.-___ ~--- 2000(lbm) of 50% NaOH 
at 190(OF) 

Q 

Figure 13.13 

SOLUTION On the basis of 1O,000(lbm) of 10% NaOH fed to the evaporator, a 
material balance shows that the product stream consists of 8,OOO(lbm ) of superheated 
steam at 3(inHg) and 190(OF), and 2,OOO(lbm ) of 50% NaOH at 190("F). The process 
is indicated schematically in Fig. 13.13. The energy balance for this flow process is 

t.H' = Q 

In this case fl.Ht is easily determined from enthalpy values taken from the Hx diagram 
of Fig. 13.12 and from the steam tables: 

Thus 

Enthalpy of superheated steam at 3(inHg) and 190("F) = 1,146(Btu )(lbm)-' 

Enthalpy of 10% NaOH solution at 70("F) = 34(Btu)(lbm)-' 

Enthalpy of 50% NaOH solution at 190("F) = 215(Btu)(lb
m
)-' 

Q = t.H' = (8,000)(1,146) + (2,000)(215) - (10,000)(34) 

= 9,260,OOO(Btu)(hr)-' 

A comparison of this example with Example 13.5 shows the simplification 
introduced by use of an enthalpy/concentration diagram. 

Example 13.7 A 10% aqueous NaOH solution at 70(OP) is mixed with a 70% aqueous 
NaOH solution at 200(OP) to form a solution containing 40% NaOH. 

(a) If the mixing is done adiabatically, what is the final temperature of the 
solution? 

(b) Ifthe final temperature is brought to 70("F), how much heat must be removed 
during the process? 

SOLUTION (a) A straight line drawn on Fig. 13.12 connecting the points represent
ing the two initial solutions must contain the point representing the final solution 
obtained by adiabatic mixing. The particular solution represented by a point on this 
line at a concentration of 40% NaOH has an enthalpy of 192(Btu)(lbm )-'. Moreover, 
the isotherm for 220(OP) passes through this point. Thus the final temperature, obtained 
graphically, is 220("F). 

(b) The overall process cannot be represented by a single straight line on Fig. 
13.12. However. we may select any convenient path for calculating fl.H of the process 
and hence Q. since the energy balance gives Q = fl.H. Thus the process may be 
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considered as occurring in two steps: adiabatic mixing, followed by simple 
of the resulting solution to the final temperature. The first step iissl;~~t~:~;;:~:) 
part (a). It results in a solution at 220("F) with ~n enthalpy of I~ . 
When this solution is cooled to 70("F), the resultmg enthalpy from FIg. 
70(Btu)(lbm)-I. Therefore 

Q ~ t.H ~ 70 -192 ~ -122(Btu)(lbm)-1 

Thus 122(Btu) is evolved for each pound mass of solution formed. 

Example 13.8 Determine the enthalpy of solid NaOH at 68("F) on the basis used 
the NaOH/H20 enthalpy/concentration diagram of Fig. 13.12. 

SOLUTION The isotherms on an Hx diagram for a system such as 
terminate at points where the limit of solubility of the solid in water is rea,ch,ed. 
the isotherms in Fig. 13.12 do not extend to a mass fraction representing pure 
How then is the basis of the diagram with respect to NaOH selected? In the 
of th~ wat~r the basis is HH

2
0 = 0 for liquid wa~er at 32(OP), consiste~t with the 

of the steam tables. Por NaOH the basis is HNaOH = 0 for NaOH In an 
dilute solution at 68("F). 

This means that the partial specific enthalpy of NaOH at infinite dilution 
at XN.OH ~ 0) is arbirarily set equal to zero at 68("F). The graphical inteqlfeltation 
that the diagram is constructed in such a way that a tangent drawn to the 
isotherm at XNaOH = 0 intersects the XNaOH = 1 ordinate (not shown) at an 
of zero. The selection of H~aOH as zero at 68(OP) automatically fixes the 
the enthalpy of NaOH in all other states. 

In particular, the enthalpy of solid NaOH at 68("F) can be calculated for 
basis selected. If I (Ibm) of solid NaOH at 68("F) is dissolved in an infinite 
of water at 68(OF), and if the temperature is held constant by extraction of t~e 
of solution, the result is an infinitely dilute solution at 68(OP). Since the water IS 

in both the initial and final states, its enthalpy does not change. The heat of 
is therefore 

Since' 

H~aOH = 0 

J1H~aOH = - H NaOH 

[68("F)] 

[68("F)] 

[68("F)] 

The enthalpy of solid NaOH at 68(OP). H NaOH , is therefore equal to the 
of the heat of solution of NaOH in an infinite amount of water at 68(OP). A 
valuet of the heat evolved when I mole of NaOH is dissolved in water to 
infinitely dilute solution at 18"C is 1O,180( cal). Since heat evolved is defined as 

t.H;:!.OH ~ - 1O,180(cal) [18"C] 

If the difference in temperature between 18"C [64("F)] and 68("F) is nel!le,~e.l.; 

t R. H. Perry and D. Green, Perry's Chemical Engineers' Handbook, 6th ed., p. 3·159, MoGra.w-E , 
New York. 1984. 
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enthalpy of solid NaOH at 68("F) is 

H AHoo -( - 10,180)(1.8) 
NaOH = - NaOH = 40.00 

~ 458(Btu)(lbm )-1 

This figure represents the enthalpy of solid NaOH at 68(OP) on the same basis as was 
selected for the NaOH/H20 enthalpy/concentration diagram of Fig. 13.12. 

Example 13.9 Solid NaOH at 70("F) is mixed with H20 at 70("F) to produce a solution 
containing 45% NaOH at 70(OF). How much heat must be transferred per pound 
mass of solution formed? 

SOLUTION On the basis of I(lbm ) of 45% N.OH solution, 0.45(1bm ) of solid NaOH 
must be dissolved in 0.55(1bm ) of H20. The energy balance is t.H ~ Q. 

The enthalpy of H20 at 70("F) may be taken from the steam tables, or it may 
be read from Fig. 13.12 at x ~ O. In either case, HH,O ~ 38(Btu)(lbm)-I. The enthalpy 
of 45% NaOH at 70("F) is read from Fig. 13.12 as H ~ 93(Btu)(lbm )-I. We assume 
that the enthalpy of solid NaOH at 70("F) is essentially the same as the value calculated 
in the preceding example for 68("F): H N • OH ~ 458(Btu)(lbm)-I. Therefore 

Q ~ t.H ~ (1)(93) - (0.55)(38) - (0.45)(458) ~ -134(Btu) 

Thus, 134(Btu) is evolved for each pound mass of solution formed. 

13.8 EQUILIBRIUM AND STABILITY 

Consider a closed system containing an arbitrary number of species and comprised 
of an arbitrary number of phases in which the temperature and pressure are 
uniform (though not necessarily constant). The system is assumed to be initially 
in a nonequilibrium state with respect to mass transfer between phases and 
chemical reaction. Any changes which occur in the system are necessarily irrevers
ible, and they take the system ever closer to an equilibrium state. We may imagine 
that the system is placed in surroundings such that the system and surroundings 
are always in thermal and mechanical equilibrium. Heat exchange and expansion 
work are then accomplished reversibly. Under these circumstances the entropy 
change of the surroundings is given by 

dS ~ dQ,un = -dQ 
surr Tsurr T 

Here the heat transfer dQ with respect to the system has a sign opposite that of 
dQ,un, and the temperature of the system T replaces T,un, because both must 
have the same value for reversible heat transfer. The second law requires that 

dS r + dSsurr === 0 

Where S' is the total entropy of the system. Combination of these expressions 
yields, upon rearrangement: 

dQ'" TdS' (13.50) 
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Application of the first law provides 

dU' = dQ - dW= dQ - PdY' 

or 

dQ = dU' + PdY' 

Combining this equation with Eq. (13.50) gives 

dU' + PdY':;; TdS' 

or 

I dU' + PdY' - TdS':;; 0 I 
Since this relation involves properties only, it must be satisfied for 

in state of any closed system of uniform T and P, without restriction to· 
conditions of mechanical and thermal reversibility assumed in its derivation. 
inequality applies to every incremental change of the system between 
equilibrium states, and it dictates the direction of change that leads 
equilibrium. The equality holds for changes between equilibrium states 
processes). Thus Eq. (6.1) is just a special case of Eq. (13.51). 

Equation (13.51) is so general that application to practical prc,blem 
difficult; restricted versions are much more useful. For example, by 
we see that 

(dU'k v' :;; 0 

where the subscripts specify properties held constant. Similarly, for 
that occur at constant 1/' and V', 

(dS')u'. v' '" 0 

An isolated system is necessarily constrained to constant internal 
volume, and for such a system it follows directly from the second law 
latter equation is valid. 

If a process is restricted to occur at constant T and P, then Eq. (13.51 
be written: 

dU;'.p + d(PY'h.p - d(TS'h.p:;; 0 

or 

d( U' + PY' - TS'h,p :;; 0 

From the definition of the Gibbs energy [Eq. (6.3)], 

G' = H' - TS' = U' + PY' - TS' 

Therefore 

l.(dG'h,p:;; 0 I 
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Of the possible specializations of Eq. (13.51), this is the most useful, because T 
and P are more conveniently treated as constants than are other pairs of variables, 
such as U' an1:l V'. 

Equation (13.52) indicates that all irreversible processes occurring at constant 
T and P proceed in such a direction as to cause a decrease in the Gibbs energy 
of the system. Therefore: 

The equilibrium state of a closed system is that state for which the total 
Gibbs energy is a minimum with respect to all possible changes at the given 
T and P. 

This criterion of equilibrium provides a general method for determination of 
equilibrium states. One writes an expression for G' as a function of the numbers 
of moles (mole numbers) of the species in the several phases, and then finds the 
set of values for the mole numbers that minimizes G', subject to the constraints 
of mass conservation. This procedure can be applied to problems of phase, 
chemical-reaction, or combined phase and chemical-reaction equilibrium; it is 
most useful for complex equilibrium problems, and is illustrated for chemical
reaction eqUilibrium in Sec. 15.9. 

At the equilibrium state differential variations can occur in the system at 
constant T and P without producing any change in G'. This is the meaning of 
the equality in Eq. (13.52). Thus another general criterion of equilibrium is 

I (dG'h,p = 0 I (13.53) 

To apply this criterion, one develops an expression for dG' as a function of the 
mole numbers of the species in the various phases, and sets it equal to zero. The 
resulting equation along with those representing the conservation of mass provide 
working equations for the solution of equilibrium problems. Equation (13.53) 
leads directly to Eq. (10.3) for phase equilibrium and it is applied to chemical
reaction equilibrium in Chap. 15. 

Equation (13.52) provides a criterion that must be satisfied by any liquid 
phase that is stable with respect to the alternative that it split into two liquid 
phases. It requires that the Gibbs energy of an equilibrium state be the minimum 
value with respect to all possible changes at the given T and P. Thus when mixing 
of two liquids occurs at constant T and P, the total Gibbs energy must decrease, 
because the mixed state must be the one of lower Gibbs energy with respect to 
the unmixed state. We can write: 

G' = nG < l; n,G, 

from which 

G<l;x,G, 
Or 

G-l;x,G,<O (const T and P) 
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According to the definition of Eq. (13.39), the quantity on the left is the 
energy change of mixing. Therefore 

t:.G < 0 

Thus the Gibbs energy change of mixing must always be negative, and a plot . 
t:.G vs. x, for a binary system must appear as shown by one of the curves of 
13.14. With respect to curve II, however, there is a further consideration. If, 
mixing occurs, a system can achieve a lower value of the Gibbs energy by 
two phases than by forming a single phase, then the system splits into two 
This is in fact the situation represented between points a and b on curve II 
Fig. 13.14, because the straight dashed line connecting points a and b rel)Cesem 
the t:.G that would obtain for the range of states consisting of two phases 
compositions xf and xt in various proportions. Thus the solid curve 
between points a and b cannot represent a stable phase with respect to 
splitting. The equilibrium states between a and b consist of two phases. 

x, 

o 

Figure 13.14 Gibbs energy change of mixing. Curve I. complete miscibility; curve II, two 
exist between A and B. 
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These considerations lead to the following criterion of stability for a single
phase binary system. At constant temperature and pressure, t:. G and its first and 
second derivatives must be continuous functions of x" and the second derivative 
must everywhere satisfy the inequality 

d2 t:.G 
dx~ > 0 (const T, P) 

Since T is constant, this may equally well be expressed by 

d2(t:.Gj RT) 
dx~ > 0 (const T, P) (13.54) 

This requirement has a number of consequences. Equation (13.40), rearranged 
and written for a binary system, becomes 

t:.G G E 

RT= x,lnx, + x2 1nx2 + RT 

Substituting for the last term on the right by Eq. (11.69) gives 

t:.G 
RT=~~~+~~~+~~~+~~~ 

Differentiation yields 

d(t:.GjRT) 

dx, 
d In x, d Inx2 

x'-dx +lnx,+x2---- lnx2 
, dx, 

d In 'Y, d In 'Y2 
+ x'-dx + In 'Y, + x2 --- -In 'Y2 

, dx, 

where we have made use of the fact that dx2j dx, = -I. Simplification is effected 
as follows. First, we have the mathematical identity: 

d In x, din X2 
X'~+X2~=0 

and second, Eq. (11.70), the GibbsjDuhem equation, provides the relation: 

d In 'Y, d In 'Y2 
X'~+X2~=0 

Therefore 
d(t:.Gj RT) 

dx, = In x, - In X2 + In 'Y, - In 'Y2 

= In Xl 'Yl - In X2'Y2 

which, by Eq. (11.59), becomes 

d(t:.Gj RT) 

dx, 
J, J2 In--In-
I, h 



452 INTRODUCTION TO CHEMICAL ENGINEERING THERMODYNAMICS 

Since It and 12 are constant at constant T and P, a second diffe,ren.tiatil 
now yields 

d2(/1GI RT) = d In 1, _ d In 12 
dx; dx, dx l 

Another form of the Gibbs/Duhem equation follows from Eq. (11.8) with M, = 
when we substitute for dO, by Eq. (11.28). For a binary solution the result 

x, d In 1, + X2 d In12 = 0 

Division by dx, yields: 

d In 1, d In12 
x --+x --=0 
'dx, 2 dx, 

This equation may be combined with Eq. (13.55) to eliminate either d In 1,; 
or d In 121 dx,. The two equations that result are 

d2(/1GI RT) = -I dln12=..!..dln12 
dx; x, dx, x, dx2 

and 

d2(/1GI RT) I d In 1, 

dx; 
=---

X2 dx, 

These equations, in conjunction with the criterion of Eq. (13.54), show that 
a stable phase the fugacity of each species in a binary solution always 
as its mole fraction increases at constant T and P. 

When the preceding equations are applied to a liquid phase in equiliibri 
with its vapor at constant temperature and sufficiently low pressure, we 
assume the vapor to be an ideal gas and replace 1, and 12 by partial 
j, = y,P. Moreover, the constraint to constant pressure can be dhlfe,gal-d 
because under these conditions ihe effect of P on liquid-phase PflDpclrtiel 
negligible. Thus Eq. (13.55) becomes 

d2(/1GI RT) 

dx; 

or since YI + Y2 = 1, 

d Iny,P d InY2P 
dx, dx, 

d2(/1GI RT) I dYI 
dx; Y,Y2 dx, 
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In view of Eq. (13.54), we may write the inequality 

I dy, 
-->0 
YIY2 dx, 

from which it is evident that dy'; dx, > O. 
Making the same substitutions in Eq. (13.56), we obtain 

~d~y,+~d~P+~d~h+~d~P=O 

This reduces to 

or 

or 

XI X2 (x, + X2) d In P + - dy, + - dY2 = 0 
y, Y2 

dP = (X2 _ XI) dy, = x2y, - X,Y2 dy, 
P Y2 y, Y,Y2 

(I - x,)y, - x,(I - y,) d 
y, 

Y'Y2 

Finally, division by dx" further reduction, and rearrangement give 

__ ~_ dP I dy, -=----
P(y, - x,) dx, y,Y2 dx, 

In combination with Eqs. (13.57) and (13.54), this result shows that 

_ ..,......:.1---.,. dP ->0 
P(y, - XI) dx, 

from which we conclude that dPI dx, and (y, - XI) must have the same sign. Since 

dP dPldx, 
dy, dy,/dx, 

it follows that dP I dy, and dP I dx, also have the same sign. 
In summary, the stability requirement implies the following for VLE in binary 

systems at constant temperature: 

At an azeotrope, 

dP dP 
dx 

'-d ,and (y, - x,) have the same sign 
, y, 
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Although derived for conditions of low pressure, these results are of 
validity, as illustrated by the VLE data shown in Fig. 12.9. 

13.9 SYSTEMS OF LIMITED 
LIQUID-PHASE MISCIBILITY 

There are many pairs of chemical species which, if they mixed to form a 
liquid phase, would not satisfy the stability criterion of Eq. (13.54). Such 
therefore split into two liquid phases, and are important industrially in operlLtio 
such as solvent extraction. 

For a binary system consisting of two liquid phases and one vapor phase. 
equilibrium, there is (according to the phase rule) but one degree of frp,..in. 

For a given pressure, the temperature and the compositions of all three 
are therefore fixed. On a temperature-composition diagram the points relJre:selntij 
the states of the three phases in equilibrium fall on a horizontal line at TO •• 
Fig. 13.15, points C and D representthe two liquid phases, and point E retJreset 
the vapor phase. If more of either species is added to a system 
composition lies between points C and D, and if the three-phase eqlumibrill 
pressure is maintained, the temperature and the compositions of the phases 
unchanged. However, the relative amounts of the phases adjust themselves 
reflect the change in overall composition of the system. 

At temperatures above T* in Fig. 13.15, the system may be a single 
phase, two phases (liquid and vapor), or a single vapor phase, depending 
overall composition. In region a the system is a single liquid rich in sp,ecies; 
in region (3 it is again a single liquid, but rich in species I. In region a-V, 
and vapor are in equilibrium. The states of the individual phases fall on 
AC and AE. In region (3-V, liquid and vapor phases, described by lines BD 
BE, also exist at equilibrium. Finally, in the region designated V, the 
a single vapor phase. Below the three-phase temperature T*, the system is 
liquid. Single liquid phases exist to the left of line CO and to the right of 
DH. Mixtures having overall compositions within region a-(3 consist of two 
phases of compositions given by the intersections of horizontal tie lines 
lines CO and DH. As indicated in each section of the diagram, horizonltaf 
lines connect the compositions of phases in equilibrium. 

When a vapor is cooled at constant pressure, it follows a path reI>Te"en'~ 
on Fig. 13.15 by a vertical line. Several such lines are shown. If one 
point k, the vapor first reaches its dew point at line BE and then its bubble 
at line BD, where condensation into single liquid phase (3 is complete. 
the same process that takes place when the species are completely mi:scil~le. 
one starts at point n, no condensation of the vapor occurs unm temperature 
is reached. Then condensation occurs entirely at this temperature, pr,?ducing 
two liquid phases represented by points C and D. If one starts at an intenn .. 1i: 

point In, the process is a combi~tion of the two just described. Mter the 
point is reached the vapor, tracing a path along line BE, is in eqUilibrium 
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Figure 13.15 Temperature/composition diagram for a binary system of partially miscible liquids at 
constant pressure. 

liquid tracing a path along line BD. However, at temperature T* the vapor phase 
IS at point E. All remaining condensation therefore occurs at this temperature, 
producing the two liquids of points C and D. 

Figure 13.15 is drawn for a single constant pressure; eqUilibrium phase 
compositions, and hence the locations of the lines, change with pressure, but 
the general nature of the diagram is the same over a range of pressures. For the 
majority of systems the species become more soluble in one another as the 
temperature increases, as indicated by lines CO and DH of Fig. 13.15. If this 
diagram is drawn for successively higher pressures, the corresponding three-phase 
equilibrium temperatures increase, and lines CO and DH extend further and 
further until they meet at the liquid/liquid critical point M, as shown by Fig. 
13.16. The temperature at which this occurs is known as the upper critical solution 
temperature, and at this temperature the two liquid phases become identical and 
merge into a single phase. 

As the pressure increases, line CD becomes shorter and shorter (as indicated 
in Fig. 13.16 by lines CD' and C"D"), until at point M it diminishes to a 
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Figure 13.16 Temperature/composition ~iagram for several pressures. 

differential length. For still higher pressures(P.) the temperature is 
critical solution temperature, and there is but a single liquid phase. The 
then represents two-phase VLE, and it has the form of Fig. 12.IOd, exi,ibitiJ 
minimum-boiling azeotrope. 

There is an intermediate range of pressures for which the vapor 
equilibrium with the two liquid phases has a composition that does not lie 
the compositions of the two liquids. This is illustrated in Fig. 13.16 by the 
for P" which terminate at A" and B". The vapor in equilibrium with 
liquids at e" and D" is at point F. In addition the system exhibits an 
as indicated at point 1. 

Not all systems behave as described in the preceding paragraphs. Somcot? 
the upper critical solution temperature is never attained, because a 
critical temperature is reached first. In other cases the liquid solubilities 
with a decrease in temperature. In this event a lower critical solution te'lIIpeni 
exists, unless solid phases appear first. There are also systems which ~""""" 
upper and lower critical solution temperatures. 

Figure 13.17 is the phase ditgram drawn at constant T that corresp')rt~ 
the constant-P diagram of Fig. 13.15. On it we identify the three-phase eql1illDI 
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Fipre 13.17 Pxy diagram for a system of partially miscible liquids at constant T. 

pressure as P*, the three-phase equilibrium vapor composition as yT, and the 
compositions of the two liquid phases that contribute to the vapor/liquid/liquid 
equilibrium state as xi' and xr. The phase boundaries separating the three 
liquid-phase regions are nearly vertical, because pressure has only a weak 
influence on liquid solubilities. 

The compositions of the vapor and liquid phases in equilibrium for partially 
miscible systems are calculated in the same way as for miscible systems. In the 
regions where a single liquid is in equilibrium with its vapor, the general nature 
of Fig. 13,17 is not different in any essential way from that of Fig. 12.9d. Since 
limited miscibility implies highly nonideal behavior, any general assumption of 
liquid-phase ideality is excluded. Even a combination of Henry's law, valid for 
a species at infinite dilution, and Raoul!'s law, valid for a species as it approaches 
purity, is not very useful, because each approximates real behavior only for a 
very small composition range. Thus G B is large, and its composition dependence 
is often not adequately represented by simple equations. However, the UNIFAC 
method (App. D) is suitable for estimation of activity coefficients. 



458 INTRODUCTION 'IO CHEMICAL ENGINEERING THERMODYNAMICS 

O! ... 
~ .. 

120 

p' 

100 

80 

60 

40 

20 

0 

x, 

om 

Scale 
change 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

y, 

0.02 0.7 0.8 0.9 

Xl,YL 

FigIue 13.18 Pxy diagram for diethyl ether(l )/water(2) at 35°C. 

1.0 

As an example we consider the diethyl ether(l)/water(2) system at 
which careful measurements have been made. t The Pxy behavior of this 
is shown by Fig. 13.18, where the very rapid rise in pressure with in.:reilli 
liquid-phase ether concentration in the dilute-ether region is apparent. 
three-phase pressure of P* = 104.6 kPa is reached at an ether mole fracti('d 
only 0.0117. Here, YI also increases very rapidly to its three-phase 
yf = 0.946. In the dilute-water region, on the other hand, rates of ch:anl!C, 
quite small, as shown to an expanded scale in Fig. 13.19. 

The curves in Figs. 13.18 and 13.19 provide an excellent correlation 
VLE data. They result from BURL P calculations carried out as indicated 
12.12. The excess Gibbs energy and activity coefficients are here eX!'re!I&eC 
functions of liquid-phase composition by the 4-parameter modified 

~ 
t M. A. ViUamaiian. A. J. Allawi, and H. C. Van Ness. J. Chem. Eng. Data, 2'9: 431, 1984. 

SOLUTION THERMODYNAMICS 459 

104.8 
p.-----_,..l... 

• yf 
'" ... 
~ 

.. 104.0 

103.2 

0.92 
X.,y. 

Figure 13.19 Pxy diagram for diethyl ether(l)/water(2) for the ether-rich region. 

equations [see Eqs. (12.11) through (12.13)]: 

where 

GE 

RT = A l2x , + A"x, - Q 

In 1'1 = x~ [ Al2 + 2(A'1 - A l2)x, - Q - XI ::;;] 

In 1', = X~[ A" + 2(Al2 - A,,)x,- Q + X, ::;;] 

Q = al2x l a 21 x2 
al2XI + a21 X2 

dQ al2a21(a2lxi - auxi) 

dxl (aux. + a2.x2)2 
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and 

A 2 , = 3.35629 

a'2 = 3.78608 

A'2 = 4.62424 

a2' = 1.81775 

The BUBL P calculations also require values of <1>, and <1>" which come 
Eqs. (12.7) and (12.8) with virial coefficients: 

BII = -996 B22 = -1,245 B'2 = -567 cm' mol-' 

In addition, the vapor pressures of the pure species at 35°C are 

p~at = 103.264 p;at = 5.633 kPa 

The high degree of nonideality of the liquid phase is indicated by the 
of the activity coefficients of the dilute species, which range for diethyl 
from y, = 81.8 at xi' = 0.0117 to y~ = 101.9 at x, = 0 and for water from y. 
19.8 at xr = 0.9500 to y~ = 28.7 at x, = I. 

For temperature T and the three-phase equilibrium pressure p', Eq. (I 
for low-pressure VLE has a double application: 

x~ 'Y~ p~at = yr P* 

and 

x~'Y~ P~ = yr P* 

Thus for a binary system we have four equations: 

xi 'Yi p~at = yT P* 

xr 'Yr Piat = yT p* 

x; 'Y2 Piat = yf p* 

x~'Y~PZU = yrp* 

, All of these equations are correct, but two of them are preferred over the 
Consider the expressions for yt p': 

xi 'Yi p;at = xr 'Yr Piat 
= yT P* 

For the case of two species that approach complete immiscibility, 

Thus 

(0)( yllOO p:"t = P:,", = yt p' 

This equation implies that (yl)oo -+ 00; a similar derivation shows that (y;)OO 
Thus Eqs. (B) and (C), which include neither of these quantities, are 
the more useful expressions. They may be added to give the three-phase 

~ 

p* = xr'YrPF+ xi'YiPf't 
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In addition, the three-phase vapor composition is 

xfJ ",fJ psat * _ I II I 
y, - p' 

Thus in the case of the diethyl ether(l)/water(2) system, 

yr = 1.0095 and y~ = 1.0013 

(13.59) 

These values are in marked contrast to those cited earlier for the dilute species. 
They allow calculation of p. and yt by Eqs. (13.58) and (13.59): 

p' = (0.9500)(1.0095)(103.264) + (0.9883)(1.0013)(5.633) 

= 104.6kPa 
and 

• _ (0.9500)(1.0095)(103.264) 
y, - 104.6 0.946 

Although no two liquids are totally immiscible, this condition is so closely 
approached in some instances that the assumption of complete immiscibility does 
not lead to appreciable error. The phase characteristics of an immiscible system 
are illustrated by the temperature/composition diagram of Fig. 13.20. This 

T 
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Figure 13.20 Temperature/composition diagram for a binary system of immiscible liquids. 
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diagram is a special case of Fig. 13.15 wherein phase ex is pure species 2 
phase (3 is pure species 1. Thus lines ACG and BDH of Fig. 13.15 have in 
13.20 become vertical lines at x, = 0 and x, = 1. 

In region I, vapor phases with compositions represented by line BE are 
equilibrium with pure liquid 1. Similarly, in region II, vapor phases whose 
positions lie along line AE are in equilibrium with pure liquid 2. L1<IU"OI 

equilibrium exists in region III, where the two phases are pure liquid I and 
liquid 2. If one cools a vapor mixture starting at point m, the consl:ant-com'po,sitio! 
path is represented by the vertical line shown in the figure. At the dew 
where this line crosses line BE, pure liquid I begins to condense. Further r«luetio! 
in temperature toward T* causes continued condensation of pure liquid I; 
vapor-phase composition progresses along line BE until it reaches point E. 
the remaining vapor condenses at temperature T*, producing two liquid ph,as'e!I 
one of pure species I and the other of pure species 2. A similar process, 
out to the left of point E, is the same, except that pure liquid 2 condenses initially. 
The constant-temperature phase diagram for an immiscible system is re]pre,sentc:C 
by Fig. 13.21. 

Numerical calculations for immiscible systems are particularly 
because of the following equalities: 

xf = 0 'Y~ = 1 

and 

x~ = I 'Y~ = I 
The three-phase equilibrium pressure P* as given by Eq. (\3.58) is therefore: 

p* = Piat + P~ 

from which, by Eq. (13.59), 

For region I where vaporis in equilibrium with pure liquid I, Eq. (11.74) be.;on.es. 

y,(I)P = p:at 

or 

Similarly, for region II where vapor is in equilibrium with pure liquid 2, 

Y2(II)P = [1- y,(II)]P = p;at 

or 

'- p sat 

y,(II) = 1 __ 2_ 

P 
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Figure 13.21 Pxy diagram for a binary s~stem of immiscible liquids. 

Example 13.10 Prepare a table of temperature/composition data for the ben· 
zene(l)/water(2) system at a pressure of 101.33 kPa (l atm) from the following 
vapor-pressure data: 

we p;at/kPa p~t/kPa Prot + p~at/kPa 

60 52.22 19.92 72.14 
70 73.47 31.16 104.63 
75 86.40 
80 101.05 47.36 
90 136.14 70.11 

100 180.04 101.33 

SOLUTION The three·phase equilibrium temperature t* is determined from Eq. (A), 
here written as: 

p = p~t + p~at = 101.33 kPa 

The last column of the preceding table shows that t* lies between 60 and 70°C. By 
interpolation, we find that t* = 69.0°C, and at this temperature we find, again by 
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interpolation, that P:"'(t*) ~ 71.31 kPa. Thus by Eq. (B), 

*~ 71.31 ~O.704 
y, 101.33 

For the two regions of vapor/liquid equilibrium, Eqs. (C) and (D) become 

p~t p~t 

y,(I) ~ P ~ 101.33 

and 
p~at p~at 

y,(II) ~ I - P ~ I - 1Ol.33 

. t h of several temperatures gives the Application of these equations a eac 
summarized in the table that follows. 

we y,(II) tre y,(I) 

100 0.000 80.1 1.000 

90 0.308 80 0.997 

80 0.533 75 0.853 

69 0.704 69 0.704 

PROBLEMS 

13.1 With reference to Example 13.2, < 

(a) Apply Eq. (11.2) to Eq. (A) to verify Eqs. (B) and (e) .. 
(b) Show that Eqs. (B) and (e). when combined in acco.rd Wlth Eq. (I1.5),.regenerate Eq. (A). 
(c) Show that Eqs. (B) and (e) satisfy Eq. (11.8). the Glbbs/Duhem equation. 

(d) Show that at constant T and P 

(dH,/dx,)~_, ~ (dH,/dx,)x,_o ~ o. 
(e) Plot values of H. H" and Hz. calculated by Eqs. (A). (B), and (e), vs. Xl· Label points 

Hz, fif. and ii~. and show their values. . . 
13.2 The molar volume (em3 mol-I) of a binary liquid mixture at T and P IS gIVen by 

V = 90xI + 50xz + (6xl + 9xz)xl xz 

For the given T and p. . -
(a) Find expressions faT the partial molar volumes of speCies I and 2. . 
(b) Show that when these expressions are combined in accord with Eq. (11.5) the given eq'Jadio~ 

for V is recovered. 
(e) Show that these expressions satisfy Eq. (11.8), the Gibbs/Duhem equation. 

(d) Show that (dVI/dxl)Xl~1 = (~VZ/dxl)Xl=O = 0.. . 
(e) Plot values of V. VI. and Vz calculated by ~e glYen ~quatlon for V ~nd by the eqlJatiOoj 

developed in (a) vs. XI. Label points VI' V2 • V;O, and Vf. and show their values .• 

13.3 Given that 

ME = X l x2(Ao + Alz + A2Z2) 

where z == XI - X2. derive expressions for lf f and Ai f. Combine the resulting expressions to 
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that the given equation is recovered. What are the limitinl values of Aif. Aif. and MB/Xl~ as 
Xl .... 0 and as XI .... I? 

13.4 The excess Oibbs energy of a binary Jiquid mixture at T and P is given by 

OB / RT = (-1.2xl - I,Sx2)xlx2 

For the given T and p. 
(a) Find expressions for In ')'1 and In Y2. 
(b) Show that when these expressions are combined in accord with Eq. (11.69) the given equation 

for a B 
/ RT is recovered. 

(e) Show that these expressions satisfy Eq. (11.70). the Gibbs/Duhem equation. 
(d) Show that (d In 'Y1/dxl)"I",1 = (d In Y2/dxl)"I_O = O. 
(e) Plot values of aB / RT, In YI. and In Y2 calculated by the liven equation for OE / RT and by the 

equations developed in (a) vs. XI' Label points In ')'~. and In y;o, and show their values. 

13.5 With reference to Example 13.3. 
(a) Apply Eq. (11.2) [with M = HE and Ali = fif] to Eq. (e) to verify the expressions for iif 

andiif, 
(b) Show that these expressions. when combined in accord with Eq. (11.5). regenerate Eq. (e). 
(e) Show that these expressions satisfy Eq. (11.8). the Gibbs/Duhem equation. 
(d) Show that at consta~t T and! (dfif/dxl)xl_1 = (dflf/dxl)xl_o =0. 
(e) Plot vaJues of HB. Hf. and Hi. calculated by the liven equation for HE and by the equations 

developed in (a) vs. XI' Label points (iif)a:., and (iif)a:.. and show their values. 

13.6 If the partial volume of species I in a binary solution at constant T and P is liven by 

VI = VI + a;G 

find the corresponding equation for V2 • What equation for V is consistent with these equations for 
the partial volumes? What are the corresponding equations for VB. Vf. and V:? 
13.7 The following equations have been proposed to represent activity-coefficient data for a system 
at fixed T and P: 

In '11 = x~(O.5 + 2xl ) 

In Y2 = xf( I.S - 2xJ 

Do these equations satisfy the Gibbs/Duhem equation? Detennine an expression for OB / RT for 
the system. 

13.8 The following equations have been proposed to represent activity-coefficient data for a system 
at fixed T and P: 

In YI = Ax~ + Bxj(3xl - X2) 

In Y2 = Axf + Bxf(xi - 3X2) 

Do these equations satisfy the Gibbs/Duhem equation? Detennine an expression for OE / RT for 
the system. 

13.9 The following equations have been proposed to represent activity-coefficient data for a system 
at fixed T and P: 

In '11 = x2( a + bx2 ) 

In Y2 = XI (a + bXI) 

(a) Combine these equations in accord with Eq. (I 1.63) to detennine an expression for a B 
/ RT. 

(b) Apply Eq. (11.62) to the equation of part (a) to develop equations for In YI and In Yz. Are 
the given equations fOT these quantities regenerated? 

(e) Do the given equations satisfy the Gibbs/Duhem equation? 
(d) How are the results of parts (b) and (e) connected? 
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13.10 For a ternary solution at constant T and P. the composition dependence of molar 
is given by 

M = x\M\ + X2M2 + X3M3 + X,X2X3C 

where M" M 2 , and M3 are the values of M for pure species I, 2, and 3, and C is a 
independent of composition. Determine an expression for M, by application of Eq. ( 

13.11 For a particular binary system at constant T and P, 

HE ~ L x,A,(I - x,) (i ~ 1,2) 

Derive expressions for ii f and ii:. Combine these two equations to show that the original 
is recovered. [Note: Hf cannot be found "by inspection;" it is not equal to Ai(l - Xi)'] 

13.12 For a particular binary system at constant T and P, the molar enthalpies of 
represented by the equation 

H = x,(a, + b\x,) + x2(a2 + b2X2) 

where the a j and b, are constants. Determine an expression for H,. 
(Note: H, cannot be found "by inspection"; it is not equal to a, + b,x\.) 

13.13 At 25°C and atmospheric pressure the excess volumes of binary liquid mixtures of 
and 2 are given by the equation 

V E = x,x2(30x1 + 50x2} 

where VE is in cm3 mol-i. At the same conditions, VI = 120 cm3 mol-I and V2 = t50cm' 
Determine the partial molar volumes V, and V2 for an equimolar mixture of species 1 and 
given conditions. 

13.14 Excess volumes (cm3 mol-I) for the system ethanol(I}Jmethyl butyl ether(2) at 250C 
by the equation 

VE = x,x2[ -1.026 + 0.220(x, - X2}] 

If V, = 58.63 and V2 = 118.46 em3 mor\ what volume of mixture is formed when 1,000 em3 

pure species 1 and 2 are mixed at 25°C1 

13.15 A vapor phase containing pure species I is in eqUilibrium wilih " bina.ry liqllid mixulrecoai 
both species I and a nonvolatile species 2: At P = 1.5 bar and T = 425 K. the liquid 
to contain 12 mol % of species 1. At 425 K. Pr't = 10.6 bar, and the second virial 
Bll = -450 cm3 mol-i. 

(a) From the given data, determine a good estimate of the activity coefficient 'Y, of 
in the liquid phase. 

(b) Why is it not possible from the given information to determine a value for the 
coefficient 'Y21 

(c) Show that 'Y2 can be determined, given the additional information that the 
energy of the liquid phase is represented by an equation of the form aE 

/ RT = Bxtxz. 

13.16 If LiCI'3HzO(s) and H20(1) are mixed isothermally at 25°C to form a solution 
moles of water for each mole of LiCl, what is the heat effect per mole of solution? 

13.17 If a liquid solution of HCI in water, containing 1 mdl of HCI and 3 mol of H20, 
additional t mol of HCI(g) at the constant temperature of 25OC, what is the heat effect? 

13.18 What is the heat effect when 30kg of LiCI(s) is added to 150kg of an aqueous 
containing 15~wt-% LiCI in an isothermal process at 25°C1 

13.19 A mass of 18 kgs-1 ofCu(NOl h'6HzO along with IS kg S-l of water, both at 25"C. 
a tank where mixing takes place. The resulting solution passes through a heat exchanger 
its temperature to 25"C. What is the rate of heat transfer in the exchanger? 

Data: For Cu(N03h, &Him = -302.9kJ 
For Cu(N03h'6H20, a.Him = -2,110.8 kJ 

The heat of solution of 1 mol of Cu(N03h in water at 25°C is -47.84 kJ, independent 
values of interest here. " 
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13.20 If a liquid solution of HCI in water. containing 1 mol of HCI and 10 moluf H20. absorbs an 
additional 1 mol of HCl(,} at the constant temperature of 25°C, what is the heat effect? 

13.21 A liquid sol»tion of LiCI in water at 25°C contains I mol of LiCI and 12 mol of water. If an 
additional I mol of LiCI(s) is dissolved isothermally in this solution, what is the heat effect? 

13.22 It is required to produce an aqueous LiC) solution by mixing LiCI·2H20(s) with water. The 
mixing is to occur both adiabatically and without change in temperature at 25"C. Determine the mole 
fraction of LiCI in the final solution. 

13.23 Data from the Bureau of Standards (J. Phys. Chern. Ref. Data, Vol. II, suppl. 2, 1982) include 
the following heats of formation for I mol of CaCl2 in water at 25°C: 

CaCI2 in 10 mol H20 
CaCl2 in 15 mol H20 
CaClz in 20 mol H20 
CaCI2 in 25 mol H 20 
CaC)2 in 50 mol H20 
CaClz in 100 mol HzO 
CaClz in 300 mol HzO 
CaCI2 in 500 mol H20 
CaCl2 in 1,000 mol H20 

-862.74 kJ 
-867.85 kJ 
-870.06 kJ 
-871.07 kJ 
-872.91 kJ 
-873.82 kJ 
-874.79 kJ 
-875.13 kJ 
-875.54kJ 

From these data prepare a plot of iii. the heat of solution at 25°C of CaCl2 in water, vs. n. the mole 
ratio of water to CaCI2 • 

13.24 Solid CaClz'6H20 is mixed with water in a continuous process to fonn a solution containing 
20-wt-% CaCI2 • What is the heat effect per kilogram of solution formed if the temperature is constant 
at 25°C1 (Note: Data for CaCh solutions are given in the preceding problem.) 

13.25 Consider a plot of m, the heat of solution based on one mole of solute (species I), vs. Ii, the 
moles of solvent per mo~e of solute, at constant T and P. Figure 13.7 is an example of such a plot. 
except that the plot cons~red here has a linear rather than logarithmic scale along the abscissa. Let 
a tangent drawn to the &H vS. n curve intercept the ordinate at Point 1. 

(a) Prove that the slope of the tangent at a particular point is equal to the partial excess enthalpy 
of the solvent in a solution with the composition represented by n; that is, prove that 

dl1H - E 
dn = Hz 

(b) Prove that the intercept I equals the partial excess enthalpy of the solute in the same 
solution; i.e., prove that 

1= iif 

13.26 If the heat of mixing at temperatu~ to is tiHo and if the heat of mixing of the same solution 
at temperature t is &H, show that the two heats of mixing are related by 

tiH = a.Ho+ It aCpdt 

" 
where acp is the heat-capacity change of mixing, defined in accord with Eq. (13.39). 

13.27. ~at is the heat effect when 175(1bm ) of HzS04 is mixed with 4OO(Ibm ) of an aqueous solution 
COntaimng 30-wt-% H2S04 in an isothermal process at 120(OF)? 

13.28 For a 6O-wt·% aqueous solution of H2S04 at to(WF), what is the excess enthalpy HE in 
(Btu)(Ibm )-'? 

13.29 A mass of 500(Ibm ) of 4O-wt~% aqueous NaOH solution at 150("1') is mixed with 2S0(lb ) of 
IS-wt.% solution at 200(OF). • m 

(a) What is the heat effect if the final temperature is 10(WF)? 
(b) If the mixing is adiabatic. what is the final temperature? 
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13.30 A single-effect evaporator concentrates a 15-wt-% aqueous solution of H2S04 to 60% .. 
feed rate is 20(Ibm)(srt, and the feed temperature is l00(OF). The evaporator is maintained 
absolute pressure of 1.5(psia), at which pressure the boiling point of 60% H2S04 is 176(OF). 
is the heat-transfer rate in the evaporator? 
13.31 What temperature results when sufficient NaOH(s) at 6SeF) is dissolved adiabatically ,. 
15-wt-% aqueous NaOH solution, originally at IO<WF), to bring the concentration up to , 

13.32 What is the heat effect whert sufficient SO)(I) at 25°C is reacted with H20 at 25°C to 

60-wt-% H2S04 solution at SO°C7 
13.33 A mass of IOO(lbm) of IO-wt-% solution of H2S04 in water at 180(OF) is mixed at amno.,pb 
pressure with 200(lbm) of S5-wt-% H 2S04 at 77(OF). During the process heat in the . 
15,OOO(Btu) is transferred from the system. Determine the temperature of the product solution. 

13.34 An insulated tank, open to the atmosphere, contains I,OOO(lbm) of 50-wt-% sulfuric 
SO(OF). It is heated to 200(OF) by injection of live saturated steam at I(atm), which fully 
in the process. How much steam is required, and what is the final concentration of H2S04 in 

13.3S For a 20-wt-% aqueous solution of H2S04 at 80(OF), what is the heat of mixing 

(Btu)(1bm)-I? 
13.36 If pure liquid H

2
S04 at SO(OF) is added adiabatically to pure liquid water at SO(OF) to 

20-wt-% solution, what is the final temperature of the solution? 
13.37 A liquid solution containing l(lb mol) H2S04 and 10(lb mol) H20 at 77(OF) absorbs I(lb 
of S03(g), also at 77eF), forming a more concentrated sulfuric acid solution. If the process 

isothermally, determine the heat transferred. 
13.38 Determine the heat of mixing b.H of sulfuric acid in water and the partial specific 
of H:zS0

4 
and H

2
0 for a solution containing 70-wt-% H2S04 at 140(OF). 

13.39 It is proposed to cool a stream of SO-wt-% sulfuric acid solution at 16O(OF) by diluting 
chilled water at 4O(OF). Determine the amount of water that must be added to 1 (Ibm) of 
before cooling below 16O(OF} actually occurs. 
13.40 The following liquids, ali at atmospheric pressure and IOOeF), are mixed: 20(lbm) 
water, 30(lbm) of pure sulfuric acid, and 50(lbm) of 20-wt-% sulfuric acid. 

(a) How much heat is liberated if mixing is isothermal at I OOeF)? 
(b) The mixing process is carried out in two steps: First, the pure sulfuric acid and 

solution are mixed, and the total heat of part (a) is extracted; second, the pure water is 
adiabatically. What is the enthalpy of the intermediate solution formed in the first step? 

13AI Saturated steam at 30(psia) is throttled to l(atm) and mixed adiabatically with (and 
by) 4O-wt~% sulfuric acid at lOOeF) in a How process that raises the temperature of the 
lS0(OF). How much steam is required for each pound mass of entering acid, and what 

concentration of the hot acid? 
13A2 A batch of 35-wt-% NaOH soiution in water at atmospheric pressure and lOO(OF) is 
in an insulated tank by injection of live steam drawn through a valve from a line containing 
steam at 30(psia). The process is stopped when the NaOH solution reaches a 
32.5 wt %. At what temperature does this occur? 

13A3 A large quantity of very dilute aqueous NaOH solution is neutralized by addition 
stoichiometric amount of a 20-mol-% aqueous HCI solution. The neutralization reaction. 
goes to completion and which yields NaCI as a product, occurs at the constant 
Determine a good estimate of the heat effect per mole of NaOH. The heat of solution 
NaCI(s} in an infinite amount of water is 3.S8 kJ, and the heat of solution of I mol of 
infinite amount of water is -44.50 kJ. 
13.44 A large quantity of very dilute aqueous HCl solution is neutralized by addition ' 
stoichiometric amount of a 15-wt-% aqueous NaOH solution. The neutralization reaction. 
goes to completion and yields NaCI as product, occurs at 
a good estimate of the heat effect per\mole of HCI. The beat of solution of I mol of 
infinite amount of water is 3.8S kJ. 
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13.45 A vapor mixture of,methanol( I) and water(2) containing 56-mol-% methanol enters a condenser 
at 101.33 kPa at its dew point of 82.S5°C. It is completely condensed and leaves the condenser at its 
bubble point of '2.05°C. How much heat must be transferred in the condenser for each mole of 
mixture condensed? The latent beat of vaporization of methanol at its normal boiling point of 64.7°C 
is 35,228 J mol-I. The heat of mixing of a liquid mixture containing 56-mol-% methanol at 72°C is 
estimated as -500J mol-I. 

13.46 Toluene(I) and water(2) are essentially immiscible as liquids. Determine the dew-point tem
peratures and the compositions of the first drops of liquid formed when vapor mixtures of these 
species with mole fraction %1 = 0.23 and %1 = 0.77 are cooled at the constant pressure of 101.33 kPa. 
What is the bubble-point temperature and the composition of the last drop of vapor in each case? 
The vapor pressure of toluene is given by the Antoine equation: 

In P~'/kPa = 14.00976 
3,103.010 

wc + 219.787 

13.47 n-Heptane(l) and water(2) are essentially immiscible as liquids. A vapor mixture containing 
65-mol-% water at 100°C and 101.33 kPa is cooled slowly at constant pressure until condensation is 
complete. Construct a plot for the process showing temperature vs. the equilibrium mole fraction of 
heptane in the residual vapor. For n-heptane, 

In P;"'/kPa = 13.87770 
2,918.738 

,rc + 216.796 

13.48 A 90-wt-% aqueous H2S04 solution at 25°C is added continuously to a tank containing 4,000 kg 
of pure water also at 25°C over a period of 6 hours. The final concentration of acid in the tank is 
50%. The contents of the tank are cooled continuously to maintain a constant temperature of 25°C. 
However, the cooling sYl1tem is designed for a constant rate of heat transfer, and this requires the 
addition of the acid at a variable rate. Determine the instantaneous 90-%-acid rate as a function of 
time, and plot this rate (kgs-l) vs. time. Heat-of-mixing data for the H2S04(1)/H20(2) system at 
25°C are as follows (Xl = mass fraction H2S04): 

XI t.H/l g-I 

0.10 -73.27 
0.20 -144.21 
0.30 -208.64 
0.40 -262.83 
0.50 -302.84 
0.60 -323.31 
0.70 -320.98 
0.80 -279.58 
0.85 -237.25 
0.90 -178.87 
0.95 -100.71 

13A9 Consider VLE in systems for which the excess Gibbs energy of the liquid phase at a particular 
temperature is represented by G E 

/ RT = Bxt x2 • For what values of B is phase splitting predicted? 
That is, for what values of B is the stability requirement of Eq. (13.54) violated for some value of 
Xl in the range 0 < XI < I? Make the usual assumptions for low-pressure VLE. 

13.50 Consider a binary system of species I and 2 in which the liquid phase exhibits partial miscibility. 
In the region of miscibility, the excess Gibbs energy at a particular temperature is expressed by the 
equation, 

G E 
/ RT = 2.25x)x2 

In addition, the vapor pressures of the pure species are 

P~ = 75 kPa and Pr'" = 110 kPa 
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Making the usual assumptions for low-pressure VLE, prepare a Pxy diagram for this system at the 

given temperature. 
13.51 The system water( 1)/ n-pentane(2)/ n-hexane(3) exists as a vapor at 101.33 kPa and 1 OO°C wit~ 
mole fractions %1 = 0.45, %2 = 0.25, %) = 0.30. The system is slowly cooled at constant pressure .un~d 
it is completely condensed into a water phase and a hydrocarbon phase. Assuming that the two hquld 
phases are immiscible, that the vapor phase is an ideal gas, and that the hydrocarbons obey Raoult's 

law, determine: 
(a) The dew-point temperature of the mixture and the composition of the first condensate. 
(b) The temperature at which the second liquid phase first appears and its initial composition. 
(c) The bubble-point temperature and the composition of the last bubble of vapor. 
Vapor pressures of the hydrocarbons are given by Antoine equations 

2477.07 
In pn'/kPa ~ 13.8183 - -C:=C" ...-'."::-:,,, 

, WC+233.21 

In P:"'/kPa ~ 13.8216 - 'r~6:7~~!.37 
13.52 Repeat the preceding problem for a system composition of %1 = 0.32, %2 = 0.41, %) = 0.27. 

CHAPTER 

FOURTEEN 

THERMODYNAMIC PROPERTIES AND VLE 
FROM EQUATIONS OF STATE 

As discussed in Chap. 3, equations of state provide concise descriptions of the 
PVT behavior for pure fluids. The only equation of state that we have used 
extensively is the two-term virial equation, 

BP 
Z=I+

RT 
(3.31) 

suited to gases at low pressures. When put into reduced form for pure gases, this 
equation leads to generalized correlations for Z [Eqs. (3.46) and (3.47)], HR 
[Eq. (6.58)], SR [Eq. (6.59)], and In '" [Eq. (11.43)]. Moreover, when extended 
to gas mixtures, it yields a general expression for In,j,k [Eq. (11.48)], which is 
useful for low-pressure VLE calculations [Eq. (12.4)]. 

Equations of state have a much wider application. In this chapter we first 
present a general treatment of the calculation of thermodynamic properties of 
fluids and fluid mixtures from equations of state. Then the use of an equation 
of state for VLE calculations is described. For this, the fugacity of each species 
in both liquid and vapor phases must be determined. These calculations are 
illustrated with the Redlich/ Kwong equation. Provided that the equation of state 
is suitable, such calculations can extend to high pressures. 

14.1 PROPERTIES OF FLUIDS FROM 
THE VIRIAL EQUATIONS OF STATE 

Equations of state written for fluid mixtures are exactly the same as the equations 
of state presented for pure fluids in Sees. 3.4 and 3.5. The additional information 

471 



472 INTRODUCTION TO CHEMICAL ENGINEERING THERMODYNAMICS 

needed for application of an equation of state to mixtures is the composition 
dependence of the parameters. For the virial equations, which apply only to 
gases, this dependence is given by exact equations arising out of statistical 
mechanics. The expression for B, the second virial coefficient, is given by 

( 11.44) 
i j 

As indicated in Sec. 1104, generalized methods are available for evaluation of 
Bij. For a binary mixture, Eq. (11.44) reduces to 

B = yiBII + 2y,y,B'2 + y;B22 

The third virial coefficient C is expressed as 

C = L L L Y,YjYkCijk 
i j k 

where C's with the same subscripts, regardless of order, are equal. For a 
mixture, Eq. (14.1) becomes 

C = y:CII , + 3yiY2cII2 + 3y,y;C122 + y~C222 
Here C'" and C222 are the third virial coefficients for pure species 
whereas CII2 and C122 are cross-coefficients. Published generalized I ~~~~~~!~: 
for third virial coefficientst are based on a very limited supply of e 
data. Consistent with the mixing rules of Eq. (11.44) and (14.1), the te""oo:ratur 
derivatives of Band C are given exactly by 

and 

dB dB, 
dT = L L M=;tt 

. 'J 

dC dC'-k 
dT = ~ ;: t MYk =:Jf 

As explained in Sec. 13.3, residual properties and fugacity coefficients 
readily calculated from equations of state. By Eq. (11.20), applicable to co,nst: .. 
composition fluids, 

f.
p dP 

In ef> = ° (Z - I) p (const T, x) 

When the compressibility factor is given by the two-term virial equation, 

Eq. (14.5) yields 

BP 
Z-I=

RT 

BP 
Inef> =

RT 

t R. deSantis and B. Grande, AIChEJ,~: 931, 1979; H. Orbey and J. H. Vera, ibid., 29: 107, 

THERMODYNAMIC PROPERTIES AND VLE FROM EQUAnONS OF STATE 473 

a restatement of Eq. (11.21). By Eq. (13.16), 

HR = _T(alnef» = -T(P)(J.. dB _.!!.) 
RT aT p.x R T dT T2 

or 

:;= :(~- ::) (14.7) 

Combination of Eqs. (6.39) and (l1.l6) gives 

SR HR 
R"= RT-lnef> (14.8) 

Whence by Eqs. (14.6) and (14.7), 

SR P dB 
-=---
R R dT 

(14.9) 

The evaluation of residual enthalp,ies and residual entropies by Eqs. (14.7) 
and (14.9) is straightforward for given values of T, P, and composition, provided 
one has sufficient data to evaluate B lmd dB/ dT by Eqs. (11.44) and (14.3). The 
range of applicability of these equations is the same as for Eq. (3.31), as discussed 
in Sec. 3.4. 

The required values of Bij in Eq. (11.44) can be determined from the general
ized correlation for second virial coefficients according to the equation, 

RT9i ° , Bij= p_ (B +"'ijB) 
<. 

(11.49) 

where BO and B' are given by Eqs. (3.48) and (3.49), and "'ij, Taj, and P<ij come 
from the combining rules of Eqs. (11.50) through (11.54). An equation for dBij/ dT, 
from which to determine values required in Eq. (14.3), results from differentiation 
of Eq. (11.49): 

or 

dB-- RTa-(dBO dB') === -+"'--
dT P<ij dT • dT 

dB"-~(dBO +'" dB') 
dT - P cij dTrij ij dTrij 

(14.10) 

where Trij = T/Taj. The derivatives dBo/ dT .. and dB'/ dTrij are given as functions 
of reduced temperature by Eqs. (6.60) and (6.61). 

Example 14.1 Estimate V, In q" H R, and SR for an equimolar mixture of methyl ethyl 
ketone(!) and toluene(2) at 50·C and 25 kPa. 

SOLUTION The required data are given with Example 11.6, along with calculated 
values of the Bij . We here need in addition values of dBi/ dT. The values of Trlj• 
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together with dB' / dT"j' dB' / dTrij , and dB,/ dT calculated for each ij pair by 
(6.60), (6.61), and (14.10), are as follows (note that all k;j = 0): 

dB,,IdT 
ij Tn} dB'/dT"J dB1jdTrjj em) mol-I K- 1 

II 0.603 2.515 10.020 11.643 

22 0.546 3.255 16.793 15.315 

12 0.574 2.858 12.948 13.391 

With values of Bij calculated in Example 11.6 and values of dBij/ dT calculated 
Eqs. (11.45) and (14.3) yield 

and 

B = (0.5)'( -1,387) + (2)(0.5)(0.5)( -1,611) + (0.5)'( -1,860) 

= -1,617 cm3 mol-I 

dB/dT = (0.5)'(11.643) + (2)(0.5)(0.5)(13.391) + (0.5),(15.315) 

= 13.435 em' mol-' K-' 

Substitution of these values in Eqs. (3.31), (14.6), (14.7), and (14.9) gives for T, 
323.15 K and P = 25 kPa: 

= BP = 1+ (-1,617)(25) = 0.9850 
Z 1+ RT (8,314)(323.15) 

BP (-1,617-)(25) 
In'" = RT = (8,314)(323.15) -0.01505 

H1< =~(.ll._dB) =~(-I,617 -13.435) =-0.05545 
RT R T dT 8,314 323.15 

S1< P dB -25 
-= -- - = --(13.435) = -0.04040 
R R dT 8,314 

From these values we find 

V = ZRT (0.9850)(8,314)(323.15) = 105850 em' mol-' 
P 25 .' 

'" = 0.9851 

H1< = (-0.05545)(8.314)(323.15) = -149.0 J mol-' 

S1< = (-0.04040)(8.314) = -0.3359 J mol-' K-' 

Since Eq. (3.31) expresses Z as a function of P and T, the m.,th,em.atiCl! 
operations of Eqs. (14.5) and (13.16) are readily carried out. However, 
the equation of state expresses Z as a function of Y and T, as is most often 
case, Eqs. (14.5) and (13.16) are jpappropriate, and must be transformed so 
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Y rather than P is the independent variable. Since the derivations are tedious t 
we here simply present the results: ' . 

fv dY 
In.p =Z-I-lnZ- (Z-I)-

00 Y 

and 

HR fV(a~' dY -=Z-I+T --
RT 00 aT v Y 

The residual entropy is found from Eq. (14.8). 
When Z is given by the three-term virial equation, 

B C 
Z-I=-+

Y y' 

Eqs. (\4.11) and (\4.12) become 

2B (3/2)C 
In.p = -+---lnZ 

Y y' 

and 

(\4.11) 

(\4.12) 

(3.33) 

(14.13) 

(\4.14) 

For application of these equations, useful for gases up to moderate pressures, 
we need values of all Bij, Cijk, and their temperature derivatives for substitution 
into Eqs. (11.44), (\4.1), (14.3), and (\4.4). 

14.2 PROPERTIES OF FLUIDS 
FROM CUBIC EQUATIONS OF STATE 

As discussed in Sec. 3.5 and illustrated by Fig. 3.10, PVT equations of state that 
are cubic in molar volume are capable of describing the behavior of both liquid 
and vapor phases of pure fluids. 

The application of cubic equations of state to mixtures requires that the 
equation-of-state parameters be expressed as functions of composition. No exact 
theory like that for the virial equations prescribes this composition dependence, 
and we rely instead on empirical mixing rules to provide approximate relation-

t H. C. Van Ness and M. M. Abbott. Classical Thermodynamics of Nonelectrolyte Solutions: With 
Applications to Phase Equilibria, app. C, McGraw-Hill, New York. 1982. 
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ships. For the Redlich/Kwong equation, 

RT a 
P = V - b - T'/2 V( V + b) 

the mixing rules that have found greatest favor are: 

a = LLY;Yjaij 
j j 

b = Ly,b, 
I 

The a· are oftwo types: pure-species parameters (like subscripts) and int.eralctlj 
" t ( 11·j(4. ·"ubscripts) The b, are parameters for the pure speCies. parame ers un A.,",~' • r' fE 

One procedure for evaluation of parameters IS a genera Izatlon 0 qs. 
and (3.4\): 

0.42748R2 T;v' 
aij = 

and 

P" 
h E (II 51) through (11.54) provide for the calculation of the T"j and 

w e~ul~~lication of the Redlich/Kwong equation [Eq. (3.35)] by V/ RT 
to its expression in alternative form: 

Whence 

where 

I a ( h ) 
Z = I _ h - bRTi.S I + h 

bP 
h= ZRT 

Equations (14.1\) and (14.12) in combination with Eq. (14.20) lead to 

In <I> = Z - I -In (1- h)Z - (bR~i.S) In (I + h) 

and 

HI! = Z _ I _ ( 3a 1.,) In (I + h) 
RT ~ 2bRT 
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Once a and b for the mixture are determined by Eqs. (14.15) through (14.18), 
then for given T and P we find Z, In <1>, and HR / RT by Eqs. (14.19) through 
(14.23) and SR iR by Eq. (14.8). The procedure requires initial solution of Eqs. 
(14.19) and (14.21), usually by an iterative scheme, as described in connection 
with Eq. (3.43) for a gas or vapor phase. 

The generalized correlations of Pitzer provide an alternative to the use of a 
cubic equation of state for the calculation of thermodynamic properties. However, 
no adequate general method is yet known for the extension of the Pitzer correla
tions based on the compressibility factor to mixtures. Nevertheless, Z, as given by 

Z = Z· + wZ' (3.45) 

depends on T" P" and w. Approximate results for mixtures can often be obtained 
with critical parameters for the mixture and a simple linear mixing rule for the 
acentric factor. Since values for the actual critical properties T, and P, for mixtures 
are rarely known, use is made of the pseudoparameters Tp , and P P<' determined 
again by a simple linear mixing rule. Thus, by definition, 

Tp< = Ly,T" (14.24) 

Pp< = LYIP" 
and 

(14.25) 

w = L y,w, (14.26) 

The pseudoreduced temperature and pseudoreduced pressure, which replace T, 
and P" are determined by 

and 

T 
T=-

pr Tpc (14.27) 

(14.28) 

Thus, for a mixture at given Tp, and Pp, we may determine a value of Z by Eq. 
(3.45) and Figs. 3.12 through 3.15, of HR/ RTp , by Eq. (6.56) and Figs. 6.6 through 
6.9, of SR / R by Eq. (6.57) and Figs. 6.10 through 6.13, and of <I> by Eq. (i 1.42) 
and Figs. 11.2 through 11.5. 

Example 14.2 Estimate V, ,p, HR, and SR for an equimolar mixture of carbon 
dioxide(1J and propane(2J al450 K and 140 bar by (aJ the Redlich/Kwong equation 
and (b) the generalized correlations of Pitzer. 

SOLUTION (a) The required data are given as follows: 

ij Tcj/K PCij/bar Vciicm3 mol- 1 Zcij w1j 

11 304.2 73.8 94.0 0.274 0.225 
22 369.8 42.5 203.0 0.281 0.152 
12 335.4 54.7 141.6 0.278 0.188 
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where the values in the last row are calculated by Eqs. (11.50) through (11.54) with 
k12 = O. Substitution of appropriate values into Eq. (14.17) and (14.18) gives: 

ij aij/bar cm6 K 1/2 mor2 bt/cm3 mol-I 

11 64.622 x 10' 29.69 

22 182.837 x 10' 62.68 

12 111.290 x 10' 

Parameters a and b for the mixture are given by Eqs. (14.15) and (14.16): 

a = yiall + 2YIY2a12 + y~a22 

= (0.5),(64.622 x 10') + (2)(0.5)(0.5)(111.290 x 10') 

+ (0.5)'(182.837 x 10') 

a = 117.51 x \O'barcm'K'/'mol-' 

b = y,b, + y,b, = (0.5)(29.69) + (0.5)(62.68) 

b = 46.185 em' mol-' 

The dimensionless quantity a/ bRTi.S is evaluated as 

a 117.51 x \0' 

bRTI.5 = (46.185)(83.14)(450)1.' 
3.2059 

Similarly, 
bP (45.185)(140) 

RT (83.41)(450) 
0.17282 

Therefore Eq. (14.19) becomes 

Z = _1 __ 3.2059 (_h_) 
I-h I+h 

and Eq. (14.21) gives 

Solution for Z and h yields 

Z = 0.6922 

The molar volume is therefore 

h = 0.17282 
Z 

and h = 0.2496 

v = ZRT = (0.6922)(83.14)(450) 185.0 em' mol-' 
P 140 

By Eq. (14.22), 

In q, = 0.6922 - I -In [(0.7504)(0.6922)] - 3.2059 In 1.2496 

= -0.3671 

whence 

q, = 0.693 
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By Eq. (14.23), 

• HR 
RT = 0.6922 - I - (1.5)(3.2059) In 1.2496 = - 1.379 

whence 

HR = (-1.379)(8.314)(450) = -5,160Jmol-' 

By Eq. (14.8), 

SR HR 
R= RT- ln q,=-1.379+0.367=-1.012 

whence 

SR = (- 1.012)(8.314) = -8.41 J mol-' K-' 

(b) The pseudocritical constants are found by Eqs. (14.24) and (14.25): 

and 

Whence 

and 

Tp , = y, T,,, + y, T,,, = (0.5)(304.2) + (0.5)(369.8) 

= 337.0 K 

Pp , = y,P,,, + y,P,,, = (0.5)(73.8) + (0.5)(42.5) 

= 58.15 bar 

7:=450_ 
.' 337.0 - 1.335 

P 140 
p' = 58.15 = 2.41 

Values of ZO and zt from Figs. 3.13 and 3.1S at these reduced conditions are: 

Z" = 0.682 and Z' = 0.205 

With '" given by 

'" = y,"', + y,,,,, = (0.5)(0.255) + (0.5)(0.152) = 0.188 

we apply Eq. (3.45): 

from which 

Z = Z" + ",Z' = 0.682 + (0.189)(0.205) = 0.721 

V= ZRT 
P 

(0.721 )(83.14)( 450) 

140 
192.7 cm3 mol-I 

Similarly, from Figs. 6.7 and 6.9, 

( HR)" 
RT

p
, = -1.77 ( HR)' 

RT", = -0.15 
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Substitution into Eq. (6.56) gives 

HR 
-- = -1.77 + (0.188)(-0.15) = -1.80 
RTp , 

whence 

HR = (8.314)(337.0)( -1.80) = -5.040 J mol-1 

By Figs. 6.11 and 6.13 and Eq. (6.57). 

whence 

SR = -0.98 + (0.188)(-0.28) = -1.03 
R 

SR = (8.314)( -1.03) = -8.59 J mol-1 K-1 

Finally. by Figs. 11.3 and !l.5 and Eq. (11.42). 
~ 

<I> = (0.715)(1.225)°188 = 0.743 

14.3 VAPOR/LIQUID EQUILIBRIUM 
FROM CUBIC EQUATIONS OF STATE 

In Sec. 11.3 we showed that phases at the same T and P are in equilibrium when 
the fugacity of each species is the same in all phases. Forvapor/liquid equilibrium, 
this requirement is written 

, " 
ff=fi (i = 1.2 •...• N) (11.30) 

An alternative form of Eq. (11.30) results from introduction of the fugacity 
coefficient, as defined by Eq. (11.33): 

or 

(i = 1.2 •...• N) 

For the special case of pure species i. this becomes 

cfJ~ = cfJ: 

a relation already expressed by Eq. (11.24). We consider first the use of 
equation of state with Eq. (14.30) for the calculation of the equilibrium 
saturation pressure of pure species i at given temperature T. 

N, discussed in Sec. 3.5 with respect to cubic equations of state for 
species. a subcritical isotherm on a PV diagram exhibits a smooth tramsitia 
from the liquid to the vapor region. shown by the curve labeled T, < 'To on 
3.10. We tacitly assumed in that discussion independent knowledge of the 
pressure at this temperature. In fact, this value is implicit in the equation of 
We reproduce in Fig. 14.1 the ~ubcritical isotherm of Fig. 3.10, without 
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a 

P" --
q 

P 

P' --
b 

v 

Figure 14.1 Isothenn for T < T, on PV diagram for a pure fluid. 

indication of the location of the eqUilibrium pressure P"'. However, it clearly 
must lie between the pressures P' and P" shown on the figure. 

The eqUilibrium criterion expressed by Eq. (14.30) may be written 

In 4>' -In <f>" = 0 (14.31) 

where for economy of notation subscript i is suppressed. The fugacity coefficient 
of any pur~ li~uid or vapor is a function of its temperature and pressure. For a 
saturated hqUld or vapor. the pressure is P"'. This equation therefore implicitly 
expresses the functional relation, 

F(T, P'"') = 0 
or 

pat = f(T) 

~pplication of a cubic equation of state to the isotherm of Fig. 14.1 at a 
specific P between P' and P" allows calculation of both a liquid-like volume on 
branch ab of the i.sotherm and a vapor-like volume on branch qr. represented 
for exam!'le ~y pomts M and W. Since the equation of state [for example. Eq. 
(14.19)] Imphes an expression for In <f> [for example, Eq. (14.22)], we may 
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Iculate the values In ",' and In "'" corresponding to points M and W. If 
~:Iues satisfy Eq. (14.31), then P = put and points M and W represe~t 

turated-liquid and saturated-vapor states at temperature T. If Eq. (14.31) IS 
sat' fied one must find the value of P for which it is satisfied, either by trial sa IS , "d 
by a suitable iteration scheme. Such calculatIOns are usually came out 
computer. . 

The application of Eq. (14.29) to the dete~ination of ~ixture VLE IS 
rt'nciple the same as the calculation of pure-species VLE, but IS very much 

P A A, • f . f T. difficult. Since '" r is a function of T, P, and {Y;}, and '" i IS a unctIOn 0 , 

and {x,}, Eq. (14.29) represents N complex relations among the 2N 
T, P, (N - l)y,s and (N - l)x,s. Thus, speci~ca.tion of N of th~s.e valrial,le,., 
usually either Tor P and either the vapor- or hqUid-phase composltlons, ~"'U"., 
solution for the remaining N variables. These are BUBL P, DEW P, BUBL 
and DEW T calculati6li~ 

Equation (14.29) may be rewritten as 

Yi=Kjxj 

where K" the K-value, is given by 
A, 

K = "'i 
I ¢f 

Equation (14.32) is identical to Eq. (10.27), used to express Raoult's la:",., 
However, Eq. (14.33) is a general expression for K ,. Since I Yi = I, we can wnte 
as a result of Eq. (14.32) that 

I KiXi = I 

Thus for bubble-point calculations, where the Xi are known, the problem is to 
find the set of K-values that satisfies Eq. (14.34). . 

Alternatively, Eq. (14.32) may be written Xi = yJ Ki. Since I Xi = I, It follows 
that 

I Yi = I 
Ki 

Thus for dew-point calculations, where the Yi are known, the problem is to find 
the set of K-values that satisfies Eq. (14.35). . . 

Because of the complex functionality of the K-values, these calculatIOns In 

eneral require iterative procedures suited only to computer solution. However, 
rn the case of mixtures of light hydrocarbons, in which the molecular force fiel~s 
are relatively weak and uncomplicated, we may assume as a re:,"onable app~~xI
mation that both the liquid and the va~or phases ~re id~~ sol!!~ons. By defimtlOn " 
of the fUJlacity coefficient of a speCies In solutlon, '" i = Ii / Xi P. But by Eq. 
(11.61), Ii'" = xJ.. Therefore 
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Thus, for an ideal solution the fugacity coefficient of a species in solution is equal 
to the fugacity coefficient of the pure species at the mixture T and P and in the 
same physical state (liquid or gas). 

The assumption of ideal solutions reduces Eq. (14.33) to 

K = ",:(T, P) 
, "'~( T, P) 

I:(T, P) 

Pq,~(T, P) 

The fugacity 1:( T, P) is given by Eq. (11.26), which here becomes 

I '( T. P) = PU'A."'( T. P"') x V:(P - P:") 
I, • .,..., i e P RT 

where V: is the molar volume of pure species i as a saturated liquid. Thus the 
K-value is given by 

p~att/>~at(T, p~at) V:(P _ p~at) 
Ki = Pq,~( T, P) exp RT (14.36) 

The great attraction of this equation is that it contains just properties of the pure 
species and therefore expresses K-values as functions of T and P, independent 
of the compositions of the liquid and vapor phases. Moreover, ",:a, and "'f can 
be evaluated from equations of state for the pure species or from generalized 
correlations. This allows K-values for light hydrocarbons to be calculated and 
correlated as functions of T and P. However, the method is limited for any 
species to subcritical temperatures, because the vapor-pressure curve terminates 
at the critical point. 

In Figs. "4.2 and 14.3, we present nomographs that give K-values for the 
light hydrocarbons as functions of T and P. They were prepared by DePriestert 
on the basis of earlier equation-of-state calculations, and allow for an average 
effect of composition. They give K-values for the light hydrocarbons as functions 
of T and P. They are suitable for approximate calculations, and provide easy 
application ofK-values to practical problems, as shown in the following example. 

Example14.3 Determine (a )"the dew-point pressure and (b) the bubble-point pressure 
of a mixture of 10 mol % methane, 20 mol % ethane, and 70 mol % propane at 50(OF) 
if the K-values are given by Fig. 14.2. 

SOLUTION (a) When the system is at its dew point, only a minute amount ofliquid 
is present, and the given mole fractions are values of Yi' Since the temperature 
is specified. the K-values depend on the choice of P. and by trial we find the value 
for which Eq. (14.35) is satisfied. Results for several values of P are given in the 

t c. L DePriester, Chem. Eng. Progr. Symp. Ser. 7, 49: 1, 1953. They have been published in 
modified fonn for direct use with SI units (Oe and kPa) by D. B. Dadyburjor, Chern. Eng. Prayr., 
74(4): 85, April, 1978. 
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Fipre 14.2 Equilibrium constants in Iight·hydrocarbon systems. Low·temperature range. (Rep,oo"""d 
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following table: 

p ~ lOO(psia) P ~ 150(psia) 

Species y, K, Y;/ Ki K, y;/ Ki K, 

Methane 0.10 20.0 0.005 13.2 0.008 16.0 
Ethane 0.20 3.25 0.062 2.25 0.089 2.65 
Propane 0.70 0.92 0.761 0.65 1.077 0.762 

L (yJ K,) ~ 0.827 L (yJ K,) ~ l.l73 

From the results given in the last two columns we see that Eq. (14.35) is 
when P = 126(psia). This is the dew-point pressure, and the composition 
is given by the values of Xi =~ listed in the last column of the table. 

(b) When the system is almost' completely condense~, it is at its bubble 
and the given mole fractions become values of Xi' In this case we find by 
value of P for which the K, values satisfy Eq. (14.34). Results for several 
P are given in the following table: 

p ~ 380(psia) P ~ 400(psia) p~ 

Species x, K, Ktxi K, K/x/ K, 

Methane 0.10 5.60 0.560 5.25 0.525 5.49 
Ethane 0.20 1.11 0.222 1.07 0.214 l.l0 
Propane 0.70 0.335 0.235 0.32 0.224 0.33 

L K,x, - 1.017 L Kjxj = 0.963 

We see that Eq. (14.34) is satisfied when P = 385(psia). This is the bulbble-p 
pressure. The composition of the bubble is given by Yi = K/Xh as shown in 
column. 

Flash calculations can also be made for light hydrocarbons with the 
Figs. 14.2 and 14.3. The procedure here is exactly as described in conn,:c 
with Raoul!,s law in Sec. 10.5. We recall that the problem is to calculate 
system of given overall composition {z,} at given T and P the fraction 
system that is vapor V and the compositions of the vapor phase {y,} 
liquid phase {x,}. The equation to be satisfied is 

L zjKj 

, 1+ V(K,-I) 

Since T and P are specified, the K, for light hydrocarbons as given by 
and 14.3 are known, and V, the only unknown in Eq. (10.30); is foun? by 

Exam.ple 14.4 For the system described in Example 14.3, what fraction of the 
is vapor when the pressure is 200(psia) and what are the compositions 
equilibrium vapor and liquid phases? 
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SOLUTION The given pressure lies between the dew- and bubble-point pressures 
established for this system in Example 14.3. The system therefore surely consists of 
~wo ~hase •. The procedure is to find by trial that value of V for which Eq. (10.30) 
IS satisfied. We recall that there is always a trivial solution for V = 1. The results of 
several tri:us are shown in the following table. The columns headed YI give values of 
the terms 10 the sum of Eq. (10.30), because each such term is in fact a YI value as 
shown by Eq. (10.29). ' 

y/ for 
x, = y;/K/ 

YI for YI for for Species z, K, V ~ 0.35 V ~ 0.25 V ~ 0.273 V = 0.273 

Methane 0.10 10.0 0.241 0.308 0.289 0.029 Ethane 0.20 1.76 0.278 0.296 0.292 0.166 Propane 0.70 0.52 0.438 0.414 0.419 0.805 

L y, ~ 0.957 L y, = 1.018 LY, = 1.000 LX, = 1.000 

Thus Eq. (10.30) is satisfied when V = 0.273. The phase compositions are given in 
the last two columns of the table. 

When the assumption of ideal solutions is not appropriate, K-values must 
be calculat~d by Eq. (14.33), and this requires values of ~: and ~r. These come 
~rom equ~tions of state that are at least cubic in volume. Just as Eq. (14.5) is 
mapprop~ate to the calculation of In q, from equations of state that express Z 
as a functIOn of. T and V, so Eq. (11.39) is not suited to the calculation of In ~, 
fro~ such equatIOns. The transformation of Eq. (11.39) into an equation in which 
the mdependent variable is V rather than P gives 

In~, =Z-I-lnz_fV[(a(nZ») _I] dV 
00 a~ ~~~ V 

Equation (I~.II) is the corresponding expression for In q,. 
A genenc form of the Redlich/Kwong equation may be written: 

P = RT II 
V-b V(V+b) 

or 

Where 

h =!!.. = bP 
V ZRT 

(14.37) 

(14.38) 

?tis eq~atio." encompasses .t~e original Redlich/Kwong equation and many of 
Its m?dlficatlons. For the ongmal equation, II = a/ TI/2, where parameter a is a 
functIon of composition only. Application of Eq. (14.37) to the generic 
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Redlich/Kwong equation gives: 

• 5, 8 (6. e. ) ( h) In.p=-(Z-\)-lnZ(I-h)+- ----I In 1+ 
, b bRT b 8 

where 

and 

These are general equations that""'not depend on the particular mixing 
adopted for the composition dependence of 8 and b. 

and 

A commonly used pair of mixing rules is: 

8 = II x,xj 8U 
i j 

In this case, Eqs. (14.40) and (14.41) give 

and 

e. = -8+2I xk 8k' 
k 

Equation (14.39) now becomes 

. b 8 (b' In.p,=~(Z-I)-lnZ(I-h)+bRT b 

For the original Redlich/Kwong equation, 

a 
9 = T'/2 

These reduce Eq. (14.42) to 

and 

, J 

Which is equivalent to Eq. (14.15), and Eq. (14.46) becomes 

. b· a (b, 2 IkXkaki) ) , 
In.p, =~(Z-I)-lnZ(\-h)+ bRTI.5 b a In (I +h 

Here Z is given by Eq. (14.19), wltich is Eq. (14.38) with 8 = a/ T'/2. Parar.eti 
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ak' and b, can be evaluated by Eqs. (14.17) and (14.18). Similar parameter
evaluation procedures are readily formulated for modifications of the 
Redlich/Kwong equation. 

Example 14.5 Estimate 4>, and 4>, for an equimolar vapor ",ixture of carbon dioxide( I) 
and propane(2) at 450 K and 140 bar by Eq. (14.47). 

SOLUTION For the two species of a binary mixture, Eq. (14.47) reduces to: 

In 4>, = bb' (Z - I) -In Z(I - h) + -;, (~ 2 t. x.a'k) In (I + h) 
bRT' b a 

and 

.. b2 a (b2 2 Ek Xka2k ) In""=-b(Z-I)-lnZ(I-h)+--,-, - In(l+h) 
bRT' b a 

All required values for substitution into these equations are available from Example 
14.2. Thus, 

and 

Similarly, 

b, 29.69 
b = 46.185 = 0.6428 

Z = 0.6922 h = 0.2496 

2LXkalk =2(XIQII +X2atl) 
k 

a/ bRT'" = 3.2059 

= 2[(0.5)(64.622 x 10") + (0.5)(111.290 x 10")) 

= 175.91 x 10" 

2t.x.alk 175.91 x 10" 
a 117.51 X 10' 

1.4970 

In 4>, = (0.6428)(0.6922 - I) -In [(0.6922)(1 - 0.2496)) 

+ 3.2059(0.6428 - 1.4970) In 1.2496 

In 4>, = -0.1530 and j" = 0.8581 

b, 62.68 - = --= 1.3572 
b 46.185 

= 2[(0.5)(111.290 x 10") + (0.5)(182.837 x 10')) 

= 294.127 x 10" 

294.127 x 10" 
117.51 x 10" = 2.5030 
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and 

In <$, ~ (1.3572)(0.6922 - I) -In [(0.6922)(1 - 0.2496)] 

+ 3.2059( 1.3572 - 2.5030) In 1.2496 

In <$, ~ -0.5812 and <$, ~ 0.5592 

A I A corrlpulta~ Given the means to calculate values of q,j and q,~, one can devise 
schemes for solving dew-point, bubble-point, and flash problems. We 
here only the BUBL P calculation, for which a block diagram of a 
program is shown by Fig. 14.4. 

The input information consists of the given values of T 
physical-property data necessary for evaluation of all equati 
eters. We also read in estimates. of P and {y,}. These values are need"d 
initial calculation of {.$ a and {.$hd can be obtained from a pre:limli. 
solution of the problem based on the assumption of ideal solutions. 

Application of an equation such as Eq. (l4.47) first with liquid-phase 
fractions and then with vapor-phase mole fractions provides initial values 

Read T, {x;}. 
physical constants, and 

estimates of p. {Yi}' 

Evaluate {J:}, 
{<S:}, {K,}. 

Calculate {K;X,} 
and IK;X;. 

Calculate all 
K,x, 

y, ~LK,x, 

Reevaluate {c&~'}, {K,}, 
{K,x;}, and LK,x,. 

I No 
Adjust P. I 

~ 
~ 

Yes 

No 

Has 
j. ___ -'y..::e"-s ___ -< IK,x, changed? 

Ficure 14A Block diagram fol' BUBL P calculation. 
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AI"'v it 
{4>,} and {4>,}. Values for {K.} then come from Eq. (14.33). These allow calculation 
of {K,x,}; according to Eq. (l4.32) this set should be identical to {y,}. However, 
the constrafnt L y, = I has not yet been imposed, and it is likely that L K,x, "" I. 
We therefore calculate the y, by 

and this ensures that the set of y;'s used in subsequent calculations does sum to 
unity. 

This new set of y;'s allows reevaluation of {.$f}, {K,}, {K,x,}, and hence of 
L K,x,. If the value of L K,x, has changed, we agaiD calculate the y, and repeat 
the sequence of calculations. Iteration leads to a stable value of L K,x" and we 
then ask whether L K,x, is unity. If not, then the value of P is adjusted according 
to some rational scheme. When L K,x, > I, P is too low; when L K,x, < I, P is 
too high. The entire iterative procedure is then repeated with a new pressure P. 
The last calculated values of y, are used as the initial estimate of {y,}. 

The scheme of Fig. 14.4 illustrates a rational approach to the solution of a 
BUBL P problem through the use of an equation of state. However, convergence 
problems sometimes arise, and in this case a solution may not be obtained, even 
with very good initial estimates of P and {y,}. Discussions of such problems and 
of algorithms for circumventing them are found in the literature. t 

Because of its relative simplicity, the original Redlich/Kwong equation was 
used in Example 14.5 to illustrate the calculation of fugacity coefficients. However, 
this equation in its original form is rarely satisfactory for VLE calculations, and 
many modifications have been proposed to make it more suitable. In particular, 
Soavet introduced the acentric factor into the Redlich/Kwong equation by setting 
9 equal to a function not only of temperature but also of the acentric factor w. 
Thus the widely used Soave/Redlich/Kwong (SRK) equation is written: 

where 

and 

P= RT _ 9SRK 

V-b V(V+b) 

9SRK = aTI + (0.480 + 1.574w - 0.176w')(1 - T:/2)f 

0.42748R2 T; 
a' 

b = 0.08664RT< 

P< 

{I 4.48) 

t A comprehensive treatment of multiphase equilibrium calculations with an equation of state. 
including an extensive bibliography, is given by L. X. Nghiem and Yau-Kun Li, Ruid Phase Equilibria, 
17: 77, 1984. 

* G. Soave, Chern. Eng. Sci., 27: 1197, 1972. 
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Many modifications of the original Redlich/ Kwong equation that appear in 
the literature are intended for special-purpose applications. The SRK equation, 
developed for vapor/liquid equilibrium calculations, is designed specifically to 
yield reasonable vapor pressures for pure fluids. Thus, there is no assurance that 
molar volumes calculated by the SRK equation are more accurate than values 
given by the original Redlich/Kwong equation. 
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FIgure 14.5 Pxy diagram for carbon dioxide(I)/.·pentane(2). 
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The Peng/Robinson equation, t also developed specifically for vapor/liquid 
equilibrium, is an alternative to the SRK equation: 

where 

and 

p= RT 
V-b V2 +2bV-b2 

8PR = a'll + (0.37464 + 1.54226w - 0.26992w2)(1 - T:/2)]2 

a" = _0_.4..;.5,-72=,.4_R_2...:T~~ 
p, 

b = 0.07780RT, 
p, 

(14.49) 

As an example of the use of an equation of state for VLE calculations, we 
have applied the SRK equation together with the BUBL P program of Fig. 14.4 
to the system carbon dioxide(l)/n-pentane(2) at 277.65 and 344.15 K. Results 
are shown in Fig. 14.5, where the lines represent calculated values and the points 
are the data of Besserer and Robinson.* A suitable correlation of the data requires 
use of an appropriate value of k;} in Eq. (11.51). While one might hope that a 
single value would here serve for both temperatures, better results are obtained 
with the values, kl2 = 0.12 at 277.65 K and k'2 = 0.14 at 344.15 K. Calculations 
such as these can be done routinely with the aid of a computer, but their accuracy 
depends on knowledge of proper values for ky, or more generally on the use of 
appropriate mixing rules. This is an area of active research, and to be informed 
of progress, one must have recourse to current literature. 

PROBLEMS 

14.1 Estimate Z, H
R

, and SR at 300 Kand 6 bar for propane given the following values of the second 
virial coefficient for propane. 

250 -584 
300 -382 
350 -276 

14.2 The second virial coefficient for acetonitrile is given approximately by the equation, 

B/cm3moI-1 = -S.55 ( 10' )'.' 
T/K 

Determine values for HR and SR for acetonitrile vapor at 80"C and 80 kPa. 

t D.·Y. Peng and D. B. Robinson, IntI. Eng. Chern. Fundam., 15: 59, 1976. * G. J. Besserer and D. B. Robinson, J. Chem. Eng. Data, 18: 416, 1973. 
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14J An equimolar mixture of methane and propane is discharged from a compressor at 5.500 
and 9O"C at the rate of 1.4 kg S-I. If the velocity in the discharge line is not to exceed 30 m s-\ 
is the minimum diameter of the discharge line? 

14A Estimate V, 4J. H't. and SR for one of the following binary vapor mixtures: 
(a) Acetone(l)/l,3-butadiene(2) with mole fractions y, = 0.28 and Y2 = 0.72 at t = 6CrC an4 p . 

170kPa. 
(b) Acetonitrile(l)/diethyl ether(2) with mole fractions Yl = 0.37 and Y2 = 0.63 at t = SOOC 

P - 120kPa. 
(e) Methyl chloride(l)/dichlorodiftuoromethane(2) with mole fractions y, = 0.43 and Y2 = 0.57 

t = 2S'C and P = ISOkPa. 
(d) Nitrosen(t)/ammonia(2) with mole fractions Yl = 0.17 and Y2 = 0.83 at t = 20"C and 

3ookPa. 
(4!) Ethylene oxide(l)/ethylene(2) with mole fractions Yl = 0.68 and Y2 = 0.32 at I = 2S~, 

P - 420kPa. . 

14.5 Calculate V, 4J. H't, and SR forthebip.ary vapor mixture nitrogen(I)/isobutane(2) with Yl = 
'v2 = 0.65. t = ISO"C, and P = 60 bar by tht following methods: 
(1.1) Assume the mixture an ideal solution with properties of the! pure species given by the 

correlations based on the compressibility factor. 
(b) Apply the Pitzer correlations directly to the mixture. 
(e) Use the Redlich/KwolII! equation with Eqs. (14.17) and (14.18). In Eq. (1I.SI), set kl2 = 

14.6 Calculate V. tiJ. H R, and SR for the binary vapor mixture hydrogen su\fide(l)/ethane(2) 
,V, = 0.20. Y2 = 0.80. t = 140°C. and P = 80 bar by the following methods: 
(Q) Assume the mixture an ideal solution with properties of the pure species given by the 

correlations based on the compressibility factor. 
(b) Apply the Pitzer correlations directly to the mixture. 
(e) Use the Redlich/Kwong equation with Eqs. (14.17) and (14.18). In Eq. (1I.SI), set kl2 = 

14.7 Using the parameter values calculated in part (e) of Prob. 14.5, estimate J,. and ;'2 for 
nitrogen(l)/isobutane(2) mixture of Prob. 14.5. 

14.8 Using the parameter values calculated in part (e) of Prob. 14.6. estimate J,\ and J,2 for 
hydrogen sulfide(I)/ethane(2) mixture of Prob. 14.6. 

143 Assuming the validity of the De Priester charts, make the following VLE calculations 
methane(l)/ ethylene(2) / ethane( 3) system: 
(.) BOOL P, given x, - 0.10, X, = 0.50, and t - _60(OF). 
(b) DBW P, given y, _ O.SO, y, = 0.25, and t - _60(OF). 
(c) BUBL T, given x, = 0.12, X, - 0.40, and P = 2SO(psia). 
(d) DEW T, given y, - 0.43, y, - 0.36, and P - 2S0(psia). 

14.10 Assuming the validity of the De Priester charts, make the following VLE calculations 
ethane( 1 )/ propane(2 )/isobutane( 3)/ isopentane( 4) system: 
(.) BUBL P:given x, = 0.10, x, = 0.20, X, = 0.30, and t - 14OeF). 
(b) DEW P, given y, = 0.48, y, - 0.2S, y, - O.IS, and t - 14O(OF). 
(e) BULB T, given x, = 0.14, X, - 0.13, x, = 0.25, and P - 2oo(psia). 
(d) DEW T, given y, - 0.42, y, - 0.30, y, - O.IS, and P - 2oo(psia). 

14.11 The stream from a gas well consistsofSO-mol-% methane.lO-mol-% ethane,20-mol-% 
and 2O-mol-% "-butane. This stream is fed into a partial condenser maintained at a 
2SO(psia), where its temperature is brought to 80eF). Determine the molar fraction of the 
condenses and the compositions of the liquid and vapor phases leaving' the condenser. 

14.1l An equimolar mixture of "-butane and "-hexane at pressure P is brought to' a telnp'mi 
200(0f). where it exists as a vapor/liquid mixture in equilibrium. If the mole 
in the liquid phase is 0.75. what is pressure P. what is the molar fraction of the system 
and what is the composition of the vapor phase? .. 
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14.13 A mixture of 2S-mol-% "-pentane, 45-mol-% "-hexane and 30-mol-% "-heptan . b 
d'l' f 15S(~) d • e IS rought to a con lion 0 r ,an l(atm). What molar fraction of the system is liquid a d h 

phase compositions? • n w at are the 

• 14.14 A mixture containing IS-mol-% ethane, 35-mol-% propane and SO-mol-% n-b t . b eli . (0 ) • u ane IS rought 
to a con tton of 100 F at pressure P. If the molar fraction of liquid in the system is 0.40 h . 
pressure P and what are the compositions of the liquid and vapor phases? • W at IS 

14.15 A mixture containing I-mol.% ethane, S-mol-% propane 44-mol-% n-butan d 50 . bt . b gb • e,an -mOI% 
ISO u ane IS rou t to a condition of 80(OF) at pressure P. If the molar fraction of the t -
is vapor is 0.2, what is pressure P, and what are the compositions of the vapor and r S!d

S 

e
m
h that lqUl P ases? 

~4.16 A mixtureof3~~ol~% methaone,IO-mol-% ethane,30-mol-% propane, and 30-mol-% n-but . 
IS brought to a cond1tlon of -40( F) at pressure P where it exists as a vapor/I' 'd' ane 
equilibrium. If the mole fraction of the methane in the vapor phase is 0 90 what :qUI mixture in '. s pressure P., 
14.17 The top tray of a distillation column and the condenser are at a pressure of 20( .) 
I· ·d'; th , . . 1 psla . The 
IqUI n e op tra! IS a~ ~q~lmo a.r mixtu~e of n-butane and "-pentane. The vapor from the t 

tray. assu~ed to be In equlhbnum Wlth the hquid, soes to the condenser where SO mole percent op 
the vapor IS condensed. What are the temperature and composition of the vapor leaving th d of e con enser? 

14.18 "-Butane is separated from an equimolar methane/n-butane gas mixture by com . 
h P 00(0) pressIon of 

t e gas to pressure at 1 F . If 40 percent of the feed on a mole basis is condensed h . 
pressure P and what are the compositions of the resulting vapor and liquid phases? • w at IS 
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14.3 An equimolar mixture of methane and propane is discharged from a compressor at 
and 90°C at the rate of 1.4 kg s -I. If the velocity in the discharge line is not to exceed 30 m S-I, 

is the minimum diameter of the discharge line? 

14A Estimate V. t/J, H R
, and SR for one of the following binary vapor mixtures: 

(a) Acetone(l)/1,3-butadiene(2) with mole fractions YI = 0.2S and Y2 = 0.72 at t = 6Q°C and 
170kPa. 

(b) Acetonitrile(l)/diethyl ether(2) with mole fractions YI = 0.37 and Y2 = 0.63 at t = 5O"C 
P ~ 120 kPa. 

(e) Methyl chloride(1)/dichlorodifluoi'omethane(2) with mole fractions YI = 0.43 and Y2 = 0.57 
I ~ 25°C and P ~ 150 kPa. 

(d) Nitrogen(l)/ammonia(2) with mole fractions YI = 0.17 and Y2 = 0.S3 at t = 20"C and 
300 kPa. 

(e) Ethylene oxide(I)/ethylene(2) with mole fractions YI = 0.6S and Y2 = 0.32 at t = 25°C, 
p ~ 420kPa. . 

14.5 Calculate V, t/J,HR,and SR fortheliinarvvapor mixture nitrogen(1)/isobutane(2) withYI = 
Y2 = 0.65, t = 150°C, and P = 60 bar by thil()llowing methods: 
(a) Assume the mixture an ideal solution with properties of the pure species given by the 

correlations based on the compressibility factor. 
(b) Apply the Pitzer correlations directly to the mixture. 
(c) Use the Redlich/Kwong equation with Eqs. (14.17) and (14.18). In Eq. (11.51), set kl2 ~ 

14.6 Calculate V. rfJ, HR, and SR for the binary vapor mixture hydrogen su\fide(l)/ethane(2) 
YI = 0.20. Y2 = O.SO, t = 140°C, and P = SO bar by the following methods: 
(a) Assume the mixture an ideal solution with properties of the pure species given by the 

correlations based on the compressibility factor. 
(b) Apply the Pitzer correlations directly to the mixture. 
(c) Use the Redlich/Kwong equation with Eqs. (14.17) and (l4.1S). [n Eq. (11.51). set kl2 = 
14.7 Using the parameter values calculated in part (c) of Prob. 
nitrogen(l)/isobutane(2) mixture of Prob. 14.5. 

14.8 Using the parameter values calculated in part (c) of Prob. 
hydrogen sulfide(l)/ethane(2) mixture of Prob. 14.6. 

14.9 Assuming the validity of the De Priester charts, make the following VLE calculations 
methane(l)/ ethylene(2)/ ethane(3) system: 
(a) BUBL P, given x, ~ 0.10, x, ~ 0.50, and I ~ -6WF). 
(b) DEW P, given y, ~ 0.50, y, ~ 0.25, and I ~ -6WF). 
(c) BUBL T, given XI = 0.12, x2 = 0.40. and P = 250(psia). 
(d) DEW T, given y, ~ 0.43, Y, ~ 0.36, and P ~ 250(psia). 

14.10 Assuming the validity of the De Priester charts, make the following VLE calculations 
ethane( I ) / propane(2) / isobutane( 3)/ isopentane( 4) system: 
(a) BUBL P,-given XI = 0.10, x2 = 0.20. Xl = 0.30. and t = 140(OF). 
(b) DEW P, given y, ~ 0.48, y, ~ 0.25, y, ~ 0.15, and I ~ 14WF). 
(c) BULB T. given XI = 0.14, x2 = 0.13. Xl = 0.25. and P = 200(psia). 
(d) DEW T, given y, ~ 0.42, y, ~ 0.30, y, ~ 0.15, and P ~ 200(psia). 

14.11 The stream from a gas well consists of 50-mol-% methane, 1 O-mol-% ethane. 20·moI-% 
and 20-mol-% n-butane. This stream is fed into a partial condenser maintained at a 
250(psia), where its temperature is brought to SOc:'F). Determine the molar fraction of the 
condenses and the compositions of the liquid and vapor phases leaving the condenser. 

14.12 An equimolar mixture of n-butane and n-hexane at pressure P is brought to a te,"pI".'''' 
200(°F), where it exists as a vapor/liquid mixture in equilibrium. If the mole fraction of 
in the liquid phase is 0.75, what is pressure P, what is the molar fraction of the system that is 
and what is the composition of the vapor phase? ,. 

THERMODYNAMIC PROPERTIES AND VLE FROM EQUATIONS OF STATE 495 

14.13 A ~~xture of 25-mol-% n-pentane.45·mol-% n-hexane, and 30-mol-% n-heptane is brought 
to a condition of 155(OF) and l(atm). What molar fraction of the system is liquid and what are the 
phase com~ositions? • 

14.14 A mixture containing 15-mot.'Yo ethane,35-mol-% propane. and 50-mol-% n-butane is brought 
to a condition of l00(OF) at pressure P. If the molar fraction of liquid in the system is 0.40. what is 
pressure P and what are the compositions of the liquid and vapor phases? 

14.15 A mixture containing I-mol-% ethane, 5-mol-% propane, 44-mol-% n-butane. and 50-mol-% 
isobutane is brought to a condition of SO(OF) at pressure P. If the molar fraction of the system that 
is vapor is 0.2. what is pressure P, and what are the compositions of the vapor and liquid phases? 

14.16 A mixture of30-mol-% methane.lO-mol-% ethane, 30-mol-% propane. and 30-mol-% n-butane 
is brought to a condition' of -40(OF) at pressure P, where it exists as a vapor/liquid mixture in 
equilibrium. If the mole fraction of the methane in the vapor phase is 0.90, what is pressure P? 

14.17 1lte top tray of a distillation column and the condenser are at a pressure of 20(psia). The 
liquid on the top tray is an equimolar mixture of n-butane and n-pentane. The vapor from the top 
tray. assu~ed to be in equilibrium with the liquid. goes to the condenser where 50 mole percent of 
the vapor IS condensed. What are the temperature and composition of the vapor leaving the condenser? 

14.18 n- Butane is separated from an equimolar methane/ n-butane gas mixture by compression of 
the gas to pressure P at lOO(OF). [f 40 percent of the feed on a mole basis is condensed. what is 
pressure P and what are the compositions of the resulting vapor and liquid phases? 



CHEMICAL-REACTION 

The transformation of raw materials into products of greater value by""""" •. , 
chemical reaction is a major industry, and a vast number of commercial 
is obtained by chemical synthesis. Sulfuric acid, ammonia, ethylene, prc)PJrlel 
phosphoric acid, chlorine, nitric acid, urea, benzene, methanol, ethanol, 
ethylene glycol are examples of chemicals produced in the United 
billions of kilograms each year. These in tum are used in the large-scale m,mufi 
ture of fibers, paints, detergents, plastics, rubber, fertilizers, insecticides, 
Clearly, the chemical engineer must be familiar with chemical-reactor design 
operation. 

The rate and maximum possible (or equilibrium) conversion of a 
reaction are of primary concern in its commercial development. Both depend 
the temperature, pressure, and composition of reactants. For a specific 
consider the effect of temperature on the oxidation of sulfur dioxide to 
trioxide. This reaction requires a catalyst for a reasonable reaction rate, and 
rate becomes appreciable with a vanadium pentoxide catalyst at about 
and increases rapidly at higher temperatures. On the basis of rate alone, 
would operate the reactor at a high ter 'perature. Although the eqloilibri1 

conversion of sulfur trioxide is greater than 90 percent at temperatures 
520°C, it falls off rapidly at higher temperatures, declining to 50 percent at 
680°C. This is the maximum possible conversion at this temperature rel!a~dl 
of catalyst or reaction rate. The evident conclusion from this example i~ 
equilibrium and rate must be considered in the development of a COlllllIlerc 
process for a chemical reaction. Reaction rates are not susceptible to 
dynamic treatment, but equilibrium conversions are found by th,errnociyrlan .. 
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calculations. Therefore, the purpose of this chapter is to determine the effect of 
temperature, pressure, and ratio of reactants on the equilibrium conversions of 
chemical r;actions. 

Many industrial reactions are not carried to equilibrium. In this circumstance 
the reactor design is based primarily on reaction rate. However, the choice of 
operating conditions may still be determined by eqUilibrium considerations as 
already illustrated with respect to the oxidation of sulfur dioxide. In addition, 
the equilibrium conversion of a reaction provides a goal by which to measure 
improvements in the process. Similarly, it may determine whether or not an 
experimental investigation of a new process. is worthwhile. For example, if the 
thermodynamic analysis indicates that a yield of only 20 percent is possible at 
equilibrium and a 50 percent yield is necessary for the process to be economically 
attractive, there is no purpose to an experimental study. On the other hand, if 
the equilibrium yield is 80 percent, an experimental program to determine the 
reaction rate for various conditions of operation (catalyst, temperature, pressure, 
etc.) may be warranted. 

Calculation of eqUilibrium conversions is based on the fundamental equations 
of chemical-reaction equilibriutn, which in application require data for the stan
dard Gibbs energy of reaction. The basic equations are developed in Secs. 15.1 
through 15.4. These provide the relationship between the standard Gibbs energy 
change of reaction and the eqUilibrium constant. Evaluation of the equilibrium 
constant from thermodynamic data is considered in Sec. 15.5. Application of this 
information to the calculation of eqUilibrium conversions for single reactions is 
taken up in Sec. 15.7. In Sec. 15.8, the phase rule is reconsidered; finally, 
multireaction equilibrium is treated in Sec. 15.9.t 

IS.1 THE REACTION COORDINATE 

The general chemical reaction of Sec. 4.6 is rewritten here as 

Iv,IA, + IV21A2 + ... ~ Iv31A3 + Iv.IA. + ... (\5.1) 

where the I vol are stoichiometric coefficients and the Ai stand for chemical 
formulas. The Vi themselves are called stoichiometric numbers, and we recall the 
sign convention that makes them positive for products and negative for reactants. 
Thus for the reaction 

CH. + H20~ CO+ 3H2 

the stoichiometric numbers are 

VCH4 = -1 "H20 = -1 Ilea = 1 IIH2 = 3 

The stoichiometric number for any inert species present is zero. 

t For a comprehensive treatment of chemical-reaction equilibria. see W. R. Smith and R. W. 
Missen, Chemical Reaction Equilibrium Analysis, John Wiley & Sons. New York. 1982. 
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For the reaction represented by Eq. (15.1), the changes in the numbers 
moles of the species present are in direct proportion to the stoichiometric numh1erl 
Thus for the preceding reaction, if 0.5 mol of CH. disappears by reaction, 0.5 
of H,O must also disappear; simultaneously 0.5 mol of CO and 1.5 mol of 
are formed by reaction. Applying this principle to a differential amount oflrea,cti<l1\ 
we can write 

etc. 

The list continues to include all species. Comparison of these equations shows 

dn, dn, dn, dn. 
-=-=-=-= ... 

VI ~ V3 V4 

Each term is related to an amount oO:~action as represented by a change in 
number of moles of a chemical species. Since all terms are equal, they can 
identified collectively with a single quantity dE, arbitrarily defined to reI)fe,.e~ 
the amount of reaction. Thus a definition of dE is provided by the equation 

dn, dn, dn, dn. 
-=-=-=-= ... = dE 

VI V2 V3 V4 

The general relation between a differential change dn, in the number of 
of a reacting species and dE is therefore 

I dn,= V,dE I (i = 1,2, ... ,N) 

This new variable E, called the reaction coordinate, characterizes the 
or degree to which a reaction has taken place.t Equations (15.2) and 
define changes in E with respect to changes in the numbers of moles of 
reacting species. The definition of E itself is completed for each applicaltion. 
the specification that it be zero for the initial state of the system prior to 
Thus, integration of Eq. (15.3) from an initial uoreacted state where E = 0 
nj = nio to a state reached after an arbitrary amount of reaction gives 

or 
(i= 1,2, ... ,N) 

Summing over all species gives 

n = I n, = In" + E I v, 

t The reaction coordinate E has been given various other names, such as: del!"'" of· advulCCloli 
degree of reaction, extent of reaction, and progress variable. ,. 
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or 
n=no+ve 

• where 
v"'Iv, 

Thu. the mole fractions y, of the species present are related to E by 

Application of this equation is illustrated in the following examples. 

Exam.ple 15.1 For a system in which the following reaction occurs~ 

CH. + H,O .. CO +3H, 

(15.5) 

assume there are present initially 2 mol CH4 • I mol H20, I mol CO, and 4 mol H2 . 

Determine expressions for the mole fractions YI as functions of e. 

SOLUTION For the given reaction, 

v = t v, = -1 - 1 + 1 + 3 = 2 

For the given numbers of moles of species initially present, 

l1o=tnj,=2+ 1+ 1 +4=8 

Application of Eq. (15.5) now give. 

2-. 1 -. 
YCR. = 8 +2£ YH20 = 8 +2e 

1 +. 4+3. 
Yeo = 8 +2£ YH2 = 8 + 2e 

The mole fractions of the species in the reacting mixture are seen to be functions of 
the single variable £. 

Example 15.2 Consider a vessel which initially contains only 110 moles of water vapor. 
If decomposition occurs according to the reaction 

H20 -+ Hz + !Oz 

find expressions which relate the number of moles and the mole fraction of each 
chemical species to the reaction coordinate e. 

SOLUTION For the given reaction~ II = -I + I +! =!. Application of Eqs. (15.4) and 
(15.5) gives 

• 
YH2 =-+, 

no i£ 

!. 
Y0 2 = 1Io+!£ 
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The fractional decomposition of water vapor is 

no - nH20 no - (no - E) £ 

no no no 

Thus when no = I, E can be identified with the fractional decomposition of the 
vapor. 

We see from Eq. (15.3) that either the v,'s or E must be expressed in 
and thilt the other quantity must be a pure number. As a matter of convenilenlce, 
we choose to express the reaction coordinate E in moles. This allows one to 
of a mole of reaction. meaning that E has changed by a unit amount. i.e .• by 
mole. When I!.E = I mol. the reaction proceeds to such an extent that the chan!!c 
in mole number of each reactant and,product is equal to its stoichiometric 

When two or more independen~reactions proceed simultaneously, we 
subscript j be the reaction index, and associate a separate reaction coordinate 
with each reaction. The stoichiometric numbers are doubly subscripted to idlmt:if~ 
their association with both a species and a reaction. Thus V,j designates 
stoichiometric number of species i in reaction j. Since the number of moles of 
species n, may change because of several reactions, the general eQluatioin ,m.,logo'us. 
to Eq. (15.3) includes a sum: 

dn, = I V,j dEj 
j 

(i=I,2, .... N) 

Integration from "i = "io ahd Ej = 0 to arbitrary nj and Ej gives 

nj = nio + L Vi,jEj 
j 

(i=I,2, ... ,N) 

Summing over all species yields 

n = In" + II V'jEj 
j j j 

This may also be written 

n = no+ 7 (~v,.j) Ej 
Analogous to the definition v for a single reaction, we here adopt the definitilon: 

Then 

Vj == L vi,j , 

Combination of this equation with Eq. (15.6) gives the mole fraction: 

(i=I,2, .... ,N) 
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Example 15.3 Consider a system in which the following reactions occur: 

• CH. + H,O -+ CO + 3H, 

CH. + 2H,O -+ CO, + 4H, 

(1) 

(2) 

where the numbers (I) and (2) indicate the value of j, the reaction index. If there are 
present initially 2 mol CH4 and 3 mol H20, determine expressions for the Yi as 
functions of £1 and £2' 

SOLUTION The stoichiometric numbers Pl.} can be arrayed as follows: 

j 

1 
2 

CH. 

-1 
-1 

H,O 

-1 
-2 

co co, 

o 
o 

H, 

3 
4 

Application of Eq. (15.7) now gives 

2 - £1 - E2 

YCH4 = 5 + 2EI + 2E2 

3-EI- 2E2 

5 + 2EJ +2E2 

E, 

YC02 = 5 + 2Et + 2E2 

3EJ + 4£2 
YH = 

2 5 + 2EI + 2E2 

2 
2 

The composition of the system is a function of the two independent variables E I and £2' 

15.2 APPLICATION OF EQUILIBRIUM CRITERIA 
TO CHEMICAL REACTIONS 

In Sec. 13.8 it is shown that the total Gibbs energy of a closed system at constant 
T and P must decrease during an irreversible process and that the condition for 
equilibrium is reached when 

(dG'h.p =0 (13.53) 

Thus if a mixture of chemical species is not in chemical equilibrium, any reaction 
that occurs must be irreversible and, if the system is maintained at constant T 
and P, the total Gibbs energy of the system must decrease. The significance of 
this for a single chemical reaction is seen in Fig. 15.1, which shows a schematic 
diagram of G' vs. E, the reaction coordinate. Since E is the single variable that 
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Constant T and P 

G' 

E. 

Figure IS.1 The total Gibbs energy in relation to the reaction coordinate. 

characterizes the progress of the reaction, and therefore the composition of the 
system, the total Gibbs energy at constant T and P is determined ?y E. The 
arrows along the curve in Fig. 15.1 indicate the directions of changes In (G'),: , 
that are possible on account of reaction. The reaction coordinate has its 
librium value E, at the minimum of the curve. The meaning of Eq. (13.53) is 
differential displacements of the chemical reaction can occur atthe e~~~'~~:~:: 
state without causing changes in the total Gibbs energy of the system. ) 
is to use this criterion for the calculation of values of E" and hence of 
compositions of systems in chemical equilibrium. 

The alternative criterion of equilibrium, also discussed in Sec. 13.8, is 
the equilibrium state of a closed system at constant T and P is that state 
which the total Gibbs energy is a minimum with respect to all possible ch,anl~~ 
Figure 15.1 illustrates this criterion for the special case of a single reaction. 
equilibrium states of systems in which two or more simultaneous ch.,mi.(ll 
reactions occur is often most conveniently found by application of this crilteriOi 
The procedure is to write an expression for the total Gibbs energy of the 
and then to find the composition which minimizes G' for a given T and P, 
to the constraints of the material balances. This method is considered in Sec. 

These two criteria of equilibrium, which are stated for closed systems 
constant T and P, are not restricted in application to systems that are 
closed and reach equilibrium states along paths of constant T and P. 
equilibrium state is reached, no further changes occur, and the system COI.titI1l 
to exist in this state at fixed T and P. How this state was actually attained ,. 
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not matter. Once it is 'known that an equilibrium state exists at given T and P, 
the criteria apply. 

15.3 THE STANDARD GIBBS ENERGY CHANGE 
AND THE EQUILIBRIUM CONSTANT 

Equation (10.2), the fundamental property relation for single-phase systems, 
provides an expression for the total differential of the Gibbs energy: 

d(nG) = (nV) dP - (nS) dT + 'i. J.I.,dn, (10.2) 

If changes in the mole numbers n, occur as the result of a single chemical reaction 
in a closed system, then by Eq. (15.3) each dn, may be replaced by the product 
v, dE. Equation (10.2) then becomes 

d(nG) = (nV) dP - (nS) dT+ 'i. V,J.I.,dE 

Since nG is a state function, the right-hand side of this equation is an exact 
differential expression; it follows that 

'i. V,J.I., = ["(nG)] 
iJe T,P 

Thus the quantity 'i. V,J.I., represents, in general, the rate of change of the total 
Gibbs energy of the system with the reaction coordinate at constant T and P. 
Figure 15.1 shows that this quantity is zero at the equilibrium state. Therefore a 
criterion of chemical-reaction equilibrium is 

(15.8) 

Since the chemical potential J.I., of species i in solution is identically equal 
to 0" Eq. (11.28) may be written: 

dJ.l., = dO, = RTd In 1. (const T) 

Integration of this equation at constant T from the standard state of species i 
(see Sec. 4.3) to a state of species i in solution gives 

u, - GO = RTln 1. 
!C"'J- I Ii (15.9) 

The ratio 1./ f~ is called the activity a, of species i in solution. Thus by definition, 

(15.10) 

and the preceding equation becomes 

J.I., = Gj + RTln a, (15.11) 

Combining Eq. (15.8) with Eq. (15.11) to eliminate J.I., gives for the equilibrium 
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state of a chemical reaction: 

l; v,(G,+RTlna,) =0 

or 

l; v,G, + RTl; In (a,)" = 0 

or 

I II(A). _ -l; v,G, 
n a.i· - RT 

where II signifies the product over all species i. In exponential form, Eq. (15.12)' 
becomes 

-l; v·G~ 
II (a,r' = exp " '" K 

RT 

Included in this equation is the definition of K. Since G, is a property of 
species i in its standard state at fixed pressure, it depends only on te"np'~rallun~., 
It follows from Eq. (15.13) that K is also a function of temperature only. In 
of its dependence on temperature, K is called the equilibrium constant for 
reaction. Equation (15.12) may now be written 

I-RTln K = l; v,G, '" I1G" ! 
The final term I1G" is the conventional way of representing the quantity l; 
It is called the standard Gibbs energy change of reaction. 

The activities a, in Eq. (15.13) provide the connection between the eqluJllonUl 
state of interest and the standard states of the individual species, for which 
are presumed available, as discussed in Sec. 15.5. The standard states are arl,itr'arj 
but must always be at the equilibrium temperature T. The standard states 
need not be the same for all species taking part in a reaction. However, 
particular species the standard state represented by G, must be the same 
represented by the fi upon which the activity a, is based. 

For a gas the standard state is the ideal-gas state of pure i at a pressure 
I bar [or I(atrn»). Since the fugacity of an ideal gas is equal to .the , 
fi = I bar [or fi = I(atmll for e'!.ch species of a gase-phase reactIOn. Thus 
gas-phase reactions, a, = f,/ fi = t. and Eq. (15.13) becomes 

I K = II (l,r.! 
The fugacities j; must be in bars [or (atm)] because each j; is implicitly 
by I bar [or I(atm)], and K must be dimensionless. . . ' 

For solids and liquids the usual standard state is the pure solid or hqwd , 
I bar [or I(atrn)] and at the,.temperature of the system. The value of fi for 
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a state is not likely to be I bar or I (atm), and Eq. (15.15) is not valid; the general 
expression ",hich relates K to activities, given by Eq. (15.13), must therefore be 
used for equilibrium calculations. 

The function I1G" '" l; v,G, in Eq. (15.14) is the weighted difference (recall 
that the vis are positive for products and negative for reactants) between the 
Gibbs energies of the products and reactants when each is in its standard state 
as a pure substance at the system temperature and at a fixed pressure. Thus the 
value of I1G" is fixed for a given reaction once the temperature is established, 
and is independent of the equilibrium pressure and composition. Other standard 
property changes of reaction are similarly defined. Thus, for the general property 
M, we write 

11M" = '" ,,·M" £.. , , 

In accord with this, I1H" is defined by Eq. (4.14) and I1C;' by Eq. (4.16). For 
the standard entropy change of reaction 11M" becomes 118". These quantities are 
all functions of temperature only for a given reaction, and are related to one 
another by equations analogous to property relations for pure species. 

As an example we develop the relation between the standard heat of reaction 
and the standard Gibbs energy change of reaction. Equation (6.31) written for 
species i in its standard state becomes 

W = -RT' d(G,/ RT) 
, dT 

Total derivatives are appropriate here because the properties in the standard state 
are functions of temperature only. Multiplication of both sides of this equation 
by v, and summation over all species gives 

'" vB~ = -RT' d(l; v,G,/ RT) 
~ I I dT 

In view of the definitions of Eqs. (4.14) and (15.14), this may be written 

I1W = -RT' d(I1G"/ RT) 
dT (15.16) 

Example 15.4 Devise a gas-phase process for the reversible conversion of reactant 
species A and B in their standard states into product species L and M in their 
standard states in accord with the reaction 

aA+bB-+IL+mM 

and show that 110" for the process is consistent with Eqs. (15.14) and (15.15). 

SOLUTION Figure 15.2 shows a large box containing the reactant and product species 
in equilibrium at temperature T and pressure P. It is known as a van't Hoff equilibrium 
box. Material is added and withdrawn through semipermeable membranes that 
separate the four piston/cylinder assemblies from the box. Each semipermeable 
membrane permits the passage of only the pure species in its adjacent cylinder. 
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A B 

Equilibrium mixture of A. B, L, and M 
at temperature T and pressure P 

\ 

L M 

F -
-

f--
I-I---P 

Figure 15.1: Apparatus in which a gas-phase reaction occurs at equilibrium (van't Hoft 
box). 

I f . B are contained in Initially a moles of species A and b mo es 0 spe~les 
, . 15 2 E h s stored in its cylinder cylinders shown at the top of the box in Fig. .. ac. I . 

. fib e 10 its standard state. pure gas at temperature T and at a fugaCity 0 a~, I. " moles of Land m 
following series of steps transforms these reactants IOto I 
of M, the pure product species in their stand~rd states at te~perature T and a 
of I bar. They are collected in the lower cylinders shown 10 Fig. 15.2. 

1. The pure species A and B are i~o.th~rmally co~.pre~sed ( 
on the pressure P) to their equlhbnum fugaclhes 10 the 
Gibbs energy for this process is given by Eq. (15.9), here written for one 

~ , 
'G· = RTln - = RTln J. 
u. I fi 

The total Gibbs energy change for step 1 is therefore 

, ') RT I (f'"AJb.) AG, = RT(a InfA + b Inf. = n 

2. The a moles of A and b moles of B are added. to the box through the sernipem.eal 
I d e the same as in the box, membranes. Since the fugacities in the cy 10 ers ar . 

h · h e 10 the total Gibbs process occurs at equilibrium, and t ere IS no c ang 
the system: 

AG, =0 

3. Once in the box, the reactants are converted into I mol 
under conditions of eQ,Vilibrium. For this change also 
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energy is zero, ~n accord with Eq. (13.53): 

• AG,=O 

4. In the reverse of step 2, the I moles of L and m moles of M are transferred at 
constant fugacity into the two product cylinders. Again 

AG.=O 

5. Finally, the products are isothermally expanded (or compressed) from their respec
tive equilibrium fugacities to their standard-state fugacities of 1 bar. The Gibbs 
energy change is calculated as in step I: 

AG, = RT(lln ~ + m In +-) = -RTln au':,) 
JL fM 

The overall change in the Gibbs energy for the entire process, i.e., the sum of 
the changes for the five steps, is also the standard Gibbs energy change of reaction, 
because the overall result of the process is the conversion of reactants to products, 
all in their standard states. Therefore 

JIJm AG" = AG, + AG, + AG, + AG. + AG, = -RTlnJL M 

AJ~ 
If this result is rewritten with the stoichiometric numbers "i substituted for the 
stoichiometric coefficients a, b, ~ and m, all the fugacities appear in the numerator 
of the logarithm, because the "I'S for the reactants are defined as negative numbers. 
We may therefore write 

AGO = L v,Gi = -RTlnIT (].)V, = -RTln K 

which the same result obtained when Eqs. (15.14) and (15.15) are combined. 
Use has here been made in steps 2 through 4 of the fact that there is no change 

in the Gibbs energy for processes carried out under conditions of membrane and 
chemical-reaction eqUilibrium. This explains why the value of 8.00 is related directly 
to the ratios of the equilibrium-state and standard-state fugacities (Ii = 1). 

15.4 EFFECT OF TEMPERATURE 
ON THE EQUILIBRIUM CONSTANT 

Since the standard·state temperature is that of the equilibrium mixture, the 
standard property changes of reaction, such as' aGO and AHo, vary with the 
equilibrium temperature. The dependence of aGo on T is given by Eq. (l5.16), 
which may be rewritten as 

According to Eq. (l5.14), 

d(AGO/ RT) -An" 
dT = RT' 

aGO 
-=-lnK 
RT 
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Therefore 

din K IlHo 
----;n:- = R T2 

Equation (l5.17) gives the effect of temperature on the equilibrium COIOStlln( 

hence on the equilibrium yield. If IlHo is negative, i.e., if the reaction is ex,otlJlO 
the equilibrium constant decreases as the temperature increases. C(,m'en,B' 
increases with T for an endothermic reaction. 

If IlHo, the standard enthalpy change (heat) of reaction, is assumed 
dent of T, integration of Eq. (l5.17) leads to the simple result, 

.~. In ~ = _ flW(..!. _~) 
KI R T T, 

This approximate equation implies that a plot ofln K vs. the reciprocal 
temperature is a straight line. Figure 15.3, a plot of In K vs. 1/ T for a 
of common reactions, illustrates this near linearity. Thus, Eq. (15.18) 
reasonably accurate relation for the interpolation and extrapolation of 
librium-constant data. 

If the standard heat of reaction is known as a function of T, Eq. (I 
be integrated rigorously, as indicated by the equation 

fllW 
In K = RT2 dT + I 

where I is a constant of integration. The general expression for IlHo is 
Eq. (4.20), 

IlW=)+ f IlCpdT 

where} is another integration constant. When each Cp, is given by Eq. 
the expression that results is Eq. (4.22), here written: 

IlW = ~+ (IlA)T+ IlB T2 + IlC T' _IlD 
R R 2 3 T 

Substitution of this result in Eq. (15.19) and integration give 

-) IlB IlC 2 IlD 
InK= RT+IlAlnT+TT+6T +2T,+I 

Since, by Eq. (15.14), IlGo = -RT In K, multiplication of Eq. (l5.21) by 
yields 

( 
IlB IlC IlD ) 

IlGo =} - RT IlAln T+T T+
6 

T'+ 2T2+ I 
,. 
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Figure 1!.3 Equilibrium constants as a function of temperature for some common reactions. 
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IS.S EVALUATION OF EQUILIBRIUM CONSTANTS 

Calculation of the equilibrium constant for a given reaction at any te.nol,ratUJ 
T by Eq. (I 5.21) requires knowledge of heat-capacity data and enough infom~ 
tion for evaluation of the constants J and 1. The constant J (or J / R) is 
by application of Eq. (15.20) to a temperature, usually 298.15 K, where the 
of AHo is known. Similarly, the constant I is found by application of Eq. 
or Eq. (15.22) to a temperature where In K or AGo is known, again 
298.15 K. 

The required AGo data are tabulated for many formation reactions in 
references.t The reported values of AGo are not measured experimentally, 
are calculated from the equation 

AGo=AHo-TASo 

where AHo is the standard~t of reaction, detemnined calorimetrically, and 
is the standard entropy change of reaction. The detemnination of ASo 
based on the third law of themnodynamics, which is discussed in Sec. 
Combination of values from Eq. (5.22) for the absolute entropies of the 
taking part in the reaction gives the value of ASo. Entropies (and heat ca]pac:iti 
are also commonly detemnined from statistical calculations based on 
scopic data.* 

We list values of AG;~ for a limited number of chemical cOlnp,oul~ds: 
Table 15.1. These are for a temperature of 298.15 K, as are the values of 
listed in Table 4.4. Values of AGo for other reactions are calculated from 
for fomnation reactions in exactly the same way that AHo values for ot~Lerrea,ctiI 
are detemnined from values for fomnation reactions (Sec. 4.4). In the 
extensive compilations of data, values of AG; and AH; are given for a 
range of temperatures, rather than just at 298.15 K. Where data are 
methods of estimation are available; these are reviewed by Reid, Prausnitz, 
Sherwood.§ 

Example 15.5 Calculate the equilibrium constant for the vapor-phase hy.dratio!, 
ethylene at 145 and at 320°C from data given in Tables 4.1, 4.4, and 15.1. 

SOLUTION The problem here is to find values for J and I so that Eq. 
be applied at the two temperatures of interest. In addition. we need values 

t For example. "TRe Thermodynamic Tables-Hydrocarbons" and "TRe The,rmc>dyl 
Tables-Non-hydrocarbons," serial publications of the Thermodynamics Research Center, 
& M Univ. System. College Station, Texas; "The NBS Tables of Chemical Thermodynamic 
ties," 1. Physical and Chemicni Reference Data, vol. II, supp. 2, 1982. 

t G. N. Lewis, M. Randall, K. S. Pitzer, and L. Brewer, Thermodynamics, 2d ea .• 
McGraw-Hill, New York, 1961. 

§ R. C. Reid, J. M Prausnitz, and T. K.. Sherwood, The Properties of Gases and Liquids, 
chap. 7, McGraw-Hili, New York, 1977. 

f 
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tJ.B, tJ. C, and tJ.D, and these come from heat-capacity data. For the reaction 

• C,H.(g) + H,O(g) -+ C,H,OH(g) 

the meaning of tJ. is indicated by 

A = (C,H,OH) - (C,H.) - (H,O) 

Thus, from ilie heat-capacity data of Table 4.1 we have: 

AA = 3.518 - 1.424 - 3.470 = -1.376 

AB = (20.001 - 14.394 - 1.450) x 10-' = 4.157 X 10-' 

AC = (-6.002 + 4.392 - 0.000) x 10-' = -1.610 X 10-' 

AD = (0.000 - 0.000 - 0.121) x 10' = -0.121 X 10' 

Evaluation Of. the constants J and I by application of Eqs. (15.20) and (1521) at 
298.15 K requires values of tJ.Hi98 and tJ.Gi98 for the hydration reaction Th~se are 
found from ilie heat-of-formation data of Table 4.4 and ilie Gibbs-energy_ i-~ t· 
data of Table 15.1: 0 orma Ion 

AH, .. = -235,100 - 52,510 - (-241,818) = -45,792 J mol-I 

and 

AGl .. = -168,490 - 68,430 - (-228,572) = -8,348J mol-I 

By Eq. (15.14) applied at 298.15 K, 

In K = -AGO = 8,348 
RT (8.314)(298.15) 3.3677 

Substitution of known values into Eq. (15.20) for T = 298.15 gives 

-45,792 J 
8.314 Ii - (1.376)(298.15) + (2.0785 x 10-')(298.15)' 

- (0.5367 x 10--6)(298.15)' + 12,100 
298.15 

Whence 

J 
Ii= -5,308.7 

Substitution of known values into Eq. (15.21) for T = 298.15 K gives 

3 
5,308.7 

.3677 = 298.15 - 1.376 In 298.15 + (2.0785 x 10-')(298.15) 

• 
- (0.2683 X 10--6)(298.15)' (2):~~~~5)' + I 

Whence 

1=-7.125 
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Table 15.1 Standard Gibbs energies of formation at 298.15 K 
(25°C)t 
Joules per mole of the substance formed 

State 
Chemical species (Note 2) I1G'29& 

Paraffins: 
Methane CH, 9 -50,460 

Ethane C2H6 9 -31,855 

Propane C3Hg 9 -24,290 

n-Butane C4H IO 9 -16,570 

n-Pentane CSH12 9 -8,650 

n-Hexane C6H'4 9 150 

n-Heptane C7H'6 9 8,260 

n-Octane c., 9 16,260 

1·A1kenes: 
Ethylene C2H4 9 68,460 

Propylene C3H6 9 62,205 

I-Butene C4Hg 9 70,340 

I-Pentene CsHIO 9 78,410 

I-Hexene C6H12 9 86,830 

Miscellaneous organics: 
Acetaldehyde C2H4O 9 -128,860 

Acetic acid C2H40 2 1 -389,900 

Acetylene C2H2 9 209,970 

Benzene C6 H6 9 129,665 

Benzene C6H6 1 124,520 
l,3-Butadiene C4H6 9 149,795 
Cyclohexane C6H12 9 31,920 

Cyclohexane C6H12 1 26,850 
1,2.Ethanediol C2H60 2 -323,080 

Ethanol C2H6O 9 -168,490 

Ethanol C2H6O 1 -174,780 

Ethylbenzene CgHIO 9 130,890 

Ethylene oxide C2H4O 9 -13,010 

Formaldehyde CH20 9 -102,530 

Methanol CH40 9 -161,960 

Methanol CH40 1 -166,270 

Methylcyclohexane C7 H14 9 27,480 
Methylcyclohexane C7H 14 1 20,560 
Styrene CgHg 9 213,900 

Toluene C7Hg 9 122,050 
Toluene C7Hg 1 113,630 

I 
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State 
..chemical species (Note 2) I1G'21/11 

Miscellaneous inorganics: 
Ammonia NH, 9 -16,450 
Ammonia NH, aq -26,500 
Calcium carbide CaC2 • -64,900 
Calcium carbonate CaC03 • -1,128,790 
Calcium chloride CaCl2 • -748,100 
Calcium chloride CaC12 aq -816,010 
Calcium hydroxide Ca(OH); • -898,490 
Calcium hydroxide Ca(OH), aq -868,070 
Calcium oxide CaO • -604,030 
Carbon dioxide CO, 9 -394,359 
Carbon monoxide CO 9 -137,169 
Hydrochloric acid HCI 9 -95,299 
Hydrogen cyanide HCN 9 124,700 
Hydrogen sulfide H,S 9 -33,560 
Iron oxide (hematite) Fe20 3 • -742,200 
Iron oxide (magnetite) Fe30 4 • -1,015,400 
Iron sulfide (pyrite) FeS2 • -166,900 
Nitric acid HN03 -80,710 
Nitric acid HNO, aq -111,250 
Nitrogen oxides NO 9 86,550 

NO, 9 51,310 
N,O 9 104,200 
N20 4 9 97,540 

Sodium carbonate Na,CO, $ -1,044,440 
Sodium chloride NaCI • -384,138 
Sodium chloride NaCl aq -393,133 
Sodium hydroxide NaOH • -379,494 
Sodium hydroxide NaOH aq -419,150 
Sulfur dioxide SO, 9 -300,194 
Sulful' trioxide SO, 9 -371,060 
Sulfuric acid H2SO4 1 -690,003 
Sulfuric acid H2SO4 aq -744,530 
Water H,O 9 -228,572 
Water H,O 1 -237,129 

t Taken from "TRC Thermodynamic Tables-Hydrocarbons", Ther
modynamics Research Center, Texas A & M Univ. System, CoUege Station, 
Texas; "The NBS Tables of Chemical Thermodynamic Properties," J. Physical 
and Chemical Reference Data, vol. II, supp. 2, 1982. 

Notes 

1. The standard Gibbs energy of formation I1G'291 is the change in the Gibbs 
energy when 1 mol of the listed compound is formed from its elements 
with each subltance in its standard state at 298.15 K (25°C). 

2. Standard states: (a) Gases (g): the pure ideal gas at 1 bar and 25"C. 
(b) Liquids (I) and solids (s): the pure substance at 1 bar and 25°C. (c) Sol
utes in aqueous solution (aq): The hypothetical ideal 1 molal solution of 
the solute in water at I bar and 25"C. 
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The general expression for In K is therefore 

In K ~ 5,308.7 _ 1.376 In T + 2.0785 x IO-'T - 0.2683 x 10-6T' 
T 

_ 12,100 -7.125 
2T' 

Application of this equation for T ~ 145 + 273.15 ~ 418.1 K and for 
273.15 ~ 593.15 K gives: 

At 418.15 K: In K ~ -1.948 

At 593.15 K: In K ~ -5.840 

and 

and 

K ~ 14.26 X 10-2 

K ~ 2.91 X 10-' 

15.6 RELATIONS BETWEEN EQUILIBRlUM CONSTANTS 
AND COMPOSITION~ 

Gas-pbase reactions 

Although equilibrium constants for gas-phase reactions are evaluated by 
(15.14) with data for ideal-gas standard states, they are related by Eq. (IS. 

K ~ n (J.)" 
to fugacities of the species in the real equilibrium mixture. These 
rellect the nonidealities of the equilibrium mixture and are functions of 
perature, pressure, and composition. On the other hand, K is a 
temperature only. This means that for a fixed temperature the COllllpositiOl 
equilibrium must change with pressure in such a way that n 
constant. The fugacity is related to the fugacity coefficient by Eq. (11.33), 

written 

J. ~ <l>SiP 

Substitution of this equation into Eq. (15.15) provides an equilibrium 
that includes the pressure and the composition: 

where v '" I Vi and P must be expressed in bars when the standard-state 
is I bar and in (atm) when the standard-state pressure is I(atm). The 
be eliminated in favor of the equilibrium value of the reaction cOI>rdina 
Then,for a fixed temperature Eq. (15.23) relates Ee to P. In principle, spI,citli.C 
of the pressure allows solution for Ee' However, the problem may be 
by the dependence of the <I>;'s on composition, i.e.~ on Ee. The methods 
11.4 and 14.3 can be applied to the calculation of .pi values, for example, 
(11.48) or (14.47). Because of ~e complexity of the calculations, an 
procedure, initiated by setting .pi ~ I and formulated for computer 
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indicated. Once an i'litial set of y;'s is calculated, the .j,;,s are determined, and 
the procedure is repeated to convergencO-

If the assumption is justified that the equilibrium mixture is an ideal solution, 
then each <1>, becomes .pi> the fugacity coefficient of pure i at T and P. In this 
case, Eq. (15.23) becomes 

(15.24) 

Since the .p;'s are independent of composition, they can be evaluated from a 
generalized correlation once the eqUilibrium T and P are specified. 

When the pressure is sufficiently low or the temperaiure sufficiently high, the 
equilibrium mixture behaves essentially as an ideal gas. In this event, each <l>i = I, 
and Eq. (15.23) reduces to 

I n (Yi)V, = p-vK I (15.25) 

In this equation the temperature-, pressure-, and composition-dependent terms 
are distinct and separate, and solution for anyone of E .. T, or P, given the other 
two, is straightforward. 

Although Eq. (15.25) holds only for an ideal-gas reaction, we can base some 
conclusions on it that are true in general. 

1. According to Eq. (15.17), the effect of temperature on the equilibrium constant 
K is determined by the sign of I1Ho. Thus when I1HO is positive, i.e., when 
the standard reaction is endothermic, an increase in T results in an increase 
in K.. Equation (15.25) shows that an increase in K at constant P results in 
an increase in n (Yi)"; this implies a shift of the reaction to the right and an 
increase in Ee. Conversely, when 4Ho is negative, i.e., when the standard 
reaction is exothermic, an increase in T causes a decrease in K and a decrease 
in n (Yi)" at constant P. This implies a shift of the reaction to the left and a 
decrease in Ee. 

2. If the total stoichiometric number v (=I Vi) is negative, Eq. (15.25) shows 
that an increase in P at constant T causes an increase in n (y,)\ implying a 
shift of the reaction to the right and an increase in Ee. If v is positive, an 
increase in P at constant T causes a decrease in n (y,)\ a shift of the reaction 
to the left, and a decrease in Ee' 

Liquid-phase' Reactions 

For a reaction occurring in the liquid phase, we return to Eq. (15.13), which 
relates K to 'activities: 

(15.26) 

The most common standard state for liquids is the state of the pure liquid at the 
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system temperature and at 1 bar or I(atm).t The activities are then given by 

.. 1, 
Q

j = f~ 

where fi is the fugacity of pure liquid i at the temperature of the system and at 
I bar. 

According to Eq. (11.59), which defines the activity coefficient, 

J. = 'Y;x.J; 

where J, is the fugacity of pure liquid i at the temperature and pressure of the 
equilibrium mixture. The activity can now be expressed as 

• _ 'Y;x;f, _ ( J, ) 
Q j - --'--f? - 'YiXj f? , , . 

Since the fugacities of liquidS~re weak functions of pressure, the ratio J,/ fi is 
often taken as unity. However, it is readily evaluated by means of Eq. (11.25), 

V, 
dln£=-' dP 

JI RT (const T) 

Since V, changes little with pressure for liquids (and solids), integration from 
the standard-state pressure of I bar to pressure P (in bars) gives 

J, V,(P -I) 
In fi = RT 

Equation (15.26) may now be written: 

[ "] [(P-I) ] K = n (x,'Y;) , exp RT L(v,v,) 

Except for high pressures, the exponential term is close to unity and may 
omitted. In this case, 

K = n (x;'Y,)"' 

and the only problem is determination of the activity coefficients. An eql.at.OIl 
such as the Wilson equation [Eq. (12.24)] or the UNIFAC method can in nrinciDlc 
be applied, and the compositions can be found from Eq. (15.29) by a co[nplle~ 
iterative computer program. However, the relative ease of experimental in'res·ti~a. 
tion for liquid mixtures has worked against the application of Eq. (15.29). 

If the equilibrium mixture is an ideal solUtion, then all the 'Y;'s are 
and Eq. (15.29) becomes 

K = n (x;)", 

t For liquids and solids. the diflerence is inconsequential. 
! 
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This simple relation Is kn.own as the law of mass action. Since liquids that react 
are likely to form nonideal solutions, Eq. (15.30) can be expected in most instances 
to yield poor rdults. 

For species known to be present in high concentration, the equation il, = x, 
is usually nearly correct, because the Lewis/Randall rule always becomes valid 
for a species as its concentration approaches x; = I, as discussed in Sec. 12.7. 

For species at low concentration in aqueous solution, a different procedure 
has been widely adopted, because in this case the equality of il; and x; is usually 
far from correct. The method is based on the use of a fictitious or hypothetical 
standard state for the solute, taken as the state that would exist if the solute 
obeyed Henry's law up to a molality m of unity. In this application, Henry's law 
is expressed as 

J. = k;m; (15.31) 

and it is always valid for a species whose concentration approaches zero. This 
hypothetical state is illustrated in Fig. 15.4. The dashed line drawn tangent to 
the curve at the origin represents Henry's law, and is valid in the case shown to 
a molality much less than unity. However, one can calculate the properties the 
solute would have if it obeyed Henry's law to a concentration of I In, and this 
hypothetical state often serves as a convenient standard state for solutes. 

The standard-state fugacity is 

/ 
I. 

b 

11 = k;mr = k;(I) = k; 

Hypothetical I-molal / 

solution I' 

/ 

/ 
/ 

/ 

/ : 
/ I 

/ I 
/ I 

/ I 
/ I 

/ 

• oL-------~----~-----------------

m" molality 

Figure 15.4 Standard state for dilute aqueous solutions. 
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Hence, for any species at a concentration low enough for Henry's law to 

l = ~mj =J~mi 
and 

The advantage of this standard state is that it provides a very simple 
between activity and concentration for cases in which Henry's law is at 
approximately valid. Its range does not commonly extend to a cO.Dcloo1:raltioll l 

I rn. In the rare case where it does, the standard state is a real state of the 
This standard state is useful only where !lGo data are available for the ideal 
the sense of Henry's law) I-molal standard state, for otherwise the eq'lilil)rii 
constant cannot be evaluated by Eq. (15.14). 

I 

15.7 CALCULATION iOF EQUILIBRIUM CONVERSIONS 
FOR SINGLE REAcrlONS 

Suppose a single reaction occurs in a homogeneous system, and suppose 
eqUilibrium constant is known. In this event, the calculation of the phase 
tion at equilibrium is straightforward if the phase is assumed an ideal gas 
ideal solution. When no assumption of ideality is reasonable, the problem is 
tractable for gas-phase reactions through application of an equation of state 
solution by computer. For heterogeneous systems, where more than one 
present, the problem is more complicated and requires the superposition 
criterion for phase equilibrium developed in Sec. 11.3. At equilibrium there 
be no tendency for change to occur, either by mass transfer between 
by chemical reaction. We present in what follows, mainly by example, 
procedures in use for equilibrium calculations, first, for single-phase 
and second, for heterogeneous reactions. 

Single-Phase Reactions 

The following examples illustrate application of the equations developed in 
preceding section. 

Example 15.6 The water-gas-shift reaction 

CO(g) + H20(g) .. CO2(g) + H,(g) 

is carried out under the different sets of conditions described below. Calculate 
fraction of steam reacted in each case. Assume the mixture behaves as an 

(a) The reactan1s consist of I mol of H20 vapor and I mol of CO. The te[npera! 
is 1,100 K and the pressure is I bar. 

(b) Same as (a) except that the pressure is lObar. 
I 
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(c) Same as (a) except that 2 mol of N2 is included in the reactants. 
(d) The reactants are:1 mol of H20 and I mol of CO. Other conditions are the same 

as in (a1. 
(e) The reactants are I mol of H20 and 2 mol of CO. Other conditions are the same 

as in (a). 
(f) The initial mixture consists of I mol of H20, I mol of CO, and I mol of Co,. 

Other conditions are the same as in (a). 
(g) Same as (a) except that the temperature is 1,6S0 K. 

SOLUTION (a) For the given reaction at 1,100 K, lfY'/T = 9.0S, and Fig.IS.3 provides 
the value, In K = 0 or K = 1. For this reaction • = L ., = I + I - I - I = O. Since 
the reaction mixture is an ideal gas, Eq. (1S.2S) applies, and here becomes: 

By Eq. (IS.5), we have: 

YH2YeO;t 

YeoYH;tO 

1 - Be 
Yeo=--

2 

K = I 

YHo=I-&e 
• 2 

Substitution of these values into Eq. (A) gives 

or &e = 0.5 

Therefore the fraction of the steam that reacts is 0.5. 

(A) 

(b) Since • = 0, the increase in pressure has no effect on the ideal-gas reaction, 
and " is still O.S. 

(c) The N2 does not take part in the reaction, and serves only as a diluent. It 
does increase the initial number of moles no from 2 to 4, and the mole fractions are 
all reduced by a factor of 2. However, Eq. (A) is unchanged and reduces to the same 
expression as before. Therefore, Be is again 0.5. 

(d) In this case the mole fractions at equilibrium are: 

and Eq. (A) becomes 

• 

I - Be 
Yco=--

3 

.2 , 
(1 - .,)(2 - ',) 

YHO=2-Be 
• 3 

or Be = 0.667 

The fraction of stearn that reacts is then 0.667/2 = 0.333. 
(e) Here the expressions for Yeo and >'H

2
o are interchanged, but this leaves the 

equilibrium equation the same as in (d). Therefore Be = 0.667, and the fraction of 
steam that reacts is 0.667. 
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(J) In this case Eq. (A) becomes 

£~(l + £~) 
(I - E,)' 

The fraction of steam reacted is 0.333. 

or E, ~ 0.333 

(g) At 1,650K, 104fT ~ 6.06, and from Fig. 15.3 we have In K ~ -1.15 
K ~ 0.316. Therefore Eq. (A) becomes 

E' 

( 
'), ~ 0.316 

1- ee 
or E, ~ 0.36 

Since the reaction is exothermic, the conversion decreases with in<:re;asingtelnpe",~ 

Example 15.7 Estimate the maximum conversion of ethylene to ethanol by 
phase hydration at 2500C and 35 bars for an initial steam-to-ethylene ratio of 

SOLUTION The general equation for In K as a function of T is developed in 
15.5. For a temperature of 250°C or 523.15 K this equation yields: 

/ K ~ 10.02 X 10-3 

The appropriate expression for the equilibrium equation is Eq. (15.23). 
equation requires evaluation of the fugacity coefficients of the species 
equilibrium. Although the generalized correlation of Sec. 11.4 is aplpli,oab,le, 
calculations involve iteration. because the fugacity coefficients are functions 
sition. For purposes of illustration, we carry out only the first iteration, based 
assumption that the reaction mixture is an ideal solution. In this case Eq. ( 
reduces to Eq. (I5.24), which requires fugacity coefficients of the pure reacting 
at the equilibrium T and P. Since v = L Vj = -I, this equation becomes 

YEtOHtbEtOH 

where P is in bars. 
Equation (11.43) in conjunction with Eqs. (3.48) and (3.49) is suitable 

calculation of values for the q,j's: 

where for each species i, 

In q,j = Prj (BO + wBI) 
T., 

0.422 
Bo ~ 0083 --

• TI.6 
'. 

0.172 
B' ~O 139--. T 4 .2 

" 
The results of these calculations are summarized in the following table: 

T,,! K Pc,lbar "', T •. p" BO B' 

C2H. 282.4 50.4 0.085 1.853 0.694 -0.074 0.126 
H2O 647.3 220.5 0.344 0.808 0.159 -0.511 -0.282 
EtOH 516.2 63.8 0.635 LOll 0.548 -0.330 -0.024 

~ 
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The critical data and lMj's are from App. B. The temperature and pressure in all cases 
are 523.15 ~ and 35 bar. Substitution of values for the cbi's and for f into Eq. (A) gives 

(0.977)(0.896) 
(0.837) (35)(10.02 x 10-

3
) ~ 0.367 

By Eq. (15.5), 

Substituting these into Eq. (B) gives 

£",(6 - Be) 

(5 - E,)(1 - E,) 

This reduces to 

E, 
YEIOH =-6-

- E, 

0.367 

E; - 6.oo0E, + 1.342 ~ 0 

and application of the quadratic formula gives 

E, ~ 0.233 

(B) 

for the smaller root. Since tl)e larger root is larger than unity. it does not represent 
a physically possible result. The maximum conversiQn of ethylene to ethanol under 
the stated conditions is therefore 23·.2 percent. 

In this reaction, increasing the temperature decreases K and b.ence the conversion. 
Increasing the pressure increases the conversion. Equilibrium considerations therefore 
suggest that the operating pressure be as high as possible (limited by condensation), 
and the temperature as low as possible. However, even with the best catalyst known, 
the minimum temperature for a reasonable reaction rate is about 150°C. This is an 
instance where both equilibrium and reaction rate influence the commercialization 
of a react jon process. 

The equilibrium conversion is a function of temperature, pressure, and the 
steam-to-ethylene ratio in the feed. The effects of all three variables are shown in Fjg. 
15.5. The curves in this figure come from calculations just like those illustrated in 
this example. except that a less precise equation for K as a function of T was used. 

Example IS.8 In a laboratory investi$ation, acetylene is catalytically hydrogenated 
to ethylene at 1,120°C and I bar. If the feed is an equimolar ratio of acetylene and 
hydrogen, what is the composition of the product stream at equilibrium? . 

SOLUTION The required' reaction is obtained by addition of the two formation 
reactions written as follows: 

C2H;z -+ 2C + ~2 

2C + 2H, ~ C,H4 

The sum of rfactions (I) and (2) is the hydrogenation reaction 

C2H2 + H2 -+ C2H4 

Also 

I:J.GO ~ I:J.Gj + I:J.Gi 

(I) 

(2) 
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FIpre 15.5 Equilibrium conversion of ethylene to ethyl alcohol in the vapor- phase. 

-
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By Eq. (15.14), 

• - RTln K = - RTln KI - RTln K, 

or 

K =KIK, 

Data for both reactions (I) and (2) are given by Fig. 15.3. At 1,120'C [1,393 Kl, 
HY'/T = 7.18, and the following values are read from the graph: 

Therefore 

In KI = 12.9 

InK, = -12.9 

KI = 4.0 x 10' 

K, = 2.5 X 10-6 

K = KIK, = 1.0 

At this elevated temperature and for a pressure of I bar, we can safely assume 
ideal gases. Application of Eq. (15.25) then leads to the expression 

YC214 = I 
YH2YCaH2 

On the basis of one mole initially of each reactant, Eq. (15.5) gives 

Therefore 

and 

e,(2 - e,) 

(l - e,)' 

The smaller root of this quadratic expression (the larger is greater than 1) is 

e, = 0.293 

The equilibrium composition of the product gas is then 

0.293 
YC,H = = 0.172 • 2 - 0.293 

Example 15.9 Acetic acid is esterified in the liquid phase with ethanol at lWC and 
atmospheric pressure to produce ethyl acetate and water according to the reaction 

CH,COOH(I) + C,H,OH(I)" CH,COOC,H,(I) + H,O(/) 

If initially there is one mole each of acetic acid and ethanol, estimate the mole fraction 
of ethyl acetate'llin the reacting mixture at equilibrium. 

SOLUTION Data for J1H'i98 and 4G~8 are given for liquid acetic acid, ethanol~ and 
water in Tables 4.4 and 15.1. For liquid ethyl acetate, the corresponding values are 

I1Hi_ = -463,250 J and I1Gi,~ = -318,280J 
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The values of .I1H298 and .I1G298 for the reaction are therefore 

Il.H'98 = -463,250 - 285,830 + 484,500 + 277,690 = 13,IIOJ 

Il.G'98 = -318,280 - 237,130 + 389,900 + 174,780 = 9,270J 

By Eq. (15.14), 

-9,270 
-3.740 

(8314)(298.15) 

K, .. = 0.0238 

For the small temperature change from 298.15 to 373.15 K, Eq. (15.18) is ade'qu.1t4 
for estimation of K 373 • Thus 

or 

. K", -Il.H",. (I I) 
In K, .. = -R-- 373.15 -J98.15 

In K", = -13,110(_1 ___ 1_) = 1.0630 
0.0238 8.314 373.15 298.15 

K", = (0.0238)(2.895) = 0.0689 

For the given reaction Eq. (15.5), with x replacing y, yields 

1 - Be 
XAcH = XEtOH = -2-

Since the pressure is low, Eq. (15.29) is applicable. However, in the absence of 
for the activity coefficients in this complex system, we assuine that the reacting 
form an ideal solution. In this case Eq. (15.30) is employed, giving 

Whence 

from which 

and 

K = XEtAcXH?O 

XAcHXEtOH 

0.0689 = (~)' 
1 - Be 

e, = 0.208 

XE<A, = 0.208/2 = 0.104 

This result is not in very good agreement with experiment. When this 
is carried out in the laboratory. one finds that the mole fraction of ethyl . 
equilibrium is about 0.33. The assumption of ali ideal solution is unrealistic; 
were no preferential interactions among the species, there would be no re8.ctil" -
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Reactions in Heterogellilons Systems 

When liquid and gas phases are both present in an equilibrium mixture of reacting 
species, Eq. (11.30), a criterion of vapor/liquid equilibrium, must be satisfied 
along with the equation of chemical-reaction equilibrium. There is considerable 
choice in the method of treatment of such cases. For example, consider a reaction 
of gas A and water B to form an aqueous solution C. The reaction may be 
assumed to occur entirely in the gas phase with simultaneous transfer of material 
between phases to maintain phase equilibrium. In this case, the equilibrium 
constant is evaluated from I1Go data based on standard states for the species as 
gases, i.e., the ideal-gas states at I bar and the reaction temperature. On the other 
hand, the reaction may be assumed to occur in the liquid phase, in which case 
Il.Go is based on standard states for the species as liquids. Alternatively, the 
reaction may be written 

A(g) + B(1) ... C(aq) 

in which case the Il.Go value is for mixed standard states: C as a solute in an 
ideal I-molal aqueous solution, B as a pure liquid at I bar, and A as a pure ideal 
gas at I bar. For this choice of standard states, the equilibrium constant as given 
by Eq. (15.13) becomes 

K-Qc- mc 
- aBaA - (YaXB)(JA) 

The last term arises from Eq. (15.32) applied to species C, Eq. (15.27) applied 
to B, and the fact that aA = f:' for species A in the gas phase. Since K depends 
on the standard states, the value of K is not the same as that obtained when the 
standard state for each species is chosen as the ideal-gas state at I bar. However, 
all methods theoretically lead to the same equilibrium composition, provided 
Henry's law as applied to species C in solution is valid. In practice, a particular 
choice of standard states may simplify calculations or yield more accurate results, 
because it makes better use of the limited data normally available. The nature 
of the calculations required for heterogeneous reactions is illustrated in the 
following example. 

Example 15.10 Estimate the compositions of the liquid and vapor phases when 
ethylene reacts with water to form ethanol at 2000C and 34.5 bar, conditions which 
assure the presence of both liquid and vapor phases. The reaction vessel is maintained 
at 34.5 bar by connection to a source of ethylene at this pressure. Assume no other 
reactions to occur. 

SOLUTION Afcording to the phase rule (see Sec. 15.8), the system has two degrees 
of freedom. Specification of both the temperature and the pressure leaves no other 
degrees of freedom. and fixes the intensive state of the system, independent of the 
initial amounts of reactants. Therefore, material-balance equations do not enter into 
the solution of this problem. and we can make no use of equations that relate 
compositions to the reaction coordinate. Instead. phase equilibrium relations must 
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be employed to provide a sufficient number of equations to allow solution 
unknown compositions. 

The most convenient approach to this problem is to regard the chemical 
as occurring in the vapor phase. Thus 

C,H.(g) + H,O(g) -+ C,H,OH(g) 

and the standard states are those of the pure ideal gases at I bar. For these 
states, the equilibrium equation is Eq. (15.15), which in this case becomes 

K = iEtOH 

iC1H.iH10 

Furthermore, a general expression for In K as a function of T is provided 
results of Example 15.5. For 200·C [473.15 Kl, this equation yields 

In K = -3.413 K = 0.0310 

The task now is to incorporate the ph~Hbrium equations, 

• JI fl = 1 

into Eq. (A) and to relate the fugacities to the compositions in such a way 
equations can be readily solved. Equation (A) may be written 

lEtOH i~tOH 
Jc2H.1H20 Jc2H.ik20 

K 

The liquid-phase fugacities are related to activity coefficients by Eq. (11.59): 

J: = xi')'J: 
and the vapor-phase fugacity is related to the fugacity coefficient by Eq. (I 

fl =y,.$,P 
Elimination of the fugacities in Eq. (B) by Eqs. (C) and (D) gives 

K 
XEtOH ')'EtOHI'EtOH 

The fugacity J: is for pure liquid j at the temperature and pressure of the 
However, pressure has small effect on the fugacity of a liquid, and to 
approximation we can write: 

f', = j,' 

and therefore by Eqs. (11.22) and (11.23), 

In this equation q,'r't is the fugacity coefficient of pure saturated j (either 
vapor) evaluated at the temperature of the system and at 1"':" the vapor 
pure i. The assumption that the vapor phase is an ideal solution allows 
of q,C2H. for ~C2H.' where q,C2~ is the fugacity coefficient of pure ethylene 1 

system T and P. With this substitution and that of Eq. (F), Eq. (E) 

K 
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In addition to Eq. (G) the following expressions can be written. Since L Y, = I, 

YC2H. = I - YEtOH - YH20 (H) 

We can eliminate YEtOH and YH20 in this equation in favor of XEtOH and XH 0 by the 
vapor/liquid equilibrium relation: 2 

fl=J: 
Combining this with Eqs. (C), (D), and (F), we obtain 

(1) 

where ,pI has replaced c$i because of the assumption that the vapor phase is an ideal 
solution. Equations (H) and (1) yield 

')'EtOH XEtOH,p~i)H ~~H 
,pEtOHP 

')'HaOXH,O<bfuoPH!o 

q,H20P 
(J) 

Since ethylene is far more volatile than ethanol or water, we assume that XC2H. = O. 
Then 

(K) 

Equations (G), (J), and (K) form the basis for solution of the problem. The 
three primary variables in these equations are XH20, XEtOH, and YC

2
H., and 'all other 

quantities are either given or are determined from correlations of data. The values 
of ~t are readily available. At 200°C they are 

~o = 15.55 PEt~H = 30.22 bar 

The quantities <b,:t and <bi are found from the generalized correlation represented by 
Eq. (11.43): 

p 
In <p, = ;' (BO + WB1) 

" 
(11.43) 

where BO and B1 are given by Eqs. (3.48) and (3.49). With critical data and the w,s 
from App. B, evaluation of the various fugacity coefficients leads to the following 
values (T = 473.15 K. P = 34.5 bar): 

T,/K Pc/bar w, To P" p-
0 

BO B' </>, t/J';'"t 

EIOH 516.2 63.8 0.635 0.917 0.541 0.474 -0.40 -0.11 0.76 0.78 
H2O 647.3 220.5 0.344 0.731 0.156 0.071 -0.61 -0.50 0.85 0.93 
C,I4 282.4 50.4 0.085 1.675 0.685 -0.10 0.12 0.% 

Substitution of all values so far determined into Eqs. (G), (J), and (K) reduces 
these three equations to the following: 

• K = O.0492xEtOH ')'EtOH 

Yy~XH20')'H20 

YC2H. = I - 0.899')'EtOHXEtOH - 0.493')'HzOXH20 

XH20 = t - XEtOH 

(L) 

(M) 

(K) 
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The only remaining undetermined thermodynamic properties are 'YHzO and 
Because of the highly nonideal behavior of a liquid solution of ethanol and 
these must be determined from experimental data. The required data, found 
VLE measurements, are given by Otsuki and Williams.t From their results for 
ethanol/water system one can estimate values of 'YH10 and 'YEtOH at 200°C. (Pr'ess,," 
has little effect on the activity coefficients of liquids.) 

A procedure for solution of the foregoing three equations is as follows. 

I. Assume a value for X EtOH and calculate XH20 by Eq. (K). 
2. Determine 'YHzO and 'YEtOH from data in the reference cited. 
3. Calculate YC,H, by Eq. (M). 
4. Calculate K by Eq. (L) and compare with the value of 0.0299 determined 

standard-reaction data. 
5. If the two values agree, the assumed value of XEtOH is correct. If they do not 

assume a new value of XEtOH and r'cpeat the procedure. 

If we take XEtOH = 0.06, then by Eq. (K), XH20 = 0.94, and from the reference 

'YEtOH = 3.34 and 

By Eq. (M), 

YC,H, ~ I - (0.899)(3.34)(0.06) - (0.493)( 1.\)0)(0.94) ~ 0.356 

The value of K given by Eq. (L) is then \ 

K ~ (0.0492)(0.06)(3.34) 
(0.356)(0.94)( 1.00) 

0.0295 

The result is in essential agreement with the value (0.0310) found from 
reaction data, and we therefore take XE10H = 0.06 and XHzO = 0.94 as the hq",d··plll 
compositions. The remaining vapor-phase compositions (YczH. has already 
determined as 0.356) are found by solution of Eq. (I) for YH20 or YEtOH' All 
are summarized in the following table. 

x, y, 

E,OH 0.060 0.180 
H,O 0.940 0.464 
C2H. 0.000 0.356 

L x, ~ 1.000 LY, ~ 1.000 

These results are probably reasonable estimates of actual values, provided 
reactions take place. 

t H. Otsuki and F. C. Williams, Chern. Engr. Progr. Symp. Series No.6, 49: 55, 1953. 
~ 
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15.8 mE PHASE RJ,JLE AND 
DUHEM'S THEOREM FOR REACTING SYSTEMS 

• 

The phase rule (applicable to intensive properties) as discussed in Sees. 2.8 and 
12.2 for nonreacting systems of '1f phases and N chemical species is 

F=2-'1f+N 

It must be modified for application to systems in which chemical reactions occur. 
The phase-rule variables are the same in either case, namely, temperature, pres
sure, and N - I mole fractions in each phase. The totlll number of these variables 
is 2 + (N ~ 1)( '1f). The same phase-equilibrium equations apply as before, and 
they number ('1f ~ I)(N). However, Eq. (15.8) provides for each independent 
reaction an additional relation that must be satisfied at equilibrium. Since the 
J.',s are functions of temperature, pressure, and the phase compositions, Eq. 
(15.8) represents a relation connecting the phase-rule variables. If there are r 
independent chemical reactions at equilibrium within the system, then there is a 
total of ( '1f ~ 1)( N) + r independent equations relating the phase-rule variables. 
Taking the difference between the number of variables and the number of 
equations, we obtain 

F = 2+ (N ~ 1)('1f) ~ ('1f ~ I)(N) ~ r 

or 

F=2~'1f+N~r (15.33) 

This is the basic equation expressing the phase rule for reacting systems. 
The only remaining problem in application is to determine the number of 

independent chemical reactions. This can be done systematically as follows. 

I. Write chemical equations for the formation, from the constituent elements, of 
each chemical compound considered present in the system. 

2. Combine these equations so as to eliminate from them all elements not 
considered present as elements in the system. A systematic procedure is to 
select one equation and combine it with each of the others of the set to 
eliminate a particular element. Then the process is repeated to eliminate 
another element from the new set of equations. This is done for each element 
eliminated (see Example 15.lld), and usually reduces the set by one equation 
for each element eliminated. However, the simultaneous elimination of two 
or more elements may occur. 

• 
The set of r equations resulting from this reduction procedure is a complete 

set of independent reactions for the N species considered present in the system. 
However, more than one such set is possible, depending on how the reduction 
procedure is carried out, but all sets number r and are equivalent. 



530 INTRODUCTION TO CHEMICAL ENGINEERING THERMODYNAMICS 

The reduction procedure also ensures the following relation: 

r ~ number of compounds present in the system 

- number of constituent elements not present as 

The phase-equilibrium and chemical-reaction-equilibrium equations 
only ones considered in the foregoing treatment as interrelating the 
variables. However, in certain situations special constraints may be placed 
system that allow additional equations to be written over and above 
considered in the development ofEq. (15.33). If the number of equations 
from special constraints is s, then Eq. (15.33) must be modified to take 
of these s additional equations. The still more general form of the 
that results is 

F=2-7I"+N-r-s 

Example 15.11 shows how Eqs. (15.33) and (15.34) may be applied to 
systems. 

Example 15.11 Determine the number of degrees of freedom 
following systems. 

(a) A system of two miscible nonreacting species which exists as an az,eotro, 
vapor/liquid equilibrium. 

(b) A system prepared by partially decomposing CaCO, into an evacuated 
(c) A system prepared by partially decomposing NH.C1 into an evacuated 
(d) A system consisting of the gases CO, CO2, H2, H20, and CH4 in 

equilibrium. 

SOLUTION (a) The system consists of two nonreacting species in two 
application of Eq. (15.33) yields 

F= 2-".+ N - r= 2-2+2-0=2 

This result is in general valid for such a system. However. a special COIIStr~ 
imposed on the system; it is an azeotrope. This provides_ an equation, Xl = 
considered in the development of Eq. (15.33). Thus, we apply Eq. (15.34) 
The result is that F = 1. If the system is to be an azeotrope, then just one 
variable-T, P, or Xl = Yl-may be arbitrarily specified. 

(b) Here there is a single chemical reaction: 

CaCO,(s) -+ CaO(s) + CO,(g) 

and r = 1. There are three chemical species and three phases-solid Cac~,._. 
CaO. and gaseous CO2, One might think a special constraint has been 
the requirement that the system be prepared in a special way-by de.ooIDjI! 
CaC03. This is not the case, because no equation connecting the phase-rule 
can be written as a result of this requirement. Therefore 

F =.7 -". + N - r - s = 2 - 3 + 3 - 1- 0 = 1 
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and there is a single d#gree of freedom. This is the reason that CaCO) exerts a fixed 
decomposition pressure at fixed T. 

(~) The chemical reaction here is 

NH.Cl(s) -+ NH,(g) + HCI(g) 

Three species, but only two phases. are present in this case, solid N~Cl and a gas 
mixture of NH3 and HCl. In additio~ there is a special constrain~ because the 
requirement that the system be formed by the decomposition of NH .. CI means that 
the gas phase is equimolar in NH3 and HCl. Thus a special equation YNH

l 
= 

YHCl (=0.5), connecting the phase-rule variables can be written. Application of Eq. 
(15.34) gives 

F=2-".+N-r-s=2-2+3-1-1 = I 

and the system has but one degree of freedom. This result is the same as that for part 
(b), and it is a matter of experience that NH .. Cl has a given decomposition pressure 
at a given temperature. This conclusion is reached quite differently in the two cases. 

(d) This system contains five species9 all in a single gas phase. There are no 
special constraints. Only r remains to be determined. The formation reactions for the 
compounds present are: 

C+!O,-+CO 

C+O,-+CO, 

H2 +!02 .... H20 

C+2H, -+ CH. 

(A) 

(B) 

(e) 
(D) 

Systematic elimination of C and O2• the elements not present in the system, leads to 
two equations. One such pair of equations is obtained in the following way. We 
eliminate e from this set of equations by combining Eq. (B), first with Eq. (A) and 
then with Eq. (D). The two resulting reactions are 

From (B) and (A): CO + !O, -+ CO, (E) 

From (B) and (D): CH.+ 0, -+ 2H, + CO, (F) 

Equations (e), (E), and (F) are the new set, and we now eliminate 0, by combining 
Eq. (e), first with Eq. (E) and then with Eq. (F). This gives 

From (e) and (E): CO, + H, -+ CO + H,O 

From (e) and (F): CH. + 2H,O -+ CO, + 4H, 

(0) 

(H) 

Equations (0) and (H) are an independent set and indicate that r = 2. The use of 
different elimination procedures produces other pairs of equations~ but always just 
two equations. 

Application of Eq. (15.34) yields 

F=2-".+ N- r- s = 2-1 +5-2-0=4 

Thm result means that one is free to specify four phase-rule variables. for example9 

~ p. and two mole fractions, in an equilibrium mixture of these five chemical species9 

provided that nothing else is arbitrarily set. In other words, there can be no special 
constraints, such as the specification that the system be prepared from given amounts 
of CH4 and H20. This imposes special constraints through material balances that 
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reduce the degrees of freedom to two. (Dtihem's theorem; see the following 
graphs.) 

Duhem's theorem states that, for any closed system formed initially 
given masses of particular chemical species, the equilibrium state is co''''p./etl 
determined (extensive as well as intensive properties) by specification of any 
independent variables. This theorem was developed in Sec. 12.2 for nonre,acti 
systems. It was shown there that the difference between 
variables that completely determine the state of the system and the numh,er' 
independent equations that can be written connecting these variables is 

[2 + (N - 1)(1T) + 1T]- [(1T -I)(N) + N] = 2 

If chemical reactions occur, then we must introduce a new variable, the 
coordinate Ej for each independent reaction, in order to formulate the 
balance equations. Furthermore, we are able to write a new equilibrium 
[Eq. (15.8)] for each independent reaction. Therefore, when ch,emical-re,acm 
equilibrium is superimposed on phase equilibrium, r new variables appear .. 
r new equations can be written. The difference between the number of 
and number of equations therefore is unchanged, and Duhem's th.,onml' 
originally stated holds for reacting systems as well as for nonreacting 

Most chemical-reaction equilibrium problems are so posed that it is 
theorem that makes them determinate. The usual problem is to find the 
tion of a system that reaches equilibrium from an initial state of fixed 
of reacting species when the two variables T and P are specified. 

15.9 MULTIREACfION EQUILIBRIA 

When the equilibrium state in a reacting system depends on two or more 
taneous chemical reactions, the equilibrium composition can be found by a 
extension of the methods developed for single reactions. One first d.,telrmiiU 
set of independent reactions as discussed in Sec. 15.8. With each in(le~oen< 
reaction there is associated a reaction coordinate in accord with the 
of Sec. 15.1. In addition, a separate equilibrium constant is evaluated for 
reaction, and Eq. (15.13) becomes 

Kj = n (a,r" 
where j is the reaction index. For a gas-phase reaction Eq. (15.35) takes 

Kj = n a)"v 
If the equilibrium mixture is an ideal gas, we may write 

n (y,)"v = r"jKj 

For r independent reactions there are r separate equations of this kind; 
y;'s can be eliminated by Eq. (15.7) in favor of the r reaction coordinates 
set of equations is then solved simultaneously for the r reaction coordinates,' 
procedure is illustrated by the following example. 
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Example 15.12 A bed of coal (assume pure carbon) in a coal gasifier is fed with steam 
and air and produces a gas stream containing H2 , CO, O2 , H20, CO2 • and N

2
. If the 

feed to the gasifier consists of I mol of steam and 2.38 mol of air. calculate the 
equilibrium composition of the gas stream at P = 20 bar for temperatures of 1 000 
1,100, 1,200, 1,300, 1,400, and 1,500 K. The following data are available: " 

IlGi/Jmol~l 

T/K H,O CO CO, 

1,000 -192,420 -200,240 -395,790 
1,100 -187,000 -209,110 -395,960 
1,200 -181,380 -217,830 -396,020 
1,300 -175,720 -226,530 -396,080 
1,400 -170,020 -235,130 -396,130 
1,500 -164,310 -243,740 -396,160 

SOLUTION The feed stream to the coal bed consists of 1 mol of steam and 2.38 mol 
of air, containing 

0,: (0.21)(2.38) = 0.5 mol 

N,: (0.79)(2.38) = 1.88 mol 

The species present at equilibrium are C, H2 • O2 , N 2 , H20, CO, and CO
2

, The 
formation reactions for the compounds present are: 

H2 +!O2 .... H20 

C+¥>,-+CO 

C+O,-+CO, 

(I) 

(2) 

(3) 

Since the elements hydrogen, oxygen, and carbon are themselves presumed present 
in the system, this set of three reactions is a complete set of independent reactions. 

All species are present as gases except carbon, which is present as a pure solid 
phase. In the basic expression for the equilibrium constant, Eq. (15.35), the activity 
of the pure carbon is Qc = ac = Jc/fC. The fugacity ratio is the fugacity of carbon 
at 20 bar divided by the fugacity of carbon at 1 bar. Since the eftect of pressure on 
the fugacity of a solid is very small, negligible error is introduced by the assumption 
that this ratio is unity. The activity of the carbon is then Qc = 1, and it may be omitted 
from the eqUilibrium expression. With the assumption that the remaining species are 
ideal gases, Eq. (15.37) is written for the gas phase only, and it provides the following 
equilibrium expressions for reactions (I) through (3): 

• 
K = Yeo pI/2 

2 112 
Yo, 

K _ YC02 
3 -

Yo, 
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The reaction coordinates for the three reactions are designated £h £2, 

and they are here taken to be the equilibrium values. For the initial state, nHz = 
n - 0 nH 0 = I no = 05 and nN = 1.88. Moreover, since only the C(h-' 2 • 2" 2 

species are considered, "1 = -t "2 =! and "3 = O. Applying Eq. (15.7) to c."n II"'" 

gives: 

YH, = 3.38 + (e2 - ,,)/2 

l(1- £1- £2) - £3 

Yo, = 3.38 + (;2 - ,,)/2 

" Yeo, = 3.38 + ('2 - e,)/2 

Yeo 
'2 

3.38 + ('2 - ,,)/2 

1 + £. 

3.38 + ('2 - ,,)/2 

1.88 

3.38 + ('2 - e,)/2 

Substitution of these expressions for Yi into the equilibrium equations 

(1 + ,,)(2n)'/2p-'/2 
K, = )'/2( ) (1 - £1 - £2 - 2£) -E, 

Ji'2 P'/2 
K z = (1- E\ - 82 - 283)1/2n1/2 

2" K, 
(1 - £, - £2 - 2£) 

where 

£2 - £1 
n = 3.38+-

2
-

Numerical values for the K, calculated by Eq. (15.14) are found to be very 
For example, at 1,500 K, 

_ -.10; _ 164,310 = 13 2 
In K, - RT - (8.314)(1,500) . 

-.10, 243,740 
In K2 = liT = (8.314)(1,500) 

19.6 K2 - 10' 

-.10, 396,160 
In K, = liT = (8.314)(1,500) 31.8 

The only way these Ki's can be so large is for the quantity 1 - £. - £2 - 2£3, 

appears in the denominator of the expression for each Kb to be nearly zero. 
means that the mole fraction of oxygen in the equilibrium mixture is very small. 
practical purposes, no oxygen is present. 

We therefore refonnulate the problem by eliminating O2 _ from the 
reactions. For this, we combine Eq. (I), first with Eq. (2), and then with Eq, (3). 
provides the two equations 

C+C02 "2CO 

H20 + C .. H2 + CO 
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The corresponding equilibrium equations are 
• 

K =y~op 
a YeO:.! 

and 

The input stream is specified to contain I mol H2 , 0.5 mol O2 , and 1.88 mol N2 • Since 
O2 has been eliminated from the set of reaction equations, we replace the 0.5 mol of 
O2 in the feed by 0.5 mol of CO2 , The presumption is that this amount of CO2 has 
been (onned by prior reaction of the 0.5 mol O2 with carbon. Thus the equivalent 
feed stream contains 1 mol H2 , 0.5 mol CO2 , and 1.88 mol N2 , and application of 
Eq. (15.7) to Eqs. (a) and (b) gives 

YH, 
'0 

3.38 + EQ. + Eb 

2Ea + Eb 
Yeo 

3.38 + Sa + Eb 

YH20 

1- Eb 

3.38+ Sa + Eb 

Yco2 

0.5 - Ell 

3.38+ £Q + Eb 

1.88 
YN, 

3.38 + Sa + Eb 

Since values of y, must lie between zero and unity, we see from the first and third of 
these expressions that 

and from the second and fourth that 

and 

-0.5 :5 £a ::5 0.5 

Combining the expressions for the Yi with the equilibrium equations, we get 

(2e. + eo)2p 
K = (A) 

• (0.5 - e.)(3.38 + e. + eo) 

(I - eo)(3.38 + '. + '0) 
(B) 

A sil"pler equation is obtained upon division of Eq. (A) by Eq. (B): 

K. = (2e. + eo)(I - eo) 
K. (0.5 - e.)eo 

(C) 

Any pair from these three equations is an independent set. We choose to work with 
Eqs. (A) and (C), and our problem is to solve them simultaneously for £a and £b' 
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We first define a new variable q as 

whence 

and by Eq. (C) 

eb 

Also, by Eq. (A) 

q 

8. 
0.5q - e. 

2+q 

q(K./ K.) 
1+ q(K./ K.) 

(K.! P)(3.38 + e. + eb) 
q~ 

The following iteration scheme allows solution for q: 

l. Choose an initial value for q. 
2. Solve Eqs. (E) and (F) for e. and eb' 
3. Solve Eq. (0) for q. 
4. Return to step 2 and iterate to convergence. 

For reaction (a). 

ao;ooo ~ 2(-200,240) - (-395,790) ~ -4,690 

and 

In K. 
4,690 

(8.314)(1,000) ~ 0.5641 K. ~ 1.758 

Similarly, for reaction (b), 

ao;ooo ~ -200,240 - (-192,420) ~ -7,820 

and 
7,820 

0.9406 Kb ~ 2.561 In Kb 
(8.314)(1,000) 

The same calculations at each temperature for which data are given 
values of Ka and Kb listed in the following table. Also given are the results 
iterative calculations. 

T/K K. Kb 8. 8b 

1,000 1.158 2.561 -0.0506 0.5336 
1.100 11.405 11.219 0.1210 0.7124 
1,200 53.155 38.609 0.3168 0.8551 
1,300 194.430 110.064 0.4301 0.9357 
1,400 584.85 268.76 0.4739 0.9713 
1,500 1,514.12 583.58 0.4896 0.9863 

y, 
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Values for the mole fractions y, of the species in the equilibrium mixture are 
calcuJ,ated by the equations given earlier. For example, at 1,000 K. 

YH, 3.38 _ 0~~~6+ 0.5336 ~ 0.138 

Yeo ~~;~ ~O:'~:: ::~~~: ~ 0.112 
etc. 

The results of all such calculations are given in the following table and are shown 
graphically in Fig. 15.6. 

T/K YH, Yco YH20 Yeo, YN, 

1,000 0.138 0.112 0.121 0.143 0.486 
1,100 0.169 0.226 0.068 0.090 0.447 
1.200 0.188 0.327 0.032 0.040 0.413 
1,300 0.197 0.378 0.014 Om5 0.396 
1,400 0.201 0.398 0.006 0.005 0.390 
1,500 0.203 0.405 0.003 0.002 0.387 

0.5 

co 

N, 

H, 

0 • 
1000 1100 1200 1300 1400 1500 

T/K 

Figure IS.' Equilibrium compositions of the product gases from a coal gasifier as a function of 
temperature. 
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At the higher temperatures the values of Ea and Eb are approaching their 
limiting values of 0.5 and 1.0. indicating that reactions (a) and (b) are pr<,c",odli 
nearly to completion. In this limit, which is approached even more closely at 
higher temperatures, the mole fractions of CO2 and H20 approach zero. and for 
product species. 

YH, ~ 3.38 + 0.5 + 1.0 

1 + 1 
Yeo ~ 3.38 + 0.5 + 1.0 

1.88 
YN, ~ 3.38 + 0.5 + 1.0 

0.205 

0.410 

0.385 

In this example we have assumed a sufficient depth 
equilibrium is approached by the gases while they are in contact with the im:and .. " 
carbon. This need not be the case; if oxygen and steam are supplied at too 
rate. the reactions may not attain equilibrium or may reach equilibrium after 
have left the coal bed. In this event. carbon is not present at equilibrium. and 
problem must again be reformulated. 

The calculations of the preceding example illustrate the complexity of 
equations that must be solved simultaneously (evim for simple reactions) 
the equilibrium-constant method is applied to multi reaction equilibria. M()fe,~, 
the method does not lend itself to standardization so as to allow a B:enenll p'rat~ 
to be written for computer solution. The alternative method. mentioned in 
15.2. is based on the fact that at equilibrium the total Gibbs energy of the 
has its minimum value. This is illustrated for a single reaction in Fig. 15.1. 

The total Gibbs energy of a single-phase system is given by Eq. (10.2). 
shows that 

(Gf)T,P = G(nlt n2 , n3 ,···, nN) 

The problem is to find the set of n;'s which minimizes 0' for specified T 
subject to the constraints of the material balances. The standard solution to 
type of problem is based on the method of Lagrange's undetermined mliitipli 
The procedure for gas-phase reactions is described as follows. 

I. The first step is to formulate the constraining equations. i.e .• the 
balances. Although reacting molecular species are noccon~ed in a 
system. the total number of atoms of each element is constan Let 
k identify a particular atomic species. Then define A. as the to al numl>O 
atomic masses of the kth element in the system. as determined by the 
constitution of the system. Further. let ai. be the number <if atoms of 
element present in each molecule of chemical species i. The materiai 
on each element k may then be written: 

(k=I.2 •...• w) 
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or 
• (k = 1.2 •...• w) 

2. Next. we introduce the Lagrange multipliers A •• one for each element. by 
multiplying each element balance by its A.: 

A.(~niai.-A.) =0 (k= 1.2 •...• w) 

These equations are summed over k, giving 

p. (~ niai• - A.) = 0 

3. Then a new function F is formed by addition of this last sum to 0'. Thus. 

F = 0' + ~ A. (~ niai. - A.) 

This new function is identical with 0'. because the summation term is zero. 
However. the partial derivatives of F and 0' with respect to ni are different. 
because the function F incorporates the constraints of the material balances. 

4. The minimum value of both F and 0' occurs when the partial derivatives of 
F with respect to ni are zero. Therefore. we set the expression for these 
derivatives equal to zero: 

Since the first term on the right is the definition of the chemical potential [see 
Eq. (10.1) l. this equation can be written: 

I'i + L A.ai• = 0 
• 

(i = 1.2 •...• N) 

However. the chemical potential is given by Eq. (15.11): 

I'i = 0; + RTin Qi 

(15.39) 

For gas-phase reactions and standard states as the pure gases at I bar [or 
I(atro)l. this becomes 

I'i = 0; + RTln1. 

If 0; is arbitrarily set equal to zero for all elements in their standard states. 
then for compounds 0; = dO;'. the standard Gibbs-energy change of • formation for species i. In addition. the fugacity is eliminated in favor of the 
fugacity coefficient by Eq. (11.33).1. = wf,iP. With these substitutions. the 
equation for I'i becomes 

I'i = dO;' + RT In (Yit$iP) 
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Combination with Eq. (\5.39) gives 

I!i.G'}. + RT In (y;cf;,p) + I A.a,. = 0 
• 

(i=I,2, ... ,N) 

If species i is an element, I!i.G'}. is zero. The pressure P must be in 
(atm), depending on whether the standard-state pressure is I bar or 

There are N equilibrium equations [Eq. (\5.40)], one for each, 
and there are w material-balance equations [Eq. (\5.38)], one for 
ment-a total of N + w equations. The unknowns in these equations 
n,'s (note that y, = nJI n,), of which there are N, and the A's, of 
are w-a total of N + w unknowns. Thus the number of equations is 
for the determination of all unknowns. 

The foregoing discussion has presumed that the J,;,s are known. If the 
is an ideal gas, then each J" is unity. If the phase is an ideal solution, 
becomes </>h and can at least be estimated. For real gases, each J" is a 
of the y,'s, the quantities being calculated. Thus an iterative procedure is 
The calculations are initiated with each J" set equal to unity. Solution 
equations then provides a preliminary set of y,'s. For low pressures 
temperatures this result is usually adequate. Where it is not sal:isf'actor, 
equation of state is used together with the calculated y,'s to give a new 
nearly correct set of J,is for use in Eq. (15.40). Then a new set of Yis is 
The process is repeated until successive iterations produce no sig;nillic.mt 
in the Yis. All calculations are well suited to computer solution, in,:lu,diJl 
calculation of the J,;,s by equations such as Eq. (11.48) or (14.47). 

In the procedure just described, the question of what chemical re.,ctiiOli 
involved never enters directly into any of the equations. However, the 
a set of species is entirely equivalent to the choice of a sel: oj'independen't re_ 
among the species. In any event, a set of species or an equivalent selt olfinlde.JIC! 
reactions must always be assumed, and different assumptions produce 
results. 

Example 15.13 Calculate the equilibrium compositions at 1,000 K and I 
gas-phase system containing the species CH4, H20, CO, CO2, and H2. In 
unreacted state there are present 2 moJ of CH4 and 3 mol of H20. Values 
1,000 K are 

I!i.GfcH, = 19,720Jmol" 

I1GiH,o = -192,420 J mol" 

I1GjcQ = -200,240 J mol" 

I1Gjeo, = -395,79OJ mol" 

SOLUTION The required values of Ak are determined from the initial 
moles, and the values of alk come directly from the chemical formulas -,.~- •• 
These are shown in the accompanying table. 

• 

Species i 

CH, 
H,O 
CO 
CO, 
H, 
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Element k 

Carbon Oxygen Hydrogen 

Ak = no. of atomic masses of k in the system 

Ac=2 Ao =3 

a1k = no. of atoms of k per molecule of i 

aCl4.c = I 
OHIO,C = 0 
aco.c = 1 
a COI•C = 1 
OHI.C = 0 

0CH4.O = 0 
aH10.0= I 
aco,o= I 
a COI•O = 2 
aHI.O = 0 

0CH4,H = 4 
aHlO• H = 2 
aCO.H = 0 
aCOl,H = 0 
a HI•H = 2 

At I bar and 1,000 K the assumption of ideal gases is justified and the 4>,'s are 
all unity. Since P = I bar, Eq. (15.40) is written: 

.6.0;. "j Ak +In-+"-a, =0 
RT ~", ';: RT •• 

The five equations for the five species then become 

CH 
19,720 I ~ Ac 4AH ,: --+ n +-+-=0 

RT ~", RT RT 

-192,420 "H 0 2AH Ao 
H 20: +In--'=+-+- = 0 

RT ~", RT RT 

- 20Cl,240 " A A CO: -===+ In.S£+...£+...Q. = 0 
RT ~", RT RT 

-395,790 nco Ac 2Ao 
CO,: +In=+-+-=O 

RT ~", RT RT 

nH 2AH 
H 2 : In....:..!!l..+-= 0 

~n, RT 

The three material-balance equations [Eq. (15.38)] are: 

C: nCH4 + nco + nC02 = 2 

H: 4nc14 + 2nHI O + 2nH2 = 14 

0: nHIO + nco + 2nco2 = 3 

Simullfneous computer solution of these eight equations, with 

RT = 8,314Jmol" 

and 
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produces the following results (y, ~ nJ'£. nil: 

YeH. ~ 0.0200 ~~ ~ 0.757 

YH,O ~ 0.0983 

Yeo ~ 0.1740 

Yeo, ~ 0.0372 

YH, ~ 0.6705 

LY, ~ 1.0000 

~~25.06 
RT 

AH 
-~ 0.193 
RT 

The values of Ak/ RT are of n? significance, but are included for the 
completeness. 

PROBLEMS 

15.1 Develop expressions for the mole fractions of the reacting species as functions of the 

coordinate for: 
(a) A system initially containing 1 mol NH3 and 2 mol O2 and undergoing the reaction 

4NH,(g) + 50,(g) ~ 4NO(g) + 6H,0(g) 

(b) A system initially containing 3 mol H2S and 4 mol O2 and undergoing the reaction 

2H,S(g) + 30,(g) ~ 2H,O(g) + 2S0,(g) 

(e) A system initially containing 3 mol NH3 • 3 mol NO, and 1 mol H20 and undergoing the 

2NH,(g) + 3NO(g) ~ 3H,0(g) + 2.5N,(g) 

15.2 A system initially containing 3 mol CO2, 5 mol H2, and 1 mol H20 undergoes the 

reactions: 
CO,(g) + 3H,(g) ~ CH,OH(g) + H,O(g) 

CO,(g) + H,(g) ~ CO(g) + H,O(g) 

Develop expressions for the mote fractions of the reacting species as functions of the 

coordinates for the two reactions. 
15.3 A system initially containing 3 mol C2H4 and 2 mot O2 undergoes the following reacti<msi 

C,H.(g) + lO,(g) ~ «CH,),)O(g) 

C,H.(g) + 30,(g) ~ 2CO,(g) + 2H,O(g) 

Develop expressions for the mole fractions of the reacting species as functions of the 

coordinates for the two reactions. 

15A Consider the water-gas-shift reaction, 

H,(g) + CO,(g) ~ H,O(g) + CO(g) 

At high temperatures and low to moderate pressures the reacting species form 8Q. ideal:gas 
for which we may write Eq. (10.8) as: 

G ~ Ly;G, + RTLY, Iny, 
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If the Gibbs energies of the elements in their standard states are set equal to zero, q = AGj. for 
each species. and then 

• (A) 

With the understanding that T and P are constant, we may write the equilibrium criterion of Eq. 
(13.53) for this reacting system as: 

dG' ~ d(nG) ~ ndG+ Gdn ~O 

or 

dG dn 
n-+G-=O 

de de 

But for the water-gas-shift reaction, dn/ dE = O. The equilibrium criterion therefore becomes: 

dG 
-~O 
de 

(B) 

Once the YI are eliminated in favor of E, Eq. (A) relates G to E. Data for AG~ for the compounds 
of interest are given with Example 15.12. For a temperature of 1.000 K (the reaction is unaffected 
by P) and for a feed of 1 mol H2 and 1 mol CO2 , 

(a) Determine the eqUilibrium value of e by application of Eq. (B). 
(b) Plot G vs. e, indicating the location of the eqUilibrium value of e determined in (a). 

15.5 Repeat Prob. 15.4 for a temperature of 1,100 K.. 

15.6 Repeat Prob. 15.4 for a temperature of 1,200 K. 

15.7 Repeat Prob. 15.4 for a temperature of 1,300 K. 

15.8 Verify the answer to Prob. 15.4, part (a). by the method of eqUilibrium constants. 

15.9 Verify the answer to Prob. 15.5. part (a), by the method of equilibrium constants. 

15.10 Verify the answer to Prob. 15.6, part (a), by the method of equilibrium constants. 

IS.11 Verify the answer to Prob. 15.7, part (a), by the method of equilibrium constants. 

15.12 Develop a general equation for the standard Gibbs energy change of reaction AGO as a function 
of temperature for one of the reactions given in parts (a). (f), (i), (n), (r), (I), (u), (x). and (y) of 

Prob.4.20. 
15.13 For ideal gases, exact mathematical expressions can be developed for the effect of T and P 
on E~. For conciseness we let n (Yj)"j;;;;;: Ky. Then we can write the mathematical relations: 

(:~L ~ (~L:;:, 
Using Eqs. (15.25) and (15.17), show that 

(a) (.e.) ~..!S.. de. t;.W 
aT p RT2 dKy 

(b) (.e.) ~!S. dE. (_p) 
aP T P dKy 

and 

(c) dE.,/ dKy is always positive. (Note: It is equally valid and perhaps easier to show that the reciprocal 
is positive.) 

15.14 For the ammonia synthesis reaction written 

• 
with 0.5 mol N2 and 1.5 mol H2 as the initial amounts of reactants and with the assumption that the 
equilibrium mixture is an ideal gas, show that 

E .. = I - (1 + 1.299 KP)-1/2 
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15.15 Tom, Dick, and Harry, members of a thermodynamics class, are asked to find the eqllilil'rI! 
composition at a particular T and P and for given initial amounts of reactants for the 
gas-phase reaction: 

2HCI +!O2 -+ H20 + CI2 

Each solves the problem correctly in a different way. Tom bases his solution on reaction 
written. Dick, who prefers whole numbers, mUltiplies reaction (A) by 2: 

4HCI + O2 -+ 2H20 + 2Cl2 

Harry, who usually does things backward, deals with the reaction: 

H20 + CI2 -+ 2HCI + !02 

Write the chemical-equilibrium equations for the three reactions, indicate how the eq"i1ibril 
constants are related, and show why Tom, Dick, and Harry all obtain the same result. 

15.16 The following reaction reaches equilibrium at 550°C and atmospheric pressure: 

4HCl(g) + O,(g) ~ 2H,O(g) + 2Cl,(g) 

If the system initially contains 6 mol HCI for each mole of oxygen, what is the composition 
system at equilibrium? Assume ideal gases. 
15.17 The following reaction reaches equilibrium at 600°C and atmospheric pressure: 

N,(g) + C,H,(g) ~ 2HCN(g) 

If the system initially is an equimolar mixture of nitrogen and acetylene, what is the cornp>siliOli 
the system at equilibrium? Assume ideal gases. 
15.18 The following reaction reaches equilibrium at 400°C and atmospheric pressure: 

CH,CHO(g) + H,(g) ~ C,H,OH(g) 

If the system initially contains 2 mol H2 for each mole of acetaldehyde, what is the c01npositiOl 
the system at equilibrium? Assume ideal gases. 
15.19 The following reaction reaches equilibrium at 600°C and atmospheric pressure: 

C,H,CH:CH,(g) + H,(g) ~ C,H,.C,H,(g) 

If the system initially contains 2 mol H2 for each mole of styrene, what is the composition 
system at equilibrium? Assume ideal gases. 
15.20 The gas stream from a sulfur burner is composed of I 5-mol-% S02, 20-mol-% O2, "nod 6.5-.0< 
N2. This gas stream at I bar and 480°C enters a catalytic converter, where the S02 is further 
to S03' Assuming that the reaction reaches equilibrium, how much heat must be removed 
converter to maintain isothermal conditions? Base your answer on 1 mol of entering gas. 

15.21 For the cracking reaction, 

C,H,(g) ~ C,H.,(g) + CH,(g) 

the equilibrium conversion is negligible at 300 K, but becomes appreciable at temperatuires 
500 K. For a pressure of I bar, determine 
(a) The fractional conversion of propane at 600 K. 
(b) The temperature at which the fractional conversion is 80 percent. 

15.22 Ethylene is produced by the dehydrogenation of ethane. If the feed includes 0.4 mol 
(an inert diluent) per mole of ethane and if the reaction reaches equilibrium at t,tOO K and 
what is the composition of the product gas on a water-free basis? 
15.23 The production of l,3-butadiene can be carried out by the dehydrogenation of I-b,utc'~ 

C,H,CH:CH,(g) ~ CH,:CHCH:CH,(g) + H,(g) 

Side reactions are suppressed by the introduction of steam. If eqUilibrium is attained at 
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I bar and if the reactor product contains lO-mol-% l,3-butadiene, determine 
(a) The mole fractions or" the other species in the product gas. 
(b) The rft.ole fraction of steam required in the feed. 

15.24 The production of 1,3-butadiene can be carried out by the dehydrogenation of n-butane: 

C,H .. (g) ~ CH,:CHCH:CH,(g) + 2H,(g) 

Side reactions are suppressed by the introduction of steam. If equilibrium is attained at 925 K and 
I bar and if the reactor product con~ains 12-mol-% l,3-butadiene. determine 
(a) The mole fractions of the other species in the product gas. 
(b) The mole fraction of steam required in the feed. 

15.25 For the ammonia synthesis reaction, 

!N,(g) + IH,(g) ~ NH,(g) 

the equilibrium conversion to ammonia is large at 300 K, but decreases rapidly with increasing T. 
However, reaction rates become appreciable only at higher temperatures. For a feed mixture of 
hydrogen and nitrogen in the stoichiometric proportions, 

(a) Determine the mole fraction of ammonia in the eqUilibrium mixture at I bar and 300 K.. 
(b) At what temperature does the eqUilibrium mole fraction of ammonia decrease to 0.50 for 

a pressure of I bar? 
(c) At what temperature does the equilibrium mole fraction of ammonia decrease to 0.50 for 

a pressure of 100 bar, assuming the eqUilibrium mixture an ideal gas? 
(d) At what temperature does the eqUilibrium mole fraction of ammonia decrease to 0.50 for 

a pressure of 100 bar, assuming the equilibrium mixture an ideal solution of gases? 

15.26 For the methanol synthesis reaction, 

CO(g) + 2H,(g) ~ CH,OH(g) 

the equilibrium conversion to methanol is large at 300 K, but decreases rapidly with increasing T. 
However, reaction rates become appreciable onJy at higher temperatures. For a feed mixture of 
carbon monoxide and hydrogen in the stoichiometric proportions, 
(a) Determine the mole fraction of methanol in the eqUilibrium mixture at I bar and 300K.. 
(b) At what temperature does the equjlibrium mole fraction of methanol decrease to 0.50 for a 

pressure of 1 bar? 
(c) At what temperature does the eqUilibrium mole fraction of methanol decrease to 0.50 for a 

pressure of 100 bar, assuming the equilibrium mixture an ideal gas? 
(d) At what temperature does the equilibrium mole fraction of methanol decrease to 0.50 for a 

pressure of 100 bar, assuming the equilibrium mixture an ideal solution of gases? 

15.27 Limestone (CaC03) decomposes upon heating to yield quicklime (CaO) and carbon dioxide. 
At what temperature does limestone exert a decomposition pressure of l(atm)? 

15.28 Ammonium chloride [NH4Cl(s)] decomposes upon heating to yield a gas mixture of ammonia 
and hydrochloric acid. At what temperature does ammonium chloride exert a decomposition pressure 
of I(atm)? For NH4Ct(s), .6.Hj29l1 = -314,430J and .6.Gj29B = -202,870J. 

1!.29 A chemically reactive system contains the following species in the gas phase: NH3, NO, N02, °2, and H20. Determine a complete set of independent reactions for this system. How many degrees 
of freedom does the system have? 

15.30 The relative compositions of the pollutants NO and N02 in air are governed by the reaction, 

NO +!O2 -+ N02 
For air containing 21-mol-% O2 at 25°C and 1.0133 bar, what is the concentration of NO in parts 
per million if the total concentration of both nitrogen oxides is 5 ppm? 

15.3. For the reaction, 
SO,(g) +!O,(g) ~ SO,(g) 

in equilibrium at 900 K what pressure is required for a 90 percent conversion of S02 if the initial 
mixture is equimolar in the reactants? Assume ideal gases. 
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15.32 Carbon black is produced by the decomposition of methane: 

CH.(g) ~ C(s) + 2H,(g) 

For equilibrium at 7000C and I bar, 
(a) What is the gas-phase composition if pure methane enters the reactor. and what fraction 

methane decomposes? 
(b) Repeat part (a) if the feed is an equimolar mixture of methane and nitrogen. 

15.33 Consider the reactions, 

!N,(g) + !O,(g) ~ NO(g) 

tN,(g) + O,(g) ~ NO,(g) 

If these reactions come to equilibrium after combustion in an internal combustion engine at 
and 200 bar, estimate the mole fractions of NO and N02 present for mole fractions ofni't rolleo" 
oxygen in the combustion products of 0.70 and 0.05. 

15.34 Oil refineries frequently have both H2S and S02 to dispose of. The following reaction 
a means of getting rid of both at once: 

2H,S(g) + SO,(g) ~ 3S(s) + 2H,0(g) 

For reactants present in the stoichiometric proportion, estimate the percent conversion of each 
if the reaction comes to equilibrium at 500"(: and 10 bar. 

15.35 The species N20 4(a) and N02 (b) as gases attain rapid equilibrium by the reaction: 

N20 4 -+2N02 

(a) For T = 350 K and P = 5 bar, calculate Y .. , the mole fraction of species a in the equiliibrll 
mixture. Assume ideal gases. 

(b) If an equilibrium mixture of N20 4 and N02 at the conditions of part (a) flows 
throttle va1ve to a pressure of I bar and through a heat exchanger that restores its initial te.op""", 
how much heat must be exchanged. assuming chemical equilibrium is again attained 
state? Base your answers on an amount of mixture equivalent to I mol of N20 4 • that is, as 
the N02 were present as N20 4 • 

15-36 The following isomerization reaction occurs in the liquid phase: 

A~B 

where A and B -are miscible liquids for which 

GE / RT = O.lxAxB 

If .6.0298 = -1,000 1, what is the equilibrium composition of the mixture at 25°C? How much 
is introduced if one assumes that A and B fonn an ideal solution? 

15.37 -The feed gas to a methanol synthesis reactor is composed of 75-mol-% H2, 12-mol-% 
8-mol-% CO2• and 5-mol-% N2. The system comes to equilibrium at 550 K and 100 bar with 
to the following reactions: 

2H,(g) + CO(g) ~ CH,OH(g) 

H,(g) + CO,(g) ~ CO(g) + H,O(g) 

Assuming idea1 gases, determine the composition of the equilibrium mixture. 

15.38 Hydrogen gas is produced by the reaction of steam with "water gas," an equimolar 
of H2 and CO obtained by the reaction of steam with coal. A stream of "\J{ater gas" mixed 
steam is passed over a catalyst to convert CO to CO2 by the reaction: 

H,O(g) + CO(g) ~ H,(g) + CO,(g) 

Subsequently, unreacted water is condensed and carbon dioxide is absorbed,leaving a pnMloICl.\ 
is mostly hydrogen. The equilibrium conditions are I bar and 800 K. 

CHEMICAL-REACTION EQUILIBRIA S47 

(a) Would there be any advantage to carrying out the reaction at pressures above 1 bar? 
(b) If the equilibrium temperature were raise3, would the conversion of CO be increased? 
(c) For lhe given equilibrium conditions, detennine the molar ratio of steam to "water gas" 

(H2 + CO) required to produce a product gas containing only 2-mol-% CO after cooling to 20"C, 
where the unreacted H20 has been virtually 811 condensed out. 

(d) Is there any danger that solid carbon will fonn at the equilibrium conditions by the reaction 

2CO(g) ~ CO,(g) + C(s) 

15.39 One method for the manufacture of "synthesis gas" is the catalytic refonning of methane with 
steam: 

CHig) + H,O(g) ~ CO(g) + 3H,(g) 

The only other reaction considered is 

CO(g) + H,O(g) ~ CO,(g) + H,(g) 

Assume eqUilibrium is attained for both reactions at 1 bar and 1,300 K. 
(a) Would it be better to carry out the reaction at pressures above I bar? 
(b) Would it be better to carry out the reaction at temperatures below 1.300 K? 
(c) Estimate the molar ratio of hydrogen to carbon monoxide in the synthesis gas if the feed 

consists of an equimolar mixture of steam and methane. 
(d) Repeat part (c) for a steam to methane mole ratio in the feed of 2. 
(e) How could the feed composition be altered to yield a lower ratio of hydrogen to carbon 

monoxide in the synthesis gas than is obtained in part (c). 

(f) Is there any danger that carbon will deposit by the reaction 2CO -+ C + CO2 under conditions 
of part (c)? Part (d)? If so, how could the feed be altered to prevent carbon deposition 1 

15.40 Set up the equations required for solution of Example IS.13 by the method of equilibrium 
constants. Verify that your equations yield the same equilibrium compositions as given in the example. 

ISAI Ethylene oxide as a vapor and water as liquid, both at 2SoC and 101.33 kPa, react to fonn an 
aqueous solution of ethylene glycol (l,2-ethanediol) at the same conditions: 

«CH,),)o + H,O ~ CH,OH,CH,OH 

If the initial molar ratio of ethylene oxide to water is 3.0, detennine the eqUilibrium conversion of 
ethylene oxide to ethylene glycol. 

At equilibrium the system consists of liquid and vapor in equilibrium. and the intensive state 
of the system is fixed by the specification of T and P. Therefore, one must first detennine the phase 
compositions, independent of the ratio of reactants. These results may then be applied in the 
material-balance equations to find the equilibrium conversion. 

Choose as standard states for water and ethylene glycol the pure liquids at 1 bar and for ethylene 
oxide the pure ideal gas at 1 bar. Assume that the Lewis/Randall rule applies to the water in the 
liquid phase and that the vapor phase is an ideal gas. The partial pressure of ethylene oxide._over 
the liquid phase is given by 

p,fkPa ~ 415x, 

The vapor pressure of ethylene glycol at 25°C is so low that its concentration in the vapor phase is 
negligible. 

• 



CHAPTER 

SIXTEEN 
THERMODYNAMIC ANALYSIS OF PROCESSES 

The object of this chapter is the evaluation of real processes from the thermo
dynamic point of view. No new fundamental ideas are needed; the method is 
based on a combination of the first and second laws. Hence, the chapter affords 
a review of the principles of thermodynamics. 

Although applications of thermodynamics to processes are often based on 
the assumption of reversibility, real irreversible processes are nevertheless amen
able to thermodynamic analysis. The goal of such an analysis is to determine 
how efficiently energy is used or produced and to show quantitatively the effect 
of inefficienCies in each step of a process. The cost of energy is of concern in 
any manufacturing operation, and the first step in any attempt to reduce energy 
requirements is to determine where and to what extent energy is wasted through 
process irreversibilities. The treatment here is limited to steady-state flow 
processes, because of their overwhelming industrial preponderance. 

16.1 SECOND-LAW RELATION FOR 
STEADY-STATE FLOW PROCESSES 

The general energy balance for steady-state flow processes is given by Eq. (7.8): 

A[(H + !u2 + zg)riI]" = Q - W, (7.8) 

We can also write a general second-law relation for such processes. The basic 
requirement is given by Eq. (5.19), IlS,.<a' 2: O. Thus, with respect to the control 
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volume for a steady-flow.process in surroundings at temperature To: 

{

Net rate of entropy} {rate of entropy Change} 
transport out by + of surroundings 2: 0 
flowing streams from heat transfer 

Whence 

Il(SriI) + Q,u~ > 0 
f& To-

Since heat transfer with respe~ to the s~Jrroundings is the negative of heat transfer 
~Ith ~espect to the system, Q,u~ = - Q. Therefore the· rate of entropy generation 
Stota) IS defined as 

(16.1) 

For thlZ special case of a single stream flowing through the control volume this 
become~ , 

. -' Q 
Stotal = m as - - ~ 0 

To (16.2) 

Division by riI provides an equation based on a unit amount of fluid flowing 
through the control volume: 

IlS,.t •• '" IlS - Q 2: 0 
To 

The equality in the preceding equations applies to reversible processes. 

16.2 CALCULATION OF IDEAL WORK 

(16.3) 

In any stea~y-state flow process requiring work, there is an absolute minimum 
amou~t whlc~ must be expended to accomplish the desired change of state of 
the flUId flowmg th~ough the control volume. In a process producing work, there 
I~ an absolute maxImum amount which may be accomplished as the result of a 
gIVen c~an~e. ~f state of the fluid flowing through the control volume. In either 
case, thIS hmltmg value is called the ideal work, Wi", ••. It is the work resulting 
whe~ the change of state of th~ ~~id is accomplished completely reversibly. The 
reqUIrement of complete reversIblhty for a process implies the following: 

I. All changes within the control volume are reversible 
2. Heat transfer to or from the surroundings is also rev~rsible. 

. A com~letely reversible process is hypothetical, devised solely for determina
tl?n of the Ideal work associated with a given change of state. Its only connection 
with an actual process is that it brings about the same change of state as the 
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volume for a steady-flow process in surroundings at temperature To: 
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Net rate of entropy} {rate of entropy Change} 
transport out by + of surroundings 2:: 0 
flowing streams from heat transfer 
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Stotal == m IlS - - 2:: 0 

To 
(16.2) 

Division by m provides an equation based on a unit amount of fluid flowing 
through the control volume: 
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The equality in the preceding equations applies to reversible processes. 

16.2 CALCULATION OF IDEAL WORK 

(16.3) 

In any stea~y-state flow process requiring work, there is an absolute minimum 
amou~t whlc~ must be expended to accomplish the desired change of state of 
~he flUld flowlOg th~ough the control volume. In a process producing work, there 
I~ an absolute maxImum amount which may be accomplished as the result of a 
gIven change of state of the fluid flowing through the control volume. In either 
case, this limiting value is called the ideal work, ~deal' It is the work resulting 
whe~ the change of state of the fluid is accomplished completely reversibly. The 
requirement of cO/lete reversibility for a process implies the following: 

I. All changes within the control volume are reversible. 
2. Heat transfer to or from the surroundings is also reversible. 

. A com~letely reversible process is hypothetical, devised sol~ly for determina
tJ~n of the Ideal work associated with a given change of state. Its only connection 
With an actual process is that it brings about the same change of state as the 
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actual process. Our objective is to compare the actual work of a process with 
work of the hypothetical reversible process. 

The second requirement listed for complete reversibility means that all 
transfer between the system and the surroundings in the hypothetical rpv .. ...,;:1o. 

process must occur at the temperature of the surroundings, here denoted by 
This means that at least the part of the system transmitting heat must be at 
surroundings temperature To. This may require inclusion within the system 
Carnot engines or heat pumps to accomplish reversible transfer of heat "A""' •. _ 
temperature levels in the system and the temperature level of the 
Since the Carnot engines and heat pumps are cyclic they contribute nothing 
the change of state of the system. An illustration of a hypothetical rp"prc,ih1 

process is given in Example 16.1. 
It is never necessary to describe hypothetical processes devised for 

calculation of ideal work. All that is required is the realization that such a 
may always be imagined. The equation for ideal work is developed with cornple1 
generality in the following paragraphs from the first and second laws and 
listed requirements of reversibility. 

We presume that the process is completely reversible and that the 
exists in surroundings that constitute a heat reservoir at the constant teIlnpc~raltu. 
To. For any completely reversible process, the entropy generation is zero, 
Eq. (16.1) becomes 

Q = To a(Sni )cs 

Substitution of this expression for Q in the energy balance of Eq. (7.8) gives 

a[(H+!u 2 +zg)nilcs = Toa(Sni)cs- ",.(rev) 

where W.(rev) indicates that the work is for a reversible process. We call 
work the ideal work, "-ideal' Thus 

"-ideal = To a(Sni)cs - a[(H + !u2 + zg)nilcs 

In most applications to chemical processes, the kinetic- and 
terms are negligible compared with the others; in this event Eq. (16.4) is 

I "-ideal = To a( Sni )Cs - a( Hni )Cs I 
For the special case of a single stream flowing through the control volume, 
(16.5) becomes 

"-ideal = ni(ToaS - aH) 

Division by ni puts this equation on a unit-mass basis 

~deal = To as - aH 

Equations (16.4) through (16.7) give the work of completely Tevers!lD 

processes associated with given property changes in the flowing streams. 
the same property change occurs in an actual process, the actual work W. 
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W.) is given by an energy balance, and we can compare the actual work with 
the ideal ,,",ork. When "-ideal (or ~deal) is positive, it is the maximum work 
obtainable fr?m a given change in the properties of the flowing streams, and is 
larger than W •. In this case we define a thermodynamic efficiency TIt as the ratio 
of the actual work to the ideal work: 

TIt (work produced) = .w. 
~deal 

(16.8) 

When "-ideal (or ~deal) is negative, I "-ideal I is the minimum work required to bring 
a~out a given change in the properties of the flowing streams, and is smaller than 
I W.I· In this case, the thermodynamic efficiency is defined as the ratio of the ideal 
work to the actual work: 

Tlt(work required) = "-i~eal 
w. (16.9) 

Example 16.1 What is the maximum work that can be obtained in a steady-state flow 
process from I mol of nitrogen (assumed an ideal gas) at 800 K and 50 bar? Take the 
temperature and pressure of the surroundings as 300 K and 1.0133 bar. 

SOLUTION The maximum possible work is obtained from any completely reversible 
process that reduces the nitrogen to the temperature and pressure of the surroundings, 
i.e., to 300 K and 1.0133 bar. The maintenance of a final temperature or pressure 
below that of the surroundings would require work in an amount at least equal to 
any gain in work from the process as a result of the lower level. The result is obtained 
directly from Eq. (16.7), where as and aH are the molar entropy and enthalpy 
changes of the nitrogen as its state is changed from 800 K and 50 bar to 300 K and 
1.0133 bar. For an ideal gas, enthalpy is independent of pressure, and its change is 
given by Eq. (4.8): 

aH = CPmh(T2 - TI ) 

The mean heat capacity is evaluated by Eq. (4.7) with data from Table 4.1. With 
Tam = 550 K, we obtain 

CPo .I R = 3.280 + (0.000593)(550) + 4,000 
m (800)(300) 

= 3.623 
Whence 

aH = (3.623)(8.314)(300 - 800) = -15,060Jmol-1 

The entropy ch\ge is found from Eq. (5.18): 

T2 P2 as = Cp In-- R In-
ms TI PI 

The mean heat capacity is here evaluated by Eq. (5.17) with Tim = 509.77 K: 

C / R = 3.280 + (0.000593)(509~'77) + (550)(509.77)(4,000) 
p~ (800)2(300)2 

= 3.602 
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Whence 

300 1.0133 _ 
IlS = (3.602)(8.314) In- - 8.3141n-- = 3.042 J mol-I K I 

800 50 

With these values of llH and IlS, Eq. (16.7) becomes 

"'ideal = (300)(3.042) - (-15,060) = 15,973 J mol-I 

The significance of this simple calculation becomes evident when we COIISl<llei 

in detail the steps of a specific reversible process designed to bring about the 
change of state. Suppose the nitrogen is continuously changed to its final state 
1.0133 bar and T2 = To = 300 K by the following two-step process: 

I. Reversible, adiabatic expansion (as in a turbine) from the initial state Pit Tit 
to 1.0133 bar. Suppose the temperature at the end of this isentropic step is T'. 

2. Cooling (or heating, if T' is less than T2) to the final temperature T2 at a 
pressure of 1.0133 bar. 

For step I, a steady-state flow process, the energy balance is 

Q - W. = llH 

or, since the process is adiabatic 

W. = -IlH = -(H' - HI) 

where H' is the enthalpy at the intermediate state of T' and 1.0133 bar. For Uli,.AllJLlUIl 

work, step 2 must also be reversible, with heat transferred reversibly to the 
at To. These requirements are met by use of Carnot engines which receive heat 
the nitrogen, produce work W Carnot , and reject heat to the surroundings at To. 
the temperature of the heat source, the nitrogen, decreases from T' to T2 , 

expression for the work of the Carnot engines is written in differential form: 

T- To 
dWCarnot = -T-( -dQ) 

The minus sign preceding dQ is required in order that Q refer to the 
Integration yields 

f
T2 dQ 

Wcarnot = -Q + To T' T 

Quantity Q, the heat exchanged with the nitrogen, is equal to the enthalpy 
H2 - H'. The integral is the change in entropy of the nitrogen as it is cooled by 
Carnot engines. Since step 1 occurs at constant entropy, the integral also re()re:seJI 
IlS for both steps. Hence 

W Carnot = -(H2 - H') + To IlS 

The sum of W. and Wcamot gives the ideal work; thus 

"'ideal = -(H' - HI) - (H2 - H') + To IlS . 

= -(H2 - HI) + To IlS 

= -IlH + To IlS 

which is the same as Eq. (16.7). 
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This derivation makes clear the difference between w., the shaft work of the 
turbine, and "'ideal' The ideal work includes not only the shaft work, but alsl> all 
work obtainable ~y the operation of heat engines for the reversible transfer of heat 
t9 the surroun4ings at To. . 

Example 16.2 Rework Example 5.5, making use of the equation for ideal work. 

SOLUTION The procedure here is to calculate the maximum possible work Wideal 

which can be obtained from 1 kg of steam in a flow process as it undergoes a change 
in state from saturated steam at 100°C to liquid water at O°C. Now the problem 
reduces to the question of whether this amount of work is sufficient to operate a 
Carnot heat pump delivering 2,000 kJ as heat at 200°C and taking heat from the 
unlimited supply of cooling water at O°C. 

For the steam, 

llH = 0 - 2,676.0 = -2,676.0 

IlS = 0 - 7.3554 = -7.3554 

Neglecting kinetic- and potential-energy terms, we have by Eq. (16.7): 

"'ideal = To IlS - llH = (273.15)( -7.3554) - (-2,676.0) 

= 666.9 kJ kg-I 

If this amount of work, the maximum obtainable from the steam, is used to derive a 
Carnot heat pump opera~ing between the temperatures of 0 and 200°C, the heat 
transferred at the higher temperature is 

T (200 + 273.15) Q = W-· - = (666.9) . = 1,577.7 kJ 
To- T 200-0 

This is the maximum possible heat release at 200°C; it is less than the claimed value 
of 2,000 kJ. As in Example 5.5, we conclude that the process described is not possible. 

Example 16.3 What is the thermodynamic efficiency of the compression process of 
Example 7.8 if To = 300 K? 

SOLUTION Saturated steam at 100 kPa is compressed adiabatically to 300 kPa with 
a compr~ssor efficiency of 0.75. From the results of Example 7.8, we have: 

llH = 2,959.9 - 2,675.4 = 289.5 kJ kg- l 

IlS = 7.5019 - 7.3598 = 0.1421 kJ kg-I K-I 

and 

W. = -284.5 kJ kg-I 

Application of ~q. (16.7) gives 

"'ideal = To IlS - llH = (300)(0.1421) - 289.5 = -241.9 kJ kg-I 

Then by Eq. (16.9), 

= "'id~l = -241.9 = 0.850 
TI, W. -284.5 

The compressor efficiency TI, based on reversible compression to a final state where 
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S2 = SI, is different from the thermodynamic efficiency 71" which is based on rp.v ...... ih ... 
compression to the actual final state where S2 > SI' 

16.3 LOST WORK 

The energy that becomes unavailable for work as the result of irreversibilities 
a process is called the lost work, and is defined as the difference between 
ideal work for a process and the actual work of the process. Thus by aelInl1:IOII 

'¥tost == "'ideal - W. 

In terms of rates this is written 

~ost == ~deal - W. 
The ideal work rate is given by Eq. (16.4): 

~deal = To 6.(Sm)fs - 6.[(H + !u2 + Zg)m]fs 

The actual work rate comes from Eq. (7.8) 

W. = Q - 6.[(H + !u 2 + Zg)m]fs 

The difference between these two equations gives 

I ~ost = To 6.(Sm)fs - Q I 
For the special case of a single stream flowing through the control volume, 

~ost = mTo 6.S - Q 
Division of this equation by m gives 

'¥tost = To 6.S - Q 

where the basis is now a unit amount of fluid flowing through the control 
As a result of Eq. (16.1) we can write: 

ToStotal = To 6.(Sm)fs - Q 
Since the right-hand sides of this equation and of Eq. (16.12) are Ju .. ,JJu.....,."., 
follows that 

For flow on the basis of a unit amount of fluid, Eqs. (16.3) and (16.14) give 

The second law of thermodynamics, as reflected in Eqs. (16.1) and (1 
requires 
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Whence 

'¥tost ~ 0 

When a process is completely reversible, the equality holds, and the lost work is 
zero. For irreversible processes the inequality holds, and the lost work, i.e., the 
energy that becomes un.available for work, is positive. The engineering significance 
of this result is clear: The greater the irreversibility of a process, the greater the 
rate of entropy production and the greater the amount of energy that becomes 
unavailable for work. Thus every irreversibility carries with it a price. 

Example 16.4 What is the lost work associated with the compression process of 
Example (l6.3)? 

SOLUTION Since the compression process is adiabatic, Eqs. (16.14) and (16.16) both 
reduce to 

Wlost = To !:is 
where !:is is the entropy change of the steam as a result of compression. Taking this 
value from Example 16.3, we find 

Wlost = (300)(0.1421) = 42.6 kJ kg- I 

This result is also given by Eq. (l6.1O), where values are from Examples 16.3: 

W.OS! = Wideal - W. = -241.9 - (-284.5) = 42.6 kJ kg- I 

16.4 THERMODYNAMIC ANALYSIS OF 
STEADY-STATE FLOW PROCESSES 

Many processes consist of a nuinber of steps, and lost-work calculations are then 
made for each step separately. By Eq. (16.15), 

Summing over the steps of a process gives 

L ~ost = To L Stotal 

Dividing the former by the latter, we get 

~ost _ Stotal 

L ~ost - L Stotal 

Thus an an~IYSiS of the lost work, made by calculation of the fraction that each 
individual lost-work term represents of the total lost work, is the same as ail 
analysis of the rate of entropy generation, made by expressing each individual 
entropy-generation terIQ as a fraction of the sum of all entropy-generation terms. 

An alternative to the lost-work or entropy-generation analysis is a work 
analysis. For this, we write Eq. (16.11) as 

(16.17) 
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For a work-producing proCess, all of these work quantities are positive and 
ltldeal> w.. We therefore write the preceding equation as 

Iltldeal = W. + L ""OSI 1 

A work analysis then expresses each of the individual work terms on the 
as a fraction of ltldeal' . 

For a work-requiring process, W. and ltldeal are negative, and I W.I > Iltldeall. 
Equation (16.17) is therefore best written: 

II W. I = Iltldeall + L ""OSI I 
A work artalysis here expresses each of the individual work terms on the right . 
as a fraction of I W.I. A work analysis cannot be carried out in the case where a 
process is so inefficient that ~deal is positive, indicating that the process should 
produce work, but W. is negative, indicating that the process in fact requires 
work. A lost-work or entropy-generation analysis is always possible. 

Example 16.5 The operating conditions of a practical steam power plant are described 
in Example 8.1, parts (b) and (c). In addition, steam generation is accomplished in 
a furnace/boiler unit where methane is burned completely to CO2 and H20 with 25 
percent excess air. The flue gas leaving the furnace has a temperature of 460 K, and 
To = 298.15 K. Make a thertnodynamic analysis of the power plant. 

CH. and air at 298.15 K Flue gases at 460 K 
---------I----~---

Furnace/boiler 
.-----*-- - - -- - - - -1'--_ 

2 

Pump 

4 

Heat discarded to 
surroundings at 298.15 K 

Figure 16.1 Power cycle of Example 16.5. 

Turbine 

THERMODYNAMIC ANALYSIS OF PROCESSES 557 

SOLUTION A flow diagram of the power plant is shown in Fig. 16.1. The conditions 
and properties for key points in the steam cycle, taken from Example 8.1, are listed 
in the following table. 

Point State of t/"C P/kPa H/kJ kg-I S/kJ kg-I K-1 

steam 

1 Subcooled liquid 45.83 8,600 203.4 0.6580 
2 Superheated vapor 500 8,600 3,391.6 6.6858 
3 Wet vapor, x = 0.9378 45.83 10 2,436.0 7.6846 
4 Saturated liquid 45.83 10 191.8 0.6493 

Since the steam undergoes a cyclic process, the only changes that need be 
considered for calculation of the ideal work are those of the gases passing through 
the furnance. The reaction occurring is 

CH4 + 202 -+ CO2 + 2H20 

For this reaction, data from Tables 4.4 and 15.1 give: 

Moreover, 

I1H298 = -393,509 + (2)( -241,818) - (-74,520) = -802,625 J 

110298 = -394,359 + (2)( -228,572) - (-50,460) = -801,043 J 

I1S0 = I1H298 -110298 = -5.306 J K-1 

298 298.15 

On the basis of 1 mol of methane burned with 25 percent excess air, the air 
entering the furnace contains: 

O2 : (2)(1.25) = 2.5 mol 

N2: (2.5)(79/21) = 9.405 mol 

Total: 11.905 mol air 

After complete combustion of the methane, the flue gas contains: 

) 

CO2: 1 mol 

H20: 2mol 

O2 : 0.5 mol 

N 2 : 9.405 mol 

Total: 12.905 mol flue gas 

Yeo, = 0.0775 

YH,O = 0.1550 

Yo, = 0.0387 

YN, = 0.7288 

The change of state that occurs in the furnace leads from methane and air at 
atmospheric pressure and 298.15 K, the temperature of the surroundings, to flue gas 
at atmospheric pressure and 460 K. For the purpose of calculating I1H and I1S for 
this change of state, we devise the path shown in Fig. 16.2. The assumption of ideal 
gases is entirely reasonable here, and on this basis we calculate I1H and I1S for each 
of the four steps shown in Fig. 16.2. 
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1 moiCH. 
298.15 K 

11.905 mol air 
298.15 K 

9.405 N, 

(b) Standard reaction at 298.15 K 

1 mol 
CO2 

2 mol 
H,O 

0.5 mol 
0, 

(c) Mix at 298.15 K 

12.905 mol 
ftue gas 
460K 

Figure 16.2 Calculation path for combustion process of Example 16.5. 

Step a: For unmixing the entering air, we have by Eq. (13.47) and by Eq. ( 
with a change of sign, 

I1Ha = 0 

I1Sa = nR ~ Yi In Yi 

= (11.905)(8.314)(0.21 In 0.21 + 0.79 In 0.79) 

= -50.870J K- I 

Step b: For the standard reaction at 298.15 K, 

I1Hb = I1H298 = -802,625 J 

I1Sb = I1S298 = -5.306 J K- I 

Step c: For mixing to form the flue gas, 

I1Hc = 0 

I1Sc = -nR ~ Yi In Yi 

= -(12.905)(8.314)(0.0775 In 0.0775 + 0.1550 In 0.1550 

+ 0.0387 In 0.0387 + 0.7288 In 0.7288) 

= 9O.51OJ K- I 
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Step d: For the heating step, we calculate mean heat capacities between 298.15 
and 460 K bYEqs. (4.7) and (5.17) with data from Table 4.1. The results in J mor l K- I 

are summarized as follows: 

CPmh CPml 

CO2 41.649 41.377 
H2O 34.153 34.106 

N2 29.381 29.360 

02 30.473 30.405 

We multiply each individual heat capacity by the number of moles of that species in 
the flue gas and sum over all species. This gives total mean heat capacities for the 
12.905 mol of mixture: 

Then 

CL = 401.520 and C~nu = 400.922 J K- I 

I1Hd = Ckh(T2 - Td = (401.520)(460 - 298.15) 

= 64,986J 

I1Sd = C~ In T2 = 400.922 In 460 = 173.852 J K- I 

m. TI 298.15 

For the total process on the basis of 1 mol CH4 burned, 

I1H = ~ I1Hi = 0 - 802,625 + 0 + 64,986 

= -737,639 J or -737.64 kJ 

I1S = ~ I1Si = -50.870 - 5.306 + 90.510 + 173.852 

=208.186JK-1 or 0.2082 kJ K- I 

The steam rate found in Example 8.1 is 

m = 84.75 kg S-I 

An energy balance around the furnace/boiler unit, where heat is transferred from the 
combustion gases to the steam, allows calculation of the entering methane rate nCH4 : 

(84.75)(3,391.6 - 203.4) + nCH.( -737.64) = 0 

Whence 

/ nCH. = 366.30 mol S-I 

The ideal work, given by Eq. (16.6), is 

or 

W;deal = 366.30[(298.15)(0.2082) - (-737.64)] 

= 292.94 x 103 kJ s-I 

",ideal = 292.94 X 103 kW 
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The rate of entropy generation in each of the four units of the power plant 
calculated by Eq. (16.1), and the lost work is then given by Eq. (16.15). 

Furnace/ boiler: We have assumed no heat transfer from the furnace/boiler 
the surroundings; therefore Q = o. The term i1(SriJ )cs is simply the sum of the 
changes of the two streams mUltiplied by their rates: 

Stotal = (366.30)(0.2082) + (84.75)(6.6858 - 0.6580) 

= 587.12 kJ S-I K- I or 587.12 kW K- I 

and 

w.ost = TOStotal = (298.15)(587.12) = 175.05 x 103 kW 

Turbine: For adiabatic operation, we have: 

Stotal = (84.75)(7.6846 - 6.6858) = 84.65 kW K- I 

and 

w.ost = (298.15)(84.65) = 25.24 x 103 kW 

Condenser: The condenser transfers heat from the condensing steam to 
surroundings at 298.15 K in an amount determined in Example 8.1: 

Thus 

and 

Q(condenser) = -190.2 x 103 kJs-1 

. 190,200 
Stotal = (84.75)(0.6493 - 7.6846) +--

298.15 

= 41.69 kW K-I 

w.ost = (298.15)(41.69) = 12.32 x 103 kW 

Pump: Since the pump operates adiabatically, 

Stotal = (84.75)(0.6580 - 0.6493) = 0.74 kW K-I 

and 

w.ost = 0.22 X 103 kW 

The entropy-generation analysis is as follows: 

kWK-1 Percent of L StOlal 

Stotal(furnace/boiler) 587.12 82.2 
Stolal(turbine) 84.65 11.9 
S,o,al( condenser) 41.69 5.8 
S,o,al(pump) 0.74 0.1 

LS,otal 714.20 100.0 

A work analysis is carried out in accord with Eq. (16.18): 
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The results of this llnalysis are shown in the following table: 
~ 

W. (from Example 8.1) 
Wlos,(furnace/boiler) 
W.Ost (turbine) 
Wlost( condenser) 
W.os,(pump) 

Sum = Wideal 

kW 

80.00 x loJ 
175.05 x loJ 
25.24 x 103 

12.43 x loJ 
0.22 x loJ 

292.94 X 103 

Percent of ~d .. 1 

27.3 (=1/,) 
59.8 
8.6 
4.2 
0.1 

100.0 

Th~. t,he,rmodynamic efficiency of the power plant is 27.3 percent, and the major source 
of hiefficiency is the furnace/boiler. The combustion process itself accounts for most 
of the entropy generation in this unit, and the remainder is the result of heat transfer 
across finite temperature differences. 

Example 16.6 Methane is liquefied in a simple Linde system, as shown in Fig. 16.3. 
The methane enters the compressor at I bar and 300 K, and after compression to 
60 bar is cooled back to 300 K. The product is saturated liquid methane at I bar. The 
unliquefied methane, also at I bar, is returned through a heat exchanger where it is 
heated to 295 K by the high-pressure methane. A heat leak into the heat exchanger 
of 5 kJ is assumed for each kilogram of methane entering the compressor. Heat leaks 
to other parts of the liquefier are assumed negligible. Make a thermodynamic analysis 
of the process for a surroundings temperature of To = 300 K. 

Q from cooling Q from heat 
leak=+5 kJ 

CH. feed 
1.00 kg 
(basis) Compression/ 2 -----

cooling Exchanger 
roo ------

6 

/ W,=-I,OOOkJ 
Urilique/ied CH. 
0.9514 kg 

Figure 16.3 Linde liquefaction system of Example 16.6. 

3 

5 

~ 

Throttle 
Ive V} 

V 

4 

Liquid CH. 
0.0486 kg 
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SOLUTION Methane compression from 1 to 60 bar is assumed to be carried 
a three-stage machine with inter- and after-cooling to 300 K and a COllllPrel 

efficiency of 75 percent. The actual work of this compression is estimated as 
per kilogram of methane. The fraction of the methane that is liquefied z is 
by an energy balance: 

H4Z + H6 (1 - z) - H2 = Q 

where Q is the heat leak from the surroundings. Solution for z gives 

1,188.9 - 1,140.0 - 5 

1,188.9 - 285.4 

This result may be compared with the value of 0.0541 obtained in Example 9.3 
the same operating conditions, but no heat leak. The properties at the various 
points of the process, given in the accompanying table, are either available as 
or are calculated by standard methods. Data are from Perry and Green. t The 
of all calculations is I kg of methane entering the process. 

Point State of the CH4 t/K P/bar H/kJkg- 1 S/kJkg-1 

I Superheated vapor 300.0 1,199.8 11.629 
2 Superheated vapor 300.0 60 1,140.0 9.359 
3 Superheated vapor 207.1 60 772.0 7.798 
4 Saturated liquid 111.5 I 285.4 4.962 
5 Saturated vapor 111.5 796.9 9.523 
6 Superheated vapor 295.0 1,188.9 11.589 

The ideal work depends on the overall changes in the methane passing 
the liquefier. Application of Eq. (16.5) gives 

W;dcal = To AS - AH 

= (300)[(0.0486)(4.962) + (0.9514)(11.589) - 11.629] 

- [(0.0486)(285.4) + (0.9514)(1,188.9) - 1,199.8] 

= -53.8 kJ 

The rate of entropy generation and the lost work for each of the individual 
of the process are calculated by Eqs. (16.1) and (16.15). Since the flow rate 
methane is not given, we take I kg of methane entering as a basis. The rates S, 
m. and Q are therefore expressed not per unit of time but per kg of entering 

The heat transfer for the compression/cooling step is calculated by an 
balance: 

Q = AH + lV, = (H2 - HI) + lV, 
= (1,140.0 - 1,199.8) - 1,000 = -1,059.8 kJ 

t R. H. Perry and D. Green, Perry's Chemical Engineers' Handbook, p. 3-203, McGraw-Hili, 
York, 1984. 

Then 

Whence 

and 
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Stotal(compression/cooling) = S2 - SI - Q 
To 

S· ( . / l' ) 93 1,059.8 total compression coo mg = . 59 - 11.629 + ---
300 

= 1.2627 kJ kg-I K- I 

~ost( compression/ cooling) = (300)( 1.2627) = 378.8 kJ kg-I 

For the exchanger, with Q equal to the heat leak, 

Whence 

and 

. 5 
Stotal(exchanger) = (11.589 - 9.523)(0.9514) + (7.798 - 9.359) --

300 

= 0.3879 kJ kg-I K- I 

~ost(exchanger) = (300)(0.3879) = 116.4 kJ kg-I 

For the throttle and separator, we assume adiabatic operation; thus 

Stotal(throttle) = S4Z + Ss(l - z) - S3 

and 

= (4.962)(0.0486) + (9.523)(0.9514) -7.798 

= 1.5033 kJ kg-I K-I 

~ost(throttle) = (300)(1.5033) = 451.0 kJ kg-I 

Analysis of the process with respect to entropy generation is shown in the 
following table: 

kJkg-1 K- I Percent of L Stotal 

Stotal( compression/ cooling) 1.2627 40.0 
Sto~changer) 0.3879 12.3 
Stotal( throttle) 1.5033 47.7 

L Stotal 3.1539 100.0 

The work analysis, based on Eq. (16.19) 

I W.I = I ~dcall + L ~ost 
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is shown in the following table: 

IWid.all 
~ost( compression/ cooling) 
Wlost( exchanger) 
~ost(throttle) 

Sum = IW.I 

53.8 
378.8 
116.4 
451.0 

1,000.0 

Percent of I W,I 

5.4 (=1/,) 
37.9 
11.6 
45.1 

100.0 

The largest loss occurs in the throttling step. Elimination ofthis highly irr, .. v.· .... ihl .. 

process in favor of a turbine results in a considerable increase in efficiency. 

From the standpoint of energy conservation, the thermodynamic emlClC:DC 
of a process should be as high as possible, and the entropy generation or 
work as low as possible. The final design of a process depends largely on ecclDo'mi4 
considerations, and the cost of energy is an important factor. The th~~mlodlvn.amtb 
analysis of a specific process shows the locations of the major inefficiencies, 
hence the pieces of equipment or steps in the process that could be altered 
replaced to advantage. However, this sort of analysis gives no hint as to 
nature of the changes that might be made. It merely shows that the present 
is wasteful of energy and that there is room for improvement. One function 
the chemical engineer is to try to devise a better process and to use ingenuity 
keep the capital expenditure low. Each newly devised process may, of 
be analyzed to determine what improvement has been made. 

PROBLEMS 

16.1 Determine the maximum amount of work that can be obtained in a flow process from I lea 
steam at 2,000 kPa and 400°C for surrounding conditions of 101.33 kPa and 300 K. 

16.2 Water at 300 K and 10,000 kPa flows into a boiler at the rate of 10 kg S-I and is val)orizel 
producing saturated vapor at 10,000 kPa. What is the maximum fraction of the heat added to 
water in the boiler that can be converted into work in a process whose end product is water at 
initial conditions if To = 300 K? What happens to the rest of the heat? What is the rate of 
change in the surroundings as a result of the work-producing process? In the system? Total? 

16.3 Suppose the heat added to the water in the boiler in Prob. 16.2 comes from a furnace 
temperature of 500°C. What is the total rate of entropy change as a result of the heating 
What is ~ost? 
16.4 What is the ideal-work rate for the expansion process of Example 7.5? What is the thc:mlodlyn:~ 
efficiency of the process? What is the rate of entropy generation Stotal? What is ~ost? Take To = 
16.5 What is the ideal work for the compression process of Example 7.9? What is the the'rmod'J'Il81111 
efficiency of the process? What is 4Stotal? What is Wiost? Take To = 293.15 K. 

16.6 What is the ideal work for the pumping process of Example 7.1O? What is the the'rmod~J'Ila", 
efficiency of the process? What is 4Stotal? What is Wiost? Take To = 300 K. 

16.7 What is the ideal work for the separation of an equimolar mixture of methane and 
150°C and 5 bar in a steady-flow process into product streams of the pure gases at 35°C and I 
if To = 300K? 
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16.8 What is the 'fork required for the separation of air (21-mol-% oxygen and 79-mol-% nitrogen) 
at 25°C and I bar in a steady-flow process into product streams of pure oxygen and nitrogen, also 
at 25°C and "I bar, if the thermodynamic efficiency of the process is 5 percent and if To = 300 K? 

16.9 An ideal gas at 2,000 kPa is throttled adiabatically to 200 kPa at the rate of 16 mol S-I. Determine 
Stotal and Wlost if To = 300 K. 

16.10 A refrigeration system cools a brine solution from 25°C to -15°C at the rate of 20 kg S-I. Heat 
is discarded to the atmosphere at a temperature of 30°C. What is the power requirement if the 
thermodynamic efficiency of the system is 0.27? The specific heat of the brine is 3.5 kJ kg- I °C-'. 

16.11 An ice plant produces 0.5 kg S-I of flake ice at O°C from water at 20°C (To) in a continuous 
process. If the latent heat of fusion of water is 333.4 kJ kg- I and if the thermodynamic efficiency of 
the process is 32 percent, what is the power requirement of the plant? 

16.12 Exhaust gas at 375°C and I bar from internal-combustion engines flows at the rate of 100 mol S-I 

into a waste-heat boiler where saturated" steam is generated at a pressure of 1,000 kPa. Water enters 
the boiler at 20°C (To), and the exhaust gases leave at 200°C. The heat capacity of the exhaust gases 
is Cp / R = 3.34 + 1.12 x 1O-3 T, where T is in kelvins. The steam flows into an adiabatic turbine from 
which it eXhausts at a pressure of 30 kPa. If the turbine efficiency 1/ is 75 percent, 
(a) What is w., the power output of the turbine? 
(b) What is the thermodynamic efficiency of the boiler/turbine combination? 
(c) Determine the Stotal for the boiler and for the turbine. 
(d) Express ~ost(boiler) and ~ost(turbine) as fractions of ~d.a .. the ideal work of the process. 

16.13 Consider the direct transfer of heat from a heat reservoir at T, to another heat reservoir at 
temperature T2, where TI > T2 > To. It is not obvious why the lost work of this process should 
depend on To, the temperature of the surroundings, because the surroundings are not involved in 
the actual heat-transfer process. Through appropriate use of the Carnot-engine formula, show for 
the transfer of an amount of heat equal to IQI that 

TI - T2 
Wlost = To I QI--y- = To 4Stotal 

TI 2 

16.14 An inventor has developed a complicated process for making heat continuously available at 
an elevated temperature. Saturated steam at 150°C is the only source of energy. Assuming that there 
is plenty of cooling water available at 300 K, what is the maximum temperature level at which heat 
in the amount of 1,100 kJ can be made available for each kilogram of steam flowing through the 
process? 

16.15 A plant takes in water at 70(OF), cools it to 32(OF), and freezes it at this temperature, producing 
1(lbm)(s)-1 of ice. Heat rejection is at 70("F). The heat of fusion of water is 143.3(Btu)(lbm)-I. 

(a) What is ~d.al for the process? 
(b) What is the power of requirement of a single Carnot heat pump operating between 32 and 

70("F)? What is the thermodynamic efficiency of this process? What is its irreversible feature? 
(c) What is the power requirement if an ideal ammonia vapor-compression refrigeration cycle 

is used. Ideal here implies isentropic compression, infinite cooling-water rate in the condenser, and 
minimum heat-transfer driving forces in evaporator and condenser of O(OF). What is the thermo
dynamic efficiency of this process? What are its irreversible features? 

(d) What is the power requirement of a practical ammonia vapor-compression cycle for which 
the compre~or efficiency is 75 percent, the minimum temperature differences in evaporator and 
condens~re 8("F), and the temperature rise of the cooling water in the condenser is 20(OF)? Make 
a thermodynamic analysis of this "process. 

16.16 Consider a steady-flow process in which the following gas-phase reaction takes place: CO + 
!O2 -+ CO2, The surroundings are at 300 K. 

(a) What is Wideal when the reactants enter the process as pure carbon monoxide a~,as air 
containing the stoichiometric amount of oxygen, both at 25°C and I bar, and the products of coniplete. 
combustion leave the process at the same conditions? 

(b) The overall process is exactly the same as in (a). However, we now specify that the CO is 
burned in an adiabatic reactor at I bar. What is Wid•al for the process of cooling the flue gases to 
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25°C? What is the irreversible feature of the overall process? What is its thermodynamic 
What has increased in entropy? By how much? 
16.17 A chemical plant has saturated steam available at 2,700 kPa, but b~ause of a process 
has little use for steam at this pressure. Rather, steam at 1,000 kPa is ~equired. Also 
saturated exhaust steam at 275 kPa. The suggestion is that the 275-kPa steam be co:mp1rellSej 
1,000 kPa, obtaining the necessary work from expansion of the 2,700-kPa steam to 1,000 
two streams at 1,000 kPa would then be mixed. Determine the rates at which steam at each 
pressure must be supplied to provide enough steam at 1,000 kPa so that upon colndcmsatiltlQ;1 
saturated liquid heat in the amount of 300 kJ S-I is released, 
(a) If the process is carried out in a completely reversible manner. 
(b) If the higher-pressure steam expands in a turbine of 78 percent efficiency and the 

steam is compressed in a machine of 75 percent efficiency. Make a thermodynamic 
this process. 

16.18 Make a thermodynamic analysis of the refrigeration cycle" described in one of the 
Prob. 9.3. Assume that the refrigeration effect maintains a heat reservoir at a temperature 9(OF) 
above the evaporation temperature and that To is 9(OF) below the condensation temperature. 

16.19 Make a thermodynamic analysis of the refrigeration cycle described in the first nalraRrarlll 
Prob. 9.5. Assume that the refrigeration effect maintains a heat reservoir at a temperature 9(OF) 
the evaporation temperature and that To is 9(OF) below the condensation temperature. 

16.20 A colloidal solution enters a single-effect evaporator at 100°C. Water is vaporized from 
solution, producing a more concentrated solution and 0.5 kg S-I of saturated-vapor steam at I 
This steam is compressed and sent to the heating coils of the evaporator to supply the heat 
for its operation. For a minimum heat-transfer driving force across the evaporator coils of 
a compressor efficiency of 75 percent, and for adiabatic operatiori, what is the state of the 
leaving the heating coils of the evaporator? For a surroundings temperature of 300 K, 
thermodynamic analysis of the process. 

16.21 Refrigeration at a temperature level of 80 K is required for a certain process. A cycle 
helium gas as refrigerant operates as follows. Helium at I bar is compressed adiabatically to 
cooled to 25°C by heat transfer to the surroundings, and sent to a countercurrent heat 
where it is cooled by returning helium. From there it expands adiabatically to I bar in a 
which produces work used to help drive the compressor. The helium then enters the 
where it absorbs enough heat to raise its temperature to 75 K, and finally returns to the 
by way of the heat exchanger. Assume helium an ideal gas for which Cp = (5/2)R Co:mnreSllOr 
turbine efficiencies are 77 percent, and the minimum temperature difference in the exchanger is 
For a refrigeration load of 2 kJ S-I, and assuming no heat leaks from the surroundings, 
the helium circulation rate. For a surroundings temperature of 290 K, make a thermodynamic 
of the process. 

16.22 An elementary nuclear-powered gas-turbine power plant operates as shown in Fig. 
entering at point I is compressed adiabatically to point 2, heated at constant pressure between 
2 and 3, and expanded adiabatically from point 3 to point 4. Specified conditions are: 

Point I: tl = 20°C, PI = I bar 
Point 2: P2 = 4 bar 
Point 3: t3 = 540°C, P3 = 4 bar 
Point 4: P2 = I bar 

The work to drive the compressor We comes from the turbine, and the additional work of the 
W. is the net work output of the power plant. The compressor and turbine efficiencies are 
the figure. Assume air an ideal gas for which Cp = (7/2)R Including the nuclear reactor as 
the system and treating it as a heat reservoir at 650°C, make a thermodynamic analysis of the 
To = 293.15 K. 

16.23 A design for an ammonia-synthesis plant includes a step that takes ammonia vapor at 
and 300(psia) and changes its state to saturated liquid ammonia at 14.71(psia). For ammonia 

Figure P16.22 
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initial state: 

Data for saturated ammonia on the same basis are given in Table 9.2. 
(a) What is Wid •• J for the process if To = 530(R)? 
(b) The change of state is accomplished in two stages. First, the ammonia vapor 

adiabatically in a turbine to a pressure of 14.71(psia). Second, heat is extracted from the 
by refrigeration, yielding saturated liquid ammonia at 14.71 (psia). The work of the turbine is 
toward the work required for operation of the refrigeration system. Assuming a turbine em,clel~CY 
0.75 and a thermodynamic efficiency of the refrigeration system of 0.30, determine lV,(net) and 
an entropy-generation analysis of the process. Base calculations on I (Ibm) of ammonia. 

16.24 Figure P16.24 shows a process that accomplishes the chilling of 0.5 kg s-J of water from 
4°C. The water acts as its own refrigerant by means of a recycle loop. The compressor 
pump) maintains a suction pressure at point 4 such that the saturation temperature in the 
is 4°C, and discharges at point 5 to a pressure of 6 kPa. The compressor operates adiabatically 
an efficiency of 75 percent. The condenser discharges saturated liquid water at 6 kPa. 

Make a thermodynamic analysis of the process, considering it to consist of the following 
(a) Points 6 and I to points 4 and 9. 
(b) Point 4 to point 5. 
( c) Point 5 to point 6. 
Apart from the condenser, the process may be assumed adiabatic. 

APPENDIX 

A 

CONVERSION FACTORS AND VALUES OF 
THE GAS CONSTANT 

Because standard reference books contain data in diverse units, we include Tables 
A.I and A.2 to aid the conversion of values from one set of units to another. 
Those units having no connection with the SI system are enclosed in parentheses. 
The following definitions are noted: 

(ft) == U.S. National Bureau of Standards defined foot = 3.048 x 10-1 m 
(in) == U.S. National Bureau of Standards defined inch == 2.54 x 10-2 m 

(Ibm) == U.S. National Bureau of Standards defined pound mass 
(avoirdupois) == 4.5359237 x 10-1 kg 

(ibr) == force to accelerate I (Ibm) 32.1740 (ft) S-2 

(atm) == standard atmospheric pressure 
(psia) == pounds force per square inch absolute pressure 
(torr) == pressure exerted by 1 mm mercury at O°C and standard gravity 
(cal) == thermochemical calorie 

(Btu) == international steam table British thermal unit 
(Ib mol) == mass in pounds mass with numerical value equal to the molar mass 

(molecular weight) 
(R) == absolute temperature in Rankines 

The convetsion factors of Table A.I are referred to a single basic or derived 
unit of the SI Iystem. Conversions between other pairs of units for a given quantity 
are made as in the following example: 

1 bar = 0.986923 (atm) = 750.061 (torr) 

Thus 
750.061 

1 (atm) = 0.986923 = 760.00 (torr) 



570 INTRODUCTION TO CHEMICAL ENGINEERING THERMODYNAMICS 

Table A.I Conversion factors 

Quantity 

Length 

Mass 

Force 

Pressure 

Volume 

Density 

Energy 

Power 

Conversion 

Im=loocm 
= 3 .28084( ft) 
= 39.3701(in) 

!kg = 103 g 
= 2.20462(1bm ) 

IN = I kg m S-2 
= IOS(dyne) 
= 0.224809(1b,) 

I bar = lOs Nm-2 

= lOs Pa 
= 102kPa 
= 106(dyne)cm-2 

= 0.986923(atm) 
= 14.5038(psia) 
= 750.061(torr) 

1m3 = 106 cm3 
= 35.3147(ft)3 

I g cm-3 = loJ kg m-3 

= 62.4278(1bm )(ft)-3 

IJ= I Nm 
= I m3 Pa 
= IO-S m3 bar 
= IOcm3bar 
= 9.86923 cm3(atm) 
= 107(dyne)cm 
= 107(erg) 
= 0.239006( cal) 
= 5.12197 x 1O-3(ft)3(psia) 
= 0.737562(ft)(1b,) 
= 9.47831 x 1O-4(Btu) 

I kW = 103 J s-I 
= 239.oo6(cal)(s)-1 
= 737.562(ft)(1b,)(s)-1 
= 0.94783(Btu)(s)-1 
= 1.34102(hp) 

Table A.2 Values of the universal gas constant 

R = 8.314Jmol-1 K-I = 8.314m3 Pamol-1 K-I 

= 83.14 cm3 bar mol-I K-I = 8,314 cm3 kPa morl K-I = 82.06 cm3(atm)mol-1 K-I 

= 62,356 cm3(torr)mol-1 K- 1 

= 1.987(cal)mol-1 K-1 = 1.986(Btu)(1b mol)-I(R)-I 
= 0.7302(ft)3(atm)(1b moo-I(R)-I = 10.73(ft)3(psia)(1b moo-I(R)-I 
= 1,545(ft)(1b,)(1b moo-I(R)-I 

Paraffins: 
Methane 
Ethane 
Propane 
n-butane 
Isobutane 
n-Pentane 
Isopentane 
Neopentane 
n-Hexane 
n-Heptane 
n-Octane 

Monoolefins: 
Ethylene 
Propylene 

/ I-Butene 
I-Pentene 

Miscellaneous organic 
compounds: 

Acetic acid 
Acetone 
Acetonitrile 
Acetylene 
Benzene 

'ir-

TclK 

190.6 
305.4 
369.8 
425.2 
408.1 
469.6 
460.4 
433.8 
507.4 
540.2 
568.8 

282.4 
365.0 
419.6 
464.7 

594.4 
508.1 
547.9 
308.3 
562.1 

APPENDIX 

B 

CRITICAL CONSTANTS AND 
ACENTRIC FACTORS 

Pclbar Vc/10-6 m3 mol-I Zc 

46.0 99. 0.288 0.008 
48.8 148. 0.285 0.098 
42.5 203. 0.281 0.152 
38.0 255. 0.274 0.193 
36.5 263. 0.283 0.176 
33.7 304. 0.262 0.251 
33.8 306. 0.271 0.227 
32.0 303. 0.269 0.197 
29.7 370. 0.260 0.296 
27.4 432. 0.263 0.351 
24.8 492. 0.259 0.394 

50.4 129. 0.276 0.085 
46.2 181. 0.275 0.148 
40.2 240. 0.277 0.187 
40.5 300. 0.31 0.245 

57.9 171. 0.200 0.454 
47.0 209. 0.232 0.309 
48.3 173. 0.184 0.321 
61.4 113. 0.271 0.184 
48.9 259. 0.271 0.212 
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I 

Chloro~ 
Cyclo",~ 
Dicbl~uoromethane 

(Fretm·12) 
Di¢yl· e.tber 
Ethanol 
Ethylene oxicte 
Methanol 
Methyl chloride 
Methyl ethyl ketone 
Toluene 
Trichlorofluoromethane 

(Freon-l1) 
Trichlorotrifluoroethane 

(Freon-I 13) 
Elementary gases: 

Argon 
Bromine 
Chlorine 
Helium 4 
Hydrogen 
Krypton 
Neon 
Nitrogen 
Oxygen 
Xenon 

Miscellaneous inorganic 
compounds: 

Ammonia 
Carbon dioxide 
Carbon disulfide 
Carbon monoxide 
Carbon tetrachloride 
Chloroform 
Hydrazine 
Hydrogen chloride 
Hydrogen cyanide 
Hydrogen sulfide 
Nitric oxide (NO) 
Nitrous oxide (N2O) 
Sulfur dioxide 
Sulfur trioxide 
Water 

CHEMICAL ENGINEERING THERMODYNAMICS 

Tc/K Pc/bar Vc/10-6 m3 mol- 1 Ze 

425.0 43.3 221. 0.270 
632.4 45.2 308. 0.265 
553.4 40.7 308. 0.273 

385.0 41.2 217. 0.280 
466.7 36.4 280. 0.262 
516.2 63.8 167. 0.248 
469. 71.9 140. 0.258 
512.6 81.0 118. 0.224 
416.3 66.8 139. 0.268 
535.6 41.5 267. 0.249 
591.7 41.1 316. 0.264 

471.2 44.1 2411. 0.279 

487.2 34.1 304. 0.256 

150.8 48.7 74.9 0.291 
584. 103. 127. 0.270 
417. 77. 124. 0.275 

5.2 2.27 57.3 0.301 
33.2 13.0 f>5.0 0.305 

209.4 . 55.0 91.2 0.288 
44.4 27.6 41.7 0.311 

126.2 33.9 89.5 0.290 
154.6 50.5 73.4 0.288 
289.7 58.4 118. 0.286 

405.6 112.8 72.5 0.242 
304.2 73.8 94.0 0.274 
552. 79. 170. 0.293 
132.9 35.0 93.1 0.295 
556.4 45.6 276. 0.272 
536.4 55. 239. 0.293 
653. 147. 96.1 0.260 
324.6 83. 81. 0.249 
456.8 53.9 139. 0.197 
373.2 89.4 98.5 0.284 
180. 65. 58. 0.25 
309.6 72.4 97.4 0.274 
430.8 78.8 122. 0.268 
491.0 82. 130. 0.26 
647.3 220.5 56. 0.229 

0.195 
0.249 
0.213 

0.188 

0.0 
0.132 
0.073 

-0.387 
-0.22 

0.0 
0.0 
0.040 
0.021· 
0.0 

References: A. P. Kudchadker, G. H. Aiani, and B. J. Zwolinski, Chern. Rev., 68: 659 (1968); J. 
Mathews, Chern. Rev., 72: 71 (1972); R. C. Reid, J. M. Prausnitz, and T. K. Sherwood, "The 
of Gases and Liquids," 3d ed., McGraw-Hill, New York, 1977; C. A. Passut and R. P. Danner, 
Eng. Chern. Process Des. Develop., 12: 365 (1974). 

APPENDIX 

c 
STEAM TABLES 

Table C.I Properties of Saturated Steam (SI Units) 

Table C.2 Properties of Superheated Steam (SI Units) 

Table C.3 Properties of Saturated Steam (English Units) 

Table C.4 Properties of Superheated Steam (English Units) 

All tables are generated by computer from programs based on "The 1976 IFCt 
Formu~ation for Industrial Use: A Formulation of the Thermodynamic Properties 
of Ordmary Water Substance," as published in the "ASME Steam Tables" 4th 
ed., App. I, pp. 11-29, The Am. Soc. Mech. Engrs., New York, 1979. ' 

/ 

t International Formulation Committee. 
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TABLE C.1. SATURATED STEAM SI UNITS 

V • SPECIFIC VOLUME cu c-/g 
U • SPECIFIC INTERNAL ENERGY kJ/kg 
H • SPECIFIC ENTHALPY kJ/kg 
S • SPECIFIC ENTROPY kJ/(kg K) 

TEMPERATURE ABS SPECIFIC VOLUME V INTERNAL ENERGY U ENTHALPY H ENTROPY S 

PRESS 

C K kPa SAT SAT SAT SAT SAT SAT SAT SAT 

LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR 

0 273.15 0.611 1.000 206300 206300 -0.04 2375.7 2375.6 -0.04 2501.7 2501.6 0.0000 9.1578 9.1578 

0.01 273.16 0.611 1.000 206200 206200 0.0 2375.6 2375.6 0.00 2501.6 2501.6 0.0 9.1575 9.1575 

1 274.15 0.657 1.000 192600 19= 4.17 2372.7 2376.9 4.17 2499.2 2503.4 0.0153 9.1158 9.1311 

2 275.15 0.705 1.000 179900 17 00 8.39 2369.9 2378.3 8.39 2496.8 2506.2 0.0306 9.0741 9.1047 

3 276.15 0.757 1.000 168200 168200 12.60 2367.1 2379.7 12.60 2494.5 2507.1 0.0459 9.0326 9.0785 

4 277.15 0.813 1.000 157300 157300 16.80 2364.3 2381. 1 16.80 2492.1 2508.9 0.0611 8.9915 9.0526 

5 278. '~ 0.872 1.000 147200 147200 21.01 2361.4 2382.4 21.01 2489.7 2510.7 0.0762 8.9507 9.0269 

6 279.1 0.935 1.000 137800 137800 25.21 2358.6 2383.8 25.21 2487.4 2512.6 0.0913 8.9102 9.0014 

7 280.15 1.001 1.000 129100 129100 29.41 2355.8 2385.2 29.41 2485.0 2514.4 0.1063 8.8699 8.9762 

8 281. 15 1.072 1.000 121000 121000 33.60 2353.0 2386.6 33.60 2482.6 2516.2 0.1213 8.8300 8.9513 

9 282.15 1. 147 1.000 113400 113400 37.80 235Q.l 2387.9 37.80 2480.3 2518.1 0.1362 8.7903 8.9265 

10 283.15 1.227 1.000 106400 106400 41.99 2347.3 2389.3 41.99 2477.9 2519.9 0.1510 8.7510 8.9020 

11 284.15 1.312 1.000 99910 99910 46.18 2344.5 2390.7 46.19 2475.5 2521.7 0.1658 8.7119 8.8776 

12 285.15 1.401 1.000 93830 93840 50.38 2341. 7 2392.1 50.38 2473.2 2523.6 0.1805 8.6731 8.8536 

13 286.15 1.497 1.001 88180 88180 54.56 2338.9 2393.4 54.57 2470.8 2525.4 0.1952 8.6345 8.8297 

14 287.15 1.591 1.001 82900 82900 58.75 2336.1 2394.8 58.75 2468.5 2527.2 0.2098 8.5963 8.8060 

15 288.15 1.704 1.001 77980 77980 62.94 2333.2 2396.2 62.94 2466.1 2529.1 0.2243 8.5582 8.7826 

16 289.15 1.817 1.001 73380 73380 67.12 2330.4 2397.6 67.13 2463.8 2530.9 0.2388 8.5205 8.7593 

17 290.15 1.936 1.001 69090 69090 71.31 2327.6 2398.9 71.31 2461.4 2532.7 0.2533 8.4830 8.7363 

18 291. 15 2.062 1.001 65090 65090 75.49 2324.8 2400.3 75.50 2459.0 2534.5 0.2677 8.4458 8.7135 

19 292.15 2.196 1.002 61340 61340 79.68 2322.0 2401.7 79.68 2456.7 2536.4 0.2820 8.4088 8.6908 

293.15 2.337 1.002 57840 57840 83.86 2319.2 2403.0 83.86 2454.3 2538.2 0.2963 8.3721 8.668-4 

294.15 2.485 1.002 54560 54560 88.04 2316.4 2404.4 88.04 2452.0 2540.0 0.3105 8.3356 8.6462 

295.15 2.642 1.002 51490 51490 92.22 2313.6 2405.8 92.23 2449.6 2541.8 0.3247 8.2994 8.6241 

296.15 2.808 1.002 48620 48620 96.40 2310.7 2407.1 96.41 2447.2 2543.6 0.3389 8.2634 8.6023 

297.15 2.982 1.003 45920 45930 100.6 2307.9 2408.5. 100.6 2444.9 2545.5 0.3530 8.2277 8.5806 

30 303.15 4.241 1.004 32930 32930 125.7 2291.0 2416.7 125.7 2430.7 2556.4 0.4365 8.0180 8.4546 
31 304.15 4.491 1.005 31200 31200 129.8 2288.2 2418.0 129.8 2428.3 2558.2 0.4503 7.9839 8.4342 
32 305.15 4.753 1.005 29570 29570 134.0 2285.4 2419.4 134.0 2425..9 2560.0 0.4640 7.9500 8.4140 
33 306.15 5.029 1.005 28040 28040 138.2 2282.6 2420.8 138.2 2423.6 2561.8 0.4777 7.9163 8.3939 
34 307.15 5.318 1.006 26600 26600 142.4 2279.7 2422.1 142.4 2421. 2 2563.6 0.4913 7.8828 8.3740 

35 308.15 5.622 1.006 25240 25240 146.6 2276.9 2423.5 146.6 2418.8 2565.4 0.5049 7.8495 8.3543 
36 309.15 5.940 1.006 23970 23970 150.7 2274.1 2424.8 HO. 7 2416.4 2567.2 0.5184 7.8164 8.3348 
37 310.15 6.274 1.007 22760 22760 154.9 2271.3 2426.2 4.9 2414.1 2569.0 0.5319 7.7835 8.3154 
38 311. 15 6.624 1.007 21630 21630 159. 1 2268.4 2427.5 159.1 2411. 7 2570.8 0.5453 7.7509 8.2962 
39 312.15 6.991 1.007 20560 20560 163.3 2265.6 2428.9 163.3 2409.3 2572.6 0.5588 7.7184 8.2772 

40 31:to-li-- 7.375 1.008 19550 19550 167.4 2262.8 2430.2 167.5 2406.9 2574.4 0.5721 7.6861 8.2583 
41 314.15 7.777 1.008 18590 18590 171.6 2259.9 2431.6 171.6 2404.5 2576.2 0.5854 7.6541 8.2395 
42 315.15 8.198 1.009 17690 17690 175.8 2257.1 2432.9 175.8 2402.1 2577.9 0.5987 7.6222 8.2209 
43 316.15 8.639 1.009 16840 16840 180.0 2254.3 2434.2 180.0 2399.7 2579.7 0.6120 7.5905 8.2025 
44 317.15 9.100 1.009 16040 16040 184.2 2251.4 2435.6 184.2 2397.3 2581.5 0.6252 7.5590 8.1842 

45 318.15 9.582 1.010 15280 15280 188.3 2248.6 2436.9 188.4 2394.9 2583.3 0.6383 7.5277 8.1661 
46 319.15 10.09 1.010 14560 14560 192.5 2245.7 2438.3 192.5 2392.5 2585.1 0.6514 7.4966 8.1481 
47 320.15 10.61 1.011 13880 13880 196.7 2242.9 2439.6 196.7 2390.1 2586.9 0.6645 7.4657 8.1302 
48 321. 15 11.16 1.011 13230 13230 200.9 2240.0 2440.9 200.9 2387.7 2588.6 0.6776 7.4350 8.1125 
49 322.15 11.74 1. 012 12620 12620 205.1 2237.2 2442.3 205.1 2385.3 2590.4 0.6906 7.4044 8.0950 

50 323.15 12.34 1.012 12040 12050 209.2 2234.3 2443.6 209.3 2382.9 2592.2 0.7035 7.3741 8.0776 
51 324.15 12.96 1.013 11500 11500 213.4 2231.5 2444.9 213.4 2380.5 2593.9 0.7164 7.3439 8.0603 
52 325.15 13.61 1.013 10980 10980 217.6 2228.6 2446.2 217.6 2378.1 2595.7 0.7293 7.3138 8.0432 
53 326.15 14.29 1.014 10490 10490 221.8 2225.8 2447.6 221.8 2375.7 2597.5 0.7422 7.2840 8.0262 
54 321·15 15.00 1.01 .. 10020 10020 226.0 2222.9 2448.9 226.0 2373.2 2599.2 0.7550 7.2543 8.0093 

55 328.15 15.74 1.015 9577.9 9578.9 230.2 2220.0 2450.2 230.2 2370.8 2601.0 0.7677 7.2248 7.9925 
56 329.15 16.51 1.015 9157.7 9158.7 234.3 2217.2 2451.5 234.4 2368.4 2602.7 0.7804 7.1955 7.9759 
57 330.15 17.31 1.016 8758.7 8759.8 238.5 2214.3 2452.8 238.5 2365.9 2604.5 0.7931 7.1663 7.9595 
58 331. 15 18.15 1.016 8379.8 8380.8 242.7 2211.4 2454.1 242.7 2363.5 2606.2 0.8058 7. 1373 7.9431 
59 332.15 19.02 1.017 8019.7 8020.8 246.9 2208.6 2455.4 246.9 2361. 1 2608.0 0.8184 7.1086 7.9269 

60 333.15 19.92 1.017 7677.5 7678.5 251. 1 2205.7 2456.8 251. 1 2358.6 2609.7 0.8310 7.0798 7.9108 
61 334.15 20.86 1.018 7352.1 7353.2 255.3 2202.8 2458.1 255.3 2366.2 2611.4 0.8435 7.0513 7.8948 
62 335.15 21.84 1.018 7042.7 7043.7 259.4 2199.9 2459.4 259.5 2363.7 2613.2 o.mo 7.0230 7.8790 
63 336.15 22.86 1.019 6748.2 6749.3 263.6 2197.0 2460.7 263.6 2351.3 2614.9 O. 5 6.9948 7.8633 
64 337.15 23.91 1.019 6468.0 6469.0 267.8 2194.1 2462.0 267.8 2348.8 2616.6 0.8809 6.9667 7.8477 

65 338.15 25.01 1.020 6201. 3 6202.3 272.0 2191.2 2463.2 272.0 2346.3 2618.4 0.~3 6.9388 7.8322 
66 339.15 26.15 1.020 5947.2 5948.2 276.2 2188.3 2464.5 276.2 2343.9 2620.1 O. 7 6.9111 7.8168 
67 340.15 27.33 1. 021 5705.2 5706.2 280.4 2185.4 2465.8 280.4 2341.4 2621.8 0.9180 ~.8835 7.8015 
68 341. 15 28.56 1.022 5474.6 5475.6 284.6 2182.5 2467.1 284.6 2338.9 2623.5 0.9303 .8561 7.7884 
69 342.15 29.84 1.022 5254.8 5255.8 288.8 2179.6 2468.4 288.8 2336.4 2625.2 0.9426 6.8288 7.7714 

70 343.15 31.16 1.023 5045.2 5046.3 292.9 2176.7 2469.7 293.0 2334.0 2626.9 0.9648 6.8017 7.7686 
71 344.15 32.53 1.023 4845.4 4846.4 297.1 2173.8 2470.9 297.2 2331.5 2528.6 .0.9670 6.7747 7.7417 
72 345.15 33.96 1.024 4654.7 4655.7 301.3 2170.9 2472.2 301.4 2329.0 2630.3 0.9792 6.7478 7.7270 
73 346.15 35.43 1.025 4472.7 4473.7 305.5 2168.0 2473.5 306.5 2326.5 2632.0 0.9913 6.7211 7.7124 
74 347.15 36.96 1.025 4299.0 4300.0 309.7 2165.1 2474.8 309.7 2324.0 2633.7 1.0034 6.6945 7.6979 

~ 
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TABLE C. 1. SATURATED STEAM SI UNITS (Continued) 

TEIoPERATURE ABS-
PRESS 

SPECIFIC VOLUME V INTERNAL ENERGY U ENTHALPY H ENTROPY S 

C K kPa SAT SAT SAT SAT SAT SAT SAT SAT 
LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR 

75 348.15 38.55 1.026 4133.1 4134.1 313.9 2162.1 2476.0 313.9 2321.5 2635.4 1.0154 6.6681 7.6835 
76 349.15 40.19 1.027 3974.6 3975.7 318.1 2159.2 2477.3 318.1 2318.9 2637.1 1.0275 6.6418 7.6693 
77 350.15 41.89 1.027 3823.3 3824.3 322.3 2156.3 2478.5 322.3 2316.4 2638.7 1.0396 6.6156 7.6551 
78 351. 15 43.65 1.028 3678.6 3679.6 326.5 2153.3 2479.8 326.5 2313.9 2640.4 1.0514 6.5896 7.6410 
79 352.15 45.47 1.029 3540.3 3541.3 330.7 2150.4 2481. 1 330.7 2311.4 2642.1 1.0634 6.5637 7.6271 

80 353.15 47.36 1.029 3408.1 3409.1 334.9 2147.4 ?482.3 334.9 2308.8 2643.8 1.0753 6.5380 7.6132 
81 354.15 49.31 1.030 3281.6 3282.6 339.1 2144.5 2483.5 339.1 2306.3 2645.4 1.0871 6.5123 7.5996 
82 355.15 51. 33 1. 031 3160.6 3161.6 343.3 2141.5 2484.8 343.3 2303.8 2647.1 1.0990 6.4868 7.5858 
83 356.15 53.42 1. 031 3044.8 3045.8 347.5 2138.6 2486.0 347.5 2301.2 2648.7 1.1108 6.4615 7.5722 
84 357.15 55.57 1.032 2933.9 2935.0 351. 7 2135.6 2487.3 351. 7 2298.6 2650.4 1.1225 6.4362 7.5587 

85 358.15 57.80 1. 033 2827.8 2828.8 355.9 2132.6 2488.5 355.9 2296.1 2652.0 1.1343 6.4111 7.5454 
86 359.15 60.11 1. 033 2726.1 2727.2 360.1 2129.7 2489.7 360.1 2293.5 2653.6 1.1460 6.3861 7.5321 
87 360.15 62.49 1.034 2628.8 2629.8 364.3 2126.7 2490.9 364.3 2290.9 2655.3 1.1577 6.3612 7.5189 
88 361. 15 64.95 1.035 2535.4 2536.5 368.5 2123.7 2492.2 368.5 2288.4 2655.9 1.1693 6.3365 7.5058 
89 362.15 67.49 1. 035 2446.0 2447.0 372.7 2120.7 2493.4 372.7 2285.8 2658.5 1.1809 6.3119 7.4928 

90 363.15 70.11 1.036 2360.3 2361.3 376.9 2117.7 2494.6 376.9 2283.2 2660.1 1.1925 6.2873 7.4799 
91 364.15 72.81 1.037 2278.0 2279.1 381.1 2114.7 2496.8 381. 1 2280.5 2661. 7 1.2041 6.2629 7.4670 
92 365.15 75.61 1.038 2199.2 2200.2 385.3 2111. 7 2497.0 385.4 2278.0 2663.4 1.2156 6.2387 7.4543 
93 366.15 78.49 1. 038 2123.5 2124.5 389.5 2108.7 2498.2 389.6 2275.4 2665.0 1. 2271 6.2145 7.4416 
94 367.15 81.46 1.039 2050.9 2051.9 393.7 2105.7 2499.4 393.8 2272.8 2666.6 1.2386 6.1905 7.4291 

95 368.15 84.53 1.040 1981. 2 1982.2 397.9 2102.7 2500.6 398.0 2270.2 2668.1 1.2501 6.1665 7.4166 
96 369.15 87.69 1. 041 1914.3 1915.3 402.1 2099.7 2501.8 402.2 2267.5 2669.7 1.2615 6.1427 7.4042 
97 370.15 90.94 1. 041 1850.0 1851. 0 406.3 2096.6 2503.0 406.4 2264.9 2671.3 1.2729 6.1190 7.3919 
98 371. 15 94.30 1.042 1788.3 1789.3 410.5 2093.6 2504.1 410.6 2262.2 2672.9 1.2842 6.0964 7.3796 
99 372.15 97.76 1.043 1729.0 1730.0 414.7 2090.6 2505.3 414.8 2259.6 2674.4 1.2966 6.0719 7.3675 

100 373.15 101. 33 1.044 1672.0 1673.0 419.0 2087.5 2506.5 419.1 2256.9 2676.0 1.3069 6.0485 7.3554 
102 375.15 108.78 1.045 1564.5 1565.5 427.4 2081.4 2508.8 427.5 2251.6 2679.1 1.3294 6.0021 7.3315 
104 377.15 116.68 1.047 1465.1 1465.2 435.8 2075.3 2511. 1 435.9 2246.3 2682.2 1.3518 5.9660 7.3078 
106 379.15 125.04 1.049 1373.1 1374.2 444.3 2069.2 2513.4 444.4 2240.9 2685.3 1. 3742 5.9104 7.2845 
108 . 381. 15 133.90 1.050 1287.9 1288.9 452.7 2063.0 2515.7 452.9 2235.4 2688.3 1.3964 5.8651 7.2615 

110 383.15 143.27 1.052 1208.9 1209.9 461. 2 2056.8 2518.0 461.3 2230.0 2691.3 1.4185 5.8203 7.2388 
112 385.15 153.15 1.054 1135.6 1136.6 469.6 2050.6 2520.2 469.8 2224.5 2694.3 1.4405 5.7758 7.2164 
114 387.15 163.62 1.055 1067.5 1068.5 478.1 2044.3 2522.4 478.3 2219.0 2697.2 1.4624 5.7318 7.1942 

.116 389.15 174.65 1. 057 1004.2 1005.2 486.6 2038.1 2524.6 486.7 2213.4 2700.2 1.4842 5.6881 7.1723 
118 391. 15 186.28 1.059 945.3 946.3 495.0 2031.8 2526.8 496.2 2207.9 2703.1 1.5060 5.6447 7.1507 

130 403.15 270.13 1.070 667.1 668.1 546.0 1993.4 2539.4 546.3 2173.6 2719.9 1.6344 5.3917 7.0261 
132 4~.15 286.70 1.072 630.8 531.9 554.5 1986.9 2541.4 554.8 2167.8 2722.6 1.6555 5.3507 7.0061 
134 40 .15 304.01 1.014 596.9 598.0 563.1 1980.4 2543.4 563.4 2161.9 2725.3 1.6765 5.3099 6.9864 
136 409.15 322.29 1. 016 565.1 566.2 511.6 1913.8 2545.4 572.0 2155.9 2721.9 1.6974 5.2696 6.9669 
138 411. 15 341. 38 1.018 535.3 536.4 580.2 1961.2 2541.4 580.5 2150.0 2730.5 1.7182 5.2293 6.9415 

140 413.15 361. 38 1.080 501.4 508.5 588.1 1960.6 2549.3 589.1 2144.0 2133.1 1.7390 5.1894 6.9284 
142 415.15 382.31 1.082 481.2 482.3 597.3 1963.9 2551.2 591.1 2131.9 2735.6 1.7597 5.1499 6.9096 
144 411.15 404.20 1.084 456.6 457.1 605.9 1947.2 2553.1 606.3 2131.8 2738.1 1.7803 5.1105 6.8908 
146 m:l~ ~1:~ 1.086 433.5 434.6 614.4 1940.5 2554.9 614.9 2125.7 2740.6 1.8008 5.0715 6.8723 
148 1.089 411.8 412.9 623.0 1933.7 2556.8 623.5 2119.5 2743.0 1.8213 5.0327 6.8539 

150 423.15 476.00 1.091 391.4 392.4 631.6 1926.9 2558.6 632.1 2113.2 2745.4 1.8416 4.9941 6.8358 
152 425.15 502.08 1.093 372.1 373.2 640.2 1920.1 2560.3 640.8 2106.9 2747.7 1.8619 4.9658 6.8178 
154 427.15 529.29 1.095 354.0 355.1 648.9 1913.2 2562.1 649.4 2100.6 2750.0 1.8822 4.9178 6.8000 
156 429.15 557.67 1.098 336.9 338.0 657.5 1906.3 2563.8 658.1 2094.2 2752.3 1.9023 4.8800 6.7823 
158 431. 15 587.25 1. 100 320.8 321.9 666.1 1899.3 2565.5 666.8 2081.1 2754.5 1.9224 4.8424 6.7648 

160 433.15 618.06 1. 102 305.7 306.8 674.8 1892.3 2567.1 675.5 2081.3 2756.7 1.9425 4.8050 6.7475 
162 435.15 6!;(\.16 1. 105 291.3 292.4 683.5 1885.3 2568.8 684.2 2074.7 2758.9 1.9624 4.7679 6.7303 
164 437.15 683.65 1. 107 277.8 278.9 692.1 1878.2 2570.4 692.9 2068.1 2761.0 1.9823 4.7309 6.7133 
166 439.15 718.31 1. 109 265.0 266.1 700.8 1871. 1 2571.9 701.6 2061.4 2763.1 2.0022 4.6942 6.6964 
168 441. 15 754.45 1. 112 252.9 254.0 709.5 1863.9 2573.4 710.4 2054.7 2765.1 2.0219 4.6577 6.6796 

110 443.15 792.02 1.114 241.4 242.6 718.2 1856.7 2574.9 719.1 2047.9 2767.1 2.0416 4.6214 6.6530 
T72 445.15 831.06 1. 117 230.6 231. 7 727.0 1849.5 2576.4 727.9 2041. 1 2769.0 2.0613 4.5853 6.6465 
174 447.15 871.60 1. 120 220.3 221.5 735.7 1842.2 2577.8 736.7 2034.2 2770.9 2.0809 4.5493 6.6302 
176 449.15 913.68 1. 122 210.6 211. 7 744.4 1834.8 2579.3 745.5 2021.3. 2772.7 2.1004 4.5136 6.6140 
178 451. 15 957.36 1. 125 201.4 202.5 753.2 1827.4 2580.6 754.3 2020.2 2774.5 2.1199 4.4780 6.5979 

180 453.15 1002.1 1. 128 192.1 193.8 762.0 1820.0 2581.9 763.1 2013.1 2776.3 2.1393 4.4426 6.5819 
182 455.15 1049.6 1. 130 184.4 185.5 770.8 1812.5 2583.2 772.0 2006.0 2778.0 2.1587 4.4074 6.5660 
184 457.15 1098.3 1. 133 176.5 177.6 779.6 1804.9 2584.5 780.8 1998.8 2779.6 2.1780 4.3723 6.5503 
186 459.15 1148.8 1. 136 169.0 170.2 788.4 1797.3 2585.1 789.7 1991.5 2781.2 2.1972 4.3374 6.5346 
188 461.15 1201. 0 1. 139 161.9 163.1 797.2 1789.7 2586.9 798.6 1984.2 2782 .• 8 2.2164 4.3026 6.5191 

190 463.15 1255.1 1.142 155.2 156.3 806.1 1782.0 2588.1 807.5 1976.7 2'184.3 2.2356 4.2680 6.5036 
192 465.15 1311. 1 1.144 148.8 149.9 814.9 1774.2 2589.2 816.5 1969.3 2785.1 2.2541 4.2336 6.4883 
194 467.15 1369.0 1. 141 142.6 143.8 823.8 1766.4 2590.2 825.4 1961. 7 2787.1 2.2138 4.1993 6.4730 
196 469.15 1428.9 1.150 136.8 138.0 832.7 1758.6 2591. 3 834.4 1964.1 2788.4 2.2928 4.1651 6.4578 
198 471. 15 1490.9 1.153 131. 3 132.4 841.6 1750.6 2592.3 843.4 1946.4 2789.7 2.3117 4.1310 6.4428 

200 473.15 1554.9 1.156 126.0 127.2 850.6 1742.6 2593.2 852.4 1938.6 2790.9 2.3307 4.0971 6.4278 
202 475.15 1621.0 1.160 121. 0 122.1 859.5 1734.6 2594.1 861.4 1930.7 2792.1 2.3496 4.0633 6.4128 
204 477.15 1689.3 1.163 116.2 117.3 868.5 1725.5 2596.0 870.5 1922.8 2793.2 2.3684 4.0296 6.3980 
206 479.15 1759.8 1.165 111. 6 112.8 877.5 1718.3 2596.8 879.5 1914.1 2794.3 2.3872 3.9961 6.3832 
208 481. 15 1832.6 1.169 101.2 108.4 886.5 1710.1 2596.6 888.6 1906.6 2796.3 2.4059 3.9626 6.3686 

210 483.15 1907.7 1. 173 103.1 104.2 895.5 1701.8 2597.3 897.7 1898.5 2796.2 2.4247 3.9293 6.3539 
212 485.15 1985.2 1.176 99.09 100.26 904.5 1693.5 2598.0 906.9 1890.2 2797.1 2.4434 3.8960 6.3394 
214 481.15 2065.1 1. 119 95.28 96.46 913.6 1685.1 2598.7 916.0 1881.8 2797.9 2.4620 3.8629 6.3249 
216 489.15 2147.5 1.183 91.65 92.83 922.1 1676.6 2599.3 925.2 1873.4 2798.6 2.4806 3.8298 6.3104 
218 491. 15 2232.4 1.186 88.11 89.36 931.8 1668.0 2599.8 934.4 1864.9 2799.3 2.4992 3.7968 6.2960 

UII .... .... 
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TABLE C.1. SATURATED STEAM SI UNITS (Cont tnuecl) 

TEWERATURE PRAfts SPECIFIC VDLUIoE V INTERNAL ENERGY U ENTHALPY H ENTROPY S 

C K kPa SAT SAT SAT SAT SAT SAT SAT SAT 
LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR , 

220 493.15 2319.8 1.190 84.85 85.04 94.0.9 1669.4 2600.3 943.7 1856.2 2799.9 2.5178 3.7639 6.2817 
222 495.16 2409.9 1.194 81.67 82.86 950.1 1660.7 2600.8 952.9 1847.5 2800.6 2.6363 3.7311 6.2674 
224 497.15 2602.7 1.197 78.62 79;82 969.2 1642.0 2601.2 962.2 1838.7 2800.9 2.6648 3.6984 6.2632 
226 499.15 2598.2 1.201 76.71 76.91 968.4 1633.1 2601.5 971.5 1829.8 2801.4 2.5733 3.6667 6.2390 
228 601.15 2696.5 1.205 72.92 74.12 977.6 1624.2 2601.8 980.9 1820.8 2801.7 2.5911 3.6331 6.2249 

230 503.15 2797.6 1.209 70.24 71.46 986.9 1615.2 2602.1 990.3 1811. 7 2802.0 2.6102 3.6005 6.2107 
232 605.15 2901.6 1.213 67.68 68.89 996.2 1605.1 2602.3 999.7 1802.6 2802.2 2.6286 3.6681 6.1967 
234 607.16 3008.6 1. 217 85.22 85.43 1005.4 1697.0 2602.4 1009.1 1793.2 2802.3 2.6470 3.6386 6.1826 
236 609.15 3118.6 1.221 62.86 64.08 1014.8 1687.7 2602.6 1018.6 1783.8 2802.3 2.6663 3.6033 6.1686 
238 611. 16 3231.7 1.226 60.60 61.82 1024.1 1678.4 2602.6 1028.1 1774.2 2802.3 2.6837 3.4709 6.1646 

240 613.16 3347.8 1.229 68.43 69.~ 1033.6 1669.0 2602.6 1037.6 1764.6 2802.2 2.7020 3.4386 6.1406 
242 616.16 3467.2 1.233 66.34 67.6 1042.9 1669.6 2602.4 1047.2 1764.9 2802.0 2.7203 3.4063 6.1286 
244 617.16 3689.8 1.238 64.34 65.68 10152.3 1649.9 2602.2 10156.8 1745.0 2801.8 2.7386 3.3740 6.1127 
246 519.15 3715.7 1.242 62.41 63.66 1061.8 1640.2 2602.0 1066.4 1735.0 2801.4 2.7569 3.3418 6.0987 
248 621.15 3844.9 1.247 60.66 51.81 1071.3 1630.5 2601.8 1076.1 1724.9 2801.0 2.7762 3.3096 6.0848 

250 523.15 3977.6 1.251 48.79 50.04 1080.8 1520.6 2601.4 1085.8 1714.7 2800.4 2.7936 3.2773 6.0708 
262 626.15 4113.7 1.256 47.08 48.33 1090.4 1610.6 2601.0 1095.5 1704.3 2799.8 2.8118 3.2461 6.01569 
254 627.16 4263.4 1.261 46.43 46.69 1100.0 1500.6 2600.6 1105.3 1693.8 2799.1 2.8300 3.2129 6.0429 
256 629.15 4396.7 1.266 43.85 45.11 1109.6 1490.4 2600.0 1116.2 1683.2 2798.3 2.8483 3.1807 6.0290 
258 531. 15 4543.7 1.271 42.33 43.60 1119.3 1480. 1 2599.3 1126.0 1672.4 2797.4 2.8666 3.1484 6.0150 

260 633.15 4694.3 1.276 40.66 42.13 1129.0 1469.7 2698.6 1134.9 1661.5 2796.4 2.8848 3.1161 6.0010 
262 635.15 4848.8 1.281 39.44 40.73 1138.7 1469.2 2697.8 1144.9 1850.4 2796.3 2.9031 3.0838 6.9869 
264 637.15 6007.1 1.286 38.08 39.37 1148.5 1448.5 2697.0 1164.9 1639.2 2794.1 2.9214 3.0515 5.9729 
285 539.15 5169.3 1.291 36.77 38.06 1158.3 1437.8 2696.1 1165.0 1627.8 2792.8 2.9397 3.0191 5.9688 
268 641. 15 5335.5 1.297 35.51 36.80 1168.2 1426.9 2696.0 1175.1 1616.3 2791.4 2.9680 2.9866 5.9446 

270 543.15 5505.8 1.303 34.29 35.59 1178.1 1415.9 2693.9 1185.2 1604.6 2789.9 2.9763 2.9641 5.9304 
272 545.15 5680.2 1.308 33.11 34.42 1188.0 1404.7 2692.7 1196.4 1592.8 2788.2 2.9947 2.9215 5.9162 
274 547.15 5858.7 1.314 31.97 33.29 1198.0 1393.4 2691.4 1205.7 1580.8 2786.5 3.0131 2.8889 5.9019 
276 549.15 6041.5 1.320 30.88 32.20 1208.0 1382.0 2590.1 1216.0 1568.6 2784.6 3.0314 2.8661 5.8876 
278 651.15 6228.7 1.326 29.82 31. 14 1218.1 1370.4 2688.6 1226.4 1556.2 2782.6 3.0499 2.8233 5.8731 

280 653.15 6420.2 1.332 28.79 30.13 1228.3 1368.7 2687.0 1236.8 1643.6 2780.4 3.0683 2.7903 5.8586 
282 655.15 6616.1 1.339 27.81 29.14 1238.5 1346.8 2685.3 1247.3 1530.8 2778.1 3.0868 2.7673 6.8440 
284 567.15 6816.6 1.345 26.85 28.20 1248.7 1334.8 2583.6 1257.9 1517.8 2775.7 3.1053 2.7241 5.8294 
286 569.15 7021.8 1.352 25.93 27.28 1259.0 1322.6 2681.6 1268.5 1504.6 2773.2 3.1238 2.6908 5.8146 
288 661. 16 7231.5 1.359 26.03 26.39 1269.4 1310.2 2679.6 1279.2 1491.2 2770.6 3.1424 2.6573 5.7997 

300 673.15 8592.7 1.404 20.2" 21.65 1333.0 1232.0 2565.0 1345.1 1"05.0 2751. 0 3.2552 2."529 5.7081 302 575.15 8837r." 1. .. 12 19.53 20.9" 1343.8 1218.3 2562.1 1356.3 1390.9 27"7.2 3.2742 .. 2.4182 5.6924 304 577.15 9087.3 1. .. 21 18.84 20.26 135".8 1204.3 2559.1 1367.7 1375.5 27"3.2 3.2933' ,,2. 3832 5.6765 306 579.15 9342.7 1."30 18.17 19.60 1365.8 1190.1 2555.9 1379.1 1359.8 2739.0 3.3125'··2.3479 5.6604 308 581. 15 9603.6 1.439 17.52 18.96 1376.9 1175.6 2552.5 1390.7 1343.9 2734.6 3.3318 2.3124 5.64"2 310 583.15 9870.0 1. .... 8 16.89 18.33 1388.1 1161.0 26"9.1 1402.4 1327.6 2730.0 3.3512 2.2766 5.6278 312 585.15 ~2.1 1.458 16.27 17.73 1399.4 11"6.0 25"5." 1 .. 1 ... 2 1311. 0 2725.2 3.3707 2.2"04 5.6111 31 .. 587.15 20.0 1."68 15.68 17.14 1410.8 1130.8 2541.6 1"26.1 1294.1 2720.2 3.3903 2.2040 5.5943 316 589.15 1 3. 1.478 15.09 16.57 1422.3 1115.2 2537.5 1438.1 1276.8 2714.9 3.4101 2.1672 5.5772 318 591. 15 10993.4 1. .. 88 14.53 16.02 1433.9 1099." 2633.3 1"50.3 1269.1 2709." 3."300 2.1300 5.5599 320 593.15 11289.1 1.500 13.98 15.48 1 .... 5.7 1083.2 2528.9 1"62.6 12"1.1 2703.7 3."500 2.0923 5.5"23 322 595.15 11591.0 1.511 13 ..... 14.96 1457.5 1066.7 2524.3 1475.1 1222.6 2697.6 3."702 2.05"2 5.52 .... 324 597.15 11899.2 1.523 12.92 1 ..... 5 1"69.5 1049.9 2519." 1"87.7 1203.6 2691.3 3.4905 2.0156 5.5062 326 599.15 12213.7 1.535 12.41 13.95 1 .. 81. 7 1032.6 251".3 1500." 1184.2 2684.6 3.5111 1.9764 5.4876 328 601. 15 1253".8 1.5 .. 8 11.91 13."6 1"94.0 101".8 2508.8 1513." 1164.2 2677.6 3.5319 1.9367 5."685 330 603.15 12862.5 1;561 11.43 12.99 1505." 996.7 2503.1 1526.5 1143.6 2670.2 3.5528 1.8962 5 ..... 90 332 605.15 13197.0 1.575 10.95 12.53 1519.1 978.0 2"97.0 1539.9 1122.5 2662.3 3.57"0 1.8550 5."290 334 607.15 13538.3 1.590 10.49 12.08 1531. 9 968.7 2490.6 1553." 1100.7 265".1 3.5965 1.8129 5."084 336 609.15 13886.7 1.605 10.03 11.63 15 ..... 9 938.9 2"83.7 1567.2 1078.1 2645.3 3.6172 1.7700 5.3872 338 611. 15 1 .. 2 .. 2.3 1.622 9.58 11.20 1558.1 918." 2 .. 76 ... 1581.2 105".8 2636.0 3.6392 1. 7261 5.3653 340 613.15 14605.2 1.639 9.1" 10.78 1571.5 897.2 2"68.7 1596.5 1030.7 2626.2 3.8516 1.6811 5.3427 3 .. 2 616.15 14975.5 1.657 8.71 10.37 1585.2 875.2 2"60.5 1610.0 1005.7 2615.7 3.684 .. 1.6350 5.3194 3 .. 4 617.15 15353.5 1.676 8.286 9.962 1599.2 852.5 2451. 7 162".9 979.7 2604.7 3.7075 1.5877 5.2962 346 619.15 15739.3 1.696 7.870 9.585 1613.5 828.9 24"2.4 1640.2 962.8 2693.0 3.7311 1.5391 5.2702 3 .. 8 621. 15 16133.1 1. 718 7.461 9.178 1628.1 804.5 2432.6 1655.8 92".8 2580.7 3.7553 1.4891 5.24 .... 350 623.15 16535.1 1.7"1 7.058 8.799 1643.0 779.2 2"22.2 1671.8 896.9 2567.7 3.7801 1."375 5.2177 352 625.15 169"5.5 1. 766 6.65" 8."20 1659." 751.5 2"10.8 1689.3 86".2 2553.5 3.8071 1.3822 5.1893 354 627.15 17364." 1. 794 6.252 8.045 1676.3 722." 2398.7 1707.5 830.9 2538." 3.8349 1. 32 .. 7 5.1596 356 629.15 17792.2 1.82 .. 5.850 7.67" 1693." 692.2 2385.6 1725.9 796.2 2522.1 3.8629 1.265 .. 5.1283 358 631. 15 18229.0 1.858 5 ..... 8 7.306 1710.8 850.5 2371. .. 17 ..... 7 759.9 2604.6 3.8915 1.2037 5.0953 360 633.15 18675.1 1.896 5.04" 6.9"0 1728.8 627.1 2355.8 1764.2 721.3 2"85." 3.9210 1.1390 5.0600 361 634.15 18901.7 1.917 4.840 6.757 1738.0 609.5 2347.5 1774.2 701.0 2475.2 3.9362 1.1052 5.0414 362 635.15 19130.7 1.939 4.634 6.573 1747.5 591.2 2338.7 1784.6 679.8 2464.4 3.9518 1.0702 5.0220 363 636.15 19362.1 1.963 4.425 6.388 1757.3 572.1 2329.3 1795.3 657.8 2"53.0 3.9679 1. 0338 5.0017 364 637.15 19596.1 1.988 4.213 6.201 1767:4 552.0 2319.4 1805.4 634.6 2440.9 3.9846 0.9968 ".9804 365 638.15 19832.6 2.016 3.996 6.012 1778.0 530.8 2308.8 1818.0 610.0 2"28.0 ".0021 0.9658 ".9679 386 639.15 20071.6 2.046 3.772 5.819 1789.1 508.2 2297.3 1830.2 583.9 2"14.1 ".0205 0.9134 ".9339 367 640.15 20313.2 2.080 3.5"0 5.621 1801. 0 "83.8 2284.8 1843.2 555.7 2399.0 ".0401 0.8880 ".9081 368 641.15 20557.5 2.118 3.298 5."16 1813.8 "57.3 2271. 1 1857.3 525.1 2382." ".0513 0.8189 ".8801 369 642.15 20804.4 2.162 3.039 5.201 1827.8 "27.9 2255.7 1872.8 .. 91. 1 2363.9 ".0846 0.7647 ".8492 370 643.15 21054.0 2.214 2.759 ".973 18"3.6 394.5 2238.1 1890.2 "52.6 2342.8 ".1108 0.7036 ... 81 .... 371 6 ..... 15 21305.4 2.278 2.4"6 ".723 1862.0 355.3 2217.3 1910.5 "07." 2317.9 ... 1 .. 1 .. 0.632" ".7738 372 6"5.15 21561.6 2.364 2.075 ..... 39 188".6 305.6 2191.2 1935.6 351. .. 2287.0 ".1794 0.5 .... 6 ... 72 .. 0 373 6"6.15 21819.7 2.496 1.588 ".084 1916.0 238.9 215".9 1970.5 273.5 22 ..... 0 ".2325 0."233 ".8559 37 .. 647.15 22080.5 2.8"3 0.623 3."85 1983.9 96.7 2079.7 2046.7 109.5 2156.2 ".3493 0.1692 ".5185 374.156"7.30 22120.0 3.170 0.000 3. 170 2037.3 0.0 2037.3 2107." 0.0 2107." ....... 29 0.0000 ".4429 
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TABLE C.2. SUPERHEATED STEAM 51 UNITS 

TEIIPERA TURE iI DEG C 
ABS PRESS (TEllPERATU E. K) 

KPA SAT SAT 
(SAT TEIIP) WATER STEAM 76 100 126 160 176 200 226 260 

DEG C (348.16) (373.16) (398.16) (423.15) (448.15) (473.16) (498.16) (623.16) 

V 1.000 129200 160640 172180 183720 196270 206810 218350 229890 241430 
1 U 29.334 2385.2 '2480.8 2616.4 2662.3 2688.5 2624.9 2661. 7 2698.8 2735.3 

(6.98) H 29.335 2614.4 2641.5 2688.6 2735.0 2783.7 2831. 7 2880. 1 2928.7 2977.7 
S 0.1060 8.9767 9.3828 9.6135 9.6365 9.7627 9.8629 9.9679 10.0681 10.1641 , 
V 1.010 14670 16030 17190 18350 19610 20660 21820 22980 24130 

10 U 191.822 2438.0 2479.7 2515.6 2551.6 2588.0 2624.6 2661.4 2698.6 2735.1 
(45.83) H 191.832 2684.8 2640.0 2687.5 2735.2 2783.1 2831.2 2879.6 2928.4 2977.4 

S 0.6493 8.1611 8.3168 8.4486 8.6722 8.6888 8.7994 8.9045 9.0049 9.1010 

V 1.017 7649.8 8000.0 8584.7 9167.1 9748.0 10320 10900 11480 12060 
20 U 261.432 2456.9 2478.4 2614.6 2650.9 2587.4 2624.1 2661.0 2698.3 2735.8 

(60.09) H 261.463 2609.9 2638.4 2686.3 2734.2 2782.3 2830.6 2879.2 2928.0 2977.1 
S 0.8321 7.9094 7.9933 8.1261 8.2604 8.3676 8.4786 8.6839 8.6844 8.7806 

V 1.022 5229.3 6322.0 6714.4 6104.6 6493.2 6880.8 7267.5 7653.8 8039.7 
30 U 289.271 2468.6 2477 .1 2513.6 2550.2 2686.8 2623.6 2660.7 2698.0 2735.6 

(69.12) H 289.302 2625.4 2635.8 2685.1 2733.3 2781.6 2830.0 2878.7 2927.6 2976.8 
S 0.90441 7.7695 7.8024 7.9353 8.0614 8.1791 8.2903 8.3960 8.4967 8.6930 

V 1..027 3993.4 4279.2 4573.3 4865.8 5157.2 5447.8 6738.0 6027.7 
40 U 317.609 2477.1 2512.6 2549.4 2686.2 2623.2 2660.3 2697.7 2735.4 

(75.89) H 317.650 2636.9 2683.8 2732.3 2780.9 2829.6 2878.2 2927.2 2976.5 
S 1.0261 7.6709 7.8009 7.9268 8.0450 8.1566 8.2624 8.3633 8.4598 

V 1.030 3240.2 3418.1 3664.6 3889.3 4123.0 4356.0 4588.5 4820.5 
60 U 340.513 2484.0 2511.7 2648.6 2585.6 2622.7 2659.9 2697.4 2735.1 

(81.35) H 340.664 2646.0 2682.6 2731.4 2780.1 2828.9 2877.7 2926.8 2976.1 
S 1. 0912 7.59047 7.6963 7.8219 7.90406 8.0526 8.1587 8.2598 8.3564 

V 1.037 2216.9 2269.8 2429.4 2687.3 2744.2 2900.2 3055.8 3210.9 
75 U 384.374 2496.7 2509.2 2546.7 2584.2 2621.6 2659.0 2696.7 2734.5 

(1lf.79) H" 384.461 2663.0 2679.4 2728.9 2778.2 2827.4 2876.6 2925.8 2975.3 
S 1.2131 7.4670 7.5014 7.6300 7.7500 7.8629 7.9697 8.0712 8.1681 

V 1.043 1693.7 1696.5 1816: 7 1936.3 2054.7 2172.3 2289.4 2405.1 
100 U 417.406 2606.1 ,2506.6 2644.8 2682.7 2620.4 2658.1 2696.9 2733.9 

(99.63) H 417.611 2675.4 2676.2 2726.6 2776.3 2825.9 2875.4 2924.8ase 2974.5 s 1.3027 7.3698 7.3618 7.4923 7.6137 7.7275 7.83049 7. 8.03042 

V 1.044 1673.0 1673.0 1792.7 1910.7 2027.7 2143.8 2259.3 2374.5 101. 325 U 418.959 2506.5 2506.5 2544.7 2582.6 2620.4 2658.1 2695.9 2733.9 (100.00) H 41~:~9 2676.0 2676.0 2726.4 2776.2 2825.8 2875.3 2924.8 2974.5 S 7.3554 7.3654 7.4860 7.6075 7.7213 7.8288 7.9308 8.0280 

V 1.049 1374.6 1449.1 1545.6 1641.0 1735.6 1829.6 1923.2 125 U 444.224 
f3.4 2542.9 2581.2 2619.3 2657.2 2695.2 2733.3 ( 105.99) H 444.356 5.2 2724.0 2774.4 2824.4 2874.2 2923.9 2973.7 S 1.3740 7.2847 7.3844 7.5072 7.6219 7.7300 7.8324 7.9300 

V 1.053 1159.0 1204.0 1285.2 1355.2 1444.4 1523.0 1601. 3 150 U 466.968 2519.5 2540.9 2579.7 2618.1 2656.3 2694.4 2732.7 (111. 37) H 467.126 2693.4 2721.5 2772.5 2822.9 2872.9 2922.9 2972.9 S 1.4335 7.2234 7.2963 7.41904 7.5352 7.6439 7.7468 7.8447 

V 1.057 1003.34 1028.8 1099.1 1168.2 1235.4 1304.1 1371.3 175 U 486.815 2524.7 2538.9 2578.2 2616.9 2655.3 2693.7 2732,1 (116.06) H 487.000 2700.3 2719.0 2770.5 2821.3 2871. 7 2921.9 2972.0 S 1. 4849 7.1716 7.2191 7.3447 7.4614 7.5708 7.6741 7.7724 

V 1.061 885.44 897.47 969.54 1020.4 1080.4 1139.8 1198.9 200 U 504.489 2529.2 2535.9 2576.6 2615.7 2654.4 2692.9 2731. 4 (120.23) H 504.701 2706.3 2716.4 2768.5 2819.8 2870.5 2920.9 2971. 2 S 1. 5301 7.1268 7.1523 7.27904 7.3971 7.5072 7.6110 7.7096 

V 1. 064 792.97 796.26 850.97 905.44 969.05 1012.1 1064.7 225 U 520.465 2533.2 2534.8 2575.1 2614.5 2653.5 2692.2 2730.8 ( 123.99) H 520.705 2711.6 2713.8 2766.5 2818.2 2869.3 2919.9 2970.4 S 1.6705 7.0873 7.0928 7.2213 7.3400 7.4508 7.5551 7.6540 

V 1.068 718.44 764.09 813.47 861.98 909.91 957.41 250 U 535.077 2536.8 2573.5 2613.3 2652.5 2691.4 2730.2 ( 127.43) H 635.343 2716.4 2764.5 2816.7 2868.0 2918.9 2969.6 S 1.6071 7.0620 7.1689 7.2886 7.4001 7.6050 7.6042 

V 1. 071 657.04 693.00 738.21 782.65 826.29 869.61 276 U 548.564 2540.0 2571.9 2612.1 2651.6 2690.7 2729.6 (130.60) H 648.868 2720.7 2762.5 2815.1 2866.8 2917 .9 2968.7 S 1.6407 7.0201 7.1211 7.2419 7.3541 7.4594 7.5590 

V 1.073 605.56 633.74 675.49 716.35 756.60 796.44 300 U 561. 107 2543.0 2570.3 2610.8 2650.6 2689.9 2729.0 (133.54) H 561.429 2724.7 2760.4 2813.5 2865.5 2916.9 2967'.9 S 1.6716 6.9909 7.0771 7.1990 7.3119 7.4177 7.5176 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERATURE~ DEG C 
ABS PRESS (TEMPERATU E, K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 300 350 400 450 500 550 600 650 

DEG C (573.15) (623.15) (673.15) (723.15) (773.15) (823.15) (873.15) (923.15) 

V 1.000 129200 264500 287580 310660 333730 356810 379880 402960 426040 
1 U 29.334 2385.2 2812.3 2889.9 2969.1 3049.9 3132.4 3216.7 3302.6 3390.3 

( 6.98) H 29.335 2514.4 3076.8 3177 .5 3279.7 3383.6 3489.2 3596.5 3706.6 3816.4 
S 0.1060 8.9767 10.3450 10.5133 10.6711 10.8200 10.9612 11.0957 11.2243 11.3476 ., 
V 1.010 14670 26440 28750 31060 33370 35670 37980 40290 42600 

10 U 191.822 2438.0 2812.2 2889.8 2969.0 3049.8 3132.3 3216.6 3302.6 3390.3 
(45.83) H 191.832 2584.8 3076.6 3177.3 3279.6 3383.5 3489.1 3596.5 3705.5 3816.3 

S 0.6493 8.1511 9.2820 9.4504 9.6083 9.7572 9.8984 10.0329 10.1616 10.2849 

V 1.017 7649.8 13210 14370 15520 16680 17830 18990 20140 21300 
20 U 251. 432 2456.9 2812.0 2889.6 2968.9 3049.7 3132.3 3216.5 3302.5 3390.2 

(60.09) H 2!iU~~1 2609.9 3076.4 3177.1 3279.4 3383.4 3489.0 3596.4 3705.4 3816.2 
S 7.9094 8.9618 9.1303 9.2882 9.4372 9.5784 9.7130 9.8416 9.9650 

V 1.022 5229.3 8810.8 9581.2 10350 11120 11890 12650 13430 14190 
30 U 289.271 2468.6 2811.8 2889.5 2968.7 3049.6 3.132.2 3216.5 3302.5 3390.2 

(69.12) H 289.302 2625.4 3076.1 3176.9 3279.3 3383.3 3488.9 3596.3 3705.4 3816.2 
S 0.9441 7.7695 8.7744 8.9430 9.1010 9.2499 9.3912 9.5257 9.6544 9.7778 

V 1.027 3993.4 6606.5 7184.6 7762.5 8340.1 8917.6 9494.9 10070 10640 
40 U 317 .609 2477.1 2811.6 2889.4 2968.6 3049.5 3132.1 3216.4 3302.4 3390.1 

(75.89) H317.650 2636.9 3075.9 3176.8 3279.1 3383.1 3488.8 3596.2 3705.3 3816.1 
S 1.0261 7.6709 8.6413 8.8100 8.9680 9.1170 9.2583 9.3929 9.5216 9.6450 

V 1.030 3240.2 5283.9 5746.7 6209.1 6671.4 7133.5 7595.5 8057.4 8519.2 
50 U 340.513 2484.0 2811.5 2889.2 2968.5 3049.4 3132.0 3216.3 3302.3 3390.1 

(81.35) H 340.564 2646.0 3075.7 3176.6 3279.0 3383.0 3488.7 3596.1 3705.2 3816.0 
S 1. 0912 7.5947 8.5380 8.7068 8.8649 9.0139 9.1552 9.2898 9.4185 9.5419 

V 1.037 2216.9 3520.5 3829.4 4138.0 4446.4 4754.7 5062.8 5370.9 5678.9 
75 U 384.374 2496.7 2811.0 2888.9 2968.2 3049.2 3131.8 3216.1 3302.2 3389.9 

(91.79) H 384 .. 451 2663.0 3075.1 3176.1 3278.6 3382.7 3488.4 3595.8 3705.0 3815.9 
S 1.2131 7.4570 8.3502 8.5191 8.6773 8.8265 8.9678 9.1025 9.2312 9.3546 

3102.5 3334.0 3565.3 3796.5 mI o· 3049.0 3131.6 3216.0 
378:2 3382.4 ~.1 36,.6 

8.6442 8.8934 .8348 .88lI6 

V 1.044 1673.0 2604.2 2833.2 3061.9 3290.3 3518.7 3746.9 3975.0 4203.1 101. 325 U 418.959 2506.5 2810.6 2888.5 2968.0 3048.9 3131.6 3215.9 3302.0 3389.8 (100.00) H 419.064 2676.0 3074.4 3175.6 3278.2 3382.3 3488.1 3595.6 3704.8 3815.7 S 1.3069 7.3554 8.2105 8.3797 8.5381 8.6873 8.8287 8.9634 i.0922 9.2156 

V 1.049 ID4.6 2\09.7 2295.6 2481. 2 2666.5 2851. 7 3036.8 3221.8 3406.7 125 U 444.224 13.4 2810.2 2888.2 2967.7 3048.7 3131.4 3215.8 3301.9 3389.7 (105.99) H 444.356 2 5.2 3073.9 3175.2 3277 .8 3382.0 3487.9 3595.4 3704.6 3815.5 S 1.3740 7.2847 8.1129 8.2823 8.4408 8.5901 8.7316 8.8663 8.9951 9.1186 

V 1.053 1159.0 1757.0 1912.2 2066.9 2221.5 2375.9 2530.2 2684.5 2838.6 150 U 466.968 2519.5 2809.7 2887.9 2967.4 3048.5 3131.2 3215.6 3301.7 3389.5 ( 111.37) H 467.126 2693.4 3073.3 3174.7 3277.5. 3381. 7 3487.6 3595.1 3704.4 3815.3 
S 1.4336 7.2234 8.0280 8.1976 8.3562 8.5056 8.6472 8.7819 8.9108 9.0343 

V 1.057 1003.34 1505.1 1638.3 1771.1 1903.7 2036.1 2168.4 2300.7 2432.9 175 U 486.815 2524.7 2809.3 2887.5 2967.1 3048.3 3131.0 3215.4 3301.6 3389.4 (116.06) H 487.000 2700.3 3072.7 3174.2 3277.1 3381.4 3487.3 3594.9 3704.2 3815.1 
S 1.4849 7.1716 7.9561 8.1259 8.2847 8.4341 8.5758 8.7106 8.8394 8.9630 

V 1.061 885.44 1316.2 1432.8 1549.2 1665.3 1781.2 1897.1 2012.9 2128.6 200 U 504.489 2529.2 2808.8 2887.2 2966.9 3048.0 3130.8 3215.3 3301.4 3389.2 ( 120.23) H 504.701 2706.3 3072.1 3173.8 3276.7 338Um 3487.0 3594.7 3704.0 3815.0 S 1.5301 7.1268 7.8937 8.0638 8.2226 8.5139 8.5487 8.7776 8.9012 

V 1.064 792·r 1169.2 1273.1 1376.6 1479.9 1583.0 1686.0 1789.0 1891.9 225 U ~'!0.465 2533. 2808.4 2886.9 m3:g 3047.8 3130.5 3215.1 3301.2 3389.1 (123.99) H 520.705 2711.6 3071.5 3171.3 3380.8 3486.8 3694.4 3703.8 3814.8 
S 1.5705 7.0873 7.8385 .0088 8.1679 8.3175 8.4593 8.5942 8.7231 8.8467 

V 1.068 718.44 1051.6 1145.2 1238.5 1331.5 1424.4 1517.2 1609.9 1702.5 260 U 536.077 2536.8 2808.0 2886.5 2966.3 3047.6 3130.4 3214.9 3301. 1 3389.0 (127.43) H 535.343 2715.4 3070.9 3172.8 3276.9 3380.4 3486.5 3694.2 3703.6 3814.6 S 1.6071 7.0620 7.7891 7.9697 8.1188 8.2686 8.4104 8.5453 8.6743 8.7980 

V 1.071 857.04 965.45 1040.7 1125.5 1210.2 1294.7 137i.0 1463.3 1547.5 275 U 548.564 2540.0 2807.5 2886.2 2966.0 3047.3 3130.2 3214.7 3300.9 3388.8 (130.60) H 548.858 2720.7 3070.3 3172.4 3276.5 3380.1 3466.2 3694.0 3703.4 3814.4 
S 1.6407 7.0201 7.7444 7.9151 8.0744 8.2243 8.3661 8.5011 8.6301 8.7638 

V 1.073 805.56 1'5.29 zn:.52 1031.4 1109.0 1186.5 1263.9 1341.2 1418.5 300 U 561.107 2543.0 7. 07.1 .8 mg.8 mu 3130.0 3214.5 3300.8 3388.7 (133.54) H 561.429 2724.7 3069.7 3171.9 76.2 3486.0 3693.7 3703.2 3814.2 S 1.5716 6.9909 7.7034 7.8744 8.0338 8.1838 8.3257 8.4608 8.6898 8.7136 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERATURER DEG C 
ABS PRESS (TEMPERATU E, K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 150 175 200 220 240 260 280 300 

OEG C (423.15) (448.15) (473.15) (493.15) (513.15) (533.15) (553.15) (573.15) 

V 1.076 561. 75 583.58 622.41 660.33 690.22 719.81 749.18 778.39 807.47 
325 U 572.847 2545.7 2568.7 2609.6 2649.6 2681. 2 2712.7 2744.0 2775.3 2806.6 

(136.29) H 573.197 2728.3 2758.4 2811.9 2864.2 2905.6 2946.6 2987.5 3028.2 3069.0 
S 1.7004 6.9640 7.0363 7.1592 7.2~29 7.3585 7.4400 7.5181 7.5933 7.6657 ., 
V 1.079 524.00 540.58 576.90 612.31 640.18 667.75 695.09 722.27 749.33 

350 U 583.892 2548.2 2567.1 2608.3 2648.6 2680.4 2712.0 2743.4 2774.8 2806.2 
( 138.87) H 584.270 2731.6 2756.3 2810.3 2863.0 2904.5 2945.7 2986.7 3027.6 3068.4 

S 1.7273 6.9392 6.9982 7.1222 7.2366 7.3226 7.4045 7.4828 7.5581 7.6307 

V 1.081 491.13 503.29 537.46 570.69 596.81 622.62 648.22 673.64 698.94 
375 U 594.332 2550.6 2565.4 2607.1 2647.7 2679.6 2711. 3 2742.8 2774.3 2805.7 

(141.30 H 594.737 2734.7 2754.1 2808.6 2861. 7 2903.4 2944.8 2985.9 3026.9 3067.8 
S 1.7526 6.9160 6.9624 7.0875 7.2027 7.2891 7.3713 7.4499 7.5254 7.5981 

V 1.084 462.22 470.66 502.93 534.26 558.85 583.14 607.20 631.09 654.85 
400 U 604.237 2552.7 2563.7 2605.8 2646.7 2678.8 2710.6 2742.2 2773.7 2805.3 

(143.62) H 604.670 2737.6 2752.0 2807.0 2860.4 2902.3 2943.9 2985.1 3026.2 3067.2 
S 1.7764 6.8943 6.9285 7.0548 7.1708 7.2576 7.3402 7.4190 7.4947 7.5675 

V 1.086 436.61 441.85 472.47 502.12 525.36 548.30 571. 01 593.54 615.95 
425 U 613.667 2554.8 2562.0 2604.5 2645.7 2678.0 2709.9 2741.6 2773.2 2804.8 

(145.82) H 614.128 2740.3 2749.8 2805.3 2859.1 2901. 2 2942.9 2984.3 3025.5 3066.6 
S 1. 7990 6.8739 6.8965 7.0239 7.1407 7.2280 7.3108 7.3899 7.4657 7.5388 

V 1.088 413.75 416.24 445.38 473.55 495.59 517.33 538.83 560.17 581.37 
450 U 622.672 2556.7 2560.3 2603.2 2644.7 2677.1 2709.2 2741. 0 2772.7 2804.4 

(147.92) H 623.162 2742.9 2747.7 2803.7 2857.8 2900.2 2942.0 2983.5 3024.8 3066.0 
S 1.8204 6.8547 6.8660 6.9946 7.1121 7.1999 7.2831 7.3624 7.4384 7.5116 

V 1.091 393.22 393.31 421. 14 447.97 468.95 489.62 510.05 530.30 550.43 
475 U 631.294 2558.5 2558.6 2601. 9 2643.7 2676.3 2708.5 2740.4 2772.2 2803.9 

( 149.92) H 631.812 2745.3 2745.5 2802.0 2856.5 2899.1 2941. 1 2982.7 3024.1 3065.4 
S 1.8408 6.8365 6.8369 6.9667 7.0850 7.1732 7.2567 7.3363 7.4125 7.4858 

424.96 444.97 464.67 484.14 503.43 522.58 
2642.7 2675.5 2707.8 2739.8 2771. 7 2803.5 
2865.1 2898.0 2940.1 2981.9 3023.4 3064.8 

7.0692 7.1478 7.2317 7.3115 7.3879 7.4614 

V 1.095 357.84 379.56 404.13 423.28 442.11 460.70 479.11 497.38 
525 U 647.528 2561.8 2599.3 2641.6 2674.6 2707.1 2739.2 2771.2 2803.0 

(153.69) H 648.103 2749.7 2798.6 2853.8 2896.8 2939.2 2981. 1 3022.7 . 3064.1 
S 1.8790 6.8027 6.9145 7.0345 7.1236 7.2078 7.2879 7.3645 7.4381 

V 1.097 342.48 361.60 385.19 403.65 42t.59 439.38 457.00 474.48 
560 U 655.199 2563.3 2598.0 2640.6 2673.8 27.06.4 2738.6 2770.6 2802.6 

(155.47) H 655.802 2751. 7 2796.8 2852.5 2895.7 2938.3 2980.3 3022.0 3063.5 
S 1.8970 6.7870 6.8900 7.0108 7.1004 7.1849 7.2653 7.3421 7.4168 

V 1.099 328.41 345.20 367.90 385.54 402.85 419.92 436.81 453.56 
575 U 662.603 2564.8 2696.6 2639.6 2672.9 2705.7 2738.0 2770.1 2802.1 

(157.18) H 663.235 2763.6 2795.1 2851. 1 2894.6 2937.3 2979.5 3021.3 3062.9 
S 1. 9142 6.7720 6.8664 6.9880 7.0781 7.1630 7.2436 7.3206 7.3945 

V 1. 101 315.47 330.16 352.04 369.03 385.68 402.08 418.31 434.39 
,600 U 669.762 2566.2 2596.3 2638.5 2672.1 2705.0 2737.4 2769.6 2801.6 

(158.84) H 670.423 2755.5 2793.3 2849.7 2893.5 2936.4 2978.7 3020.6 3062.3 
S 1.9308 6.7575 6.8437 6.9662 7.0567 7.1419 7.2228 7.3000 7.3740 

V 1. 103 303.54 316.31 337.45 353.83 369.87 385.67 401.28 416.75 
625 U 676.695 2567.5 2593.9 2637.5 2671. 2 2704.2 2736.8 2769.1 2801.2 

(160.44) H 677.384 2757.2 2791.6 2848.4 2892.3 2935.4 2977.8 3019.9 3061. 7 
S 1.9469 6.7437 6.8217 6.9451 7.0361 7.1217 7.2028 7.2802 7.3644 

V 1. 105 292.49 303.53 323.98 339.80 355.29 370.52 385.56 400.47 
650 .u 683.417 2568.7 _ ......... 2692.5 2636.4 2670.3 2703.5 2736.2 2768.5 2800.7 

( 161:99) H 684.~ 2758.9 2789.8 2847.0 2891.2 2934.4 2977.0 3019.2 3061.0 
S 1. 23 6.7304 6.8004 6.9247 7.0162 7.1021 7.1835 7.2611 7.'3355 

V 'I. 106 282.23 ,291.69 311.51 326.81 341. 78 356.49 371.01 385.39 
675 U 689:943 2570.0 2591.1 2635.4 2669.5 2702.8 2735.6 2768.0 2800.3 

(163.49) H 690.689 2760.5 2788.0 2845.6 2890.1 2933.5 2976:2 3018.5 3060.4 
S 1.9773 6.7176 6.7798 6.9060 6.9970 7.0833 7.1660 7.2428 7.3173 

V 1. 108 272.68 280.69 299.92 314.75 329.23 343.46 17.50 371.39 
700 U 696.285 2571. 1 2589.7 2834.3 2668.6 2702.1 2735.0 2 7.5 2799.8 

(164.96) H 697.061 2762.0 2786.2 2844.2 2888.9 2932.5 2975.4 3017.7 3059.8 
S f.9918 6.7052 6.7598 6.8859 6.9784 7.0651 7.1470 7.2250 7.2997 

V 1.110 263.77 270.45 289.13 303.51 317.55 331.33 344.92 358.36 
726 U 702.457 2572.2 2688.3 2833.2 2667.7 2701.3 2734.3 2767.0 2799.3 

(166.38) H 703.261 2763.4 2784.4 2842.8 2887.7 2931.5 2974.6 3017.0 3059.1 
S 2.0059 6.6932 6.7404 6.8673 6.9604 7.0474 7.1296 7.2078 7.2827 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Cant lnued) 

TEMPERATURE~ DEG C 
ASS PRESS (TEMPERATU E. K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 325 350 400 450 500 550 600 660 

DEG C (598.15) (623.15) (673.15) (723.15) (773.15) (823.15) (873.15) (923.15) 

V 1.076 561. 75 843.68 879.78 951. 73 1023.5 1095.0 1166.5 1237.9 1309.2 
325 U 572.847 2545.7 2845.9 2885.5 2965.5 3046.9 3129.8 3214.4 3300.6 3388.6 

(135.29) H 573.197 2728.3 3120.1 3171. 4 3274.8 3379.5 3485.7 3593.5 3702.9 3814.1 
S 1.7004 6.9640 7.7530 7.8369 7.9965 8.1465 8.2885 8.4236 8.5527 8.6764 

", 

V 1.079 524.00 783.01 816.57 883.45 960.11 1016.6 1083.0 1149.3 1215.6 
350 U 583.892 2548.2 2845.6 2885.1 2965.2 3046.6 3129.6 3214.2 3300.5 3388.4 

(138.87) H 584.270 2731.6 3119.6 3J70.9 3274.4 3379.2 3485.4 3593.3 3702.7 3813.9 
S 1.7273 6.9392 7.7181 7.8022 7.9619 8.1120 8.2540 8.3892 8.5183 8.6421 

V 1.081 491. 13 730.42 761. 79 824.28 886.54 948.66 1010.7 1072.6 1134.5 
375 U 594.332 2550.6 2845.2 2884.8 2964;9 3046.4 3129.4 3214.0 3300.3 3388.3 

(141.31) H 594.737 2734.7 3119.1 3170.5 3274.0 3378.8 3485.1 3593.0 3702.5 3813.7 
S 1.7526 6.9160 7.6856 7.7698 7.9296 8.0798 8.2219 8.3571 8.4863 8.6101 

V 1.084 462.22 684.41 713.85 772.50 830.92 889.19 947.35 1005.4 1063.4 
400 U 604.237 2552.7 2844.8 2884.5 2964.6 3046.2 3129.2 3213.8 3300.2 3388.2 

( 143.62) H 604.67.0 2737.6 3118.5 3170.0 3273.6 3378.5 3484.9 3592.8 3702.3 3813.5 
S 1.7764 5.8943 7.6652 7.7395 7.8994 8.0497 8.1919 8.3271 8.4563 8.5802 

V 1.086 436.61 643.81 671.66 726.81 781.84 836.72 891.49 946.17 1000.8 
425 U 613.667 2554.8 2844.4 2884.1 2964.4 3045.9 3129.0 3213.7 3300.0 3388.0 

(145.82) H 614.128 2740.3 3118.0 3169.5 3273.3 3378.2 3484.6 3592.5 3702.1 3813.4 
S 1.7990 6.8739 7.6265 7.7109 7.8710 8.0214 8.1636 8.2989 8.4282 8.5520 

V 1.088 413.75 607.73 633.97 686.20 738.21 790.07 841.83 893.50 945.10 
450 U 622.672 2666.7 2844.0 2883.8 2964.1 3045.7 3128.8 3213.5 mu 3387.9 

( 147.92) H 623.162 2742.9 3117 .5 3169.1 3272.9 3377.9 3484.3 3592.3 3813.2 
S 1.8204 6.8547 7.5996 7.6840 7.8442 7.9947 8.1370 8.2723 8.4016 8.5255 

V 1.091 393.22 575.44 600.33 649.87 699.18 748.34 797.40 846.37 895.27 
475 U 631.294 2558.5 2843.6 2883.4 2963.8 3045.4 3l28'rii 3213.3 3299.7 3387.7 

(149.92) H 631.812 2745.3 3116.9 3168.6 3272.5 3377.6 34tNrO 3592.1 3701.7 3813.0 
S 1.8408 6.8366 7.5739 7.6685 7.8189 7.9694 8.1118 8.2472 8.3765 8.5004 

V 1.093 374.68 546.38 570.05 617.16 664.05 710.78 757.41 803.95 850.42· 
500 U 639.569 2560.2 2843.2 2883.1 2963.5 3045.2 3128.4 3213.1 3299.5 3387.6 

(151.84) H 640.116 2747.5 3116.4 3168.1 3272.1 3377.2 3483.8 3591.8 3701.5 3812.8 
S 1.8604 6.8192 7.5496 7.6343 7.7948 7.9454 8.0879 . 8.2233 8.3525 8.4766 

V 1.095 357.84 520.08 542.66 587.58 632.25 676.80 721.23 765.57 809.85 
525 U 647.528 2561.8 2842.8 2882.7 2963.2 3045.0 3128.2 3213.0 3299.4 3387.5 

(153.69) H 648.103 2749.7 3115.9 3167.6 3271. 7 3376.9 3483.5 3591.6 3701.3 3812.6 
S 1.8790 6.8027 7.5264 7.6112 7.7719 7.9226 8.0661 8.2006 8.3299 8.4539 

V 1.097 342.48 495.18 517.76 560.68 603.37 645.91 688.34 730.68 772.96 
550 U 655.199 2563.3 2842.4 2882.4 2963.0 3044.7 3128.0 3212.8 3299.2 3387.3 

(155.47) H 655.802 2751. 7 3115.3 3167.2 3271.3 3376.6 3483.2 3591.4 3701. 1 3812.5 
S 1.8970 6.7870 7.5043 7.5892 7.7500 7.9008 8.0433 8.1789 8.3083 8.4323 

V 1.099 328.41 474.36 495.03 536.12 576.98 617.70 658.30 698.83 739.28 
575 U 662.603 2564.8 2842.0 2882.1 2962.7 3044.5 3127.8 3212.6 3299.1 3387.2 

(157.18) H 663.235 2753.6 3114.8 3166.7 3271.0 3376.3 3482.9 3591.1 3700.9 3812~3 
S 1. 9142 6.7720 7.4831 7.5681 7.7290 7.8799 8.0226 8.1581 8.2876 8.4116 

V 1. 101 315.47 454.35 474.19 513.61 552.80 591. 84 630.18 669.63 708.41 
600 U 669.762 2566.2 2841.5 2881. 7 2962.4 3044.3 3127.6 3212 .• ' 3298.9 3387.1 

( 158.84) H 670.423 2755.5 3114.3 3166.2 3270.6 3376.0 3482.7 3590.9 3700.7 3812.1 
S 1.9308 6.7575 7.4628 7.5479 7.7090 7.8600 8.0027 8.1383 8.2578 8.3919 

V 1.103 303.54 435.94 455.01 492.89 530.55 568.05 605.45 642.76 680.01 
625 U 676.695 2567.5 2841.2 2881.4 2962.1 3044.0 3127.4 3212,2 3298.8 3386.9 

(160.44) H 677.384 2757.2 3113.7 3165.7 3270.2 3375.5 3482.4 3590.7 3700.5 3811.9 
S 1.9469 6.7437 7.4433 7.5285 7.6897 7.8408 7.9836 8.1192 8.2488 8.3729 

V 1.105 292.49 418.95 437.31 473.78 510.01 546.10 582.07 617.96 663.79 
650 U 683.417 2568.7· 2840.9 2881.0 2961.8 3043.8 3127.2 3212.1 3298.6 3386.8 

( 161.99) H 684.135 2758.9 3113.2 3166.3 3269.8 3375.3 3482.1 3590.4 3700.3 3811.8 
S 1.9623 6.7304 7.4245 7.5099 7.6712 7.8224 7.9662 8.1009 8.2305 8.3546 

V 1. 106 282.23 403.22 420.92 456.07 491. 00 525.77 560.43 
3iBtr 

629.51 
675 U 689.943 2570.0 2840.5 2880.7 2961.6 3043.6 3127.0 3211. 9 3386.7 

(163.49) H 690.689 2760.5 3112.6 3164.8 3269.4 3375.0 3481.8 3590.2 3700.1 3811.6 
S 1.9773 6.7176 7.4064 7.4919 7.6634 7.8046 7.9475 8.0833 8.2129 8.3371 

V 1.108 272.68 388.61 405.71 439.64 473.34 506.89 540.33 573.68 606.97 
700 U 696.285 2571. 1 2840.1 2880.3 2961.3 3043.3 3126.8 3211. 7 3298.3 3386.5 

(164.96) H 697.061 2762.0 3112.1 3164.3 3269.0 3374.7 3481.6 3589.9 3699.9 3811.4 
S 1. 9918 6.:7052 7.3890 7.4745 7.6362 7.7875 7.9305 8.0663 8.1969 8.3201 

V 1. 110 263.77 375.01 391.54 424.33 456.90 489.31 521.61 553.83 585.99 
725 U 702.457 2572.2 2839.7 2880.0 2961.0 3043'.1 3126.6 3211.5 3298.1 3386.4 

( 166.38) H 703.261 2763.4 3111.5 3163.8 3268.7 3374.3 3481. 3 3589.7 3699.7. 3811.2 
S 2.0059 6.6932 7.3721 7.4578 7.6196 7.7710 7.9140 8.0499 8.1796 8.3038 

~ 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TElPERATURE DE6 C 
ASS PRESS (TEll'ERAME, K) 

KPA SAT SAT 
(S~T~) WATER STEAM 175 200 220 240 260 280 300 326 

(448.16) (473.16) (493.16) (613.15) (633.15) (663.16) (673.16) (698.16) 

V 1. 112 266.43 260.88 279.0& 293.03 306.65 320.01 333.17 346.19 362.32 
760 U 708.467 2673.3 2686.9 2632.1 2666.8 2700.6 2733_7 2766.4 2798.9 2839.3 

(167.76) H 709.301 2764.8 2782.6 2841.4 2886.6 2930.6 2973.7 3016.3 3058.6 3111.0 
S 2.0196 6.6817 6.7216 6.8494 6.11429 7.0303 7.1128 7.1912 7.2662 7.3668 

V 1. 113 247.61 261.93 269.63 283.22 296.45 3~ . .tl 322.19 334.81 360.44 
776 U 714.326 2674.3 2686.4 ml.O 2665.9 2699.8 273 .1 2765.9 2798.4 2838.9 

(169.10) H 715.189 2766.2 2780.7 0.0 2886.4 2929.6 2972.9 3015.6 3057.9 3110.6 
S 2.0328 6.6705 6.7031 6.8319 6.9269 7.0137 7.0966 7.1751 7.2602 7.3400 , 
V 1. 116 240.26 243.53 260.79 274.02 286.88 299.48 311.89 324.14 339.31 

800 U 720.043 2675.3 2684·.0 =:1 2665.0 2699.1 2732.5 2765.4 2797.9 2838.5 
(170.41) H 720.936 2767.5 2778.8 2884.2 2928.6 2972.1 3014.9 3057.3 3109.9 

S 2.0457 6.6696 6.6861 6.8148 6.9094 6.9976 7.0807 7.1696 7.2348 7.3247 

V 1. 117 233.34 236.84 262.48 265.37 277.90 290~ 16 302.21 314.12 328.86 
825 U 725.626 2676.2 2682.6 2628.8 2664.1 2698.4 2731.8 2764.8 2797.5 2838.1 

( 171.69) H 726.647 2768.7 2776.9 2837.1 2883.1 2927.6 29"..:·2 3014.1 3056.6 3109.4 
S 2.0583 6.6491 6.6675 6.7982 6.8933 6.9819 7.0853 7.1443 7.2197 7.3098 

V 1. 118 226.81 228.21 244.66 267.24 269.44 281.37 293.10 304.68 319.00 
850 U 731.080 2677.1 2681. 1 2627.7 2663.2 2697.6 2731.2 2764.3 2797.0 2837.7 

(172.94) H 732.031 2769.9 2776.1 2836.7 2881.9 2926.6 2970.4 3013.4 3056.0 3108.8 
S 2.0705 6.6388 6.6604 6,7820 6.8777 6.9666 7.0503 7.1296 7.2051 7.2964 

V 1.120 220.66 221.20 237.29 249.66 261.46 273.09 284.51 295.79 309.72 
875 U 736.416 2678.0 2679.6 2626.6 2662.3 2696.8 2730.6 2763.7 2796.6 2837.3 

(174.16) H 737.394 2771.0 2773.1 2834.2 2880.7 2926.6 2969.6 3012.7 3055.3 3108.3 
S 2.0825 6.6289 6.6336 6.7662 6.8624 6.9618 7.0357 7.1162 7.1909 7.2813 

V 1. 121 214.81 230.32 242.31 263.93 265.27 276.40 287.39 300.96 
900 U 741.636 2678.8 2625.5 2661.4 2696.1 2729,9 2763.2 2796.1 2836.9 

(175.36) H 742.644 2772.1 2832.7 2879.5 2924.6 2968.7 3012.0 3054.7 3107.7 
S 2.0941 6.6192 ......... 6.7608 6.3476 6.9373 7.0215 7.1012 7.1771 7.2676 

V 1.124 204.03 217 .48 228.96 240.05 250.86 261.46 271.91 284.81 
960 U 761. 754 2580.4 2623.2 2669.5 2694.6 2728.7 2762.1 2795.1 2836.0 

(177.67) H 762.822 2774.2 2829.8 2877 .0 2922.6 2967.0 3010.5 3053.4 3106.6 
S 2.1166 6.6006 6.7209 6.8187 6.9093 6.9941 7.0742 7.1505 7.2413 

V 1.126 199.04 211.55 222.79 233.64 244.20 254.56 264.76 277.35 
975 U 766.663 2581. 1 2622.0 2658.6 2693.8 2728.0 2761.5 2794.6 2835.6 

(178.79) H 757.761 ( 2775.2 2828.3 2875.8 2921.6 2966.1 3009.7 3052.8 3106.1 
S 2.1275 6.5916 6.7064 6.8048 6.8968 6.9809 7.0612 7.1377 7.2286 

V 1.127 194.29 205.92 216.93 227.55 237.89 248.01 257.98 270.27 
1000 U 761.478 2581.9 2620.9 2667.7 2693.0 2727.4 2761.0 2794.2 2835.2 

( 179.88) H 762.605 2776.2 2826.8 2874.6 2920.6 2965.2 3009.0 3052.1 3105.5 
S 2.1382 6.5828 6.6922 6.7911 6.8825 6.9680 7.0485 7.1251 7.2163 

V 1.130 185.45 195.45 206.04 216.24 226.15 235.84 245.37 257.12 
1050 U 770.843 2583.3 2618.5 2655.8 2691.5 2726.1 2759.9 2793.2 2834.4 

(182.02) H 772.029 2778.0 2823.8 2872. 1 2918.5 2963.5 3007.5 3050.8 3104.4 
S 2.1588 6.5659 6.6645 6.7647 6.8569 6.9430 7.0240 7.1009 7.1924 

V 1. 133 177.38 185.92 196.14 205.96 215.47 224.77 233.91 245.16 
1100 U 779.878 2584.5 2616.2 2663.9 2689.9 2724.7 2758.8 2792.2 2833.6 

( 184.07) H 781. 124 2779.7 2820.7 2869.6 2916.4 2961.8 3006.0 3049.6 3103.3 
S 2.1786 6.5497 6.6379 6.7392 6.8323 6.9190 7.0006 7.0778 7.1695 

V 1.136 169.99 177.22 187.10 196.56 205.73 214.67 223.44 234.25 
1160 U 788.611 2585.8 2613.8 2651.9 2688.3 2723.4 2757.7 2791.3 2832.8 

(186.06) H 789.917 2781.3 2817.6 2867.1 2914.4 2960.0 3004.5 3048.2 3102.2 
S 2.1977 6.6342 6.6122 6.7147 6.8086 6.8959 6.9779 7.0556 7.1476 

V 1. 139 163.20 169.23 178.80 187.95 196.79 205.40 213.85 224.24 
1200 U 797.064 2586.9 2611.3 2660.0 2686.7 2722.1 2756.5 2790.3 2832.0 

(187.96) H 798.430 2782.7 2814.4 2864.5 2912.2 2958.2 3003.0 3046.9 3101.0 
S 2.2161 6.5194 6.5872 6.6909 6.7868 6.8738 6.9562 7.0342 7.1266 

V 1. 141 166.93 161.88 171. 17 180.02 188.55 196.88 205.02 215.03 
1260 U 806.269 2588.0 2608.9 2648.0 2685.1 2720.8 2755.4 2789.3 2831. 1 

(189.81) H 806.685 2784.1 2811. 2 2861.9 2910.1 2956.5 3001.5 3045.6 3099.9 
S 2.2338 6.5060 6.5630 6.6680 6.7637 6.8523 6.9353 7.0136 7.1064 

V 1.144 151. 13 155.09 164.11 172.70 180.97 189.01 196.87 206.53 
1300 U 813.213 2589.0 2606.4 2646.0 2683.5 2719.4 2754.3 2788.4 2830.3 

(191.61) H 814.700 2785.4 2808.0 2859.3 2908.0 2954.7 3000.0 3044.3 .3098.8 
S 2.2510 6.4913 6.5394 6.6457 6.7424 6.8316 6.9151 6.9938 7.0869 
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TABlE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TBPERATURE DEG C 
ASS PRESS (TBPERAME. 10 

KPA SAT SAT 
650 (SAT TBP) WATER STEAM 360 376 400 460 600 660 600 

OEGC (623.16) (648.16) (673.16) (723.16) (773.16) (823.16) (873.16) (923.16) 

Y 1.112 266.43 378.31 394.22 410.06 441.66 472.90 604.16 536.30 565.40 
760 U 708.467 2673.3 2879.6 2920.1 2960.7 3042.9 3126.3 3211.4 3298.0 3386.2 

(167.76) H 709.301 2764.8 3163.4 3216.7 3268.3 3374.0 3481.0 3689.6 3699.5 3811.0 
S 2.0196 6.6817 7.4416 7.6240 7.6036 7.7660 7.8981 8.0340 8.1637 8.2880 

Y 1. 113 247.61 366.94 381.36 396.69 427.20 467.66 487.81 517.97 648.07 
776 U 714.326 2674.3 2879.3 2919.8 2960.4 3042.6 3126.1 3211.2 3297.8 3386.1 

(189.10) H 716.189 2765.2 3162.9 3216.3 3267.9 3373.7 3480.8 3689.2 3699.3 3810.9 
S 2.0328 6.6706 7.4269 7.6084 7.5880 7.7396 7.8827 8.0187 8.1484 8.2727 

~ Y 1.116 240.26 364.34 369.29 384.16 413.74 443.17 472.49 601. 72 630.89 
800 U 720.043 2676.3 2878.9 2919.6 2960.2 3042.4 3125.9 3211.0 3297.7 3386.0 

( 170.41) H 720.936 2767.6 3162.4 3214.9 3267.5 3373.4. 3480.5 3689.0 3699.1 3810.7 
S 2.0467 6.6596 7.4107 7.4932 7.5729 7.7246 7.8678 8.0038 8.1336 8.2679 

Y 1.117 233.34 343.46 357.96 372.39 401.10 429.65 468.10 486.46 614.76 
826 U 726.625 2676.2 2878.6 2919.1 2969.9 3042.2 3126.7 3210.8 3297.5 3385.8 

( 171.69) H 726.647 2768.7 3161.9 3214.6 3267.1 3373.1 3480.2 3688.8 3698.8 3810.5 
S 2.0683 6.6491 7.3959 7.4786 7.6683 7.7101 7.8633 7.9894 8.1192 8.2436 

Y 1. 118 226.81 333.20 347.29 361.31 389.20 416.93 444.66 472.09 499.57 
860 U 731.080 2677.1 2878.2 2918.8 2959.6 3041.9 3125.6 3210.7 3297.4 3386.7 

(172.94) H 732.031 2769.9 3161.4 3214.0 3265.7 3372.7 3479.9 3588.6 3698.6 3810.3 
S 2.0706 6.6388 7.3816 7.4643 7.6441 7.6960 7.8393 7.9764 8.1063 8.2296 

Y 1.120 220.65 323.63 337.24 360.87 377.98 404.94 431. 79 468.55 486.26 
876 U 736.415 2578.0 2877.9 2918.5 2959.3 3041. 7 3125.3 3210.6 3297.2 3385.6 

(174.18) H 737.394 2771.0 3161.0 3213.6 3265.3 3372.4 3479.7 3688.3 3698.4 3810.2 
S 2.0826 6.6289 7.3676 7.4604 7.6303 7.6823 7.8257 7.9618 8.0917 8.2161 

Y 1. 121 214.81 314.40 327.74 341. 01 367.39 393.61 419.73 445.76 471. 72 
900 U 741. 635 2678.8 2877.5 2918.2 2969.0 3041. .. 3125.1 3210.3 3297.1 3385." 

( 175.36) H 7 .. 2.64 .. 2772.1 3160.5 3213.2 3266.0 3372.1 3479." 3588.1 3698.2 3810.0 
S 2.0941 6.6192 7.3540 7."370 7.6169 7.6689 7.812" 7.9486 8.0786 8.2030 

v 1.123 209.28 3011. 76 318.76 

126 
(17 .63) 

V 1. 124 204.03 297.57 310.2" 322.84 347.87 372.7" 397.51 422.19 446.81 
950 U 751. 754 2580.4 2876.8 2917.6 2958.5 3041.0 312".7 3209.9 3296.7 3385.1 

( 177.67) H 752.822 2774.2 3159.5 3212.3 3265.2 3371.5 3478.8 3587.6 3697.8 3809.6 
S 2.1166 6.6005 7.3279 7.4110 7.4911 7.6433 7.7869 7.9232 8.0532 8.1777 

Y 1.126 199.04 289.81 302.17 314.45 338.86 363.11 387.26 411. 32 435.31 
975 U 766.663 2581. 1 2876.5 2917.3 2968.2 3040.7 312".5 3209.8 3296.6 3385.0 

(178.79) H 757.761 2775.2 3159.0 3211.9 3264.8 3371. 1 3478.6 3587.3 3597.6 3809." 
S 2.1275 6.5916 7.315" 7 .3986 7 .4787 7.6310 7.77"7 7.9110 8.0410 8.1656 

V 1. 127 194.29 282.43 294.50 306."9 330.30 353.96 377 .52 400.98 "2".38 . 
1000 U 761. .. 78 2581.9 2876.1 2917.0 2957.9 3040.5 312".3 3209.6 3296.4 3384.9 

( 179.88) H 762.605 2776.2 3158.5 3211.5 3264.4 3370.8 3478.3 3587.1 3697.4 3809.3 
S 2.1382 6.5828 7.3031 7.3864 7."665 7.6190 7.7627 7.8991 8.0292 8.1537 

Y 1. 130 185.45 268.7" 280.25 291.6t 31 ..... 1 336.97 359."3 381. 79 404.10 
1050 U 770.843 2583.3 2875.4 2916.3 2957." 3040.0 3123.9 3209.2 3296.1 3384.6 

(182.02) H 772.029 2778.0 3167.6 3210.6 3263.6 3370.2 3477.7 3586.6 3597.0 3808.9 
S 2.1588 6.6669 7.2795 7.3629 7 ..... 32 7.5958 7.7397 7.8762 8.0063 8.1309 

Y 1.133 177 .38 266.28 267.30 278.2" 299.96 321.53 342.98 364.35 385.65 
1100 U 779.878 2584.5 2874.7 2915.7 2956.8 3039.6 3123.5 3208.9 3295.8 3384.3 

(18".07) H 781. 124 2779.7 3156.6 3209.7 3262.9 3359.5 3477 .2 3586.2 3596.6 3808.5 
S 2.1786 6.5"97 7.2569 7.3405 7."209 7.6737 7.7177 7.8543 7.9845 8.1092 

Y 1. 136 169.99 244.91 255.47 265.96 286.77 307.42 327.97 3"8.42 368.81 
1160 U 788.611 2585.8 2874.0 2915.1 2966.2 3039.1 3123.1 3208.5 3295.5 3384.1 

(186.05) H 789.917 2781. 3 3155.6 3208.9 3262.1 3368.9 3476.6 3585.7 3696.2 3808.2 
S 2.1977 6.5342 7.2352 7.3190 7.3995 7.5525 7.6966 7.8333 7.9635 8.0883 

Y 1. 139 163.20 234.49 244.63 254.70 274.68 294.50 314.20 333.82 353.38 
1200 U 797.064 2586.9 2873.3 2914.4 2955.7 3038.6 3122.7 3208.2 3295.2 3383.8 

(187.96) H 798."30 2782.7 3154.6 3208.0 3261.3 3368.2 3476.1 3585.2 3695.8 3807.8 
S 2.2161 6.5194 7.21"4 7.2983 7.3790 7.5323 7 .6765 7.8132 7 .9436 8.0684 

Y 1.1"1 156.93 224.90 234.66 244.35 263.55 282.60 
3mi" 

320.39 339.18 
1250 U 805.259 2588.0 2872.5 2913.8 2955.1 3038.1 3122.3 3294.9 3383.5 

( 189.81) H 806.685 2784.1 3153.7 3207.1 3260.5 3367.6 3475.5 3584.7 3695.4 3807.5 
S 2.2338 6.5050 7.1944 7.2785 7.3593 7.5128 7.6571 7.7940 7.9244 8.0493 

Y 1.144 151. 13 216.05 225.46 234.79 253.28 271.62 289.85 307.99 325.07 
1300 U 813.213 2589 .. 0 2871.8 2913.2 2954.5 3037.7 3121.9 3207.5 3294.6 3383.2 

( 191.61) H 81".700 2785.4 3152.7 3206.3 3259.7 3366.9 3475.0 3584.3 3695.0 3807.1 
S 2.2510 6.4913 7.1751 7.2594 7.3404 7.4940 7.6385 7:7754 ·7.9060 8.0309 

~ -
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERATURE~ DEG C 
ABS PRESS (TEMPERATU E. K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 200 225 250 275 300 325 350 375 

DEG C (473.15) (498.15) (523.15) (548.15) (573.15) (598.15) (623.15) (648.15) 

V 1.146 145.74 148.79 159.70 169.96 179.79 189.33 198.66 207.85 216.93 

'i5O U 820.944 2589.9 2603.9 2653.6 2700.1 2744.4 2787.4 2829.5 2871. 1 2912.5 
(1 3.35) H 822.491 2786.6 2804.7 2869.2 2929.5 2987.1 3043.0 3097.7 3151. 7 3205.4 

S 2.2676 6.4780 6.5166 6.6493 6.7675 6.8750 6.9746 7.0681 7.1566 7.2410 

V 1.149 140.72 142.94 153.57 163.55 173.08 182.32 191. 35 200.24 209.02 
1400 U 828.465 2590.8 2601. 3 2651. 7 2698.6 2743.2 2786.4 2828.6 2870.4 2911.9 

(195.04) H 830.074 2787.8 2801. 4 2866.7 2927.6 2985.5 3041.6 3096.5 3150.7 3204.5 
S 2.2837 6.4651 6.4941 6.6285 6.7477 6.8660 6.9661 7.0499 7.1386 7.2233 

~ 
V 1. 151 136.04 137.48 147.86 157.57 166.83 175.79 184.54 193.15 201.65 

1450 U 835.791 2591.6 2598.7 2649.7 2697.1 2742.0 2785.4 2827.8 2869.7 2911.3 
(196.69) H 837.460 2788.9 2798.1 2864.1 2925.5 2983.9 3040.3 3095.4 3149.7 3203.6 

S 2.2993 6.4526 6.4722 6.6082 6.7266 6.8376 6.9381 7.0322 7.1212 7.2061 

V 1.154 131.66 132.38 142.53 151.99 161.00 169.70 178.19 186.53 194.77 
1500 U 842.933 2592.4 2596.1 2647.7 2695.5 2740.8 2784.4 2826.9 2868.9 2910.6 

( 198.29) H 844.663 2789.9 2794.7 2861.5 2923.5 2982.3 3038.9 3094.2 3148.7 3202.8 
S 2.3145 6.4406 6.4508 6.5885 6.7099 . 6.8196 6.9207 7.0152 7.1044 7.1894 

V 1.156 127.55 127.61 137.54 146.77 155.54 164.00 172.25 180.34 188.33 
1550 U 849.901 2593.2 2593.5 2645.8 2694.0 2739.5 2783.4 2826.1 2868.2 2910.0 

(199.85) H 851.694 2790.8 2791. 3 2858.9 2921.5 2980.6 3037.6 3093.1 3147.7 3201.9 
S 2.3292 5.4289 5.4298 6.5692 6.6917 6.8022 6.9038 6.9986 7.0881 7.1733 

V 1.159 123.69 132.85 141.87 150.42 158.66 166.68 174.54 182.30 
1600 U 856.707 2593.8 2643.7 2692.4 2738.3 2782.4 2825.2 2867.5 2909.3 

(201. 37) H 858.561 2791. 7 2856.3 2919.4 2979.0 3036.2 3091. 9 3146.7 3201.0 
S 2.3436 6.4175 6.5503 6.6740 6.7852 6.8873 6.9825 7.0723 7.1577 

V 1. 161 120.05 128.45 137.27 145.61 153.64 161.44 169.09 176.63 
1650 U 863.359 2594.5 2641. 7 2690.9 2737.1 2781.3 2824.4 2866.7 2908.7 

(202.86) H 865.275 2792.6 2853.6 2917 .4 2977 .3 3034.8 3090.8 3145.1 3200.1 
S 2.3576 6.4065 6.5319 6.6567 6.7687 6.8713 6.9669 7.0569 7.1425 

V 1.166 113.38 120.39 128.85 136.82 144.45 151.87 159.12 166.27 
1750 U 876.234 2595.7 2637.6 2687.7 2734.5 2779.3 2822.7 2865.3 2907.4 

(205.72) H 878.274 2794.1 2848.2 2913.2 2974.0 3032. 1 3088.4 3143.7 3198.4 
S 2.3846 6.3863 6.4961 6.6233 6.7368 6.8405 6.9368 7.0273 7.1133 

V 1.168 110.32 116.69 124.99 132.78 140.24 147.48 154.55 161.51 
1800 U 882.472 2596.3 2635.5 2686.1 2733.3 2778.2 2821.8 2864.5 2906.7 

(207.11) H 884.574 2794.8 2845.5 2911.0 2972.3 3030.7 3087.3 3142.7 3197.5 
S 2.3976 6.3751 6.4787 6.6071 6.7214 6.8257 6.9223 7.0131 7.0993 

V 1. 170 107.41 113.19 121.33 128.96 136.26 143.33 150.23 157.02· 
1850 U 888.585 2596.8 2633.3 2684.4 2732.0 2777 .2 2820.9 2863.8 2906.1 

(208.47) H 890.750 2795.5 2/1112.8 2908.9 2970.6 3029.3 3086.1 3141. 7 3196.6 
S 2.4103 6.3651 6.4616 6.5912 6.7064 6.8112 6.9082 6.9993 7.0856 

V 1.172 104.65 109.87 117.87 125.35 132.49 139.39 146.14 152.76 
1900 U 894.580 2597.3 2631.2 2682.8 2730.7 2776.2 2820.1 2863.0 2905.4 

(209.80) H 895.807 2796.1 2840.0 2906.7 2968.8 3027.9 3084.9 3140.7 3195.7 
S 2.4228 6.3554 6.4448 6.5757 6.6917 6.7970 6.8944 6.9867 7.0723 

V 1.174 102.031 106.72 114.68 121.91 128.90 135.66 142.25 148.72 
1950 U 900.461 2597.7 2629.0 2881. 1 2729.4 2775.1 2819.2 2862.3 2904.8 

(211. 10) H 902.752 2796.7 2837.1 2904.6 2967.1 3026.5 3083.7 3139.7 3194.8 
S 2.4349 6.3459 6.4283 6.5604 6.6772 6.7831 6.8809 6.9725 7.0593 

V 1. 177 99.536 103.72 111.45 118.65 125.50 132.11 138.56 144.89 
2000 U 906.236 2598.2 2626.9 2679.5 2728.1 2774.0 2818.3 2861.5 2904.1 

(212.37) H 908.589 2797.2 2834.3 2902.4 2965.4 3025.0 3082.5 3138.6 3193.9 
S 2.4469 6.3366 6.4120 6.5454 6.6631 6.7696 6.8677 6.9595 7.0466 

V 1. 181 94.890 98.147 105.64 112.59 119.18 125.53 131. 70 137.76 
2100 U 917.479 2598,9 2622.4 2676.1 2725.4 2771. 9 2816.5 2860.0 2902.8 

(214.85) H 919.959 2798.2 2828.5 2891.9 2961.9 3022.2 3080.1 3136.6 3192.1 
S 2.4700 6.3187 6.3802 6.5162 6.6356 6.7432 6.8422 6.9347 7.0220 

V 1.185 90.652 93.067 100.35 107.07 113.43 119.53 125.47 131.28 
2200 U 928.346 2599.6 2617.9 2672.7 2722.7 2769.7 2814.7 2858.5 2901.5 

(217 .24) H 930.953 2799.1 2822.7 2893.4 2958.3 3019.3 3077.7 3134.5 3190.3 
S 2.4922 6.3015 6.3492 6.4879 6.6091 6.7179 6.8177 6.9107 6.9985 

V 1.189 86.769 88.420 95.513 102.03 108.18 114.06 119.77 126.36 
2300 U 938.866 2600.2 2613.3 2669.2 2720.0 2767.6. 2812.9 2857.0 2900.2 

(219.55) H 941.801 2799.8 2816.7 2888.9 29S4.7 3016.4 3075.3 3132.4 3188.5 
S 2.5136 6.2849 6.3190 6.4605 6.5835 6.6935 6.7941 6.8877 6.9759 

! 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

ABS PRESS 
TEMPERATURE~ DEG C 

KPA SAT SAT 
(TEMPERATU E. K) 

(SAT TEMP) WATER STEAM 400 426 460 475 500 550 600 650 
DEG C (673.16) (698.15) (723.15) (748.16) (773.15) (823.15) (873.15) (923.15) 

V 1.146 145.74 225.94 234.88 243.78 262.63 261.46 279.03 296.51 313.93 
1350 U 820.944 2589.9 2953.9 2995.5 3037.2 3079.2 3121.5 3207.1 3294'.3 3383.0 

( 193.35) H 822.491 2786.6 3259.0 3312.6 3366.3 3420.2 3474.4 3583.8 3694 .5 3806.8 
S 2.2676 6.4780 7.3221 7.4003 7.4769 7.5493 7.6205 7.7576 7.8882 8.0132 

V 1. 149 140.72 217.72 226.35 234.95 243.50 252.02 268.98 285.85 302.66 
1400 U 828.465 2590.8 2953.4 2994.9 3036.7 3078.7 3121. 1 3206.8 3293.9 3382.7 

(195.04) H 830.074 2787.8 3258.2 3311.8 3365.6 3419.6 3473.9 3583.3 3694.1 3806.4 
S 2.2837 6.4651 7.3045 7.3828 7.4585 7.5319 7.6032 7.7404 7.8710 7.9961 

V 1. 151 136.04 210.06 218.42 226.72 234.99 243.23 259.62 275.93 292.16 
1460 U 835.791 2591.6 2952.8 2994.4 3036.2 3078.3 3120.7 3206.4 3293.6 3382.4 

(196.69) H 837.460 2788.9 3257.4 3311. 1 3365.0 3419.0 3473.3 3582.9 3693.7 3806.1 
S 2.2993 6.4526 7.2874 7. 3651P 7.4416 7.5151 7.5865 7.7237 7.8545 7.9796 

V 1. 154 131.66 202.92 211.01 219.05 227.06 235.03 250.89 266.66 282.37 
1500 U 842.933 2592.4 2952.2 2993.9 3035.8 3077.9 3120.3 3206.0 3293.3 3382.1 

(198.29) H 844.663 2789.9 3256.6 3310.4 3364.3 3418.4 3472.8 3582.4 3693.3 3805.7 
S 2.3145 6.4406 7.2709 7.3494 7.4253 7.4989 7.5703 7.7077 7.8385 7.9636 

V 1.156 127.55 196.24 204.08 211.87 219.63 227.35 242.72 258.00 273.21 
1550 U 849.901 2593.2 2951. 7 2993.4 3035.3 3077.4 3119.8 3205.7 3293.0 3381.9 

(199.85) H 851.694 2790.8 3255.8 3309.7 3363.7 3417.8 3472.2 3581.9 3692.9 3805.3 
S 2.3292 6.4289 7.2550 7.3336 7.4095 7.4832 7.5547 7.6921 7.8230 7.9482 

V 1.159 123.69 189.97 197.58 205.15 212.67 220.16 235:06 249.87 264.62 
1500 U 856.707 2593.8 2951. 1 2992.9 3034.8 3077 .0 3119.4 3205.3 3292.7 3381.6 

(201. 37) H 858.561 2791. 7 3255.0 3309.0 3363.0 3417.2 3471.7 3581.4 3692.5 3805.0 
S 2.3436 6.4175 7.2394 7.3182 7.3942 7.4679 7.5395 7.6770 7.8080 7.9333 

V 1. 161 120.05 184.09 191.48 198.82 206.13 213.40 227.86 242.24 266.~5 
1650 U 863.359 2594.5 2950.5 2992.3 3034.3 3076.5 3119.0 3205.0 3292.4 3381. 

(202.86) H 865.275 2792.6 3254.2 3308.3 3362.4 3416.7 3471. 1 3581.0 3692.1 3804.6 
S 2.3576 6.4066 7.2244 7.3032 7.3794 7.4531 7.5248 7.6624 7.7934 7.9188 

V 1.163 116.62 178.55 185.74 192.87 199.97 207.04 221.09 235.06 248.96 
1700 U r,9.866 2595.1 2949.9 2991.8 3033.9 3076.1 3118.6 3204.6 3292.1 3381.0 

(204.31) H 71.843 2793.4 3253'i 3307.6 3361. 7 3416.1 3470.6 3680.6 3691. 7 3804.3 
S 2.3713 6.3967 7. 098 7.2887 7.3649 7.4388 7.6105 7.6482 7.7793 7.9047 

V 1.166 113.38 173.32 180.32 187.26 194.17 201.04 214.71 228.28 241.80 1760 U 876.234 2595.7 2949.3 2991. 3 3033.4 3075.7 3118.2 3204.3 3291.8 3380.8 (205.72) H 878.274 2794.1 3252.7 3306.9 3361. 1 3415.5 3470.0 3580.0 3691.3 3803.9 S 2.3846 6.3853 7.1955 7.2746 7.3509 7.4248 7.4965 7.6344 7.7656 7.8910 

V 1.168 110.32 168.39 175.20 181.97 188.69 195.38 208.68 221.89 235.03 1800 ~ 882.472 2596.3 2948.8 2990.8 3032.9 3075.2 3117.8 3203.9 3291.5 3380.5 (207.11) 884.574 ~ 27~J751 3251.9 3306.1 3360.4 3414.9 3469.5 3579.5 3690.9 3803.6 
S 2.3976 7.1816 7.2608 7.3372 7.4112 7.4830 7.6209 7.7522 7.8777 

V 1. 170 107.41 163.73 170.37 176.96 183.50 190.02 202.97 215.84 228.64 1850 U 888.585 2596.8 2948.2 2990.3 3032.4 3074.8 3117 .4 3203.6 3291. 1 3380.2 (208.47) H 890.750 2795.5 3251. 1 3305.4 3359.8 3414.3 3468.9 3579.1 3690.4 3803.2 
S 2.4103 6.3651 7.1681 7.2474 7.3239 7.3980 7.4698 7.6079 7.7392 7.8648 

V 1. 172 104.65 159.30 165.78 172.21 178.59 184.94 197.57 210.11 222.58 1900 U 894.580 2597.3 2947.6 2989.7 3031.9 3074.3 3117.0 3203.2 3290.8 3380.0 (209.80) H 896.807 2796.1 3250.3 3304.7 3369.1 3413.7 3468.4 3578.6 3690.0 3802.8 
S 2.~228 6.3664 7.1560 7.2344 7.3109 7.3851 7.4570 7.6951 7.7265 7.8622 

V 1.174 102.031 155.11 161.43 167.70 173.93 180.13 192.44 204.67 216.83 1950 U 900.461 2697.7 2947.0 2989.2 3031.6 3073.9 3116.6 3202.9 3290.6 3379.7 (211.10) H 902.762 2796.7 3249.5 3304.0 3368.5 3413.1 3467.8 3678.1 3689.6 3802.5 
S 2.4349 6.3459 7.1421 7.2216 7.2983 7.3726 7.4445 7.6827 7.7142 7.8399 

V 1. 177 0. 636 161. 13 HI' 30 ~.4: 169.51 176.~5 187.57 'ra· 5O 211.36 2000 U ~.236 29 .2 2946.4 2 .7 I 1.0 3073.5 3116. 3202.5 32 0.2 3379.4 (212.37) H 08.589 2 .2 3248.7 3 03.3 36~:Lti9 3412.6 3467.3 3577.6 3689.2 3802.1 S 2.4469 6.3366 7.1296 7.2092 7.3602 7.4323 7.6706 7.7022 7.8279 

V 1. 181 94.890 143.73 149.63 166.48 161.28 167.06 178.63 189.91 201.22 2100 U 917.479 2698.9 2945.3 2987.6 3030.0 3072.6 3116.3 3201.8 3289.6 3378.9 (214.85) H 919.9159 2798.2 3247.1 3301.8 3366.5 3411.3 3466.2 3575.7 3688.4 3801.4 
S 2.4700 6.3187 7.1063 7.1851 7.2621 7.3365 7.4087 7.5472 7.6789 7.8048 

V 1.18~ 90.662 137.00 142.65 148.25 153.81 159.34 170.30 181. 19 192.00 2200 U 928.34 2599.6 2944: 1 2m·6 3029.1 3071. 7 3114.5 3201.1 3289.0 3378.3 (217.24) H 930'U3 2799.1 3245.5 300.4 3356.2 3410.1 3465.1 3676.7 3687.6 3800.7 S 2.4 22 6.3015 7.0821 7.1621 7.2393 7.3139 7.3862 7.6249 7.8568 7.7827 

V 1. 189 86.769 130.86 136.28 ·141.66 146.99 152.28 182.80 173.22 183.58 
2300 U US.ar, 2600.2 2942.9 2=.5 ma· l ~70.8 3113.7 3200.4 3288.3 3377.8 (219.56) H ~. 01 2799.8 3243.9 32 .0 3'1 08.9 3464.0 3674.8 3686.7 3800.0 

S .15136 6.2849 7.01598 7.1401 7. 174 7.2922 7.3646 7.5035 7.8365 7.7616 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERATURE DEG C 
ASS PRESS (TEMPERATUitE. K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 225 250 275 300 325 350 375 400 

DEG C (498.16) (623.15) (648.15) (573.16) (598.16) (623.16) (648.16) (673.16) 

V 1.193 83.199 84.149 91. 075 97.411 103.36 109.05 114.66 119.93 125.22 
2400 U 949.066 2600.7 2608.6 2665.6 2717 .3 2765.4 2811.1 2855.4 2898.8 2941. 7 

(221.78) H 951.929 2800.4 2810.6 2884.2 2951. 1 3013.4 3072.8 3130.4 3186.7 3242.3 
S 2.5343 6.2690 6.2894 6.4338 6.5586 6.6699 6.7714 6.8656 6.9542 7.0384 

V 1.197 79.905 80.210 86.985 93.154 98.925 104.43 109.75 114.94 120.04 
2500 U 958.969 2601. 2 2603.8 2662.0 2714.6 2763.1 2809.3 2853.9 2897.5 2940.6 

(223.94) H 961.962 2800.9 2804.3 2879.5 2947.4 3010.4 3070.4 3128.2 3184.8 3240.7 
S 2.6543 6.2536 6.2604 6.4077 6.6345 6.6470 6.7494 6.8442 6.9333 7.0178 

V 1.201 76.856 83.205 89.220 94.830 100.17 105.32 110.33 115.26 
2600 U 968.597 2601.5 2658.4 2711. 7 2760.9 2807.4 2852.3 2896.1 2939.4 

(226.04) H 971.720 2801.4 2874.7 2943.6 3007.4 3067.9 3126.1 3183.0 3239.0 
S 2.5736 6.2387 6.3823 6.5110 6.6249 6.7281 6.8236 6.9131 6.9979 

V 1.205 74.025 79.698 85.575 91.036 96.218 101. 21 106.07 110.83 
2700 U 977.968 2601.8 2654.7 2708.8 2758.6 2805.6 2850.7 2894.8 2938.2 

(228.07) H 981.222 2801.7 2869.~ 2939.8 3004.4 3065.4 3124.0 3181.2 3237.4 
S 2.5924 6.2244 6.3575 6.4882 6.6034 6.7075 6.8036 6.8935 6.9787 

V 1.209 71.389 76.437 82.187 87.510 92.550 97.395 102.10 106.71 
2800 U 987.100 2602.1 2650.9 2705.9 2756.3 2803.7 2849.2 2893.4 2937.0 

(230.05) H 990.485 2802.0 2864.9 2936.0 3001.3 3062.8 3121. 9 3179.3 3235.8 
S 2.6106 6.2104 6.3331 6.4659 6.5824 6.6875 6.7842 6.8746 6.9601 

V 1.213 68.928 73.395 79.029 84.226 89.133 93.843 98.414 102.88 
2900 U 996.008 2602.3 2647.1 2702.9 2754.0 2801.8 2847.6 2892.0 2935.8 

(231.97) H 999.524 2802.2 2859.9 2932.1 2998.2 3060.3 3119.7 3177.4 3234.1 
S 2.6283 6.1969 6.3092 6.4441 6.5621 6.6681 6.7654 6.8563 6.9421 

V 1.216 66.626 70.551 76.078 81. 159 85.943 90.526 94.969 99.310 
3000 U 1004.7 2602.4 2643.2 2700.0 2751.6 2799.9 2846.0 2890.7 2934.6 

(233.84) H 1008.4 2802.3 2854.8 2928.2 2995.1 3057.7 3117".5 3175.6 3232.5 
S 2.64155 6.1837 6.2857 6.4228 6.6422 6.6491 6.7471 6.8385 6.9246 

V 1.224 62.439 65.380 70.721 75.593 80.158 84.513 88.723 92.829 3200 U 1021.5 2602.5 2635.2 2693.9 2746.8 2796.0 2842.7 2887.9 2932.1 (237.45) H 1025.4 2802.3 2844.4 2920.2 2988.7 3052.5 3113.2 3171.8 3229.2 S 2.6786 6.1585 6.2398 6.3815 6.5037 6.6127 6.7120 6.8043 6.8912 

V 1.227 60.529 63.021 68.282 73.061 77 .526 81. 778 85.883 89.883 3300 U 1029.7 ,2602.5 2631. 1 2690.8 2744.4 2794.0 2841. 1 2886.5 2930.9 (239.18) H 1033.7 2802.3 2839.0 2916.1 2985.5 3049.9 3110.9 3169.9 3227.5 S 2.6945 6.1463 6.2173 6.3614 6.4851 6.5951 6.6952 6.7879 6.8752 

V 1.231 58.728 60.796 65.982 70.675 75.048 79.204 83.210 87.110 3400 U 1037.6 2602.5 2626.9 2687.7 2741. 9 2792.0 2839.4 2885.1 2929.7 (240.88) H 1041.8 2802.1 2833.6 2912.0 2982.2 3047.2 3108.7 3168.0 3225.9 S 2.7101 6.1344 6.1951 6.3416 6.4669 6.5779 6.6787 6.7719 6.8595 

V 1.235 57.025 58.693 63.812 68.424 72.710 76.776 80.689 84.494 3500 U 1045.4 2602.4 2622.7 2684.5 2739.5 2790.0 2837.8 2883.7 2928.4 (242.54) H 1049.8 2802.0 2828.1 2907.8 2979.0 3044.5 3106.5 3166.1 3224.2 S 2.7253 6.1228 6.1732 6.3221 6.4491 6.5611 6.6626 6.7563 6.8443 

V 1.238 55.415 56.702 61. 759 66.297 70.501 74.482 78.308 82.024 3600 U 1053.1 2602.2 2618.4 2681.3 2737.0 2788.0 2836.1 2882.3 2927.2 (244.16) H 1057.6 2801. 7 2822.5 2903.6 2975.6 3041.8 3104.2 3164.2 3222.6 S 2.7401 6.1115 6.1514 6.3030 6.4315 6.5446 6.6468 6.7411 6.8294 

V 1.242 53.888 54.812 59.814 64.282 68.410 72.311 76.055 79.687 3700 U 1060.6 2602.1 2614.0 2678.0 2734.4 2786.0 2834.4 2880.8 2926.0 (245.75) H 1065.2 2801.4 2816.8 2899.3 2972.3 3039.1 3102.0 3162.2 3220.8 S 2.7547 6.1004 6.1299 6.2841 6.4143 6.5284 6.6314 6.7262 6.8149 

V 1.245 52.438 53.017 57.968 62.372 66.429 70.254 73.920 77.473 3800 U 1068.0 2601.9 2609.5 2674.7 2731.9 2783.9 2832.7 2879.4 2924.7 (247.31) H 1072.7 2801. 1 2811.0 2895.0 2968.9 3036.4 3099.7 3160.3 3219.1 S 2.7689 6.0896 6.1085 6.2654 6.3973 6.5126 6.616l 6.7117 6.8007 . V 1.249 51.061 51.308 66.215 60.568 64.547 68.302 71.894 76.372 3900 U 1076.3 2601.6 2605.0 2671.4 2729.3 2781. 9 2831.0 2877.9 2923.6 (248.84) H 1080.1 2800.8 2805.1 2890.6 2965.5 3033.6 3097.4 31158.3 3217.4 S 2.7828 6.0789 6.0872 6.2470 6.3806 6.4970 6.6015 6.6974 6.7868 

V 1.252 49.749 64.646 58.833 62.759 66.446 69.969 73.376 4000 U 1082.4 2601.3 2668.0 2726.7 2779.8 2829.3 2876.5 2922.2 (250.33) H 1087.4 2800.3 2886.1 2962.0 3030.8 3095.1 3156.4 3215.7 S 2.7965 6.0685 6.2288 6.3642 6.4817 6.5870 6.6834 6.7733 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERATURER DEG C 
ABS PRESS (TEMPERATU E. K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 425 450 475 500 525 550 600 650 

DEG C (698.15) (723.15) (748.15) (773.15) (798.15) (823.15) (873.15) (923.15) 

V 1.193 83.199 130.44 135.61 140.73 145.82 150.88 155.91 165.92 175.86 
2400 U 949.066 2600.7 2984.5 3027.1 3069.9 3112.9 3156.1 3199.6 3287.7 3377.2 

(221. 78) H 951.929 2800.4 3297.5 3352.6 3407.7 3462.9 3518.2 3573.8 3685.9 3799.3 
S 2.5343 6.2690 7.1189 7.1964 7.2713 7.3439 7.41404 7.4830 7.6152 7.7414 

V 1.197 79.905 125.07 130.04 134.97 139.87 144.74 149.58 159.21 168.76 
2500 U 958.969 2601.2 2983.4 3026.2 3069.0 3112.1 3155.4 3198.9 3287.1 3376.7 

(223.94) H 961.962 2800.9 3296.1 3351. 3 3406.5 3461. 7 3517.2 3572.9 3685.1 3798.6 
S 2.5543 6.2536 7.0986 7.1763 7.2513 7.3240 7.3946 7:4633 7.5956 7.7220 

V 1.201 76.856 120.11 124.91 129.65 134.38 139.07 143.74 153.01 162.21 
2600 U 968.597 2601.5 2982.3 3025.2 3068.1 3111.2 3154.6 3198.2 3286.5 3376.1 

(226.04) H 971. 720 2801.4 3294.6 3349.9 3405.3 3460.6 3516.2 3571.9 3684.3 3797.9 
S 2.5736 6.2387 7.0789 7.1568 7.2320 7.3048 7.3755 7.4443 7.5768 7.7033 

V 1.205 74.025 . 115.52 120.15 124.74 129.30 133.82 138.33 147.27 156.14 
2700 U 977.968 2601.8 2981. 2 3024.2 3067.2 3110.4 3153.8 3197.5 3285.8 3375.6 

(228.07) H 981.222 2801.7 3293.1 3348.6 3404.0 3459.5 3515.2 3571.0 3683.5 3797.1 
S 2.5924 6.2244 7.0600 7.1381 7.2134 7.2863 7.3571 7.4260 7.5587 7.6863 

V 1.209 71. 389 111.25 115.74 120.17 124.58 128.95 133.30 141.94 160.50 
2800 U 987.100 2602.1 2980.2 3023.2 3066.3 3109.6 3163.1 3196.8 3285.2 3375.0 

(230.05) H 990.485 2802.0 3291. 7 3347.3 3402.8 3458.4 3514.1 3570.0 3682.6 3796.4 
S 2.6106 6.2104 7.0416 7.1199 7.1954 7.2685 7.3394 7.4084 7.5412 7.6679 

V 1. 213 68.928 107.28 111.62 115.92 120.18 124.42 128.62 136.97 145.26 
2900 U 996.008 2602.3 2979.1 3022.3 3065.5 3108.8 3152.3 3196.1 3284.6 3374.5 

(231.97) H 999.524 2802.2 3290.2 3346.0 3401.6 3457.3 3513.1 3569.1 3681.8 3795.7 
S 2.6283 6.1969 7.0239 7.1024 7.1780 7.2512 7.3222 7.3913 7.5243 7.6511 

V 1.216 65.626 103.58 107.79 111.95 116.08 120.18 124.26 132.34 140.36 
3000 U 1004.7 2602.4 2978.0 3021. 3 3064.6 3107.9 3151.5 3195.4 3284.0 3373.9 

(233.84) H 1008.4 2802.3 3288.7 3344.6 3400.4 3456.2 3512.1 3568.1 3681. 0 3795.0 
S 2.6455 6.1837 7.0067 7.0854 7.1612 7.2345 7.3056 7.3748 7.5079 7.6349 

V 1.220 64.467 100.11 104.20 108.24 112.24 116.22 120.1'7 128'81 135.78 
3100 U 1013.2 2302 .5 2976.9 3020.3 3063.7 3107.1 3150.8 3194.7 3283. 3373.4 

(235.67) H 1017.0 2 02.3 3287.3 3343.3 3399.2 3455.1. 3511.0 3567.2 3680.2 3794.3 
S 2.6623 6.1709 6.9900 7.0689 7.1448 7.2183 7.2896 7.3688 7.4920 7.6191 

V 1.224 62.439 96.859 100.83 104.76 108.65 112.51 116.34 123.95 131.48 
3200 U 1021.5 2602.5 2975.9 3019.3 3062.8 3106.3 3150.0 3193.9 3282.7 3372.8 

(237.45) H 1025.4 2802.3 3285.8 3342.0 3398.0 3454.0 3510.0 3566.2 3679.3 3793.6 
S 2.6786 6.1585 6.9738 7.0528 7.1290 7.2026 7.2739 7.3433 7.4767 7.6039 

V 1.227 60.529 93.805 97.668 101.49 105.27 109.02 112.74 120.13 127.45 
3300 U 1029.7 2602.5 2974.8 3018.3 3061.9 3105.5 3149.2 3193.2 3282.1 3372.3 

(239.18) H 1033.7 2802.3 3284.3 3340.6 3396.8 3452.8 3509.0 3565.3 3678.5 3792.9 
S 2.6945 6.1463 6.9580 7.0373 7.1136 7.1873 7.2588 7.3282 7.4618 7.6891 

V 1.231 68.728 90.930 94.692 98.408 102.09 105.74 109.36 116.54 123.65 
3400 U 1037.6 2602.5 2973.7 3017.4 3061.0 3104.6 3148.4 3192.5 3281.5 3371. 7 

(240.88) H 1041.8 2802.1 3282.8 3339.3 3395.5 3451. 7 3507.9 3564.3 3677.7 3792.1 
S 2.7101 6.1344 6.9426 7.0221 7.0986 7.1724 7.2440 7.3136 7.4473 7.5747 

V 1.235 57.025 88.220 91.886 95.605 99.088 102.64 106.17 113.15 120.07 
3500 U 1045.4 2602.4 2972.6 3016.4 3060.1 3103.8 3147.7 3191.8 3280.8 3371.2 

(242.54) H 1049.8 2802.0 3281. 3 3338.0 3394.3 3450.6 3506.9 3563.4 3676.9 3791.4 
S 2.7253 6.1228 6.9277 7.0074 7.0840 7.1580 7.2297 7.2993 7.4332 7.5607 

V 1.238 55.415 85.660 89.236 92.764 96.255 99.716 103.15 109.96 116.69 
3600 U 1063.1 2602.2 2971.5 3015.4 3&19.2 3103.0 3146.9 3191.1 3280.2 3370.6 

(244.16) H 1057.6 2801.7 3279.8 3336.6 33 3.1 3449.5 3605.9 3562.4 3676.1 3790.7 
S 2.7401 6.1115 6.9131 6.9930 7.0698 7.1439 7.2157 7.2864 7.4195 7.5471 

V 1.242 53.888 83.238 86.728 90.171 93.576 96.950 100.30 106.93 113.49 
3700 U 1060.6 2602.1 2970.4 3014.4 3068.2 3102.1 3146.1 3190.4 3279.6 3370.1 

(245.75) H 1065.2 2801.4 3278.4 3335.3 3391.9 3448.4 3504.9 3681.5 3675.2 3790.0 
S 2.7547 6.1004 6.8989 6.9790 7.0569 7.1302 7.2021 7.2719 7.4061 7.5339 

V 1.245 52.438 80.944 84.353 87.714 91.038 94.330 97.596 104.06 110.46 
3800 U 1068.0 2601.9 2969.3 3013.4 3067.3 3101.3 3145.4 3189.6 3279.0 3369.5 

(247.31) H 1072.7 2801.1 3276.8 3333.9 3390.7 3447.2 3503.8 3560.5 3674.4 3789.3 
S 2.7689 6.0896 6.8849 6.9653 7.0424 7.1168 7.1888 7.2587 7.3931 7.5210 

V 1.249 51.061 78.767 82.099 85.383 88.629 91.844 95.033 101. 35 107.59 
3900 U 1075.3 2601.6 2968.2 3012.4 3066.4 3100.5 3144.6 3188.9 3278.3 3369.0 

(248.84) H 1080.1 2800.8 3275.3 3332.6 3389.4 3446.1 3502.8 3559.5 3673.6 3788.6 
S 2.7828 6.0789 6.8713 6.9519 7.0292 7.1037 7.1759 7.2459 7.3804 7.5084 

V 1.252 49.749 76.698 79.958 83.169 86.341 89.483 92.598 98.763 104.86 
4000 U 1082.4 2601.3 2967.0 3011.4 3065.5 3099.6 3143.8 3188.2 3277.7 3368.4 

(250.33) H 1087.4 2800.3 3273.8 3331.2 3388.2 3445.0 3501. 7 3558.6 3672.8 3787.9 
S 2.7965 6.0685 6.8581 6.9388 7.0163 7.0909 7.1632 7.2333 7.3680 7.4961 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERATURE~ DEG C 
ABS PRESS (TEMPERATU E, K) 

KPA SAT SAT 
(SAT TEW) WATER STEAM 260 275 300 325 350 375 400 425 

DEG C (533.15) (548.15) (573.15) (598.15) (623.15) (648.15) (673.15) (698.15) 

V 1.256 48.500 50.150 52.955 57.191 61.057 64.680 68.137 71.476 74.730 
4100 U 1089.4 2601. 0 2624.6 2664.5 2724.0 2777.7 2827.6 2875.0 2920.9 2965.9 

(251.80) H 1094.6 2799.9 2830.3 2881.6 2958.5 3028.0 3092.8 3154.4 3214.0 3272.3 
S 2.8099 6.0583 6.1157 6.2107 6.3480 5.4667 6.5727 6.6697 6.7600 6.8450 

V 1.259 47.307 48.654 51.438 55.625 59.435 62.998 66.392 69.667 72.856 
4200 U 1096.3 2600.7 2620.4 2661.0 2721.4 2775.6 2825.8 2873.6 2919.7 2964.8 

(253.24) H 1101. 6 2799.4 2824.8 2877.1 2955.0 3025.2 3090.4 3152.4 3212.3 3270.8 
S 2.8231 6.0482 6.0962 6.1929 6.3320 6.4519 6.5587 6.6663 6.7469 6.8323 

V 1.262 46.168 47.223 49.988 54.130 57.887 61.393 64.728 67.942 71.069 
4300 U 1103.1 2600.3 2616.2 2657.5 2718.7 2773.4 2824.1 2872.1 2918.4 2963.7 

(254.66) H 1108.5 2798.9 2819.2 2872.4 2951.4 3022.3 3088.1 3150.4 3210.5 3269.3 
S 2.8360 6.0383 6.0768 6.1752 6.3162 6.4373 6.6450 6.6431 6.7341 6.8198 

V 1.266 45.079 45.853 48.601 52.702 56.409 59.861 63.139 66.295 69.363 
4400 U 1109.8 2599.9 2611.8 2653.9 2716.0 2771.3 2822.3 2870.6 2917.1 2962.5 

(256.05) H 1115.4 2798.3 2813.6 2867.8 2947.8 3019.5 3085.7 3148.4 3208.8 3267.7 
S' 2.8487 6.0286 6.0575 6.1577 6.3006 6.4230 6.5315 6.6301 6.7216 6.8076 

V 1.269 44.037 44.540 47.273 51.336 54.996 58.396 61.620 64.721 67.732 
4500 U 1116.4 2599.5 2607.4 2650.3 2713.2 2769.1 2820.5 2869.1 2915.8 2961.4 

(257.41) H 1122.1 2797.7 2807.9 2863.0 2944.2 3016.6 3083.3 3146.4 3207.1 3266.2 
S 2.8612 6.0191 6.0382 6.1403 6.2852 6.4088 6.5182 6.6174 6.7093 6.7955 

V 1.272 43.038 43.278 46.000 50.027 53.643 56.994 60.167 63.215 66.172 
4600 U 1122.9 2599.1 2602.9 2646.6 2710.4 2766.9 2818.7 2867.6 2914.5 2960.3 

(258.75) H 1128.8 2797.0 2802.0 2858.2 2940.5 3013.7 3080.9 3144.4 3205.3 3264.7 
S 2.8735 6.0097 6.0190 6.1230 6.2700 6.3949 6.5060 5.6049 6.6972 6.7838 

V 1.276 42.081 44.778 48.772 52.346 65.651 58.775 61. 773 64.679 
4700 U 1129.3 2598.6 2642.9 2707.6 2764.7 2816.9 2866.1 2913.2 2959.1 

(260.07) H 1135.3 2796.4 2853.3 2936.8 3010.7 3078.5 3142.3 3203.6 3263.1 
S 2.8855 6.0004 6.1058 6.2549 6.3811 6.4921 6.5926 6.6853 6.7722 

47.569 51. 103 54.364 57.441 60.390 63.247 
4800 U 1135.6 2598.1 2639. j 2704.8 2762.5 2815.1 2864.6 2911. 9 2958.0 

(261.37) If 114!.8~ 2795.7 2848.4 
~ ~ 

2933.1 3007.8 3076.1 3140.3 3201.8 3261.6 
6.2399 6.3675 6.4794 6.6806 6.6736 6.7608 

V 1.282 40.278 42.475 46.412 49.909 53.128 56.161 59.064 61.874 4900 U 1141.9 2597.6 2635.2 2701. 9 2760.2 2813.3 2863.0 2910.6 2956.9 (262.65) H 1148.2 2794.9 2843.3 2929.3 3004.8 3073.6 3138.2 3200.0 3260.0 S 2.9091 5.9823 6.0717 6.2252 6.3641 6.4669 6.5685 6.8621 6.7496 

V 1.285 ~9.429 41.388 45.301 48.762 51.941 64.932 57.791 60.555 5000 U 1148.0 25 7.0 2631.3 2699.0 2768.0 2811.5 2861.5 2909.3 .. 2955.7 (263.91) H 1154.5 27.94.2 2838.2 2925.5 3001.8 3071.2 3136.2 . 3198.3 3258.5 S 2.9206 5.9735 6.0547 6.2105 6.3408 6.4545 6.5568 6.6508 6.7386 

V 1.289 38.611 40.340 44.231 47.660 50.801 53.750 56.567 59.288 -5100 U 1154.1 2596.5 2627.3 2696.1 2755.7 2809.6 2860.0 2908.0 2954.5 (265.15) H 1160.7 2793.4 2833.1 2921. 7 2998.7 3068.7 3134.1 3196.5 3256.9 S 2.9319 5.9648 6;0378 6.1960 6.3277 6.4423 6.5452 6.6396 6.7278 

V 1.292 37.824 39.330 43.201 46.599 49.703 52.614 66.390 58.070 5200 U 1160.1 2595.9 2623.3 2693.1 2753.4 2807.8 2858.4 2906.7 2953.4 (266.37) H 1166.8 2792.6 2827.8 2917.8 2995.7 3066.2 3132.0 3194.7 3255.4 S 2.9431 5.9661 6.0210 6.1815 6.3147 6.4302 6.5338 6.6287 6.7172 

V 1.296 37.066 38.354 42.209 45.577 48.647 51.520 64.257 56.897 5300 U 1166.1 2595.3 2619.2 2690.1 2751.0 2805.9 2856.9 2905.3 2952.2 (267.58) H 1172.9 2791. 7 2822.5 2913.8 2992.6 3063.7 3129.9 3192.9 3253.8 S 2.9541 5.9476 6.0041 6.1672 6.3018 6.4183 6.5225 6.6179 6.7067 

V 1.299 36.334 37.411 41.251 44.591 47.628 50.466 53.166 55.768 5400 U 1171.9 2594.6 2615.0 2687.1 2748.7 2804.0- 2855.3- 2904.0 2951. 1 (268.76) H 1178.9 2790.8 2817.0 2909.8 2989.5 3061.2 3127.8 3191.1 3252.2 S 2.9650 5.9392 5.9873 6.1530 6.2891 6.4066 6.5114 6.6072 6.6963 

V 1.302 35.628 36.499 40.327 43.641 46.647 49.450 52.115 64.679 5500 U 1177.7 2594.0 2610.8 2684.0 2746.3 2802.1 2853.7 2902.7 2949.9 (269.93) H 1184.9 2789.9 2811.5 2906.8 2986.4 3068.7 3125.7 3189.3 3250.6 S 2.9757 5.9309 5.9705 6.1388 6.2765 6.3949 6.5004 6.5967 6.6862 

V 1.306 34.946 35.617 39.434 42.724 45.700 48.470 51. 100 53.630 5600 U 1183.5 2593.3 2606.5 2680.9 2744.0 2800.2 2852.1 2901.3 2948.7 (271.09) H 1190.8 2789.0 2805.9 2901. 7 2983.2 3066.1 3123.6 3187.5 3249.0 S 2.9863 5.9227 5.9637 6.1248 6.2640 6.3834 6.4896 6.6863 6.6761 

V 1.309 34.288 34.761 38.571 41.838 44.786 47.525 50.121 52.617 5700 U 1189.1 2592.6 2502.1 2677.8 2741.6 2798.3 2850.5 2899.9 2947.5 (272.22) H 1196.6 2788.0 2800.2 2897.6 2980.0 3063.5 3121.4 3186.6 3247.5 S 2.9968 5.9146 5.9369 6.1108 6.2516 6.3720 6.4789 6.5761 6.6663 

~ ... 
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TABLE C.:a. SUPERHEATED STEAM SI UNITS (Cont i nued) 

TEMPERATURER DEG C 
ABS PRESS (TEMPERATU E. K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 450 475 500 525 550 575 500 650 

DEG C (723.15) (748.15) (773.15) (798.15) (823.15) (848.15) (873.15) (923.15) 

v 1.256 48.500 77 .921 81. 062 84.165 87.236 90.281 93.303 95.306 102.25 
4100 U 1089.4 2601.0 3010.4 3054.6 3098.8 3143.0 3187.5 3232.1 3277.1 3367.9 

(251.80) H 1094.6 2799.9 3329.9 3387.0 3443.9 3500.7 3557.6 3614.7 3671.9 3787.1 
S 2.8099 6.0583 6.9260 7.0037 7.0785 7.1508 7.2210 7.2893 7.3558 7.4842 

V 1.259 47.307 75.981 79.056 82.092 85.097 88.075 91. 030 93.955 99.787 
4200 U 1096.3 2600.7 3009.4 3053.7 3097.9 3142.3 3186.8 3231.5 3276.5 3367.3 

(253.24) H 1101.6 2799.4 3328.5 , 3385.7 3442.7 3499.7 3556.7 3613.8 3671. 1 3785.4 
S 2.8231 6.0482 6.9.1a5 6.9913 7.0662 7.1387 7.2090 7.2774 7.3440 7.4724 

V 1.262 46.168 74.131 77.143 80.116 83.057 85.971 88.863 91. 735 97.428 
4300 U 1103.1 2600.3 3008.4 3052.8 3097.1 3141.5 3186.0 3230.8 3275.8 3366.8 

(264.86) . H 1108.5 2798.9 3327.1 3384.5 3441.6 3498.6 3555.7 3612.9 3670.3 3785.7 
S 2.8360 6.0383 6.9012 6.9792 7.0543 7.1269 7.1973 7.2658 7.3324 7.4610 

V 1.266 45.079 72.365 75.317 78.229 81. 110 83.953 86.794 89.605 95.177 
4400 U 1109.8 2599.9 3007.4 3051.9 3095.3 3140.7 3185.3 3230.1 3275.2 3366.2 

(256.05) H 1115.4 2798.3 3325.8 3383.3 3440.5 3497.6 3554.7 3612.0 3669.5 3785.0 
S 2.8487 6.0286 6.8892 6.9574 7.0426 7.1153 7.1858 7.2544 7.3211 7.4498 

V 1.269 44.037 70.677 73.572 76.427 79.249 82.044 84.817 87.570 93.025 
4500 U 1116.4 2599.5 3006.3 3050.9 3095.4 3139.9 3184.5 3229.5 3274.6 3365.7 

(257.41) H 1122.1 2797.7 3324.4 3382.0 3439.3 3495.6 3553.8 3611.1 3668.6 3784.3 
S 2.8612 6.0191 6.8774 6.9558 7.0311 7.1040 7.1746 7.2432 7.3100 7.4388 

V 1.272 43.038 69.063 71.903 74.702 77 .469 80.209 82.926 85.623 90.957 
4600 U 1122.9 2599.1 3005.3 3050.0 3094.6 3139.2 3183.9 3228.8 3273.9 3365.1 

(258.75) H 1128.8 2797.0 3323.0 3380.8 3438.2 3495.5 3552.8 3610.2 3667.8 3783.6 
S 2.8735 6.0097 6.8659 6.9444 7.0199 7.0928 7.1636 7.2323 7.2991 7.4281 

V 1.276 42.081 67.517 70.304 73.051 75.765 78.452 81.116 83.760 88.997 
4700 U 1129.3 2598.6 3004.3 3049.1 3093.7 3138.4 3183.1 3228.1 3273.3 3364.6 

(260.07) H 1135.3 2796.4 3321.6 3379.5 3437.1 3494.5 3551.9 3609.3 3667.0 3782.9 
S 2.8855 6.0004 6.8545 6.9332 7.0089 7.0819 7.1527 7.2215 7.2885 7.4176 

V 1.279 41. 161 66.036 68.773 71.469 74.132 76.768 79.381 81.973 87.109 
4800 U 1135.6 2598.1 3003.3 3048.2 3092.9 3137.6 3182.4 3227.4 3272.7 3364.0 

(261. 37) H 1141.8 2795.7 3320.3 3378.3 3435.9 3493.4 3550.9 3608.5 3666.2 3782.1 
S 2.8974 5.99.13 6.8434 6.9223 6.9981 7.0712 7.1422 7.2110 7.2781 7.4072 

V 1.282 40.278 64.615 67.303 89.951 72.565 75.152 77.716 80.260 85.298 
4900 U 1141.9 2597.6 3002.3 3047.2 3092.0 3136.8 3181.7 3226.8 3272.0 3363.5 

(262.65) H 1148.2 2794.9 3318.9 3377 .0 3434.8 3492.4 3549.9 3607.6 3665.3 3781.4 
S 2.9091 5.9823 6.8324 6.9115 6.9874 7.0607 7.1318 7.2007 7.267B 7.3971 

V 1.286 39.429 63.250 65.893 68.494 71.061 73.602 76.119 78.615 83.559 
5000 U 1148.0 2597.0 3001. 2 3046.3 3091. 2 3136.0 3181. 0 3226.1 3271.4 3362.9 

(263.91) H 1154.5 2794.2 3317.5 3375.8 3433.7 3491. 3 3549.0 3606.7 3664.5 3780.7 
S 2.9206 5.9735 6.8217 6.9009 6.9770 7.0504 7.1215 7.1906 7.2578 7.3872 

V 1.289 38.611 61.940 64.637 67.094 69.616 72.112 74.584 77.035 81.888 
5100 U 1154.1 2596.5 3000.2 3045.4 3090.3 3135.3 3180.2 3225.4 3270.8 3362.4 

(265.15) H 1160.7 2793.4 3316.1 3374.5 3432.5 3490.3 3548.0 3605.8 366Um 3780.0 
S 2.9319 6.9648 6.8111 6.8905 6.9668 7.0403 7.1115 7.1807 7.3775 

V 1.292 37.824 60.679 63.234 66.747 68.227 70.679 73.108 75.516 80.282 

1200 U 1160.1 2595.9 2999.2 3044.5 3089.5 3134.5 3179.5 3224.7 3270.2 3361.8 
( 66.37) H 1166.8 2792.6 3314.7 3373.3 3431.4 3489.3 3547.1 3604.9 

366U382 
3779.3 

S 2.9431 5.9561 6.8007 6.8803 6.9567 7.0304 7.1017 7.1709 7.3679 

V 1.295 37.066 59.466 61.980 64.452 66.890 69.300 71.687 74.054 78.736 

1300 U 1166.1 2595.3 2998.2 3043.5 3088.6 3133.7 3178.8 3224.1 3269.5 3361.3 
( 67.58) H 1172.9 2791. 7 3313.3 3372.0 3430.2 3488.2 3546.1 3604.0 3662.0 3778.6 

S 2.9641 5.9476 6.7905 6.8703 6.9468 7.0206 7.0920 7.1613 7.2287 7.3585 

V 1.299 36.334 58.297 60.772 63.204 65.603 67.973 70.320 72.646 77.248 
5400 U 1171.9 2694.6 2997.1 3042.6 3~.8 3132.9 3178.1 3223.4 3268.9 3360.7 

(288.76) H 1178.9 2790.8 3311.9 3370.8 34 .1 3487.2 3545.1 3603.1 3661.2 3777.8 
S 2.9550 5.9392 6.7804 6.8604 6.9371 7.0110 7.0825 7.1519 7.2194 7.3493 

V 1.302 35.628 57.171 59.608 62.002 64.362 66.694 69.002 71.289 75.814 

1600 U 1177.7 2694.0 299.6.1 3041. 7 3086.9 3132.1 3177.3 3222.7 3268.3 3360.2 
( 69.93) H 1184.9 2789.9 3310.5 3369.5 3427.9 3486.1 3544.2 3602.2 3660.4 3777.1 

S 2.9757 5.9309 6.7705 6.8607 6.9275 7.0015 7.0731 7.1426 7.2102 7.3402 

V 1.306 
26t:r

6 66.085 68.486 60.843 63.165 65.460 67.731 69.981 74.431 

1600 U 1183.5 2995.0 3040.7 3086.1 3131.3 3176.6 3222.0 3267.6 3369.6 
( 71.09) H 1190.8 2789.0 3309.1 3368.2 3426.8 3485.1 3643.2 3601.3 3659.5 3776.4 

S 2.9863 5.9227 6: 7607 6.8411 6.9181 6.9922 7.0639 7.1335 7.2011 7.3313 

V 1.309 34.288 65.038 67.403 69.724 82.011 64.270 66.504 68.719 73.095 
6700 U 1189.1 2692.6 2994.0 3039.8 =.2 3130.5 3175.9 3221. 3 3267.0 3369.1 

(272.22) H 1196.6 2788.0 3307.7 3367.0 34 6.6 3484.0 3542.2 3600.4 3658.7 3775.7 
S 2.99.68 5.9146 6.7511 6.8316 6.9088 6.9831 7.0549 7.1245 7.1923 7.3226 

! 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERATURE~ DEG C 
ASS PRESS (TEMPERATU E, K) 

KPA SAT SAT 
(SAT TEIIP) WATER STEAM 280 290 300 325 350 375 400 425 

DEG C (563.15) (553.15) (573.15) (598.15) (623.15) (648.15) (673.15) (698.15) 

V 1.312 33.651 34.756 36.301 37.736 40.982 43.902 46.611 49.176 51.638 
5800 U 1194.7 2591. 9 2614.4 2645.7 2674.6 2739.1 2796.3 2848.9 2898.6 2946.4 

(273.36) H 1202.3 2787.0 2816.0 2856.3 2893.5 2976.8 3061.0 3lt9.3 3183.8 3245.9 
S 3.0071 5.9066 6.9592 6.0314 6.0969 6.2393 6.3608 6.4683 6.5660 6.6665 

V 1.316 33.034 33.953 35.497 36.928 40.154 43.048 45.728 48.262 50.693 
5900 U 1200.3 2591. 1 2610.2 2642.1 2671.4 2736.7 2794.4 2847.3 2897.2 2945.2 

(274.46) H 1208.0 2786.0 2810.5 2851.5 2889.3 2973.6 3048.4 3117.1 3182.0 3244.3 
S 3.0172 5.8986 5.9431 6.0186 6.0830 6.2272 6.3496 6.4678 6.5560 6.6469 

V 1.319 32.438 33.173 34.718 36.145 39.363 42.222 44.874 47.379 49.779 
6000 U 1206.8 2690.4 2606.9 2638.4 2668.1 2734.2 2792.4 2845.7 2895.8 2944.0 

(275.65) H 1213.7 2786.0 2804.9 2846.7 ~:8a92 2970.4 3046.8 3lt5.0 3180.1 3242.6 
S 3.0273 6.8908 6.9270 6.0017 6.2151 6.3386 6.4475 6.5462 6.6374 

V 1.322 31.860 32.415 33.962 36.386 38.577 41.422 44.048 46.624 48.895 
6100 U 1211.2 2589.6 2601.5 2634.6 2664.8 2731. 7 2790.4 2844.1 2894.6 2942.8 

(276.63) H 1219.3 2783.9 2799.3 2841.8 2880.7 2967.1 3043.1 3112.8 3178.3 3241.0 
S 3.0372 5.8830 5.9108 6.9869 6.0555 6.2031 6.3277 6.4373 6.5364 6.6280 

V 1.326 31.300 31.679 33.227 34.650 37.825 40.648 43.248 46.697 48.039 
6200 U 1216.6 2688.8 2597.1 2630.8 2661.5 2729.2 2788.5 2842.4 2893.1 2941.6 

(277.70) H 1224.8 2782.9 2793.6 2836.8 2876.3 2963.8 3040.5 3110.6 3176.4 3239.4 
S 3.0471 5.8753 5.8946 5.9721 6.0418 6.1911 6.3168 6.4272 6.5268 6.6188 

V 1.328 30.757 30.962 32.514 33.935 37.097 39.898 42.473 44.895 47.210 
6300 U 1221.9 2588.0 2592.6 2626.9 2658.1 2726.7 2786.5 2840.8 2891.7 2940.4 

(278.75) H 1230.3 2781.8 2787.6 2831.7 2871.9 2960.4 3037.8 3108.4 3174.5 3237.8 
S 3.0568 5.8677 5.8783 5.9573 5.0281 6.1793 6.3051 6.4172 6.5173 6.6096 

V 1.332 30.230 .30.265 31.821 33.241 36.390 39.170 41. 722 44.119 46.407 
6400 U 1227.2 2587.2 2587.9 2623.0 2654.7 2724.2 2784.4 .2839.1 2890.3 2939.2 

(279.79) H 1235.7 2780.6 2781.6 2826.6 2867.5 2957.1 3035.1 3105.2 3172.7 3236.2 
S 3.0664 5.6601 5.6619 5.9425 6.0144 6.1675 6.2955 6.4072 6."5079 6.6005 

V 1.335 29.719 31. 146 32.567 35.704 38.465 40.994 43.366 45.629 
6500 U 1232.5 2566.3 2619.0 2651.2 2721.6 2782.4 2837.5 2888.9 2938.0 

(280.82) H1241.1 2779.5 2821.4 2862.9 2953.7 3032.4 3103.9 3170.8 3234.5 
S 3.0759 5.8527 5.9277 6.0008 6.1558 6.2849 6.3974 6.4986 6.5917 

V 1.338 29.223 30.490 31.911 35.038 37.781 40.287 42.636 44.874 
6600 U 1237.6 2585.5 2614.9 2647.7 2719.0 2780.4 2835.8 2887.5 2936.7 

(281.84) H 1246.5 2778.3 2816.1 2858.4 2950.2 3029.7 3101. 7 3168.9 3232.9 
S 3.0853 5.8452 5.9129 5.9872 6.1442 6.2744 6.3877 6.4894 6.5828 

V 1.342 28.741 29.850 31. 273 34.391 37.116 39.601 41. 927 44.141 
6700 U 1242.8 2584.6 2610.8 2644.2 2716.4 2778.3 2834.1 2886.1 2935.5 

(282.84) H 1251.8 ~777. 1 2810.8 2853.7 2946.8 3027.0 3099.5 3167.0 3231.3 
S 3.0946 ~ 5.8379 5.8980 5.9736 6.1326 6.2640 6.3781 6.4803 6.5741 

V 1.345 28.272 29.226 30.652 33.762 36.470 38.935 41. 239 43.430 
6800 U 1247.9 2583.7 ......... 2605.6 2640.6 2713.7 2776.2 2832.4 2884.7 2934.3 

(283.84) H 1257.0 2775.9 2806.3 2849.0 2943.3 3024.2 3097.2 3165.1 3229.5 
S 3.1038 5.8306 5.8830 5.9599 6.1211 6.2537 6.3686 6.4713 6.5655 

V 1.351 27.373 28.024 29.457 32.556 35.233 37.660 39.922 42.058 
7g00 U 1258.0 2581.8 2597.9 2633.2 2708.4 2772.1 2829.0 2881.8 2931.8 

(25.79) H 1267.4 2773.5 2794.1 2839.4 2936.3 3018.7 3092.7 3161.2 3226.3 
S 3.1219 5.8162 5.8530 5.9327 6.0982 6.2333 6.3497 6.4536 6.5485 

V 1.358 26.522 26.878 28.321 31.413 34.063 36.454 38.676 40.781 
7200 U 1267.9 2579.9 2589.0 2625.6 2702.9 2767.8 2825.6 2878.9 2929.4 

(287.70) H 1277.6 2770.9 2782.5 2829.5 2929.1 3013.1 3088.1 3157.4 3223.0 
S 3.1397 5.8020 5.8226 5.9064 6.0755 6.2132 6.3312 6.4362 6.5319 

V 1.364 25.715 25.781 27.238 30.328 32.954 35.312 37.497 39.564 
7400 U 1277.6 2578.0 2579.7 2617.8 2697.3 2763.5 2822.1 2876.0 2926.9 (289.57) H 1287.7 2768.3 2770.5 2819.3 2921.8 3007.4 3083.4 3153.5 3219.6 

S 3.1571 5.7880 5.7919 5.8779 6.0630 6.1933 6.3130 6.4190 6.5156 

V 1.371 24.949 26.204 29.297 31. 901 34.229 36.380 38.409 
7600 U 1287.2 2575.9 2609.7 2691. 7 2759.2 2818.6 2873.1 2924.3 

(291.41) H 1297.6 2765.5 2808.8 2914.3 3001.6 3078.7 3149.6 3216.3 
S 3.1742 5.7742 5.8503 6.0306 6.1737 6.2950 6.4022 6.4996 

V 1.378 24.220 25.214 28.315 30.900 33.200 35.319 37.314 
7800 U 1296.7 2573.8 2601. 3 2685.9 2754.8 2815.1 2870.1 2921.8 

(293.21) H 1307.4 2762.8 2798.0 2906.7 2995.8 3074.0 3145.6 3212.9 
S 3.1911 5.7606 5.8224 6.0082 6.1542 6.2773 6.3857 6.4839 

V 1.384 23.525 24.264 27.378 29.948 32.222 34.310 36.273 
8000 U 1306.0 2571. 7 2592.7 2679.9 2750.3 2811.5 2867.1 2919.3 

(294.97) H 1317.1 2759.9 2786.8 2899.0 2989.9 3069.2 3141.6 3209.5 
S 3.2076 5.7471 5.7942 5.9860 6.1349 6.2599 6.3694 6.4684 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (COntinued) 

TEMPERATURE~ DEG C 
ABS PRESS (TEMPERATU E, K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM -450 -475 500 525 550 575 600 650 

DEG C (723.15) (748.15) (773.15) (798.15) (823.16) (848.15) (873.16) (923.15) 

v 1. 312 33.651 54.026 56.357 58.&.404 60.896 63.120 65.320 67.500 71.807 
5800 U 1194.7 2591.9 2992.9 3038.8 3084.-4 3129.8 3175.2 3220.7 3266.-4 3358.5 

(273.36) H 1202.3 2787.0 3306.3 3365.7 342-4.5 3483.0 35-41.2 3599.6 3657.9 3775.0 
S 3.0071 5.9066 6.7416 6.8223 6.8996 6.9740 7.0460 7.1157 7.1835 7.3139 

V 1. 315 33.03-4 53.048 55.346 57.600 59.819 62.010 64.176 66.322 70.563 
5900 U 1200.3 2591.1 2991. 9 3037.9 3083.5 3129.0 317-4.4 3220.0 3265.7 3357.9 

(274.46) H 1208.0 2786.0 3304.9 3364.-4 3423.3 3481. 9 35-40.3 3598.6 3657.0 377-4.3 
S 3.0172 6.8986 6.7322 6.8132 6.8906 6.9652 7.0372 7.1070 7.17-49 7.3064 

V 1.319 32.438 52.103 54.369 56.592 68.778 60.937 63.071 65.184 69.359 
6000 U 1206.8 2590.4 2990.8 3036.9 3082.6 3128.2 3173.7 3219.3 3265.1 3357.4 

(275.55) H 1213.7 2785.0 3303.5 3363.2 3422.2 3480.8 3539.3 3597.7 3656.2 3773.5 
S 11. 0273 5.8908 6.7230 6.8041 6.8818 6.9564 7.0285 7.0985 7.166-4 7.2971 

V 1. 322 31.860 61. 189 53.-42-4 55.616 67.771 59.898 62.001 64.083 68.196 
6100 U 1211.2 2589.6 2989.8 3036.0 3081.8 3127.4 3173.0 3218.6 3264.5 3356.8 

(276.63) H 1219.3 2783.9 3302.0 3361.9 3421. 0 3479.8 3538.3 3596.8 3655.4 3772.8 
S 3.0372 5.8830 6.7139 6.7952 6.8730 6.9478 7.0200 7.0900 7.1581 7.2889 

V 1.325 31.300 50.304 52.510 54.671 56.797 58.894 60.966 63.018 67.069 
6200 U 1216.6 2588.8 2988.7 3035.0 3080.9 3126.6 3172.2 3218.0 3263.8 3356.3 

(277.70) H 122-4.8 2782.9 3300.6 3360.6 3419.9 3478.7 3537.-4 3595.9 3654.5 3772.1 
S 3.0471 5.8753 6.7049 6.786-4 6.86-44 6.9393 7.0116 7.0817 7.1-498 7.2808 

V 1.328 30.757 49.447 51.624 53.757 55.853 57.921 59.96-4 61.986 65.979 
6300 U 1221.9 2588.0 2987.7 3034.1 3080.1 3125.8 3171.5 3217.3 3263.2 3355.7 

(278.75) H 1230.3 2781.8 3299.2 3359.3 3418.7 3477.7 3536.4 3595.0 3653.7 3771.4 
S 3.0668 5.8677 6.6960 6.7778 6.8559 6.9309 7.003-4 7.0735 7.1-417 7.2728 

V 1.332 30.230 -48.617 50.767 52.871 54.939 56.978 58.993 60.987 64.922 
6400 U 1227.2 2587.2 2986.6 3033.1 3079.2 3125.0 3170.8 3216.6 3262.6 3355.2 

(279.79) H 1235.7 2780.6 3297.7 3358.0 3417.6 3476.6 3535.-4 3594.1 3652.9 3770.7 
S 3.1]664 5.8601 6.6872 6.7692 6.8475 6.9226 6.9952 7.0656 7.1337 7.2649 

V 1.335 29.719 -47.812 49.935 52.012 6-4.063 66.065 58.062 60.018 63.898 
6500 U 1232.5 2686.3 2985.5 3032.2 3078.3 312-4.2 317.0.0 3215.9 3261.9 3354.6 

(280.82) H1241.1 2779.5 3296.3 3356.8 3416.-4 3475.6 3534 .-4 3593.2 3652.1 3770.0 
S 3.0769 6.8527 6.6785 6.7608 6.8392 6.9145 6.9871 7.0675 7.1268 7.2672 

V 1. 338 29.223 -47.031 49.129 51. 180 53.194 65.179 67.139 69.079 62.906 6600 U 1237.6 2685.5 2984.5 3031.2 3077.-4 3123.-4 3169.3 3215.2 3261.3 335-4.1 (281.84) H 12-46.5 2778.3 3294.9 3355.6 3415.2 3474.5 3533.5 3592.3 3651.2 3769.2 S 3.0853 5.8452 6.6700 6.752-4 6.8310 6.906-4 6.9792 7.0497 7.1181 7.2495 

V 1.342 28.7-41 -46.27-4 -48.346 60.372 62.361 54.320 56.26-4 58.168 61.942 6700 U 1242.8 2684 .6 2983.-4 3030.3 3076.6 3122.6 3168.6 321-4.5 3260.7 3353.5 (282.84) H 1251.8 2777 .1 3293.-4 335-4.2 341-4.1 3473.-4 3532.5 3591.-4 3650.-4 3768.5 S 3.0946 6.8379 6.6616 6.7-4-42 6.8229 6.8985 6.971-4 7.0419 7.1104 7.2-420 

V 1.3-45 28.272 -45.539 -47.587 -49.588 51.552 53.-486 55.395 57.283 61.007 6800 U 1247.9 2583.7 2982.3 3029.3 3075.7 3121.8 3167.8 3213.9 3260.0 3353.0 (283.84) H 1257.0 2775.9 3292.0 3352.9 3412.9 3472.-4 3531.5 3590.5 3&.49.6 3767.8 S 3.1038 5.8306 6.6632 6.7361 6.8150 6.8907 6.9636 7.03-43 7.1028 7.2345 
V 1.351 27.373 -4-4.131 -46.133 48.086 50.003 51.889 53.750 65.590 59.217 7000 U 1258.0 2581.8 2980.1 3027.4 307-4.0 3120.2 3166.3 3212.5 3258.8 3351.9 (285.79) H 1267.-4 2773.5 3289.1 3350.3 3410.6 3470.2 3529.6 3588.7 3&.47.9 3766.-4 S 3.1219 5.8162 6.6368 6.7201 6.7993 6.8763 6.9485 7.0193 7.0880 7.2200 

V 1.358 26.522 42.802 -4-4.759 46.668 48.540 50.381 52.197 53.991 57.527 7200 U 1267.9 2579.9 2978.0 3025.4 3072.2 3118.6 3164.9 3211.1 3257.5 3350.7 (287.70) H 1277.6 2770.9 3286.1 3347.7 3-408.2 3468.1 3527.6 3585.9 3&.46.2 3764.9 S 3.1397 5.8020 6.6208 6.704-4 6.7840 6.8602 6.9337 7.0047 7.0735 7.2068 

V 1. 364 25.715 -41.5-44 43.460 45.327 47.156 -48.95-4 50.727 62.478 55.928 7-400 U 1277.6 2678.0 2975.8 3023.5 3070.-4 3117.0 3163.4 3209.8 3256.2 3349.6 (289.57) H 1287.7 2768.3 3283.2 33-45.1 3405.9 3466.0 3525.7 3585.1 3&.4-4.5 3763.5 S 3.1571 5.7880 6.6050 6.6892 6.7691 6.8456 6.9192 6.9904 7.0594 7.1919 

V 1.371 24.949 40.351 42.228 4-4.065 45.845 -47.603 -49.335 51.045 5-4.413 7600 U 1287.2 2575.9 2973.6 3021.6 3068.7 3115.4 3161.9 3208.-4 325-4.9 3348.5 (291. -41) H 1297.6 2765.5 3280.3 3342.5 3403.5 3463.8 3523.7 3683.3 3&.42.9 3762.1 S 3.17-42 5.77-42 6.5896 6.67-42 6.7645 6.8312 6.9051 6.9765 7.0457 7.1784 

V 1.378 2-4.220 39.220 -41.060 42.850 4-4.601 46.320 -48.01-4 49.686 52.976 7800 U 1296.7 2573.8 2971. -4 3019.6 3066.9 3113.8 3160.4 3207.0 3253.7 3347.4 (293.21) H 1307.4 2762.8 3277.3 3339.8 3401.1 3461.7 3521.7 3581.5 3&.41. 2 3760.6 S 3.1911 5.7605 6.5745 6.6696 6.7-402 6.8172 6.8913 6.9629 7.0322 7.1652 

V 1.38-4 23.525 38.1-45 39.950 41.704 43.419 45.102 46.769 -48.394 51.611 8000 U 1306.0 2571. 7 2969.2 3017.6 3065.1 3112.2 3158.9 3205.6 3252.4 3346.3 (294.97) H 1317.1 2759.9 3274.3 3337.2 3398.8 3459.5 3519.7 3579.7 3639.5 3759.2 S 3.2076 5.7471 6.5597 6.6452 6.7262 6.8035 6.8778 6.9496 7.0191 7.1523 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERATURE~ DEG C 
ASS PRESS (TEMPERATU E. K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 300 320 340 360 380 400 425 450 

DEG C (573.15) (593.15) (613.15) (633.15) (653.15) (673.15) (698.15) (723.15) 

V 1.391 22.863 23.350 25.916 28.064 29.968 31. 715 33.350 35.282 37.121 
8200 U 1315.2 2569.5 2583.7 2657.7 2718.5 2771.5 2819.5 2864.1 2916.7 2965.9 

(296.70) H'1326.6 2757.0 2775.2 2870.2 2948.6 3017.2 3079.5 3137.6 3206.0 3271. 3 
S 3.2239 5.7338 5.7656 5.9288 6.0588 6.1689 6.2659 6.3534 6.4532 6.5452 

V 1.398 22.231 22.469 25.058 27.203 29.094 30.821 32.435 34.337 36.147 
8400 U 1324.3 2667.2 2674.4 2651. 1 2713.4 2767.3 2816.0 2861. 1 2914.1 2964.7 

(298.39) H 1336.1 2754.0 2763.1 2861.6 2941.9 3011. 7 3074.8 3133.5 3202.6 3268.3 
S 3.2399 5.7207 5.7365 5.9056 6.0388 6.1609 6.2491 6.3376 6.4383 6.6309 

V 1.404 21.627 24.236 26.380 28.258 29.968 31.661 33.437 35.217 
8600 U 1333.3 2564.9 2644.3 2708.1 2763.1 2812.4 2858.0 2911.6 2962.4 

(300.06) H 1345.4 2750.9 2852.7 2935.0 3006.1 3070.1 3129.4 3199.1 3265.3 
S 3.2557 5.7076 5.8823 6.0189 6.1330 6.2326 6.3220 6.4236 6.5168 

V 1.411 21.049 23.446 25.592 27.459 29.153 30.727 32.576 34.329 
8800 U 1342.2 2562.6 2637.3 2702.8 2768.8 2808.8 2854.9 2908.9 2960.1 

(301.70) H 1354.6 2747.8 2843.6 2928.0 3000.4 3065.3 3125.3 3195.6 3262.2 
S 3.2713 5.6948 5.8590 5.9990 6.1152 6.2162 6.3067 6.4092 6.5030 

V 1.418 20.495 22.685 24.836 26.694 28.372 29.929 31. 754 33.480 
9000 U 1351.0 2560.1 2630.1 2697.4 2764.4 2805.2 2851.8 2906.3 2957.8 

(303.31) H 1363.7 2744.6 2834.3 2920.9 2994.7 3060.5 3121.2 3192.0 3259.2 
S 3.2867 5.6820 5.8355 5.9792 6.0976 6.2000 6.2915 6.3949 6.4894 

V 1.425 19.964 21.952 24.110 25.961 27.625 29.165 30.966 32.668 
9200 U 1359.7 2557.7 2622.7 2691.9 2750.0 2801.5 2848.7 2903.6 2955.5 

(304.89) H 1312.8 2741. 3 2824.7 2913.7 2988.9 3055.7 3117.0 3188.5 3256.1 
S 3.3018 5.6594 5.8118 5.9594 6.0801 6.1840 6.2765 6.3808 6.4760 

V 1.432 19.455 21.245 23.412 25.257 26.909 28.433 30.212 31.891 
9400 U 1368.2 2555.2 2615.1 2686.3 2745.6 2797.8 2845.6 2900.9 2953.2 

(306.44) H 1381.7 2738.0 2814.8 2906.3 2983.0 3060.7 3112.8 3184.9 3253.0 
S 3.3168 5.6568 5.7879 5.9397 6.0627 6.1681 6.2617 6.3659 6.4628 

V 1.439 18.965 20.561 22.740 24.581 26.221 27.731 29.489 31.145 
9600 U 1376.7 2552.6 2607.3 2680.5 2741. 0 2794.1 2842.3 2898.2 2950.9 

(307.97) H 1390.6 2734.7 2804.7 2898.8 2977 .0 3045.8 3108.5 3181.3 3249.9 
S 3.3315 5.6444 5.7637 5.9199 6.0454 6.1524 6.2470 6.3632 6.4498 

V 1.446 18.494 19.899 22.093 23.931 25.561 27.056 28,795 30.429 9800 U 1385.2 2550.0 2599.2 2674.7 2736.4 2790.3 2839.1 2895.5 2948.6 (309.48) H 1399.3 2731. 2 2794.3 2891.2 2971.0 3040.8 3104.2 3177.7 3246.8 S 3.3461 5.6321 5.7393 5.9001 6.0282 6.1368 6.2325 6.3397 6.4369 

V 1.453 18.041 19.256 21.468 23.305 24.926 26.408 28.128 29.742 10000 U 1393.5 2547.3 2590.9 2668.7 2731.8 2786.4 2835.8 2892.8 2946.2 (310.96) H 1408.0 2727.7 2783.5 2883.4 2964.8 8035.7 3099.9 3174.1 3243.6 S 3.3605 5.6198 5.7145 5.8803 6.0110 6.1213 6.2182 6.3264 6.4243 

V 1.460 17.605 18.632 20.865 22.702 24.315 25.785 27.487 29.081 10200 U 1401. 8 2544.6 2582.3 2652.6 2727.0 2782.6 2832.6 2890.0 2943.9 (312.42) H 1416.7 2724.2 2772.3 2875.4 2958.6 3030.6 3095.6 3170.4 3240.5 S 3.3748 5.6076 5.6894 5.8604 5.9940 6.1059 6.2040 6.3131 6.4116 

V 1.467 17.184 18.024 20.282 22.121 23.726 28~J86 26.870 28.446 10400 U 1410.0 2541.8 2573.4 2656.3 2722.2 2778.7 2~.3 2941.5 (313.86) H 1425.2 2720.6 2760.8 2867.2 2952.3 3025.4 3091.2 31 .7 3237.3 S 3.3889 5.5955 li .6538 5.8404 5.9769 6.0907 6.1899 6.3001 6.3994 

V 1.474 16.778 17.432 19.717 21.560 23.159 24.607 26.276 27.834 10600 U 1418.1 2539.0 2554.1 2649.9 2717.4 2774.7 2825.9 ~.5 2939.1 (315.27) H 1433.7 2716.9 2748.9 2858.9 2945.9 3020.2 3086.8 31 3.0 3234.1 S 3.4029 5.5835 5.6376 5.8203 5.9599 6.0755 6.1759 6.2872 6.3872 

V 1.481 16.385 16.862 19.170 21.018 22.612 24.050 25.703 27.245 10800 U 1426.2 2536.2 2554.5 2643.4 2712.4 2770.7 2822.6 2881. 7 2936.7 (316.67) H 1442.2 2713.1 2736.5 2860.4 2939.4 3014.9 3082.3 3159.3 3230.9 S 3.4167 5.5715 5.6109 5.8000 5.9429 6.0604 6.1621 6.2744 6.3752 

V 1.489 16.006 16.285 18.639 20.494 22.083 23.512 25.151 26.676 11000 U 1434.2 2533.2 2544.4 2636.7 2707.4 2765.7 2819.2 2878.9 2934.3 (318.05) H 1450.6 2709.3 2723.5 2841. 7 2932.8 3009.6 3077.8 3155.5 3227.7 S 3.4304 . ~ .. 5.5595 5.5835 5.7797 5.9269 6.0454 6.1483 6.2617 6.3633 

V 1.496 15.639 15.726 18.124 19.987 21.573 22.993 24.619 26.128 11200 U 1442.1 2530.3 2533.8 2629.8 2702.2 2762.5 2815.8 2876.0 2931.8 (319.40) H 1458.9 2705.4 2710.0 2832.8 29':~090 3004.2 3073.3 3151. 7 3224.5 S 3.4440 5.5476 5.5553 5.7591 6.0305 6.1347 6.2491 6.3515 

V 1.504 15.284 17 .622 19.495 21.079 22.492 24.104 28.599 11400 U 1450.0 2527.2 2622.7 2697.0 2758.4 2812.3 2873. 1 2929.4 (320.74) H 1467.2 2701. 5 2823.6 2919.3 2998.7 3068.7 3147.9 3221.2 S 3.4575 5.5357 5.7383 5.8920 6.0156 6.1211 6.2367 6.3399 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERATURE
R 

DEG C 
ASS PRESS (TEMPERATU E. K ) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 475 500 525 550 575 600 625 650 DEG C (748.15) (773.15) (798.15) (823.15) (848.15) (873.15) (898.15) (923.15) 

V 1. 391 22.863 38.893 40.614 42.295 43.943 45.566 47.166 48.747 50.313 8200 U 1315.2 2569.5 3015.6 3063.3 3110.5 3157.4 3204.3 3251. 1 3298.1 3345.2 (295.70) H 1326.6 2757.0 3334.5 3395.4 3457.3 3517 .8 3577 .9 3637.9 3697.8 3757.7 
S 3.2239 5.7338 6.6311 6.7124 6.7900 6.8646 6.9365 7.0062 7.0739 7.1397 

V 1.398 22.231 37.887 39.576 41.224 42.839 44.429 45.996 47.544 49.076 8400 U 1324.3 2567.2 3013.6 3061.6 3108.9 3155.9 3202.9 3249.8 3295.9 3344.1 (298.39) H 1336.1 2754.0 3331.9 3394.0 3455.2 3515.8 3576.1 3636.2 3696.2 3756.3 
S 3.2399 5.7207 6.6173 6.6990 6.7769 6.8516 6.9238 6.9936 7.0614 7.1274 

V 1.404 21.627 36.928 38.586 40.202 41. 187 43.345 44.880 46.397 47.897 8600 U 1333.3 2564.9 3011. 6 3059.8 3107.3 3154.4 3201. 5 3248.5 3295.7 3342.9 (300.06) H.I345.4 2750.9 3329.2 3391.6 3453.0 3513.8 3574.3 3634.5 3694.7 3754.9 
S 3.2557 5.7076 6.6037 6.6858 6.7639 6.8390 6.9113 6.9813 7.0492 7.1153 

V 1.411 21.049 36.011 37.640 39.228 40.782 42.310 43.815 45.301 46.771 8800 U 1342.2 2562.6 3009.6 3058.0 3105.6 3152.9 3200.1 3247.2 3294.5 3341.8 (301.70) H 1354.6 2747.8 3326.5 3389.2 3450.8 3511.8 3572.4 3632.8 3693.1 3753.4 
S 3.2713 5.6948 6.5904 6.6728 6.7513 6.8265 6.8990 6.9692 7.0373 7.1035 

V 1. 418 20.495 35.136 36.737 38.296 39.822 41. 321 42.798 44.255 45.695 9000 U 1351.0 2560.1 3007.6 3056.1 3104.0 3151.4 3198.7 3246.0 3293.3 3340.7 (303.31) H 1363.7 2744.6 3323.8 3386.8 3448.7 3509.8 3570.6 3631. 1 3691. 6 3752.0 
S 3.2867 5.6820 6.5773 6.6600 6.7388 6.8143 6.8870 6.9574 7.0256 7.0919 

V 1.425 19.954 34.298 35.872 37.405 38.904 40.375 41.824 43.254 44.667 9200 U 1359.7 2557.7 3005.6 3054.3 3102.3 3149.9 3197.3 3244.7 3292.1 3339.6 (304.89) H 1372.8 2741. 3 3321. 1 3384.4 3446.5 3507.8 3568.8. 3629.5 3690.0 3750.5 
S 3.3018 5.6694 6.5644 6.6475 6.7266 6.8023 6.8752 6.9457 7.0141 7.0806 

V 1.432 19.455 33.495 35.045 36.552 38.024 39.470 40.892 42.295 43.682 9400 U 1368.2 .2555.2 3003.5 3052.5 3100.7 3148.4 3195.9 3243.4 3290.9 3338.5 (306.44) H 1381.7 2738.0 3318.4 3381.9 3444.3 3505.9 3566.9 3627.8 3688.4 3749.1 
S 3.3168 5.6568 6.5517 6.6352 6.7146 6.7906 6.8637 6.9343 7.0029 7.0695 

V 1.439 18.955 32.726 34.252 35.734 37.182 38.602 39.999 41. 377 42.738 9600 U 1376.7 2552.6 3001. 5 3060.7 3099.0 3146.9 3194.5 3242.1 3289.7 3337.4 (307.97) H 1390.6 2734.7 3315.6 3379.5 3442.1 3503.9 3665.1 3626.1 3686.9 3747.6 
S 3.3315 5.6444 6.5392 6.6231 6.7028 6.7790 6.8523 6.9231 6.9918 7.0585 

V .1. 446 18.494 31.988 33.491 34.949 36.373 37.769 39.142 40.496 41.832 
9800 U 1385.2 2550.0 2999.4 3048.8 3097.4 3145.4 3193.1 3240.8 3288.5 3336.2 

(309.48) H 1399.3 2731. 2 3312.9 3377.0 3439.9 3501. 9 3563.3 3624.4 3685.3 3746.2 
S 3.3461 5.6321 6.5268 6.6112 6.6912 6.7676 6.8411 6.9121 6.9810 7.0478 

V 1.453 18.041 31.280 32.760 34.196 35.597 36.970 38.320 39.650 40.963 
10000 U 1393.5 2547.3 2997.4 3047.0 3095.7 3143.9 3191. 7 3239.5 ""3287.3 3335.1 

(310.96) H 1408.0 2727.7 3310.1 3374.6 3437.7 3499.8 3661.4 3622.7 3683.8 3744.7 
S 3.3605 5.6198 6.5147 6.5994 6.6797 6.7564 6.8302 5.9013 5.9703 7.0373 

V 1.460 17.605 30.599 32.058 33.472 34.851 36.202 37.530 38.837 40.128 
10200 U 1401.8 2544.6 2995.3 3045:2 3094.0 3142.3 3190.3 3238.2 3286.1 3334.0 

(312.42) H 1416.7 2724.2 3307.4 3372.1 3435.5 3497.8 3559.6 3621. 0 3682.2 3743.3 
S '3.3748 5.6076 6.5027 6.5879 6.6685 6.7454 6.8194 6.8907 6.9598 7.0259 

V 1.467 17.184 29.943 31.382 32.776 34.134 35.464 36.770 38.056 39.325 . 
10400 U 1410.0 2541.8 2993.2 3043.3 3092.4 3140.8 3188.9 3236.9 3284.8 3332.9 

(313.86) H 1425.2 2720.6 3304.6 3369.7 3433.2 3495.8 3557.8 3619.3 3680.6 3741.8 
S 3.3889 5.5955 6.4909 6.5765 6.6574 6.7346 6.8087 6.8803 6.9495 7.0167 

V 1.474 16.778 29.313 30.732 32.106 33.444 34.753 36.039 37.304 38.552 
10600 U 1418.1 2539.0 2991. 1 3041.4 3090.7 3139.3 3187.5 3235.6 3283.6 3331. 7 

(315.27) H 1433.7 2716.9 3301.8 3367.2 3431.0 3493.8 3555.9 3617.6 3679.1 3740.4 
S 3.4029 5.5835 6.4793 6.5652 6.6465 6.7239 6.7983 6.8700 6.9394 7.0067 

V 1.481 16.385 28,706 30.106 31.461 32.779 34.069 35.335 36.580 37.808 
1oIt800 U 1425.2 2536.2 2989.0 3039.6 3089.0 3137.8 3186.1 3234.3 3282.4 ~330.6 

(3'16.67) H 1442.2 2713.1 3299.0 3364.7 3428.8 3491.8 3654.1 3615.9 3677.5 738.9 
S 3.4167 5.5715 6.4678 6.5642 6.6367 6:7134 6.7880 6.8699 6.9294 6.9969 

V 1.489 16.006 28.120 29.503 30·t39 32.139 33.410 34.656 35.882 37.091 
11000 U 1434.2 2533.2 2986.9 3037.7 3087. 3136.2 3184.7 3233.0 3281.2 3329.5 

(318.05) H 1450.6 2709.3 3296.2 3362.2 3426.5 3489.7 3552.2 3614.2 3675.9 3737.5 
S 3.4304 5.5595 6.4564 6.5432 6.6261 6.7031 6.7779 6.8499 6.9196 6.9872 

V 1.496 15.639 27.555 28.921 30.240 31.521 32.774 34.002 35.210 36.400 
11200 U 1442.1 2530.3 2984.8 3036.8 3086.6 3134.7 3183.3 3231. 7 3280.0 3328.4 

(319.40) H 1458.9 2705.4 3293.4 3369.7 3424.3 3487.7 3650.4 3612.5 3674.4 3736.0 
S 3.4440 5.5476 6.4452 6.5324 6.6147 6.6929 6.7679 6.8401 6.9099 6.9777 

V 1.504 26~tr" ~7.010 ~p69 29.661 30.926 32.160 33.370 34.560 36.733 
11400 U 1450.0 2 2.6 303 .9 3083.9 3133.1 3181.9 3230.4 3278.8 3327.2 

(320.74) H 1467.2 2701.5 3290.5 3357.2 3422.1 3485.7 3648.5 3610.8 3672.8 3734.6 
S 3.4575 5.5357 6.~341 6.5218 6.6043 .6.6828 6.7680 6.8304 6.9004 6.9683 
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TABLE C.2. 

·ASS PRESS 
KPA 

(SAT TEW) 
DEG C 

"tOO 
(32 .08) 

t1800 
(323.36) 

'12000 
(324.65) 

12200 
(325.91) 

12400 
(327.17) 

12600 
(328.40) 

12800 
(329.62) 

13000 
(330.83) 

13200 
(332.02) 

13-400 
(333.19) 

13600 
(334.36) 

13800 
(335.51) 

14000 
(336.64) 

14200 
(337.76) 

14400 
(338.87) 

14600 
(339.97) 

14800 
(3-41. 06) 

SUPERHEATED STEAM SI UNITS (Continued) 

SAT SAT 

TElJPERATURr& DES C 
(TElJPERA E. K) 

WATER STEAM 3-40 360 
(613.15) (633.15) 

V 1.511 14.940 17.13-4 19.019 
U 1457.9 2524.1 2615.5 2691. 7 
H 1475.4 2697.4 2814.2 2912.3 
S 3.4708 5.5239 5.7174 5.8749 

V 1.519 14.607 16.658 18.557 
U 1465.7 25·21.0 2608.0 2665.3 
H 1483.6 2693.3 2804.6 2905.3 
S 3.4840 5.5121 5.6962 5.8579 

V 1.527 14.283 16.193 18.108 
U 1473.4 2517.8 2600.4 2680.8 
H 1491.8 2689.2 2794.7 2898.1 
S 3.4972 5.5002 5.6747 5.8408 

V 1.535 13.969 15.740 17 .672 
U 1481.2 2514.5 2592.5 2675.2 
H 1499.9 2684.9 2784.5 2890.8 
S 3.5102 5.~884 5.6528 5.8236 

V 1.543 13.664 15.296 17.248 
U 1488.8 2511.1 2584.4 2659.5 
H 1508.0 2680.6 2774.0 2883.4 
S 3.5232 5.4765 5.6307 5.8063 

V 1.551 13.367 14.851 16.836 
U 1496.5 2507.7 2576.0 2653.7 
H 1516.0 2676.1 2763.2 2875.8 
S 3.5361 5.4646 5.6082 5.7889 

V 1.559 13.078 14.43-4 16.433 
U 1504.1 2504.2 2567.3 2657.7 
H 1624.0 2671.6 2752.1 2868.1 
S 3.5488 5.4527 5.5852 5.7715 

V 1.567 12.797 14.015 16.041 
U 1511.5 2500.6 2558.4 2651.6 
H 1532.0 2667.0 2740.6 2850.2 
S 3.5616 5.4408 5.5618 5.7539 

V 1.575 12.523 13.602 15.659 
U 1519.2 2497.0 2549.1 2645.4 
H 1540.0 2662.3 2728.7 2852.1 
S 3.5742 5.4288 5.5378 5.7362 

V 1.584 12.256 13.196 15.285 
U 1526.7 2493.2 2539.5 2639.1 
H 1547.9 2657.4 2716.3 2843.9 
S 3.5858 5.4168 5.5133 5.7183 

V 1.593 11.996 12.793 14.920 
U 1534.2 2489.4 2529.4 2632.6 
H 1555.8 2652.5 2703.4 2835.5 
S 3.5993 5.4047 5.4880 5.7002 

V 1.602 11. 743 12.394 14.563 
U 1541.6 2485.5 2518.9 2625.9 
H 1553.7 2647.5 2689.9 2826.9 
S 3.6118 5.3925 5.4619 5.6820 

V 1.611 11.495 11.997 14.213 
U 1549.1 2481.4 2507.7 2619.1 
H 1571.6 2642.4 2675.7 2818.1 
S 3.6242 5.3803 5.43-48 5.6636 

V 1.620 11.253 11.600 13.871 
U 1556.5 2477.3 2495.9 2612.1 
H 1579.5 2637.1 2660.6 2809.1 
S 3.6366 5.3679 5.4064 5.6449 

V 1.629 11.017 11. 199 13.535 
U 1563.9 2473.1 2483.2 2605.0 
H 1587.4 2631.8 2644.4 2799.9 
S 3.6490 5.3555 5.3762 5.6260 

V 1.638 10.786 10.791 13.205 
U 1571.3 2468.8 2469.1 2597.6 
H 1595.3 2626.3 2626.6 2790.4 
S 3.6613 5.3-431 5.3-436 5.6069 

V 1.648 10.561 12.881 
U 1578.7 2464.4 2590.1 
H 1603.1 2620.7 2780.7 
S 3.6736 5.3305 5.5874 

380 400 420 440 460 480 
(653.15) (673.15) (693.15) (713.15) (733.15) (763.15) 

20.601 22.007 23.298 24.607 25.655 25.765 
2754.2 2808.8 2858.4 2904.7 2948.7 2990.9 
2993.2 3064.1 3128.7 3189.0 3246.3 3301.3 

6.0007 6.1077 6.2022 6.2880 6.3672 6.4413 

20.139 21.538 22.820 24.019 25.155 25.243 
2'150.0 2805.3 2855.4 2902.1 2945.3 2988.8 
2987.6 3059.5 3124.7 3185.5 .3243.1 3298.5 

5.9860 6.0943 6.1898 6.2763 6.3561 ·6.4305 

19.691 21.084 22.357 23.546 24:672 25.748 
2745.7 2801.8 2852.4 2899.4 2944.0 2986.7 
2982.0 3054.8 3120.7 3182.0 3240.0 3296.7 

5.9712 6.0810 6.1775 6.2647 6.3-450 6.4199 

19.256 20.645 21.910 23.089 24.204 25.269 
2741.4 2798.2 2849.3 2896.8 2941.6 2984.6 
2976.3 3050.0 3116.6 3178.5 3236.9 3292.9 

5.9665 6.0678 6.1653 6.2532 6.33-41 6.4094 

18.836 20.219 21.476 22.646 23.751 24.806 
2737.0 2794.6 2846.3 2894.1 2939.2 2982.5 
2970.5 3045.3 3112.6 3174.9 3233.8 3290.1 

5.9418 6.0546 6.1532 6.2418 6.3232 6.3990 

18.426 19.805 21.055 22.217 23.312 24.367 
2732.5 2790.9 2843.2 2891.4 2936.9 2980.4 
2964.6 3040.5 3108.5 3171.3 3230.6 3287.3 

5.9272 6.0416 6.1411 6.2305 6.3125 6.3888 

18.028 19.404 20.648 21.801 22.887 23.922 
2728.0 2787.2 2840.1 2888.7 293-4.5 2978.2 
2968.7 3035.6 3104.3 3167.7 3227.4 3284.4 

5.9125 6.0285 6.1291 6.2193 6.3019 6.3786 

17.642 19.015 20.252 21.397 22.474 23.500 
2723.4 2783.5 2836.9 2886.0 2932.1 2976.1 
2962.7 3030.7 3100.2 3164.1 3224.2 3281.6 

5.8979 6.0155 &.1.173 6.2082 6.2913 6.3685 

17.265 18.637 19.868 21.005 22.074 23.091 
2718.7 2779.8 2833.7 2883.2 2929.6 2973.9 
2946.6 3025.8 3096.0 3160.5 3221. 0 3278.7 

5.8832 6.0026 6.1054 6.1972 6.2809 6.3685 

16.900 18.270 19.495 20.625 21.686 22.694 
2714.0 2776.0 2830.6 2880.5 2927.2 2971. 7 
2940.5 3020.8 3091.8 3156.8 3217 .8 3275.8 

5.8685 5,9897 6.0937 6.1862 6.2705 6.3-486 

16.544 17.912 19.133 20.256 21.309 22.308 
2709.2 2772.2 2827.3 2877.7 2924.8 2969.5 
293-4.2 3015.8 3087.6 3153.2 3214.6 3272.9 

5.8538 5.9769 6.0820 6.1753 6.2603 6.3388 

16.196 17.565 18.781 19.897 20.942 21. 933 
2704.3 2768.3 2824.1 2874.9 2922.3 2967.4 
2927.9 3010.7 3083.3 3149.5 3211.3 3270.0 

5.8391 5.9641 6.0704 6.1645 6.2501 6.3291 

15.858 17 .227 18.438 19.549 20.586 21.569 
2599.4 2764.4 2820.8 2872.1 2919.8 2965.2 
2921.4 3005.6 3079.0 3145.8 3208.1 3267.1 

5.8243 5.9613 6.0588 5.1538 6.2399 6.3194 

15.528 16.897 18.105 19.209 20.240 21. 215 
2694.4 2760.4 2817.6 2859.3 2917 .4 2962.9 
2914.9 3000.4 3074.6 3142.0 3204.8 3264.2 

5.8095 5.9385 6.0473 6.1431 6.2299 6.3099 

15.206 16.576 17.781 18.879 19.903 20.871 
2689.3 2756.4 2814.2 2866.4 2914.9 2960.7 
2908.3 2995.1 3070.3 3138.3 3201.5 3261.3 

5.7947 5.9258 6.0358 6.1325 6.2199 6.3004 

14.891 16.264 17.465 18.558 19.576 20.536 
2684.1 2752.4 2810.9 2863.6 2912.4 2968.5 
2901.5 2989.9 3065.9 313-4.5 3198.2 3258.3 

5.7797 5.9130 6.0244 6.1220 6.2100 6.2910 

14.583 15.969 17.157 18.245 19.256 20.210 
2678.9 2748.3 2807.5 2860.7 2909.8 2956.3 
2894.7 2984.5 3061.5 3130.7 3194.8 3255.4 

5.7648 5.9003 6.0130 6.1115 6.2002 5.2817 
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TABLE C.2. 

ASS PRE5S 
KPA 

(5AT TEMP) 
DEG C 

11600 
(322.06) 

11800 
(323.36) 

12000 
(324.65) 

12200 
(325.91) 

12400 
(327.17) 

12600 
(328.40) 

12800 
!329.52) 

13000 
(330.83) 

13200 
(332.02) 

13400 
(333.19) 

13600 
(334.36) 

13800 
(335.51) 

14000 
(336.54) 

14200 
(337.76) 

14400 
(338.87) 

14600 
(339.97) 

14800 
(341. 06) 

5UPERHEATED 5TEAM 51 UNIT5 (Continued) 

TEMPERATURE~ DEG C 
(TEMPERATU E. K) 

SAT SAT 
WATER STEAM 500 520 

(773.15) (793.15) 

V 1.511 14.940 27.817 28.848 
U 1457.9 2524.1 3032.0- 3072.3 
H 1475.4 2697.4 3354.7 3406.9 
S 3.4708 5.5239 6.5113 6.5779 

V 1.519 14.507 27.293 28.312 
U 1465.7 2521. 0 3030.1 3070.5 
H 1483.6 2693.3 3352.2 3404.6 
5 3.4840 5.5121 6.5009 6.5678 

V 1.527 14.283 26.786 27.793 
U 1473.4 2517 .8 3028.2 3068.8 
H 1491. 8 2689.2 3349.6 3402.3 
5 3.4972 5.5002 6.4906 6.5578 

V • 1.535 13.969 26.296 27.291 
U 1481.2 2514.5 3026.3 3067.0 
H 1499.9 2684.9 3347.1 3400.0 
S 3.5102 5.4884 6.4805 6.5480 

V 1.543 13.664 25.821 26.805 
U 1488.8 2511. 1 3024.4 3065.2 
H 1508.0 2680.6 3344.5 3397.6 
S 3.5232 5.4765 6.4704 6.5382 

V 1.551 13.367 25.362 26.334 
U 1496.5 2507.7 3022.4 3063.5 
H 1516.0 2676.1 3342.0 3395.3 
5 3.5361 5.4546 6.4605 6.5286 

V 1.559 13.078 24.915 25.878 
U 1504.1 2504.2 3020.5 3061. 7 
H 1524.0 2671.6 3339.4 3393.0 
5 3.5488 5.4527 6.4507 6.5190 

V 1.567 12.797 24.485 25.437 
U 1511.6 2500.5 3018.5 3059.9 
H 1532.0 2567.0 3336.8 3390.5 
5 3.5616 5.4408 5.4409 6.5096 

V 1.575 12.523 24.066 25.008 
U 1519.2 2497.0 3016.6 3058.1 
H 1540.0 2662.3 3334.3 3388.3 
S 3.5742 5.4288 6.4313 6.5003 

V 1.584 12.256 23.659 24.592 
U 1526.7 2493.2 3014.6 3056.4 
H 1547.9 2657.4 3331. 7 3385.9 
5 3.5868 5.4168 6.4218 6.4910 

V 1.593 11.996 23.265 24.188 
U 1534.2 2489.4 3012.7 3064.6 
H 1555.8 2652.5 3329.1 3383.5 
5 3.5993 5.4047 6.4124 6.4819 

V 1.602 11.743 22.882 23.796 
U 1541.6 2485.5 3010.7 3062.8 
H 1563.7 2547.5 3326.4 3381.2 
S 3.6118 5.3925 6.4030 6.4729 

V 1.611 11.495 22.509 23.415 
U 1549.1 2481.4 3008.7 3061.0 
H 1571.6 2542.4 3323.8 3378.8 
5 3.6242 5.3803 6.3937 6.4639 

V 1.620 11.253 22.147 23.045 
U 1556.5 2477.3 3006.7 3049.1 
H 1579.5 2637.1 3321.2 3376.4 
5 3.6365 5.3679 6.3846 6.4550 

V 1.629 11.017 21. 796 22.685 
U 1563.9 2473.1 3004.7 3047.3 
H 1587.4 2631.8 3318.6 3374.0 
5 3.6490 5.3555 6.3755 6.4463 

V 1.638 10.786 21.453 22.335 
U 1571. 3 2468.8 3002.7 3045.5 
H 1596.3 2626.3 3315.9 3371.6 
5 3.6613 5.3431 6.3866 6.4376 

V 1.648 10.561 21. 120 21.994 
U 1578.7 2464.4 3000.7 3043.7 
H 1603.1 2620.7 3313.3 3369.2 
5 3.6736 5.3305 6.3576 6.4289 

540 560 5BO 600 625 650 
(813.15) (833.15) (853.15) (873.15) (898.15) (923.15) 

29.855 30.840 31.808 32.761 33.934 35.089 
3111.9 3151. 2 3190.2 3229.1 3277 .6 3326.1 
3458.2 3508.9 3559.2 3609.1 3671.2 3733.1 

6.6419 6.7034 6.7630 6.8209 6.8910 6.9590 

29.305 30.278 31.232 32.172 33.328 34.467 
3110.3 3149.7 3188.8 3227.8 3276.4 3325.0 
3456.1 3507.0 3557.3 3607.4 3669.6 3731. 7 

6.6320 6.6938 6.7535 6.8115 6.8818 6.9499 

28.774 29.734 30.676 31.603 32.743 33.865 
3108.7 3148.2 3187.4 3226.4 3275.2 3323.8 
3454.0 3505.0 3555.5 3605.7 3668.1 3730.2 

6.6222 6.6842 6.7441 6.8022 6.8727 6.9409 

28.260 29.208 30.138 31. 052 32.177 33.283 
3107.1 3146.7 3186.0 3225.1 3273.9 3322.7 
3451.8 3503.0 3553.7 3604.0 3666.5 3728.8 

6.6126 6.6747 6.7348 6.7931 6.8637 6.9321 

27.763 28.699 29.617 30.519 31.629 32.720 
3105.4 3145.2 3184.6 3223.8 3272.7 3321.6 
3449.7 3501. 0 3551.8 3602.3 3664.9 3727.3 

6.6030 6.6654 6.7257 6.7841 6.8548 6.9234 

27.281 28.206 29.112 30.003 31.098 32.175 
3103.8 3143.7 3183.2 3222.5 3271.5 3320.4 
3447.6 3499.1 3550.0 3600.5 3663.3 3725.8 

6.5936 6.6562 6.7166 6.7752 6.8451 6.9148 

26.814 27.728 28.623 29.503 30.584 31.547 
3102.2 3142.2 3181.8 3221.2 3270.3 3319.3 
3445.4 3497.1 3548.2 3598.8 3661. 7 3724.4 

6.5843 6.5471 6.7077 6.7664 6.8375 6.9063 

26.362 27.265 28.150 29.019 30.086 f1. 135 
3100.5 3140.6 3180.4 3219.9 3269.0 338.2 
3443.3 3495.1 3546.3 3597.1 3660.2 3722.9 

5.5752 6.6381 6.6989 5.7577 5.8289 6.8979 

25.923 25.816 27.690 28.549 29.503 30.539 
3098.9 3139.1 3178.9 3218.5 3267.8 3317.0 
3441. 1 3493.1 3544.5 3595.4 3658.5 3721.5 

6.5661 6.6292 6.6902 6.7492 6.8205 6.8896 

25.497 26.380 27.245 28.093 29.134 30.157 
3097.3 3137.6 3177.5 3217.2 3266.6 3315.9 
3438.9 3491. 1 3542.6 3593.6 3657.0 3720.0 

6.5571 6.6205 6.6816 6.7407 6.8122 6.8814 

25.084 25.958 26.812 27.651 28.679 29.690 
3095.6 3136.1 3176.1 3215.9 3265.4 3314.8 
3436.8 3489.1 3540.7 3591. 9 3655.4 3718.5 

6.5482 6.6118 6.6731 6.7323 6.8040 6.8734 

24.683 25.547 26.392 27.221 28.238 29.236 
3094.0 3134.5 3174.7 3214.5 3264.1 3313.6 
3434.6 3487.1 3538.9 3590.2 3653.8 3717.1 

6.5394 6.6032 6.6646 6.7241 6.7959 6.8664 

24.293 25.148 25.1184 26.804 27.809 28.795 
3092.3 3133.0 3173.3 3213.2 3262.9 3312.5 
3432.4 3485.1 3637.0 3588.5 3652.2 3715.6 

6.5307 6.5947 6.6663 6.7159 6.7879 6.8675 

23.914 24.760 25.587 26.398 27.392 28.367 
3090.6 3131.5 3171.8 3211.9 3261. 7 3311.3 
3430.2 3483.1 3635.2 3586.7 3650.6 3714.1 

6.5221 6.5863 6.5481 6.7078 6.7800 6.8497 

23.646 24.384 25.202 26.004 26.986 27·fl 
3089.0 ·3129.9 3170.4 3210.5 3260.4 3310. 
3428.0 3481. 1 3633.3 3685.0 3649.0 3712.7 

6.5136 6.5780 6.5400 6.6998 6.7722 6.8420 

23.187 24.017 24.827 26.620 26.5112 27.545 
3087.3 3128.4 3169.0 3209.2 3269.2 3309.0 
3426.8 3479.0 3631.4 3683.3 3647.5 3711.2 

6.6061 6.6697 6.6319 6.6919 6.7644 6.6344 

22.839 23.660 24.462 26.247 26.209 27.161 

1m·6 3126.8 3167.6 3207.9 3268.0 3307.9 
342 .6 3477.0 3629.6 3581.5 3645.9 3709.7 

6.4968 6.6616 6.6239 6.6841 6.7668 6.8269 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Cont Inued) 

TEMPERATURE~ DEG C 
ABS PRESS (TEMPERATU E. K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 360 370 

DEG C (633.15) (643.15) 

V 1.668 10.3"0 12.562 13."81 
16000 U 1686.1 2"69.9 2582.3 2631. .. 

(3"2.13) H 1611.0 2616.0 2770.8 2833.6 
S 3.6869 6.3178 6.6677 5.6662 

V 1.668 10.12"6 12.2"8 13.181 
16200 U 1693.5 2"66.3 257 ..... 262".9 

(3"3.19) H 1618.9 2609.2 2760.6 2825.3 
S 3.6981 6.3061 6.6"76 6.6491 

V 1.678 9.9135 11.939 12.886 
16 .. 00 U 1600.9 2"60.6 2566.2 2618.3 

(3 ..... 2 .. ) H 1626.8 2603.3 2750.0 2816.7 
S 3.7103 6.2922 6.6272 6.6317 

V 1.689 9.7072 11.635 12.695 
16600 U 1608.3 2 .... 5.8 2557.7 2611.6 

(346.28) H 163".7 2697.3 2739.2 2808.0 
S 3.7226 6.2793 5.5063 5.61"2 

V 1.699 9.5052 11.334 12.311 
15800 U 1615.7 2440.9 25"9.0 2604.6 

(3"6.31) H 1642.6 2591. 1 2728.0 2799.1 
S 3.73"8 5.2663 5."851 5.5964 

V 1. 710 9.3075 11.036 12.030 
16000 U 1623.2 2"36.0 2539.9 2597." 

(3 .. 7. 33) H 1650.5 258".9 2716.6 2789.9 
S 3.7"71 5.2531 5."634 6.5784 

V 1.722 9.11"1 10.7"2 11. 755 
16200 U 1630.6 2"30.9 2530.6 2590.1 

(3:4&.3") H 1658.5 2578.5 2704.6 2780.6 
S 3.759" 5.2399 5 ..... 11 5.5602 

V 1.733 8.92"7 10."50 11."83 
16400 U 1638.1 2"25.7 2520.9 2582.6 

(3"9.33) H 1666.5 2572.1 2692.3 2771.0 
S 3.7717 5.2267 5."183 5.6417 

V 1.7"5 8.7385 10.160 11.216 
16600 U 1645.5 2420." 2510.9 257".9 

(360.32) H 167".5 2565.5 2679.5 2761. 1 
S 3.7842 5.2132 6.3949 5.5228 

V 1.767 8.5535 9.8712 10.952 
16800 U 1663.5 241".9 . 2500.4 2667.0 

(351.30) H 1683.0 2568.6 2666.2 2761.0 
S 3.7974 6.1994 5.3708 5.6037 

V 1.770 8.3710 9.6837 10.691 
17000 U 1661.6 2409.3 2489.5 2568.9 

(362.26) H 1691. 7 2551.6 2652.4 2740.7 
S 3.8107 5.1855 5.3458 5.4842 

V 1.783 8.1912 ·9.2964 10.434 
17200 U 1669.7 2"03.5 2478.0 2560.6 

(363.22) H 1700." 25 ....... 2637.9 2730.0 
S 3.82"0 6.1713 5.3200 5.4644 

V 1.796 8.0140 9.008" "10.179 
17 .. 00 U 1677.7 2397.6 2"66.0 2642.0 

(36".17) H 1709.0 2537.1 2622.7 2719.1 
S 3.8372 5.1570 -5.2931 5.4442 

V 1.810 7.839" 8.7187 9.9272 
17800 U 1685.8 2391.6 _ 2453.2 2533.1 

'-(355.11)H 1717.6 -2529.6 2606.6 2707.8 
S 3.8604 6.1426 6.2649 6.4236 

V 1.825 7.667" 1.9616 9.6776 
17800 U 1693.7 2385.3 1743.6 2523.9 

(366.04) H 1726:2 2521.8 1778.6 2896.2 
S 3.8635 5.1278 3.9466 6.402" 

V 1.840 7."977 1.9465 9."298 
(:JI~) U 1701. 7 2378.9 1737." 251".5 

H 1734.8 2513.9 1772." 2684.2 
S 3.8765 5.1128 3;9362 6.3808 

V 1.856 7.3302 1.9285 9.1838 
18200 U 1709.7 2372.3 1732.0 2504.7 

(367.87) H 17 .. 3." 2605.8 1767.1 2671.9 
S 3;8896 5.0975 3.9272 6.3687 

380 .. 00 .. 20 .... 0 .. 60 "80 
(653.15) (673.16) (693.16) (713.16) (733.16) (763.16) 

1".282 15.661 16.857 17.940 18.946 19.893 
2673.5 27 ..... 2 2804.2 2857.8 2907.3 295".0 
2887.7 2979.1 3057.0 3126.9 3191.5 3262.4 

6.7"97 5.8876 6.0016 6.1010 6.1904 6.272" 

13.988 15.371 16.665 17.643 18.643 19.664 
2668.0 27"0.0 2800.7 285".9 2904.8 2951.7 
2880.7 2973.7 3052.6 3123.0 3188.1 32 .. 9." 

6.7345 6.87"9 6.9903 6.0907 6.1807 6.2632 

13.700 15.087 16.279 17.35" 18.348 19.283 
2662.6 2735.8 2797.3 2851.9 2902.2 2949.6 
2873.6 2968.2 3048.0 3119.2 3184.8 3246." 

6.7193 6.8622 6.9791 6.0803 6.1711 6.26"1 

13."18 1".810 16.001 17 .071 18.060 18.989 
2656.8 2731.6 2793.8 2849.0 2899.6 2947.2 
2866.2 2962.6 -3043." 3115.3 3181. .. 32 .. 3." 

6.7040 6.8495 5.9678 5.0701 6.1615 6.2"50 

13.1"2 1".539 15.729 16.796 17.780 18.703 
2651. 1 2727.2 2790.3 2846.0 2897.0 294".9 
2858.7 2957.0 3038.8 3111. .. 3178.0 32 .. 0." 

5.6885 5.8367 5.9566 6.0598 6.1619 6.2360 

12.871 1".275 15."64 16.527 17.506 18."23 
2645.2 2722.9 2786.8 2843.0 2894.5 2942.6 
2851. 1 2951.3 3034.2 3107.5 317".5 3237." 

5.6729 5.82"0 5.9455 6.0497 6.1"25 6.2270 

12.605 1".016 15.205 16.265 17 .239 18.151 
2639.2 2718." 2783.2 2840.0 2891.8 2940.3 
2843." 2945.5 3029.5 3103.5 3171. 1 3234." 

6.6572 6.8112 5.9343 6.0395 6.1330 6.2181 

12.34" 13.763 1".952 16.008 16.978 17.885 
2633.1 271".0 2779.6 2837.0 2889.2 2938.0 
2835.5 2939.7 302".8 3099.5 3167.7 323n093 6.6413 5.7984 5.9232 6.0294 6.1237 

12.087 13.615 1".704 15.758 16.72" 17.625 
2626.9 2709." 2776.0 2833.9 2886.6 2935.7 
2827.5 2933.8 3020.1 3095.5 3164.2 3228.2 

5.6263 5.1866 5.9120 6.0194 6.11"3 6.2005 

11.835 13.272 1".462 15.51" 15.475 17 .372 
2620.5 2704.8 2772.4 2630.9 2883.9 2933.3 
2819.4 2927.8 3016.3 3091.5 3160.7 3225.2 

5.6091 6.7728 6.9009 6.0093 6.1050 6.1918 

11.688 13.034 -14.226 15.274 16.232 17.124 
2614.0 2700.2 2768.7 2827.8 2881.3 2931.0 
2811.0 2921. 7 3010.5 3087.5 3157.2 3222.1 

5.6928 5.7599 5.8899 6.9993 6.0958 6.1831 

11.34" 12.801 13.994 15.041 15.994 16.882 
2607.4 2695." 2764.9 282".7 2878.6 2928.6 
2802.5 2915.6 3005.6 3083." 3153.7 3219.0 

6.5762 5.7469 5.8788 5.9894 6.0866 6.17"5 

11.104 12.573 13.767 1".812 16.762 16.646 
2600.6 2690.7 2761.2 2821.6 2875.9 2926.3 
2793.8 2909." 3000.7 3079.3 3150.2 3215.9 

5..5595 5.7340 5.8677 5.9794 6.0775 6.1659 

_10.868 12.348 13.6"5 1-4.588 15.535 16.414 
2693.7 2685.8 2757.4 2818.4 2873.2 2923.9 
2784.9 2903.1 2995.8 3076.2 3146.6 3212.8 

5.6426 5.7209 6.8566 6.9695 6.0684 6.157" 

10.635 12.129 13.328 1".369 15.313 16.188 
2686.6 2680.9 2763.6 2816.2 2870.6 2921.6 
2775.8 2896.8 2990.8 3071.0 3143.0 3209.6 

6.6263 5.7078 6.8456 6.9597 6.0593 6.1489 

10.405 11.913 13.116 1".155 15.096 15.966 
2679.3 2675.9 27"9.7 2812.1 2867.7 2919.1 
2766.6 2890.3 2985.8 3066.9 3139." 3206.6 

5.5079 6.6947 6.8346 6.9498 6.0602 6.1405 

10.178 11. 701 12.906 13.945 14.883 16.750 
2671.8 2670.8 27"5.8 2808.8 2866.0 2916.7 
2767.1 2883.8 2980.7 3062.7 3135.8 3203.3 

5.4902 5.6816 5.8234 6.9400 6.0412 6.1321 
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TABLE C.2. SUPERHEATED STEAMSI UNITS (Continued) 

TEMPERATURER DEG C 
ABS PRESS (TEMPERATU E, K) 

!CPA SAT SAT 
(SAT TEMP) WATER STEAM 5DO 520 

DEG C (773.15) (793.15) 

V 1.658 10.340 20.795 21.662 
15000 U 1586.1 2459.9 2998.7 3041.8 

(342.13) H 1611.0 2615.0 3310.6 3366.8 
S 3.6859 5.3178 6.3487 6.4204 

V 1.688 10.1246 20.479 21. 339 
15200 U 1593.5 2455.3 2996.6 3040.0 

(343.19) H 1618.9 2~09.2 3307.9 3364.4 
S 3.6981 5.3051 6.3399 6.4119 

V 1.678 9.9136 20.171 21. 024 
15400 U 1600.9 2450.6 2994.6 3038.2 

(344.24) H 1626.8 2603.3 3305.2 3361.9 
S 3.7103 6.2922 6.3311 6.4035 

V 1.689 9.7072 19.871 20.717 
15600 U 1608.3 2445.8 2992.6 3036.3 

(345.28) H 1634.7 2597.3 3302.6 3359.5 
S 3.7226 5.2793 6.3225 6.3952 

V 1.699 9.5052 19.579 20.418 
15800 U 1615.7 2440.9 2990.5 3034.5 

(346.31) H 1642.6 2591.1 3299.9 3357.1 
S 3.7348 6.2663 6.3139 6.3869 

V 1. 710 9.3075 19.293 20.126 
16000 U 1623.2 2436.0 2988.4 3032.6 

(347.33) H 1650.6 2584 .9 3297.1 3354.6 
S 3.7471 6.2531 6.3054 6.3787 

V 1.722 9.1141 19.015 19.841 
16200 U 1630.6 2430.9 2986.4 3030.7 

(348.34) H 1658.5 2578.5 3294.4 3352.1 
S 3.7594 6.2399 6.2969 5.3706 

V 1.733 8.9247 18.743. 19.564 
16400 U 1638.1 2425.7 2984.3 3028.8 

(349.33) H 1666.5 2572.1 3291. 7 3349.7 
S 3.7717 5.2267 6.2885 6.3625 

V 1.745 8.7385 18.478 19.293 
16600 U 1645.6 2420.4 2982.2 3027.0 

(360.32) H 1674.5 2565.5 3289.0 3347.2 
S 3.7842 5.2132 6.2801 6.3546 

V 1.757 8.5535 18.219 19.028 
16800 U 1653.5 2414.9 2980.1 3025.1 

(351.30) H 1683.0 2558.6 3286.2 3344.7 
S 3.7974 6.1994 6.2718 6.3466 

V 1.770 8.3710 17.966 18.770 
17000 U 1661.6 2409.3 2978.0 3023.2 

(352.26) H 1691.7 2661.6 3283.5 3342.3 
S 3.8107 . 5.1855 6.2636 6.3387 

V 1.783 8.1912 17.719 18.517 
17200 U 1669.7 2403.5 2975.9 3021.3 

(353.22) H 1700.4 2544.4 3280.7 3339.8 
S 3.8240 5.1713 6.2554 6.3308 

V 1.796 8.0140 17 .478 18.270 
17400 U 1677.7 2397.6 2973.8 3019.4 

(354.17) H 1709.0 2537.1 3277 .9 3337.3 
S 3.8372 5.1570 6.2473 6.3231 

V 1.810 7.8394 17.241 18.029 
17600 U 1685.8 2391.6 2971. 7 3017.5 

(365.11) H 1717.6 2529.5 3275.2 3334.8 
S 3.8604 5.1425 6.2392 6.3163 

V 1.825 7.6674 17.011 17.793 
17800 U 1693.7 2385.3 2969.6 3015.6 

(356.04) H 1726.2 2521.8 3272.4 3332.3 
S 3.8635 5.1278 6.2311 6.3076 

V 1.840 7.4977 16.785 17.563 
18000 U 1701. 7 2378.9 2967.4 3013.6 

(366.96) H 1734.8 2513.9 3269.6 3329.8 
S 3.8765 5.1128 6.2232 6.3000 

V 1.856 7.3302 16.564 17.337 
18200 U 1709.7 2372.3 2965.3 3011. 7 

(367.87) H 1743.4 2505.8 3266.8 3327.2 
S 3.8896 5.0975 6.2152 6.2924 

540 560 580 600 625 650 
(813.15) (833.15) (853.15) (873.15) (898.15) (923.15) 

22.499 23 .. 313 24.107 24.884 25.835 26.768 
3084.0 3125.3 3168.1 3206.5 3256.7 3306.7 
3421.4 3475.0 3527.7 3579.8 3644.3 3708.3 

6.4885 6.5535 6.6160 6.6764 6.7492 6.8195 

22.169 22.975 23.761 24.530 25.472 26.394 
3082.3 3123.7 3164.6 3205.2 3255.5 3305.6 
3419.2 3473.0 3525.8 3578.0 3642.7 3706.8 

~.4803 6.5455 6.6082 6.6687 6.7417 6.8121 

21. 847 22.645 23.424 24.185 25.117 26.030 
3080.6 3122.2 3163.2 3203.8 3254.3 3304.5 
3417.0 3470.9 3523.9 3576.3 3641. 1 3705 .3 

6.4721 6.5376 6.6005 6.6812 6.7343 6.8049 

21.533 22.324 23.095 23.850 24.772 25.676 
3078.9 3120.6 3161.8 3202.5 3253.0 3303.3 
3414.8 3468.9 3522.0 3574.5 3639.5 3703.8 

6.4641 6.5298 6.5928 6.6536 6.7270 6.7977 

21. 227 22.011 22.775 23.523 24.436 25.330 
3077 .2 3119.1 3160.3 3201.1 3251.8 3302.1 
3412.6 3466.8 3520.2 3572.8 3637.9 3702.4 

6.4561 6.5220 6.6852 6.6462 6.7197 6.7905 

20.928 21.706 22.463 23.204 24.108 24.994 
3075.5 3117.5 3158.9 3199.8 3250.5 3301.0 
3410.3 3464.8 3518.3 3571.0 3636.3 3700.9 

6.4481 6.5143 6.5777 6.6389 6.7125 6.7835 

20.637 21.409 22.159 22.892 23.788 24.665 
3073.8 3115.9 3157.4 3198.4 3249.3 3299.8 
3408.1 3462.7 3516.4 3569.3 3634.6 3699.4 

6.4403 6.5067 6.5703 6.6315 6.7054 6.7765 

20.354 21. 118 21.862 22.589 23.476 24.344 
3072.1 3114.3 3155.9 3197.1 3248.0 3298.7 
3405.9 3460.7 3514.5 3567.5 3633.0 3697.9 

6.4325 6.4991 6.5629 6.6243 6.6983 6.7696 

20.076 20.835 21.572 22.292 23.172 24.032 
3070.4 3112.8 3154.5 3195.7 3246.8 3297.5 
3403.6 3458.6 3512.6 3665.8 3631.4 3696.5 

6.4247 6.4916 6.5556 6.6172 6.6913 6.7628 

19.806 20.558 21.289 22.003 22.875 23.726 
3068.6 3111.2 3153.0 3194!11-, 3245.5 3296.4 
3401.4 3456.6 3510.7 3564eO-'· 3629.8 3695.0 

6.4171 6.4841 6.5483 6.lil0l 6.6844 6.7660 

19.542 20.288 21.013 21. 721 22.584 23.428 
3066.9 3109.6 3151.6 3193.0 3244.3 3295.2 
3399.1 3454.5 3508.8 3562.2 3628.2 3693.5 

6.4095 6.4768 6.5411 6.6031 6.6776 6.7493 

19.283 20.024 20.743 21.445 22.301 23.137 
3065.2 3108.0 3160.1 3191.6 3243.0 3294.1 
3396.9 3452.4 3506.9 3560.5 3626.6 3692.0 

6.4019 6.4694 6.5340 6.5961 6.6708 6.7426 

19.031 19.766 20.480 21. 175 22.024 22.852 
3063.4 3106.4 3148.6 3190.3 3241.8 3292.9 
3394.6 3450.4 3506.0 3558.7 3625.0 3690.5 

6.3944 6.4622 6.6269 6.5892 6.6640 6.7360 

18.785 19.514 20.222 20.912 21. 753 22.574 
3061. 7 3104.8 3147.1 3188.9 3240.5 3291. 7 
3392.3 3448.3 3503.1 3656.9 3623.4 3689.0 

6.3870 6.4550 6.5199 6.5824 6.6574 6.7295 

18.544 19.268 19.970 20.664 21.488 22.303 
3060.0 3103.2 3145.7 3187.5 3239.2 3290.6 
3390.0 3446.2 3601.1 3555.2 3621. 7 3687.6 

6.3796 6.4478 6.5130 6.5756 6.6607 6.7230 

18.308 19.027 19.724 .20.403 21.230 22.037 
3068.2 3101.6 3144.2 3186.1 3238.0 3289.4 
3387.8 3444.1 3499.2 3553.4 3620.1 3686.1 

6.3722 6.4407 6.5061 6.5688 6.6442 6.7166 

18.077 18.791 19.483 20.156 20.977 21.777 
1056 .5 3100.0 3142.7 3184.8 3236.7 3288.2 

385.5 3442.0 3497.3 3651.6 3618.5 3684.6 
6.3650 6.4337 6.4992 6.5622 6.6377 6,7103 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

ASS PRESS 
TEJPERATURE DEB C 

I(PA SAT SAT 
(TEJPERA TUifE. I() 

(SAT TEJP) WATER STEAM 380 310 400 410 420 440 460 480 
DEB C (663.16) (66 .16) (673.16) (683.16) (693.16) (713.16) (733.16) (763.16) 

V 1.872 7.1647 9.9644 10.782 11.493 12.126 12.701 13.740 14.676 15.538 
18400 U 1717.7 23156.5 2664.2 . 2619.5 2666.7 2706.9 2741.9 2806.6 2862.2 2914.3 

(368.77) H 1762.1 2497.4 2747.4 2817.8 2877.2 2929.0 2976.6 3068.4 3132.2 3200.2 
S 3.9028 5.0820 6.4722 6.6794 6.6682 6.7446 5.8124 6.9302 6.0323 6.1237 

V 1.889 7.0009 9.7333 10.672 11.288 11.923 12.601 13.639 '4.47·' 15.330 
18600 U 1726.7 2368.5 2666.4 2813.2 2660.6 2701.4 2737.9 2802.4 2869.4 2911.8 

(3f9.61) H 1160.9 2488.8 27SU 2809.8 2870.4 292U 2970.4 3064.2 3128.6 3187.0 
S 3.9160 5 •• ' 5.4640 5.5841 5.6548 5.7326 6.8013 6.9204 6.0233 6.1164 

V 1.907 6.8386 9.~'46 10.366 11.087 11. 726 12.304 13.341 14.271 15.127 
18800 U 1733.8 2361.3 2648. , 2806.8 2856.2 28116.8 2733.9 2799.1 2866.6 2909.4 

(360.55) H 1769.7 2479.8 2727.2 2801.7 2863.6 2917 .3 2965.2 3049.9 3124.9 3193.8 
S 3.9294 5.0498 6.4364 6.5486 6.6413 6.7206 5.7902 5.9106 6.0144 6.1071 

V 1.928 6.6776 9.2983 10.160 10.889 11.631 12.111 13.148 14.076 14.928 
19000 U 1742.1 2343.8 2540.1 2800.3 2649.8 2692.2 2729.9 2795.8 2863.8 2906.9 

(361.43) H 1778.7 2470.6 2716.8 2793.4 2866.7 2911.3 2950.0 3045.6 3121.3 3190.6 
S 3.9429 5.0332 6.4166 6.6330 6.6278 6.7083 5.7791 5.9009 6.0066 6.0988 

V 1.946 6.5173 9.0841 9.9593 10.696 11.340 11.922 12.959 13.884 14.733 
19200 U 1760.4 2336.9 2531.6 2693.7 2644.3 2687.6 2725.8 2792.5 2851.0 2904.5 

(362.30) H 1787.8 2461. 1 2706.0 2784.9 2849.7 2905.3 2964.7 3041.3 3117.6 3187.4 
S 3.9666 6.0160 5.3973 6.6172 6.6141 6.6962 5.7679 5.8912 6.9967 6.0906 

V 1.967 6.3575 8.8720 9.7608 10.604 11.162 11. 736 12.773 13.696 14.542 
19400 U 1768.9 2327.8 2522.9 2586.9 2638.8 2682.8 2721.6 2789.1 2848.2 2902.0 

(363.16) H 1797.0 2451. 1 2895.0 2776.3 2842.5 2899.2 2949.3 3036.9 3113.9 3184.1 
S 3.9706 4.9983 5.3777 6.6012 5.6004 5.8840 5.7668 5.8814 5.9879 6.0826 

V 1.989 6.1978 8.6617 9.6649 10.315 10.968 11.663 12.590 13.511 14.355 
19600 U 1767.6 2319.2 2514.0 2680.0 2633.1 2878.0 2717.6 2785.8 2845.3 2899.5 

(364.02) ~ 18og:kc9 
2440.7 2683.7 2767.5 2835.3 2893.0 2943.9 3032.6 3110.2 3180.9 

4.9801 6.3677 5.4850 5.6866 5.6717 5.7456 5.8717 5.9791 6.0743 

V 2.012 6.0377 8.4530 9.3715 10.130 10.786 11.374 12.412 13.331 14.171 

~OO U 1776.5 2310.3 2504.7 . 2572.9 2827.4 2673.2 2713.2 2782.4 2842.5 2897.0 
. ( .86) H 1816.3 2429.8 2672.1 2758.5 2828.0 2886.8 2938.4 3028.1 3106.4 3177.6 

S 3.91196 4.9610 6.3373 5.4686 5.5728 5.6694 5.7345 6.8620 5.9704 6.0662 

V 2.037 5.8766 8.2458 9.1805 9.9470 10.608 11. 197 12.236 13.154 13.991 
20000 U 1785.7 2300.8 2495.2 2565.7 2621.6 2668.3 2709.0 2778.9 2839.6 2894.5 

(365.70) H 1826.5 2418.4 2660.2 2749.3 2820.5 2880.4 2932.9 3023.7 3102.7 3174.4 
S 4.0149 4.9412 5.3165 5.4520 5.5685 5.6470 5.7232 5.8523 5.9616 6.0581 

V 2.064 5.7138 8.0399 8.9918 9.7669 10.432 11.024 12.064 12.980 13.815 
20200 U 1796.3 2290.8 2485.4 1558 . 3 2615.6 2663.3 2704.7 2775.5 2836.7 2892.0 

(366.53) H 1837.0 2406.2 2647.9 740.0 2812.9 2874.0 2927.4 3019.2 3098.9 3171. 1 
S 4.0308 4.9204 5.2961 5.4352 5.5444 6.6345 5.7120 5.8427 5.9629 6.0501 

V 2.093 5.5484 7.8352 8.8052 9.6894 10.260 10.854 11.895 12.809 13.642 
20400 U 1805.4 2280.1 2475.3 2650.8 2609.6 2658.3 2700.3 2772.0 2833.8 2889.5 

(367.36) H 1848.1 2393.3 2635.2 2730.4 2805.2 2867.6 2921. 7 3014.7 3095.1 3167.8 
S 4.0474 4.8984 5.2733 5.4181 5.5300 5.6220 5.7007 5.8330 5.9442 6.0421 

V 2.125 5.3793 7.6269 8.6206 9.4144 10.090 10.687 11. 729 12.642 13.472 
20600 U 1816.1 2268.5 2464.7 2543.1 2603.4 2653.1 2695.9 2768.5 2830.8 2887.0 

(368.17) H 1859.9 2379.3 2621.9 2720.7 2797.4 2861.0 2916.0 3010.1 3091. 3 3164.5 
S 4.0651 4.8750 5.2505 5.4007 5.5156 5.6094 5.6894 5.8233 5.9355 6.0341 

V 2.161 5.2050 7.4179 8.4380 9.2417 9.9225 10.522 11.566 12.478 13.305 
20800 U 1827.6 2256.0 2453.4 2535.2 2597.2 2648.0 2691.4 2765.0 2827.9 2884.4 

(368.98) H 1872.5 2364.2 2607.7 2710.7 2789.4 2854.3 2910.3 3005.6 3087.4 3161. 2 
S 4.0841 4.8498 5.2265 5.3831 5.6010 5.5967 5.6781 5.8136 5.9269 6.0261 

V 2.202 5.0234 7.2076 8.2672 9.0714 9.7577 10.360 11.405 12.316 13.142 
21000 U 1840.0 2242.1 2441.5 2527.1 2690.8 2642.7 2686.9 2761. 5 2824.9 2881.9 

(369.78) H 1886.3 2347.6 2592.8 2700.5 2781.3 2847.6 2904.5 3001.0 3083.6 3157.8 
S 4.1048 4.8223 5.2015 5.3652 5.4863 5.5840 5.6667 5.8040 5.9182 6.0182 

V 2.249 4.8314 6.9966 8.0781 8.9032 9.5963 10.201 11.248 12.158 12.981 
21200 U 1853.9 2226.5 2428.9 2518.8 2584.4 2637.4 2682.4 2757.9 2822.0 2879.3 

(370.68) H 1901.5 2328.9 2577.2 2690.1 2773.1 2840.8 2898.6 2996.4 3079.7 3154.5 
S 4.1279 4.7917 5.1754 5.3471 5.4714 5.5712 5.6553 5.7943 5.9096 6.0103 

V 2.306 4.6239 6.7811 7.9007 8.7372 9.4354 10.044 11. 093 12.003 12.824 
21400 U 1869.7 2208.4 2415.6 2510.4 2577.8 2631.9 2677 .8 2754.3 2819.0 2876.7 

(371.37) H 1919.0 2307.4 2560.7 2679.4 2764.7 2833.9 2892.7 2991. 7 3075.8 3151. 1 
S 4.1543 4.7569 5.1481 5.3286 5.4563 5.5583 5.6438 5.7846 5.9010 6.0024 

V 2.379 4.3918 6.5629 7.7248 8.5732 9.2777 9.8898 10.941 11.850 12.669 
21600 U 1888.6 2186.7 2401.5 2501.7 2571. 1 2626.5 2673.1 2750.7 2815.9 2874.1 

(372.15) H 1940.0 2281.5 2543.2 2668.5 2756.2 2826.9 2886.7 2987.0 3071.9 3147.8 
S 4.1861 4.7154 5.1192 5.3098 5.4411 5.5453 5.6323 5.7750 5.8924 5..9945 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Cont ; nued) 

TEMPERATURE
h 

DEG C 
ABS PRESS (TEMPERATU E. K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 500 520 5 .. 0 560 580 600 625 860 

DEG C (773.15) (793.15) (813.15) (833.15) (853.15) (873.15) (898.15) (923.15) 

V 1.872 7.1647 16.348 17.116 17.852 18.560 19.247 19.915 20.729 21.523 
18400 U 1717.7 2365.6 2963.2 3009.8 3054.7 3098.4 3141. 2 3183.4 3235.5 3287.1 

(358.77) H 1752.1 2"97.4 3263.9 3324.7 3383.2 3439.9 3495.4 3549.8 3616.9 3683.1 
S 3.9028 5.0820 6.2073 6.2849 6.3577 6."267 6 ... 92 .. 6.5555 6.6312 6.7040 

V 1.889 7.0009 16.136 16.900 17.631 18.335 19.017 19.680 20."87 21. 27 .. 
18600 U 1725.7 2358.5 2961.0 3007.8 3052.9 3096.8 3139.7 3182.0 323".2 3285.9 

(359.67) H 1760.9 2"88.8 3261. 1 3322.2 3380.9 3437.8 3493." 35"8.1 3615.3 3681.6 
S 3.9160 5.0661 6.1995 6.277" 6.3505 6."197 6."857 6.5"90 6.62"8 6.6977 

V 1.907 6.8386 15.929 16.689 17 ... 15 18.11" 18.791 19 ..... 9 20.250 21.030 
18800 U 1733.8 2351. 3 2958.8 3005.9 3051.2 3095.2 3138.3 3180.6 3232.9 3284.7 

(360.55) H 1769.7 2"79.8 3258.3 3319.6 3378.6 3435.7 3491. 5 35"6.3 3613.6 3680.1 
S 3.929" 5.0498 6.1916 6.2700 6.3"34 6."128 6."790 6.5 .. 2 .. 6.6185 6.6915 

V 1.926 6.6775 15.726 16."81 17.203 17.898 18.570 19.223 20.018 20.792 
19000 U 17"2.1 2343.8 2956.7 3003.9 3049.4 3093.6 3136.8 3179.2 3231. 7 3283.6 

(361."3) H 1778.7 2"70.6 3255.4 3317.1 3376.3 3433.6 3489.6 35 ..... 5 3612.0 3678.6 
S 3.9429 5.0332 6.1839 6.2626 6.3363 6 ... 060 6."723 6.5360 6.6122 6.685" 

V 1.946 6.5173 15.527 16.279 16.996 17 .686 18.353 19.002 19.791 20.559 
19200 U 1750.4 2335.9 2954.5 3002.0 3047.6 3091.9 3135.3 3177.9 3230." 3282." 

(362.30) H 1787.8 2"61.1 3252.6 3314.5 3374.0 3431.5 3487.6 35"2.7 3610." 3677.1 
S 3.9566 5.0160 6.1761 6.2552 6.3292 6.3992 6."867 6.5295 6.6059 6.6793 

V 1.967 6.3575 15.333 15.080 16.793 17."79 18.1"1 18.785 19.568 20.330 
19400 U 1758.9 2327.8 2952.3 3000.0 3045.9 3090.3 3133.8 3176.5 3229.1 3281.2 

(363.16) H 1797.0 2451. 1 3249.7 3312.0 3371.6 3429.4 3485.7 35"0.9 3608.7 3675.6 
S 3.9706 4.9983 6.1684 5.2"79 6.3222 6.3924 6."592 6.5231 6.5997 6.6732 

V 1.989 6.1978 15.142 15.885 16.594 17.275 17.934 18.573 19.350 20.106 
19600 U 1767.6 2319.2 2950.1 2998.0 3044.1 3088.7 3132.3 3175.1 3227.8 3280.1 

(364.02) H 1806.5 2 .... 0.7 32"6.9 3309." 3369.3 3427.3 3483.8 3539.1 3807.1 367".1 
S 3.98"9 ".9801 6.1608 6.2"06 6.3153 6.3857 6."527 6.5168 6.5936 6.6672 

V 2.012 6.0377 14.955 15.694 16.399 17.076 17.730 18.365 19.136 19.887 
19800 U 1776.5 ·2310.3 29"7.9 2996.1 3042.3 3087.1 3130.8 3173.7 3226.6 3278.9 

(364.86) H 1816.3 2"29.8 32 ..... 0 3306.8 3367.0 3425.2 3481.8 3537.3 360U876 3672.6 
S 3.9996 ".9610 6.1532 6.2334 6.30114 6.3790 6 ..... 62 6.5105 6.6613 

V 2.037 5.8766 14.771 15.507 16.208 16.881 17.531 18.161 18.927 19.672 20000 U 1785.7 2300.8 2945.7 2994.1 3040.5 3085." 3129.3 3172.3 3225.3 3277.7 (365.70) H 1826.5 2418.4 32 .. 1. 1 3304.2 3364.7 3423.0 3479.9 3535.5 3603.8 3671. 1 S ... 01 .. 9 4.9"12 6.1"56 6.2262 6.3015 6.372 .. 6."398 6.5043 6.581" 6.865" 

V 2.064 5.7138 1".592 15.32" 16.021 16.690 17.335 17.962 18.722 19."61 20200 U 1795.3 2290.8 2943." 2992.1 3038.7 3083.8 3127.7 3170.9 322".0 3276.5 (365.53) H 1837.0 2"05.2 3238.2 3301.6 3362.3 3420.9 3477 .9 3533.7 3602.2 3669.6 S ".0308 4.9204 6.1381 6.2191 6.2946 6.3658 6."334 6."981 6.575" 6.6495 

V 2.093 5.5"84 14.415 15.144 15.838 16.502 17.1 .... 17.766 18.521 19.254 20400 U 1805.4 2280.1 2941.2 2990.1 3036.9 3082.1 3126.2 3169.5 3222.7 3275.4 (367.36) H 1848.1 2393.3 3235.3 3299.0 3360.0 3418.8 3476.0 3531.9 3600.6 3668.1 S 4.0474 4.8984 6.1305 6.2120 6.2878 6.3593 6."271 6."919 6.5694 6.6437 

V 2.125 5.3793 14.2"3 14.968 15.868 16.318 16.956 17.574 18.323 19.052 20500 U 1816.1 2268.5 2939.0 2988.1 3035.1 3080.5 3124.7 3168.1 3221.5 327".2 (368.17) H 1859.9 2379.3 3232.4 3296." 3357.6 3416.6 3474.0 3530.1 3598.9 ~.6 S 4.0651 4.8750 6.1231 6.2049 6.2811 6.3528 6."208 6."868 6.5635 .6379 

V 2.161 5.2050 14.073 14.795 15."81 16.138 16.771 17.385 18.130 18.863 20800 U 1827.6 2256.0 2936.7 ura:~ 3033.3 3078.8 3123.2 3166.7 3220.2 3273.0 (358.98) H 1872.5 2364.2 3229.5 3355.3 3414.5 3472.1 3528.3 3597.3 ~:~322 S 4.0841 4.8498 6.1156 6.1978 6.27 .... 6.3463 6 ... 1 .. 6 6."798 6.5576 

V 2.202 5.0234 13.907 14.625 15.308 15.961 16.591 17.201 17.940 18.868 21000 U 1840.0 2242.1 2934.5 2984.1 3031.5 3077.2 3121.7 3186.3 3218.9 3271.8 (369.78) H 1886.3 2347.6 3226.5 3291.2 3362.9 3412." 3470.1 3526.5 35,.6 3663.6 S 4.1048 4.8223 6.1082 6.1908 6.2677 6.3399 6."0114 6."737 .5518 6.6265 

V 2.249 ".8314 13.743 14."59 15.138 15.787 16."13 17.019 17.75" 18."67 21200 U 1853.9 2226.5 2932.2 2982.1 3029.6 3075.5 3120.2 3163.9 3217.6 3270.6 (370.58) H 1901. 5 2328.9 3223.6 3288.6 3350.6 3410.2 3468.1 352".7 3594.0 3662.1 S ".1279 4.7917 6.1008 6.1838 6.2510 6.3335 6."022 6."677 6.5"60 6.6208 

V 2.306 ".6239 13.583 14.295 1".971 15.617 16.239 16.841 17.571 18.279 21400 U 1869.7 2208.4 2930.0 2980.0 3027.8 3073.9 3118.6 3162.5 3216.3 3269.1i (371.37) H 1919.0 2307.4 3220.6 3286.0 3348.2 3408.1 3466.2 3522.9 3592.3 3660.6 S 4.1543 4.7569 6.0935 6.1769 6.25 .... 6.3271 6.3961 6."618 6.5"02 6.6152 

V 2.379 4.3918 13.425 14.135 14.807 15."50 16.068 16.667 17.392 18.096 21600 U 1888.6 2186.7 2927.7 2978.0 3026.0 3072.2 3117.1 3161.1 3215.0 3288.3 (372.15) H 1940.0 2281.5 3217.7 3283.3 3345.8 3405.9 3464.2 3521.1 3590.7 3659.1 S 4.1861 4.7154 6.0862 6.1700 6.2478 6.3208 6.3900 6.4869 6.5345 6.6096 

e 
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TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERATURE~ DEG C 
ABS PRESS (TEMPERATU E, K) 

KPA SAT SAT 
(SAT TEMP) WATER STEAM 380 390 400 410 420 440 460 480 DEG C (653.15) (663.15) (673.15) (683.15) (693.15) (713.15) (733.15) (753.15) 

V 2.483 4.1151 6.3399 7.5503 8.4112 9.1222 9.7379 10.792 11. 700 12.517 21800 U 1913.1 2158.3 2386.3 2492.8 2564.2 2620.9 2668.4 2747.0 2812.9 2871.5 (372.92) ~/196U276 2248.0 2524.5 2657.4 2747.6 2829.8 2880.7 2982.3 3068.0 3144.4 4.6622 5.0886 5.2906 5.4257 5.5322 5.6207 5.7653 5.8839 5.9867 

V 2.671 3.7278 6.1105 7.3771 8.2510 8.9689 9.5883 10.645 11. 552 12.368 22000 U 1952.4 2113.6 2370.0 2483.6 2557.2 2615.2 2663.6 2743.3 2809.9 2868.9 (373.69) H 2011. 1 2195.6 2504.4 2645.9 2738.8 2812.6 2874.6 2977.5 3064.0 3141. 0 S 4.2947 4.5799 5.0559 5.2711 5.4102 5.5190 5.6091 5.7556 5.8753 5.9789 

V 3.170 3.1700 5.9689 7.2738 8.1558 8.8779 9.4995 10.558 11.465 12.279 22120 U 2037.3 2037.3 2359.4 2478.0 2553.0 2611.8 2660.7 2741. 1 2808.0 2867.3 (374.15) H 2107.4 2107.4 2491.5 2638.9 2733.4 2808.2 2870.9 2974.6 3061.6 3139.0 S 4.4429 4.4429 6.0350 5.2693 5.4007 6.6110 5.6021 5.7498 5.8702 6.9742 

TABLE C.2. SUPERHEATED STEAM SI UNITS (Continued) 

TEMPERA TURr5tt OEG C 
ABS PRESS (TEMPERA E, K) 

KPA SAT, SAT 
(SAT TEMP) WABR STEAM 600 620 640 660 580 600 625 650 OEG C .. (773.15) (793.15) (813.15) (833.15) (863.16) (873.16) (898.15) (923.15) 

V 2.483 4.1161 13.271 13.977 14.646 15.286 16.900 16.495 17.216 17.915 
21800 U 1913.1 2168.3 2925.4 2976.0 3024.1 3070.6 3115.6 3159.6 3213.7 3267.1 

(372.92) H 1967.2 2248.0 3214.7 3280.7 3343.4 3403.7 3462.2 3619.2 3589.0 3657.6 
S 4.2276 4.6622 6.0789 6.1631 6.2413 6.3146 6.3839 6.4500 6.5288 6.6041 

V 2.671 3.7278 13.119 13.822 14.488 15.124 16.736 16.327 17.043 17.737 
22000 U 1952.4 2113.6 2923.1 2973.9 3022.3 3088.9 3114.0 3168.2 3212.4 3265.9 

(373.69) H 201t.l 2195.6 3211. 7 3278.0 3341.0 3401.6 3460.2 3517 .4 3687.4 3656.1 
S . 4.2947 4.6799 6.0716 6.1663 6.2347 6.3083 6.3779 6.4441 6.5231 6.5986 

V 3.170 3.1700 13.029 13.731 14.396 15.029 16.638 16.228 16.941 17 .632 
22120 U 2037.3 2037.3 2921. 7 2972.7 3021.2 3067.8 3113.1 3167.4 3211. 7 3265.2 

(374.15) H 2107.4 2107.4 3209.9 3276.4 3339.6 3400.3 3459.0 3516.3 3586.4 3655.2 
S 4.4429 4.4429 6.0672 6.1622 6.2309 6.3046 6.3743 6.4406 6.5198 6.6963 

; 
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TABLE C.3. SATURATED STEAM ENGLISH UNITS 

V • SPECIFIC VOLUME (CU "M/(LBM) 
U • SPECIFIC INTERNAL ENE Y (BTU)/(LBM) 
H • SPECIFIC ENTHALPY (BTU)/(LBM) 
S • SPECIFIC ENTROPY (BTU)I(LBM)(R) 

TEll' ABS 
PRESS 

SPECIFIC VOLUME V INTERNAL ENERGY U ENTHALPY H ENTROPY S 

T P SAT SAT SAT SAT SAT SAT SAT SAT (DEG F) (PSIA) LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR 
32 0.0886 0.01602 330-4.6 330-4.6 -0.02 1021.3 1021.3 -0.02 1075.5 1075.5 0.0 2.1873 2.1873 34 0.0960 0.01602 3061.9 3061.9 2.00 1020.0 1022.0 2.00 1074.4 1076.4 0.0041 2.1762 2.1802 36 0.10-40 0.01602 2839.0 2839.0 4.01 1018.6 1022.6 4.01 1073.2 1077.2 0.0081 2.1851 2.1732 38 0.1125 0.01602 2634.1 2634.2 6.02 1017.3 1023.3 6.02 1072.1 1078.1 0.0122 2.1541 2.1663 40 0.1216 0.01602 2445.8 2445.8 8.03 1015.9 1023.9 8.03 1071.0 1079.0 0.0162 2.1432 2.1594 
42 0.1314 0.01602 2272.4 2272.4 10.03 1014.6 1024.6 10.03 1069.8 1079.9 0.0202 2.1326 2.1527 44 0.1419 0.01602 2112.8 2112.8 12.0-4 1013.2 1025.2 12.0-4 1068.7 1080.7 0.0242 2.1217 2.1459 46 0.1531 0.01602 1965.7 1965.7 14.05 1011.9 1025.9 14.05 1067.6 1081.6 0.0282 2.1111 2.1393 48 0.1651 0.01602 1830.0 1830.0 16.05 1010.5 1026.6 16.05 1066.4 1082.5 0.0321 2.1006 2.1327 60 0.1780 0.01602 170-4.8 170-4.8 18.05 1009.2 1027.2 18.05 1065.3 1083.4 0.0361 2.0901 2.1262 
52 0.1916 0.01602 1589.2 1589.2 20.06 1007.8 1027.9 20.06 1064.2 1084.2 0.0-400 2.0798 2.1197 54 0.2063 0.01603 1482.4 1482.4 22.06 1006.5 1028.5 22.06 1063.1 1085.1 0.0-439 2.0695 2.1134 56 0.2218 0.01603 1383.6 1383.6 24.06 1006.1 1029.2 24.06 1061.9 1086.0 0.0-478 2.0593 2.1070 
58 0.2384 0.01603 1292.2 1292.2 26.06 1003.8 1029.8 26.06 1060.11 1086.9 0.0516 2.0-491 2.1008 60 0.2561 0.01603 1207.6 1207.6 28.06 1002.4 1030.5 28.06 1059.7 1087.7 0.0555 2.0391 2.0946 
62 0.2749 0.0160-4 1129.2 1129.2 30.06 1001. 1 • 1031.2 30.06 1058.5 1088.6 0.0593 2.0291 2.0885 64 0.2950 0.0160-4 1056.5 1056.5 32.06 999.8 1031.8 32.06 1057.4 1089.5 0.0632 2.0192 2.0824 66 0.3163 0.0160-4 989.0 989.1 34.06 998.4 1032.5 34.06 1056.3 1090.4 0.0670 2.0094 2.0764 
68 0.3389 0.01605 926.5 926.5 36.05 997.1 1033.1 36.05 1055.2 1091. 2 0.0708 1.9996 2.070-4 70 0.3629 0.01605 868.3 868.4 38.05 995.7 1033.8 38.05 1064.0 1092.1 0.0745 1.9900 2.0645 
72 0.3884 0.01605 814.3 814.3 40.05 994.4 1034.4 40.05 1052.9 1093.0 0.0783 1.980-4 2.0587 74 0.4155 0.01606 764.1 764.1 42.05 993.0 1035.1 42.05 1051.8 1093.8 0.0821 1.9708 2.0529 76 0.4442 0._01606 717.4 717.4 44.0-4 991.7 1035.7 44.0-4 1050.7 1094.7 0.0858 1.9614 2.0-472 78 0.4746 0.01607 673.8 673.9 46.0-4 990.3 1036.4 46.0-4 10-49.5 1095.6 0.0895 1.9520 2.0-415 80 0.5068 0.01607 633.3 633,3 48.03 989.0 1037.0 48.0-4 10-48.4 1096.4 0.0932 1.9426 2·.0369 

82 0.5409 0.01608 595.5 595.6 50.03 987.7 1037.7 50.03 10-47.3 1097.3 0.0969 1.9334 2.0303 
84 0.5770 0.01608 560.3 560.3 52.03 986.3 1038.3 52.03 10-46.1 1098.2 0.1006 1.9242 2.0248 
86 0.6152 0.01609 527.5 527.5 54.02 985.0 1039.0 54.03 10-45.0 1099.0 0.10-43 1.9151 2.0193 
88 0.6555 0.01609 496.8 496.8 56.02 983.6 1039.6 56.02 10-43.9 1099.9 0.1079 1.9060 2.0139 
90 0.6981 0.01610 468.1 468.1 58.02 982.3 10-40.3 58.02 10-42.7 1100.8 0.1115 1.8970 2.0086 

92 0.7431 0.01610 441. 3 441.3 60.01 980.9 10-40.9 60.01 10-41.6 1101.6 0.1152 1.8881 2.0033 
94 0.7906 0.01611 416.3 416.3 62.01 979.6 10-41.6 62.01 10-40.5 1102.5 0.1188 1. 8792 1.9980 
96 0.8407 0.01612 392.8 392.9 64.00 978.2 10-42.2 64.01 1039.3 1103.3 0.1224 1.870-4 1.9928 
98 0.8936 0.01612 370.9 370.9 66.00 976.9 10-42.9 66.00 1038.2 110-4.2 O. 1260 1.8617 1.9876 

100 0.9492 0.01613 350.4 350.4 68.00 975.5 10-43.5 68.00 1037.1 1105.1 0.1295 1.8630 1.9825 

102 1.0079 0.01614 331. 1 331.1 69.99 974.2 10-44.2 70.00 1035.9 1105.9 0.1331 1.8444 1.9775 
10-4 1. 0697 0.01614 313.1 313.1 71.99 972.8 10-44.8 71.99 1034.8 1106.8 O. 1366 1.8358 1.9725 
106 1.1347 0.01615 296.2 296.2 73.98 971.5 10-45.4 73.99 1033.6 1107.6 0.1402 1.8273 1.9675 
108 1.2030 0.01616 280.3 280.3 75.98 970.1 10-46.1 75.98 1032.5 1108.5 0.1437 1.8188 1.9626 
110 1.275 0.01617 265.4 265.4 77.98- 968.8 10-46.7 77.98 1031.4 1109.3 0.1472 1.8106 1.9577 

112 1. 351 0.01617 251.4 251.4 79.97 967.4 10-47.4 79.98 1030.2 1110.2 0.1507 1.8021 1.9528 
114 1.430 0.01618 238.2 238.2 81.97 966.0 10-48.0 81.97 1029.1 1111.0 0.1542 1. 7938 1.9480 
116 1.513 0.01619 225.8 225.9 83.97 964.7 10-48.6 83.97 1027.9 1111.9 0.1577 1. 7856 1.9433 
118 1.601 0.01620 214.2 214.2 85.96 963.3 10-49.3 85.97 1026.8 1112.7 0.1611 1.7774 1.9386 
120 1:693 0.01620 203.25 203.26 87.96 962.0 10-49.9 87.97 1025.6 1113.6 0.1646 1. 7693 1.9339 

122 1.789 0.01621 192.94 192.95 89.96 960.6 1050.6 89.96 1024.5 1114.4 0.1680 1. 7613 1.9293 
124 1.890 0.01622 183.23 183.24 91.96 959.2 1051. 2 91.96 1023.3 1115.3 0.1715 1.7533 1.9247 
126 1.996 0.01623 174.08 174.09 93.95 957.9 1051.8 93.96 1022.2 1116.1 0.1749 1.7453 1.9202 
128 2.107 0.01624 165.45 165.47 95.95 956.6 1052.4 95.96 1021.0 1117.0 0.1783 1.7374 1.9167 
130 2.223 0.01626 157.32 167.33 97.95 956.1 1053.1 97.96 1019.8 1117.8 0.1817 1. 7295 1.9112 

132 2.345 0.0162~ 149.64 149.86 99.95 953.8 1053.7 99.95 1018.7 1118.6 0.1851 1. 7217 1.9068 
134 2.472 0.0162 142.40 142.41 101.94 952.4 1054.3 101.95 1017.5 1119.6 0.1884 1. 7140 1.9024 
136 2.605 0.01627 136.65 135.57 103.94 951.0 1065.0 103.95 1016.4 1120.3 0.1918 1.7063 1.8980 
138 2.744 0.C1628 129.09 129.11 105.94 949.6 1055.6 105.95 1015.2 1121. 1 0.1951 1.6986 1.8937 
140 2.889 0.01629 122.98 123.00 107.94 948.3 1066.2 107.95 1014.0 1122.0 0.1985 1.6910 1.8696 

142 3.0-41 0.01630 117.21 117.22 109.94 946.9 1056.8 109.96 1012.9 1122.8 0.2018 1.6834 1.8862 
144 3.200 0.01631 111.74 111. 76 111.94 945.5 1057.5 111.96 1011. 7 1123.6 0.2051 1.6759 1.8610 
146 3.365 0.01632 106.58 106.59 113.94 944.1 1068.1 113.96 1010.5 1124.5 0.2084 1.6684 1.8769 
148 3.538 0.01633 101. 68 101. 70 115.94 942.8 1058.7 115.96 1009.3 1125.3 0.2117 1.6610 1.8727 
150 3.718 0.01634 97.05 97.07 117.94 941.4 1069.3 117.96 1008.2 1126.1 0.2150 1.8536 1.8686 

152 3.906 0.01635 92.85 92.68 119.94 940.0 1059.9 119.96 1007.0 1126.9 0.2183 1.6463 1.8646 
154 4.102 0.01636 88.50 88.52 121.94 938.6 1060.5 121.96 1005.8 1127.7 0.2216 1.6390 1.8606 
156 4.307 0.01637 84.56 84.57 123.94 937.2 1061.2 123.96 1004.6 1128.6 0.2248 1.6318 1.8666 
158 4.520 0.01638 80.82 80.83 125.94 935.8 1061.8 125.96 1003.4 1129.4 0.2281 1.6245 1.8526 
160 4.741 0.01640 77.27 77.29 127.94 934.4 1062.4 127.96 1002.2 1130.2 0.2313 1.6174 1.8487 

~ 
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TABLE C.3. SATURATED STEAM ENGLISH UNITS (Continued) 

TEll' ABS 
PRESS 

SPECIFIC VOLUME V INTERNAL ENERGY U ENTHALPY H ENTROPY S 

T P SAT SAT SAT SAT SAT SAT SAT SAT (DEG F) (PSIA) LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR 
162 4.972 0.01641 73.90 73.92 129.95 933.0 1063.0 129.96 1001.0 1131.0 0.2345 1.6103 1.8448 164 6.212 0.01642 70.70 70.72 131.95 931.6 1063.6 131.96 999.8 1131.8 0.2377 1.6032 1.8409 1ft 6.462 0.01643 67.67 67.68 133.95 930.2 1064.2 133.97 998.6 1132.6 0,2409 1.6961 1.8371 6.722 0.01644 64.78 64.80 136.95 928.8 1064.8 135.97 997.4 1133.4 0.2441 1.5892 1.8333 170 6.993 0.01646 62.04 62.06 137.96 927.4 1065.4 137.97 996.2 1134:2 0.2473 1.6822 1.8295 
172 6.274 0.01646 69.43 59.45 139.96 926.0 1066.0 139.98 995.0 TI35.0 0.2505 1.5753 1.8268 174 6.666 0.01647 56.95 56.91 141.96 924.6 1066.6 141.98 993.8 1135.8 0.2537 1.5684 1.8221 176 6.869 0.01649 54.69 64.61 143.97 923.2 1067.2 143.99 992.6 1136:6 0.2568 1.5616 1.8184 178 7.184 0.01650 52.35 62.36 145.97 921.8 1067.8 145.99 991.4 1137.4 0.2600 1.6648 1.8147 180 7.511 0.01651 60.21 50.22 147.98 920.4 1068.4 148.00 990.2 1138'.2 0.2631 1.5480 1.8111 
182 7.860 0.01652 48.17 48.19 149.98 919.0 1069.0 150.01 989.0 1139.0 0.2662 1.5413 1.8075 184 8.203 0.01653 46.23 46.25 151.99 917.6 1069.6 152.01 987.8 1139.8 0.2694 1.5346 1.8040 186 8.668 0.01655 44.38 44.40 153.99 916.2 1070.2 164.02 986.5 1140.5 0.2725 1.5279 1.8004 188 8.947 0.01656 42.62 42.64 156.00 914.7 1070.7 166.03 985.3 1141.3 0.2756 1.6213 1.7969 190 9.340 0.01657 40.94 40.96 158.01 913.3 1071.3 168.04 984.1 1142.1 0.2787 1.5148 1. 7934 
192 9.747 0.01658 39.34 39.36 160.02 911.9 1071.9 160.05 982.8 1142.9 0.2818 1.5082 1. 7900 194 10.168 0.01660 37.81 37.82 162.02 910.6 1072.5 162.05 981.6 1143.7 0.2848 1.5017 1.7865 196 10.605 0.01661 36.35 36.36 164.03 909.0 1073.1 164.06 980.4 1144.4 0.2879 1.4952 1. 7831 198 11.058 0.01662 34.95 34.97 166.04 907.6 1073.6 166.08 979.1 1145.2 0.2910 1.4888 1. 7798 200 11.626 0.01664 33.62 33.64 168.06 906.2 1074.2 168.09 977.9 1146.0 0.2940 1.482 .. 1.7764 
202 12.011 0.01665 32.35 32.37 170.06 904.7 1074.8 170.10 976.6 11"6.7 0.2971 1. .. 760 1. 7731 204 12.512 0.01666 31. 13 31. 15 172.07 903.3 1075.3 172.11 975." 11"'.5 0.3001 1.4697 1. 7698 206 13.031 0.01668 29.97 29.99 174.08 901.8 1075.9 17".12 974.1 11"8.2 0.3031 1.4634 1.7665 208 13.568 0.01669 28.86 28.88 176.09 900." 1076.5 176.1" 972.8 11"9.0 0.3061 1.4571 1. 7632 210 1".123 0.01670 27.80 27.82 178.11 898.9 1077.0 178.15 971.6 1149.7 0.3091 1.4509 1. 7600 
212 14.696 0.01672 26.78 26.80 180.12 897.5 1077.6 180.17 970.3 1150.5 0.3121 1.4 .... 7 1. 7568 215 15.592 0.01674 25.34 25.36 183.14 895.3 1078.4 183.19 968.4 115T.6 0.3166 1.436" 1. 7520 220 17.186 0.01678 23.13 23.15 188.18 891.6 1079.8 188.23 965.2 1153.4 0.3241 1.4201 1. 7 .. 42 225 18.912 0.01681 21. 15 21. 17 193.22 888.0 1081.2 193.28 962.0 1156.3 0.3315 1. 4061 1.7365 230 20.78 0.01685 19.364 19.381 198.27 884.3 1082.6 198.33 958.7 1157.1 0.3388 1.3902 1.7290 
236 22.79 0.01689 17.766 17.773 203.32 880.6 1083.9 203.39 955.4 1168.8 0.3461 1.376 .. 1. 7216 240 24.97 0.01693 16.304 16.321 208.37 876.8 1085.2 208.45 952.1 1160.6 0.3533 1.3609 1. 71"2 245 27.31 0.01697 1".991 15.008 213.43 873. 1 1086.5 213.62 948.8 1162.3 0.3606 1.3465 1. 7070 250 29.82 0.01701 13.802 13.819 218.60 869..3 1087.8 218.69 945.4 1164.0 0.3677 1.3323 1.7000 256 32.63" 0.01706. 12.724 12'.7 .. 1. 223.57 865.5 1089.0 223.61 942.1 1165.7 0.37"8 1.3182 1.6930 

260 35."3 0.01709 11. 745 11.762 228.64 861.6 1090.3 228.76 938.6 1167.4 0.3819 1.3043 1.6862 
265 38.53 0.01713 10.854 10.871 233.73 857.8 1091.5 233.85 935.2 1169.0 0.3890 1.2905 1.6795 
270 41.86 0.01717 10.042 10.060 238.82 853.9 1092.7 238.95 931. 7 1170.6 0.3960 1.2769 1.6729 
275 45.41 0.01722 9.302 9.320 243.91 850.0 1093.9 24".06 928.2 1172.2 0.4029 1.2634 1.6663 
280 4.9.20 0.01726 8.627 8.644 249.01 846.1 1095.1 249.17 924.6 1173.8 0.4098 1. 2501 1.6599 

285 53.24 0.01731 8.009 8.026 254.12 842.1 1096.2 254.29 921.0 1175.3 0.4167 1.2368 1.6536 
290 57.65 0.01736 7.443 7.460 259.24 838.1 1097.4 259."3 917." 1176.8 0."236 1.2238 1.6473 
295 62.13 0.01740 6.924 6.942 264.37 834.1 1098.5 264.57 913.7 1178.3 0.4304 1.2108 1.6412 
300 67.01 0.01745 6.448 6."66 269.50 830.1 1099.6 269.71 910.0 1179.7 0.4372 1.1979 1.6351 
305 72.18 0.01750 6.011 6.028 27".64 826.0 1100.6 27".87 906.3 1181. 1 0.4439 1.1852 1.6291 

310 77.67 0.01755 5.608 5.626 279.79 821.9 1101.7 280.04 902.5 1182.5 0."506 1. 1726 1.6232 
315 83.48 0.01760 5.238 5.255 284.94 817.7 1102.7 285.21 898.7 1183.9 0.4573 1.1601 1.6174 
320 89.64 0.01766 4.896 4.914 290.11 813.6 1103.7 290.40 894.8 1185.2 0.4640 1.1477 1.6116 
325 96.16 0.01771 4.581 ".598 295.28 809." 1104.6 295.60 890.9 1186.5 0.4706 1. 135 .. 1.6059 
330 103.05 0.01776 4.289 4.307 300.47 805.1 1105.6 300.81 886.9 1187.7 0.4772 1. 1231 1.6003 

335 110.32 0.01782 4.020 ".037 305.66 800.8 1106.5 306.03 882.9 1188.9 0.4837 1. 1110 1.5947 
340 117.99 0.01787 3.770 3.788 310.87 796.5 1107." 311.26 878.8 1190.1 0.4902 1.0990 1.5892 
345 126.08 0.01793 3.539 3.556 316.08 792.2 1108.2 316.50 874.7 1191.2 0.4967 1.0871 1.5838 
350 134.60 0.01799 3.324 3.342 321.31 787.8 1109.1 321. 76 870.6 1192.3 0.5032 1.0752 1.5784 
355 1"3.57 0.01805 3.124 3.143 326.55 783.3 1109.9 327.03 866.3 1193.4 0.5097 1.0634 1.5731 

360 153.01 0.01811 2.939 2.957 331. 79 778.9 1110.7 332.31 862.1 1194.4 0.5161 1.0517 1.5678 
365 162.93 0.01817 2.767 2.785 337.05 774.3 1111.4 337.60 857.8 1195.4 0.5225 1. 0401 1.5626 
370 173.34 0.01823 2.606 2.624 342.33 769.8 1112.1 342.91 853." 1196.3 0.5289 1.0286 1.5575 
375 184.27 0.01830 2."57 2."75 347.61 765.2 1112.8 348.24 849.0 1197.2 0.5352 1.0171 1.5523 
380 195.73 0.01836 2.317 2.335 352.91 760.5 1113.5 353.58 84".5 1198.0 0.5416 1.0057 1.5"73 

385 207.7" 0.018"3 2.187 2.205 368.22 755.9 111".1 358.93 839.9 1198.8 0.5479 0.994" 1.5 .. 22 
390 220.32 0.01850 2.065 2.083 363.55 751. 1 1114.7 364.30 835.3 1199.6 0.5542 0.9831 1.5372 
395 233."9 0.01857 1.9510 1.9695 368.89 746.3 1115.2 369.69 830.6 1200.3 0.5604 0.9718 1.5323 
400 247.26 0.01864 1.8"44 1.8630 374.24 741.5 1115.7 375.09 825.9 1201. 0 0.5667 0.9607 1.5274 
406 261.65 0.01871 1.7"45 1. 7633 379.61 736.6 1116.2 380.52 821. 1 1201.6 0.5729 0.9496 1.5225 

410 276.69 0.01878 1.6510 1.6697 384.99 731. 7 1116.7 385.96 816.2 1202.1 0.5791 0.9385 1.5176 
415 292.40 0.01886 1.5632 1.5820 390."0 726.7 1117.1 391.42 811.2 1202.7 0.5853 0.9275 1.5128 
.. 20 308.78 0.0189" 1.. .. 808 1. .. 997 395.81 721.6 1117.4 396.90 806.2 1203.1 0.5915 0.9165 1.5080 
425 325.87 0.01901 1.4033 1."224 401. 25 716.5 1117.8 .. 02 ... 0 801.1 1203.5 0.5977 0.9055' 1.5032 
430 343.67 0.01909 1.3306 1.3496 "06.70 711.3 1118.0 "07.92 796.0 1203.9 0.6038 0.8946 1.4985 

435 362.23 0.01918 1. 2621 1. 2812 412.18 706.1 1118.3 413."6 790.7 1204.2 0.6100 0.8838 1. 4937 
440 381.54 0.01926 1. 1976 1.2169 417.67 700.8 1118.5 419.03 785.4 1204.4 0.6161 0.8729 1.4890 
.. 45 401.64 0.01934 1. 1369 1.1562 "23.18 695.5 1118.7 42".62 780.0 1204.6 0.6222 0.8621 1.4843 
450 "22.55 0.01943 1.0796 1.0991 428.71 690.1 1118.8 430.23 77".5 1204.7 0.6283 0.8514 1. 4797 
455 444.28 0.0195 1.0256 1.0451 434.27 684.6 1118.9 435.87 768.9 1204.8 0.6344 0.8406 1.4750 

~ 
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TABLE C.3. SATURATED STUM ENGLISH UNITS (Continued) 

TEMP ABS SPECIFIC VOLUME V INTERNAL ENERGY U ENTHALPY H ENTROPY S 
PRESS 

T P SAT SAT SAT SAT SAT SAT SAT SAT 
(DEG F) (PSIA) LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR LIQUID EVAP VAPOR 

460 466.87 0.0196 0.9746 0.9942 439.84 679.0 1118.9 441.54 763.2 1204.8 0.6405 0.8299 1.4704 
465 490.32 0.0197 0.9265 0.9462 445.44 673.4 1118.9 447.23 757.5 1204.7 0.6466 0.8192 1.4657 
470 514.67 0.0198 0.8810 0.9008 451.06 667.7 1118.8 452.95 751.6 1204.6 0.6527 0.8084 1.4611 
475 539.94 0.0199 0.8379 0.8578 456.71 662.0 1118.7 458.70 745.7 1204.4 0.6587 0.7977 1.4565 
480 566.15 0.0200 0.7972 0.8172 462.39 555.1 1118.5 464.48 739.6 1204.1 0.6648 0.7871 1.4518 

485 593.32 0.0201 0.7586 0.7787 468.09 650.2 1118.3 470.29 733.5 1203.8 0.6708 0.7764 1.4472 
490 621.48 0.0202 0.7220 0.7422 473.82 644.2 1118.0 476.14 727.2 1203.3 0.6769 0.7657 1.4426 
495 650.65 0.0203 0.6874 0.7077 479.57 638.0 1117.6 482.02 720.8 1202.8 0.6830 0.7550 1.4380 
500 680.86 0.0204 0.6545 0.6749 485.36 631.8 1117.2 487.94 714.3 1202.2 0.6890 0.7443 1.4333 
505 712.12 0.0205 0.6233 0.6438 491.2 625.6 1116.7 493.9 707.7 1201.6 0.6951 0.7336 1.4286 

510 744.47 0.0207 0.5936 0.6143 497.0 619.2 1116.2 499.9 700.9 1200.8 0.7012 0.7228 1.4240 
515 777.93 0.0208 0.5654 0.5862 502.9 612.7 1115.5 505.9 694.1 1200.0 0.7072 0.7120 1.4193 
520 812.53 0.0209 0.5386 0.5596 508.8 606.1 1114.9 512.0 687.0 1199.0 0.7133 0.7013 1.4146 
525 848.28 0.0210 0.5131 0.5342 514.8 599.3 1114.2 518.1 679.9 1198.0 0.7194 0.6904 1.4098 
530 885.23 0.0212 0.4889 0.5100 520.8 592.5 1113.3 524.3 672.6 1196.9 0.7255 0.6796 1. 4051 

535 923.39 0.0213 0.4657 0.4870 526.9 585.6 1112.4 530.5 665.1 1195.6 0.7316 0.6686 1.4003 
540 962.79 0.0215 0.4437 0.4651 532.9 578.5 1111. 4 536.8 657.5 1194.3 0.7378 0.6577 1.3954 
545 1003.5 0.0216 0.4226 0.4442 539.1 571. 2 1110.3 543.1 649.7 1192.8 0.7439 0.6467 1.3906 
550 1045.4 0.0218 0.4026 0.4243 545.3 563.9 1109.1 549.5 641.8 1191.2 0.7501 0.6356 1.3856 
555 1088.7 0.0219 0.3834 0.4053 551.5 556.4 1107.9 555.9 633.6 1189.5 0.7562 0.6244 1.3807 

560 1133.4 0.0221 0.3651 0.3871 557.8 548.7 1106.5 562.4 625.3 1187.7 0.7625 0.6132 1.3757 
565 1179.4 0.0222 0.3475 0.3698 564.1 540.9 1105.0 569.0 616.8 1185.7 0.7687 0.6019 1.3706 
570 1226.9 0.0224 0.3308 0.3532 570.5 532.9 1103.4 575.6 608.0 1183.6 0.7750 0.5905 1. 3654 
575 1275.8 0.0226 0.3147 0.3373 577.0 524.8 1101. 7 582.3 599.1 1181.4 0.7813 0.5790 1.3602 
580 1326.2 0.0228 0.2994 0.3222 583.5 516.4 1099.9 589. 1 589.9 1179.0 0.7876 0.5673 1.3550 

585 1378.1 0.0230 0.2846 0.3076 590.1 507.9 1098.0 596.0 580.4 1176.4 0.7940 0.5556 1.3496 
590 1431.5 0.0232 0.2705 0.2937 596.8 499.1 1095.9 602.9 570.8 1173.7 0.8004 0.5437 1.3442 
595 1486.6 0.0234 0.2569 0.2803 603.5 490.2 1093.7 610.0 560.8 1170.8 0.8069 0.5317 1.3386 
600 1543.2 0.0236 0.2438 0.2575 610.4 481.0 1091. 3 617.1 550.6 1167.7 0.8134 0.5196 1.3330 
605 1601.5 0.0239 0.2313 0.2551 617.3 471.5 1088.8 624.4 540.0 1164.4 0.8200 0.5072 1.3273 

610 1661.6 0.0241 0.2191 0.2433 624.4 461.8 1086.1 631.8 529.2 1160.9 0.8267 0.4947 1.3214 
615 1723.3 0.0244 0.2075 0.2318 631.5 451.8 1083.3 639.3 517.9 1157.2 0.8334 0.4819 1. 3154 
620 1786.9 0.0247 0.1961 0.2208 638.8 441.4 1080.2 646,9 506".3 1153.2 0.8403 0.4689 1.3092 
625 1852.2 0.0250 0.1852 0.2102 646.2 430.7 1076.8 654.7 494.2 1148.9 0.8472 0.4656 1.3028 
630 1919.5 0.0253 o. ,746 0.1999 653.7 419.5 1073.2 662.7 481.6 1144.2 0.8542 0.4419 1.2962 

635 1988.7 0.0256 0.1643 0.1899 661.4 407.9 1069.3 670.8 468.4 1139.2 0.8614 0.4279 1.2893 640 2059.9 0.0259 0.1543 0.1802 669.2 395.8 1065.0 679.1 454.6 1133.7 0.8686 0.4134 1.2821 645 2133.1 0.0263 0.1445 0.1708 677.3 383.1 1060.4 687.7 440.2 1127.8 0.8761 0.3985 1.2746 650 2208.4 0.0267 0.1350 0.1617 .685.5 369.8 1055.3 696.4 425.0 1121.4 0.8837 0.3830 1.2667 655 2285.9 0.0272 0.1257 0.1529 694.0 365.8 1049.8 705.5 409.0 1114.5 0.8915 0.3670 1.2584 
660 2365.7 0.0277 0.1166 0.1443 702.8 341.0 1043.9 714.9 392.1 1107.0 0.8995 0.3502 1.2498 662 2398.2 0.0279 0.1131 0.1409 706.4 335.0 1041.4 718.7 385.2 1103.9 0.9029 0.3433 1.2462 664 2431. 1 0.0281 0.1095 0.1376 710.2 328.5 1038.7 722.9 377.7 1100.6 0.9064 0.3361 1.2425 666 2464.4 0.0283 0.1059 0.1342 714.2 321.7 1035.9 727.1 370.0 1097.1 0.9100 0.3286 1.2387 668 2498.1 0.0286 0.1023 0.1309 718.3 314.8 1033.0 731.5 362.1 1093.5 0.9137 0.3210 1.2347 
670 2532.2 0.0288 0.0987 0.1275 722.3 307.7 1030.0 735.8 364.0 1089.8 0.9174 0.3133 1.2307 672 2566.6 0.0291 0.0951 0.1242 726.4 300.5 1026.9 740.2 345.7 1085.9 0.9211 0.3054 1.2266 674 2601.5 0.0294 0.0916 0.1210 730.5 293. 1 1023.6 744.7 337.2 1081.9 0.9249 0.2974 1.2223 676 2636.8 0.0297 0.0880 0.1177 734.7 285.5 1020.2 749.2 328.5 1077.6 0.9287 0.2892 1:2179 678 2672.5 0.0300 0.0844 0.1144 738.9 277.7 1016.6 753.8 319.4 1073.2 0.9326 0.2807 1. 2133 
680 2708.6 0.0304 0.0808 0.1112 743.2 269.6 1012.8 758.5 310.1 1068.5 0.9365 0.2720 1.2086 682 2745.1 0.0307 0.0772 0.1079 747.7 261.2 1008.8 763.3 300.4 1063.6 0.9406 0.2631 1.2036 684 2782.1 0.0311 0.0735 0.1046 752.2 252.4 1004.6 768.2 290.2 1058.4 0.9447 0.2537 1.1984 686 2819.5 0.0316 0.0698 0.1013 756.9 243.1 1000.0 773.4 279.5 1052.9 0.9490 0.2439 1. 1930 688 2857.4 0.0320 0.0659 0.0980 761.8 233.3 995.2 778.8 268.2 1047.0 0.9535 0.2337 1. 1872 
690 2895.7 0.0326 0.0620 0.0946 767.0 222.9 989.9 784.5 256.1 1040.6 0.9583 0.2227 1.1810 692 2934.5 0.0331 0.0580 0.0911 772.5 211.6 984.1 790.5 243.1 1033.6 0.9634 0.2110 1.1744 694 2973.7 0.0338 0.0637 0.0875 778.5 199.2 977.7 797.1 228.8 1025.9 0.9689 0.1983 1.1671 696 3013.4 0.0345 0.0492 0.0837 785. 1 185.4 970.5 804.4 212.8 1017.2 0.9749 O. 1841 1. 1591 698 3063.6 0.0355 0.0442 0.0797 792.6 169.6 962.2 812.6 194.6 1007.2 0.9818 0.1681 1.1499 
700 3094.3 0.0366 0.0386. 0.0752 801.5 150.7 952.1 822.4 172.7 995.2 0.9901 0.1490 1.1390 702 3135.5 0.0382 0.0317 0.0700 812.8 126.3 939.1 835.0 144.7 979.7 1.0006 O. 1246 1. 1252 704 3177.2 0.0411 0.0219 0.0630 830.1 89.1 919.2 864.2 102.0 956.2 1.0169 0.0876 1. 1046 706.47 3208.2 0.0608 0.0000 0.0608 875.9 -0.0 875.9 906.0 -0.0 906.0 1.0612 0.0000 1.0612 

e ... 
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TABLE C.4. SUPERHEATED STEAM ENGLISH UNITS 

ABS PRESS TEMPERATURE, DEG F 
PSU SAT SAT 

WATER STEAM 200 260 300 360 400 460 600 
(SAT TEMP) 

V 0.0161 333.60 392.5 422.4 462.3 482.1 511.9 541. 7 571.6 
1 U 69.73 1044.1 1077 .5 1094.7 1112.0 1129.5 1147.1 1164.9 1182.8 

(101.74) H 69.73 1105.8 1160.2 1172.9 1196.7 1218.7 1241.8 1266.1 1288.6 
S 0.1326 1.9781 2.0509 2.0841 2.1162 2.1446 2.1722 2.1985 2.2237 

V 0.0164 73.632 78.14 84.21 90.24 96.25 102.2 108.2 114.2 
6 U 130.18 1063.1 1076.3 1093.8 1111.3 1128.9 1146.7 1164.5 1182.6 

(162.24) H 130.20 1131. 1 1148.6 1171.7 1194.8 1218.0 1241. 3 1264.7 1288.2 
S 0.2349 1. 8443 1.8716 1.9054 1.9369 1.9664 1.9943 2.0208 2.0460 

V 0.0166 38.420 38.84 41.93 44.98 48.02 61.03 64.04 67.04 
10 U 161. 23 1072.3 1074.7 1092.6 1110.4 1128.3 1146.1 1164.1 1182.2 

( 193.21) H 161.26 1143.3 1146.6 1170.2 1193.7 1217.1 1240.6 1264.1 1287.8 
S 0.2836 1.7879 1. 7928 1.8273 1.8593 1.8892 1.9173 1.9439 1.9692 

V 0.0167 26.799 28.42 30.62 32.60 34.67 36.72 38.77 
14.696 U 180.12 1077.6 1091.5 1109.6 1127.6 1146.7 1163.7 1181.9 

(212.00) H 180.17 1160.5 1168.8 1192.6 1216.3 1239.9 1263.6 1287.4 
S 0.3121 1.7568 1. 7833 1.8158 1.8460 1.8743 1.9010 1.9266 

V 0.0167 26.290 27.84 29.90 31.94 33.96 36.98 37.98 
16 U 181. 16 1077.9 1091.4 1109.5 1127.6 1145.6 1163.7 1181.9 

(213.03) H 181.21 1150.9 1168.7 1192.5 1216.2 1239.9 1263.6 1287.3 
S 0.3137 1.7562 1.7809 1.8134 1.8436 1.8720 1.8988 1.9242 

V 0.0168 20.087 20.79 22.36 23.90 25.43 26.96 28.46 
20 U 196.21 1082.0 1090.2 1108.6 1126.9 1145.1 1163.3 l1U· 6 

(227.96) H 196.27 1156.3 1167.1 1191.4 1215.4 1239.2 1263.0 12 .9 
S 0.3358 1.7320 1. 7475 1.7805 1.8111 1.8397 1.8666 1.8921 

V 0.0169 16.301 16.56 17.83 19.08 20.31 21.53 22.74 
25 U 208.44 1085.2 1089.0 1107.7 1126.2 1144.6 1162.9 1181.2 

(240.07) H 208.52 1160.6 1165.6 1190.2 1214.6 1238.5 1262.5 1286.4 
S 0.3535 1. 7141 1. 7212 1.7647 1.7856 1.8145 1.8415 1.8672 

V 0.0170 13.744 14.81 15.86 16.89 17.91 18.93 
30 U 218.84 1087.9 1106.8 1125.5 1144.0 1162.5 1180.9 

(250.34) H 218.93 1164.1 1189.0 1213.6 1237.8 1261.9 1286.0 
S 0.3682 1.6995 1.7334 1.7647 1. 7937 1.8210 1.8467 

V 0.0171 11.896 12.66 13.56 14.45 15.33 16.21 35 U 227.92 1090.1 1106.9 1124.8 1143.5 1162.0 1180.5 (259.29,) H 228.03 1167.1 1187.8 1212.7 1237.1 1261.3 1285.5 S 0.3809 1.6872 1. 7152 1. 7468 1. 7761 1.8035 1.8294 

V 0.0172 10.497 11.04 11.84 12.62 13.40 14.16 40 U 236.02 1092.1 1104.9 1124.1 1142.9 1161.6 1180.2 (267.26) H 236.14 1169.8 1186.6 1211. 7 1236.4 1260.8 1285.0 S 0.3921 1.6766 1.6992 1. 7312 1. 7608 1. 7883 1.8143 

V 0.0172 9.399 9.777 10.50 11.20 11.89 12.68 45 U 243.34 1093.8 1104.0 1123.4 1142.4 1161.2 1179.8 (274.44) H 243.49 1172.0 1185.4 1210.8 1236.7 1260.2 1284,6 S 0.4021 1.6671 1.6849 1. 7173 1.7471 1.7749 1.8009 

V 0.0173 8.514 8.769 9.424 10.06 10.69 11.3.1 50 U 250.05 1095.3 1103.0 1122.7 1141.8 1160.7 1179.6 (281.01) H 250.21 1174.1 1184.1 1209.9 1234.9 1259,6 1284.1 S 0.4112 1.6686 1.6720 1.7048 1.7349 1. 7628 1. 7890 

V 0.0173 7.785 7.945 8.546 9.130 9.702 10.27 55 U 256.25 1096.7 1102 . .() 1121.9 1141.3 1160.3 1179.1 (287.08) H 256.43 1175.9 1182.8 1208.9 1234.2 1259.1 1283.6 S 0.4196 1.6510 1.6601 1.6934 1.7237 1.7518 1. 7781 

V 0.0174 7.174 7.257 7.815 8.364 8.881 9.400 60 U 262.02 1098.0 1101.0 1121.2 1140.7 1159.9 1178.8 (292.71) H 262.21 1177.6 1181.6 1208.0 1233.5 1258.5 1283.2 S 0.4273 1.6440 1.6492 1.6829 1. 7134 1. 7417 1. 7681 

V 0.0174 6.653 6.675 7.196 7.697 8.186 8.667 65 U 267.42 1099.1 1100.0 1120.4 1140.2 1159.4 1178.4 (297.98) H 267.63 1179.1 1180.3 1207.0 1232.7 1257.9 1282.7 S 0.4344 1.6375 1.6390 1.6731 1.7040 1.7324 1. 7589 

V 0.0175 6.205 6.664 7~ 133 7.690 8.039 70 U 272.51 1100.2 1119.7 1139.6 1169.0 1178.1 (302.93) H 272.74 1180.6 1206.0 1232.0 1267.3 1282.2 S 0.4411 1.6316 1.6640 1.6961 1.7237 1. 7604 

V 0.0175 5.814 6.204 6.645 7.074 7.494 75 U 277.32 1101. 2 1118.9 1139.0 1158.5 1177.7 (307.61) H 277.56 1181.9 1205.0 1231. 2 1266.7 1281. 7 S 0.4474 1.6260 1.6664 1.6868 1. 7166 1. 7424 

e 
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TABLE C.4. SUPERHEATED STEAM ENGlfSH UNITS (Continued) 

ABS PRESS TEMPERATURE. DEG F 
PSIA SAT SAT 

WATER STEAM 600 700 800 900 1000 1100 1200 (SAT TEMP) 

V 0.0161 333.60 631. 1 690.7 750.3 809.9 869.5 929.0 988.6 1 U 69.73 1044.1 1219.3 1256.7 1294.9 1334.0 1374.0 1414.9 1456.7 (101.74) H 69.73 1105.8 1336.1 1384.5 1433.7 1483.8 1534.9 1586.8 1639.7 S 0.1326 1.9781 2.2708 2.3144 2.3551 2.3934 2.4296 2.4640 2.4969 

V 0.0164 73.532 126.1 138.1 150.0 161.9 173.9 185.8 197.7 5 U 130.18 1063.1 1219.2 1256.5 1294.8 1333.9 1373.9 1414.8 1456.7 ( 162.24) H 130.20 1131. 1 1335.9 1384.3 1433.6 1483.7 1534.7 1586.7 1639.6 S 0.2349 1.8443 2.0932 2.1369 2.1776 2.2159 2.2521 2.2866 2.3194 

V 0.0166 38.420 63.03 69.00 74.98 80.94 86.91 92.87 98.84 10 U 161. 23 1072.3 1218.9 1256.4 1294.6 1333.7 1373.8 1414.7 1456.6 ( 193.21) H 161. 26 1143.3 1335.5 1384.0 1433.4 1483.5 1534.6 1586.6 1639.5 S 0.2836 1.7879 2.0166 2.0603 2.1011 2.1394 2.1757 2.2101 2.2430 

V 0.0167 26.799 42.86 46.93 51.00 55.06 59. 13 63.19 67.25 14.696 U 180.12 1077.6 1218.7 1256.2 1294.5 1333.6 1373.7 1414.6 1456.5 (212.00) H 180.17 1150.5 1335.2 1383.8 1433.2 1483.4 1534.5 1586.5 1639.4 S 0.3121 1. 7568 1.9739 2.0177 2.0585 2.0969 2.1331 2.1676 2.2005 

V 0.0167 26.290 41.99 45.98 49.96 53.95 57.93 61.90 65.88 15 U 181. 16 1077.9 1218.7 1256.2 1294.5 1333.6 1373.7 1414.6 1456.5 (213.03) H 181.21 1150.9 1335.2 1383.8 1433.2 1483.4 1534.5 1586.5 1639.4 S 0.3137 1.7552 1. 9717 2.0155 2.0663 2.0946 2.1309 2.1653 2.1982 

V 0.0168 20.087 31.47 34.46 37.46 40.45 43.43 46.42 49.40 20 U 196.21 1082.0 1218.4 1256.0 1294.3 1333.5 1373.6 1414.5 1456.4 (227.96) H 196.27 1156.3 1334.9 1383.5 1432.9 1483.2 1534.3 1586.3 1639.3 
S 0.3358 1.7320 1.9397 1.9836 2.0244 2.0628 2.0991 2.1336 2.1665 

V 0.0169 16.301 25.15 27.56 29.95 32.35 34.74 37.13 39.52 25 U 208.44 1085.2 1218.2 1255.8 1294.2 1333.4 1373.5 1414.4 1456.3 (240.07) H 208.52 1160.6 1334.6 1383.3 1432.7 1483.0 1534.2 1586.2 1639.2 S 0.3535 1. 7141 1.9149 1.9588 1.9997 2.0381 2.0744 2.1089 2.1418 

V 0.0170 13.744 20.95 22.95 24.95 26.95 28.94 30.91 32.93 30 U 218.84 1087.9 1218.0 1255.6 1294.0 1333.2 1373.3 1414.3" 1456.3 (250.34) H 218.93 1164.1 1334.2 1383.0 1432.5 1482.8 1534.0 1586.1 1639.0 S 0.3682 1.6995 1.8946 1.9386 1.9795 2.0179 2.0543 2.0888 2.1217 

V 0;0171 11.895 17.94 19.66 21.38 23.09 24.80 26.51 28.22 35 U 227.92 1090.1 1217.7 1255.4 1293.9 1333.1 1373.2 1414.3 1456.2 (259.29) H 228.03 1167.1 1333.9 1382.8 1432.3 1482.7 1533.9 1586.0 1638.9 S 0.3809 1.6872 1.8774 1.9214 1.9624 2.0009 2.0372 2.0717 2.1046 

V 0.0172 10.497 15.68 17.19 18.70 20.20 21. 70 23.19 24.69 40 U 236.02 1092.1 1217.5 1255.3 1293.7 1333.0 1373.1 1414.2 1456.1 (267.25) H 236.14 1169.8 1333.6 1382.5 1432.1 1482.5 1533.7 1585.8 1638.8 S 0.3921 1.6766 1.6624 1.9065 1.9476 1.9860 2.0224 2.0569 2.0899 

V 0.0172 9.399 13.93 15.28 16.61 17.95 19.28 20.61 21.94 45 U 243.34 Ul93.8 1217.2 1255.1 1293.6 1332.9 1373.0 1414.1 1456.0 (274.44) H 243.49 n72.0 1333.3 1382.3 1431.9 1482.3 1533.6 1585.7 1638.7 S 0.4021 ..1.6671 1.8492 1.8934 1.9345 1.9730 2.0093 2.0439 2.0768 

V 0.0173 8.514 12.53 13.74 14.95 16.15 17.35 18.55 19.75 50 U 250.05 1095.3 1217.0 1254.9 1293.4 1332.7 1372.9 1414.0 1455.9 (281.01) H 250.21 1174.1 1332.9 1382.0 1431. 7 1482.2 1533.4 1585.6 1638.6 S 0.4112 1.6586 1.8374 1.8816 1.9227 1.9513 1.9977 2.0322 2.0652 

V 0.0173 7.785 11.38 12.48 13.58 14.68 15.77 16.86 17.95 55 U 256.25 1096.7 1216.8 1264.7 1293.3 1332.6 1372.8 1413.9 1455.8 (287.08) H 256.43 1175.9 1332.6 1381.8 1431.5 1482.0 1533.3 1585.5 1638.5 S 0.4196 1.6510 1.8266 1.8710 1.9121 1.9507 1.9871 2.0216 2.0646 

V 0.0174 7.174 10.42 11.44 12.45 13.45 14.45 15.45 16.45 60 U 262.02 1098.0 1216.5 1254.5 1293.1 1332.5 1372.7 1413.8 1455.8 (292.71) H 262.21 1177.6 1332.3 1381.5 1431. 3 1481.8 1533.2 1585.3 1638.4 S 0.4273 1.6440 1.8168 1.8612 1.9024 1.9410 1.9774 2.0120 2.0450 

V 0.0174 6.653 9.615 10.55 11.48 12.41 13.34 14.26 15.18 85 U 267.42 1099.1 1216.3 1254.3 1293.0 1332.4 1372.6 1413.7 1455.7 (297.98) H 267.63 1179.1 1331. 9 1381.3 1431.1 1481.6 1533.0 1585.2 1638.3 S 0.4344 1.6375 1.8077 1.8522 1.8935 1.9321 1.9685 2.0031 2.0351 

V 0.0175 6.206 8.922 9.793 10.66 11.52 12.38 13.24 14.10 70 U 272.51 1100.2 1216.0 1254.1 1292.8 1332.2 ·'372.5 1413.6 1455.6 (302.93) H 272.74 1180.6 1331.6 1381.0 1430.9 1481.5 1532.9 1585.1 1638.2 S 0.4411 1.6316 1. 7993 1.8439 1.8852 1.9238 1.9503 1.9949 2.0279 

V 0.0175 5.814 8.320 9.135 9.945 10.75 11.55 12.35 13.15 75 U 277 .32 1101.2 1215.8 1254.0 1292.7 1332.1 1372.4 1413.5 1455.5 (307.61) H 277 .56 1181.9 1331.3 1380.7 1430.7 1481.3 1532.7 1585.0 1638.1 S 0.4474 1.6260 1.7915 1.8361 1.8774 1.9161 1.9526 1.9872 2.0202 

; 
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TABLE C.4. SUPERHEATED STEAM ENGLISH UNITS (Continued) 

A8S PRESS TEMPERATURE. DEG F 
PSIA SAT SAT 

WATER STEAM 340 360 360 400 420 460 600 
(SAT TEMP) 

V 0:0176 6.471 5.716 6.886 6.0;3 6.218 6.361 6.622 7.018 
80 U 281.89 1102.1 1114.0 1122.3 1130.4 1138.4 1146.3 1168.1 1177.4 

(312.04) H 282.15 1183.1 1198.6 1209.4 1220.0 1230.6 1240.8 1266.1 1281.3 
S 0.4534 1.6208 1.640; 1.6539 1.6667 1.6790 1.6909 1. 7080 1.7349 

V 0.0176 5.167 5.364 6.626 5.684 6.840 5.995 6.223 6.697 
65 U 286.24 1102.9 1113.1 1121.6 1129.7 1137.8 1145.8 1157.6 1177.0 

(316.28) H 286.52 1184.2 1197.5 1208.4 1219.1 1229.7 1240.1 1265.5 1280.8 
S 0.4590 1.6169 1.6328 1.6463 1.6592 1.6716 1.6836 1.7008 1. 7279 

V 0.0177 4.896 5.0;1 5.20; 5.366 6.60; 5.652 5.869 6.223 
90 U 290.40 1103.7 1112.3 1120.8 1129.1 1137.2 1145.3 1167.2 1176.7 

(320.28) H 290.69 1185.3 1196.4. 1207.6 121~.3 1228:9 1239.4 1264.9 1280.3 
S 0.4643 1.6113 1.6254 1.6391 .6521 1.6846 1.6767 1.6940 1. 7212 

V 0.0177 4.651 4.771 4.919 6.063 5.20; 6.345 5.661 5.889 
96 U 294.38 1104.5 1111.4 1120.0 1128.4 1136.6 1144.7 1165.7 1176.3 

(324.13) H 294.70 1186.2 1195.3 120;.6 1217.4 1228.1 1238.7 1264.3 1279.8 
S 0.4694 1.6069 1.6184 1.6322 1.6453 1.6580 1.6701 1.6876 1. 7149 

V 0.0177 4.431 4.619 4.650 4.799 4.936 5.068 5.265 5.688 
100 U 298.21 110;.2 1110.6 1119.2 1127.7 1136.0 1144.2 1166.3 1175.9 

(327.82) H 298.64 1187.2 1194.2 120;.5 1216.5 1227.4 1238.0 1263.7 1279.3 
S 0.4743 1.6027 1.6116 1.6265 1.6369 1.6516 1.6636 1.6814 1.7088 

V 0.0178 4.231 4.291 4.427 4.660 4 .. 690 4.818 5.007 5.315 
106 U 301.89 1106.8 1109.7 1118.6 1127.0 1136.4 1143.7 1165.8 1175.6 

(331. 37) H 302.24 1188.0 1193.1 1204.5 1215.6 1226.6 1237.3 1263.1 1278.8 
S 0.4790 1.5988 1.&0;1 1.6192 1.6326 1.6455 1.6578 1.6765 1. 7031 

V 0.0178 4.048 4.083 4.214 4.343 4.468 4.691 4.772 5.068 
110 U 306.44 1t06.6 1108.8 1117.7 1126.4 1134.8 1143.1 1165.3 1175.2 

(334.79) H 306.80 1188.9 1191.9 1203.5 1214.7 1225.8 1236.6 1252.5 1278.3 
S 0.4834 1.6960 1.6988 1.6131 1.6267 1.6396 1.6521 1.6598 1.6975 

V 3J:gF9 3.881 3.894 4.020 4.144 4.265 4.383 4.558 4.841 
115 U 1107.0 H07.9 1116.9 1125.7 1134.2 1142.6 1164.8 1174.8 

(338.08) H 309.26 1189.6 1190.8 1202.5 1213.·8 1225.0 1236.8 1261.8 1277.9 
S 0.4877 1.5913 1.6928 1.6072 1.6209 1.6340 1;6465 1.6844 1.6922 

V 0.0179 3.728 3.842 3.962 4.079 4.193 4.361 4.634 120 U 312.19 1107.6 1116.1 1124.9 1133.6 1142.0 1154.4 1174.5 (341.27) H 312.68 1190.4 1201.4 1212.9 1224.1 1235.1 1261.2 1277.4 S 0.4919 1.5879 1.6015 1.6154 1.6286 1.6412 1.6592 1.6872 

V 0.0179 3.686 3.679 3.794 3.907 4.018 4.180 4.443 125 U 316.40 1108.1 1115.3 1124.2 1132.9 1141.4 1153.9 1174.1 (344.35) H 315.82 1191. 1 1200.4 1212.0 1223.3 1234 .4 1250.6 1276.9 S 0.4959 1.5845 1.6960 1.6100 1.6233 1.6360 1.6541 1.6823 

V 0.0180 3.454 3.627 3.639 3.749 3.856 4.013 4.267 130 U 318.52 1108.6 1114.6 1123.6 1132.3 1140.9 1153.4 1173.7 (347.33) H 318.95 1191. 7 1199.4 1211. 1 1222.5 1233.6 1249.9 1276.4 S 0.4998 1.5813 1.6907 1.6048 1.6182 1.6310 1.6493 1.6775 

V 0.0180 3.332 3.387 3.496 3.602 3.706 3.858 4.104 135 U 321.55 1109.1 1113.7 1122.8 1131. 7 1140.3 1152.9 1173.3 (360.23) H 322.00 1192.4 1198.3 1210.1 1221.6 1232.9 1249.3 1275.8 S 0.5035 1.6782 1.6655 1.6997 1.6133 1.6262 1.6446 1.6730 

V 0.0180 3.219 3.257 3.363 3.465 3.667 3.714 3.953 140 U 324.49 1109.6 1112.9 1122.1 1131.0 1139.7 1152.4 1172.9 (353.04) H 324.96 1193.0 1197.2 1209.2 1220.8 1232.1 1248.7 1275.3 S 0.5071 1.5752 1.6804 1.6948 1.6085 1.6215 1.6400 1.6686 

V 0.0181 3.113 3.136 3.239 3.339 3.437 3.580 3.812 145 U 327.36 1110.0 1112.0 1121.3 1130.4 1139.1 1151.9 1172.6 (355.77) H 327.84 1193.5 1196.1 1208.2 1220.0 1231.4 1248.0 1274.8 S 0.5107 1.5723 1.5755 1.5901 1.6039 1.6170 1.6356 1.6843 

V 0.0181 3.014 3.022 3.123 3.221 3.316 3.455 3.680 150 U 330.15 1110.4 1111.2 1120.6 1129.7 1138.6 1151.4 1172.2 (368.43) H 330.65 1194.1 1195.1 1207.3 1219.1 1230.6 1247.4 1274.3 S 0.5141 1.5695 1.5707 1.5864 1.5993 1.6126 1.6313 1.6602 

V 0.0181 2.921 3.014 3.110 3.203 3.339 3.557 155 U 332.87 1110.8 1119.8 1129.0 1138.0 1150.9 1171.8 (361. 02) H 333.39 1194.6 1206.3 1218.2 1229.8 1246.7 1273.8 S 0.5174 1.5658 1.6809 1.5949 1.6083 1.6271 1.6561 

V 0.0182 2.834 2.913 3.006 3.097 3.229 3.441 160 U 335.53 1111.2 1119.1 1128.4 1137.4 1150.4 1171.4 (363.55) H 336.07 1195.1 1206.3 1217.4 1229.1 1246.0 1273.3 S 0.5206 1.5641 1.5764 '1.5906 1.6041 1.6231 1.6522 

~ 
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TABLE .C.4. SUPERHEATED STEAM ENGLISH UNITS (Continued) 

ABS PRESS TEMPERATURE, DEG F 
PSIA SAT SAT 

WATER STEAM 600 700 800 900 1000 1100 1200 

(SAT TEMP) 

V 0.0176 5.471 7.794 8.660 9.319 10.08 10.83 11.68 12.33 

80 U 281.89 1102.1 1215.5 1253.8 1292.5 1332.0 1372.3 1413.4 1456.4 

(312.04) H 282.15 1183.1 1330.9 1380.5 1430.5 1481. 1 1532.6 1684.9 1638.0 

S 0.4534 1.6208 1.7842 1.8289 1.8702 1.9089 1.9454 1.9800 2.0131 

V 0.0176 5.167 7.330 8.052 8.768 9.480 10.19 10.90 11.60 

85 U 286.24 1102.9 1215.3 1253.6 1292.4 1331.9 1372.2 1413.3 1455.4 

(316.26) H 286.52 1184.2 1330.6 1380.2 1430.3 1481.0 1532.4 1584.7 1637.9 

S 0.4590 1.6169 1.7772 1.8220 1.8634 1.9021 1.9386 1.9733 2.0063 

V 0.0177 4.895 6.917 7.600 8.277 8.950 9.621 10.29 10.96 

90 U 290.40 1103.7 1215.0 1253.4 1292.2 1331. 7 1372.0 1413.2 1455.3 

(320.28) H 290.69 1185.3 1330.2 1380.0 1430.1 1480.8 1532.3 1584.6 1637.8 

S 0.4643 1.6113 1.7707 1.8166 1.8570 1.8957 1.9323 1.9669 2.0000 

V 0.0177 4.651 6.548 7.196 7.838 8.477 9.113 9.747 10.38 

95 U 294.38 1104.5 1214.8 1253.2 1292.1 1331.6 1371.9 1413.1 1455.2 

(324.13) H 294.70 1186.2 1329.9 1379.7 1429.9 1480.6 1532.1 1584.5 1637.7 

S 0.4694 1.6069 1.7645 1.8094 1.8509 1.8897 1.9262 1.9609 1.9940 

V 0.0177 4.431 6.216 6.833 7.443 8.050 8.655 9.258 9.860 

100 U 298.21 1105.2 1214.5 1253.0 1291.9 1331.5 1371.8 1413.0 1455.1 

(327.82) H 298.54 1187.2 1329.6 1379.5 1429.7 1480.4 1532.0 1684.4 1637.6 

S 0.4743 1.6027 1.7586 1.8036 1.8451 1.8839 1.9205 1.9552 1.9883 

V 0.0178 4.231 5.915 6.504 7.086 7.665 8.241 8.816 9.389 

105 U 301.89 1105.8 1214.3 1252.8 1291.8 1331. 3 1371. 7 1412.9 1455.0 

(331. 37) H 302.24 1188.0 1329.2 1379.2 1429.4 1480.3 1531.8 1584.2 1637.5 

S 0.4790 1.5988 1. 7530 1. 7981 1.8396 1.8785 1.9151 1.9498 1.9828 

V 0.0178 4.048 5.642 6.205 6.761 7.314 7.865 8.413 8.961 

110 U 305.44 1106.5 1214.0 1252.7 1291.6 1331.2 1371.6 1412.8 1455.0 

(334.79) H 305.80 1188.9 1328.9 1378.9 1429.2 1480.1 1531.7 1584.1 1637.4 

S 0.4834 1.5950 1.7476 1. 7928 1.8344 1.8732 1.9099 1.9446 1.9777 

V 0.0179 3.881 5.392 5.932 6.465 6.994 7.521 8.046 8.670 

115 U 308.87 1107.0 1213.8 1252.6 1291.5 1331. 1 1371.5 1412.8 1454.9 

(338.08) H 309.26 1189.6 1328.6 1378.7 1429.0 1479.9 1631.6 1684.0 1637.2 

S 0.4877 1.6913 1. 7426 1.7877 1.8294 1.8682 1.9049 1.9396 1.9727 

V 0.0179 3.728 5.164 6.681 6.193 6.701 7.206 7.710 8.212 
120 U 312.19 1107.6 1213.6 1262.3 1291.3 1331. 0 1371.4 1412.7 1454.8 

(341.27) H 312.68 1190.4 1328.2 1378.4 1428.8 1479.8 1631.4 1683.9 1637.1 
S 0.4919 1.6879 1.7376 1. 7829 1.8246 1.8636 1.9001 1.9349 1.9680 

V 0.0179 3.686 4.953 6.461 6.943 6.431 6.916 7.400 7.882 
126 U 315.40 1108.1 1213.3 1262.1 1291.2 1330.8 1371. 3 1412.6 1464.7 

(344.35) H 315.82 1191. 1 1327.9 1378.2 1428.6 1479.6 1631. 3 1683.7 1637.0 
S 0.4959 1.5845 1.7328 1.7782 1.8199 1.8589 1.8955 1.9303 1.9634 

V 0.0180 3.454 4.769 5.238 5.712 6.181 6.649 7.114 7.678 
130 U 318.52 1108.6 1213.0 1261.9 1291.0 1330.7 1371.2 1412.5 1454.6 

(347.33) H 318.95 1191. 7 1327.6 1377.9 1428.4 1479.4 1631. 1 1683.6 1636.9 
S 0.4998 1.6813 1.7283 1.7737 1.8165 1.8545 1.8911 1.9269 1. 9591 

V 0.0180 3.332 4.679 6.042 6.498 5.951 6.401 6.849 7.296 
136 U 321.65 1109.1 1212.8 1261. 7 1290.9 1330.6 1371. 1 1412.4 1464.5 

(350.23) H 322.00 1192.4 1327.2 1377.7 1428.2 1479.2 1531.0 1683.5 1636.8 
S 0.5035 1.5782 1. 7239 1.7694 1.8112 1.8502 1.8869 1.9217 1.9548 

V 0.0180 3.219 4.412 4.859 5.299 5.736 6.171 6.604 7.036 
140 U 324.49 1109.6 1212.5 1251.5 1290.7 1330.5 1371. 0 1412.3 1454.5 

(363.04) H 324.96 1193.0 1326.8 1377.4 1428.0 1479.1 1530.8 1583.4 1636.7 
S 0.5071 1.5752 1. 7196 1. 7652 1.8071 1.8461 1.8828 1.9176 1.9508 

V 0.0181 3.113 4.256 4.689 5.115 5.637 5.957 6.375 6.791 
145 U 327.36 1110.0 1212.3 1251.3 1290.6 1330.3 1370.9 1412.2 1454.4 

(365.77) H 327.84 1193.5 1326.5 1377.1 1427.8 1478.9 1630.7 1583.2 1636.6 
S 0.5107 1.6723 1. 7155 1. 7612 1.8031 1.8421 1.8789 1.9137 1.9469 

V 0.0181 3.014 4.111 4.630 4.942 5.361 6.767 6.161 6.664 
150 U 330.15 1110.4 1212.0 1251.1 1290.4 1330.2 1370.7 1412.1 1464.3 

(358.43) H 330.65 1194.1 1326.1 1376.9 1427.6 1478.7 1530.5 1683.1 1636.5 
S 0.5141 1.5695 1. 7115 1.7573 1. 7992 1.8383 1.8761 1.9099 1.9431 

V 0.0181 2.921 3.975 4.381 4.781 5.177 6.570 6.961 6.362 
156 U 332.87 1110.8 1211.8 1261.0 1290.3 1330. 1 1370.6 1412.0 1464.2 

(361.02) H 333.39 1194.6 1325.8 1376.6 1427.4 1478.6 1530.4 1583.0 1636.4 
S 0.5174 1.5668 1. 7077 1.7636 1. 7955 1.8346 1.8714 1.9062 1.9394 

V 0.0182 2.834 3.848 4.242 4.629 6.013 6.395 5.774 6.162 
160 U 336.63 1111.2 1211.5 1260.8 1290.1 1330.0 1370.5 1411.9 1464.1 

(363.66) H 336.07 1195.1 1326.4 1376.4 1427.2 1478.4 1530.3 1682.9 1636.3 
S 0.5206 1.5841 1.7039 1.7499 1. 7919 1.8310 1.8678 1.9027 1.9369 

; 
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TABLE C.4. SUPERHEATED STEAM ENGLI SH UN I TS (Continued) 

ABS PRESS TEMPERATURE, DEG F 
PSIA SAT SAT 

(SAT TEMP) 
WATER STEAM 400 420 440 460 480 600 550 

V 0.0182 2.751 2.908 2.997 3.083 3.168 3.251 3.333 3.533 165 U 338.12 1111.6 1127.7 1136.8 1145.5 1154".2 1162.7 1171.0 1191.3 (366.02) H 338.68 1195.6 1216.5 1228.3 1239.7 1251.0 1251.9 1272.8 1299.2 S 0.6238 1.5616 1.6864 1.6000 1.6129 1.6252 1.6370 1.6484 1.6753 

V 0.0182 2.674 2.816 2.903 2.987 3.070 3.151 3.231 3.426 170 U 340.66 1111. 9 1127.0 1136.2 1145.1 1153.7 1162.3 1170.6 1191.0 (368.42) H 341.24 1196.0 1215.6 1227.5 1239.0 1250.3 1261. 4 1272.2 1298.8 
S 0.5269 1.6591 1.5823 1.6960 1.6090 1.6214 1.6333 1.6447 1.6717 

V 0.0182 2.601 2.729 2.814 2.897 2.977 3.066 3.134 3.324 175 U 343.15 1112.2 1126.3 1135.6 1144.5 1153.3 1161.8 1170.2 1190.7 (370.77) H 343.74 1196.4 1214.7 1225.7 1238.3 1249.7 1260.8 1271. 7 1298.4 S 0.5299 1.5667 1.5783 1.5921 1.6051 1.6175 1.6296 1.6411 1.6682 

V 0.0183 2.531 2.647 2.730 2.811 2.890 2.967 3.043 3.229 180 U 345.58 1112.6 1125.6 1134.9 1144.0 1152.8 1161.4 1169.8 1190.4 (373.08) H 346.19 1196.9 1213.8 1225.9 1237.6 1249.0 1260.2 1271. 2 1297.9 
S 0.5328 1.5543 1.6743 1.6882 1.6014 1.6140 1.6260 1.6376 1.6847 

V 0.0183 2.465 2.570 2.661 2.730 2.807 2.883 2.967 3.138 184 U 347.96 1112.8 1l24.9 1134.3 1143.4 1162.3 1160.9 1169.4 1190.1 (375.33) H 348.58 1197.2 1212.9 1225.1 1236.9 1248.4 1259.6 1270.7 1297.5 S 0.5356 1.5520 1.6705 1.6845 1.5978 1.6104 1.6225 1.6341 1.6614 

V 0.0183 2.403 2.496 2.576 2.654 2.729 2.803 2.876 3.052 190 U 350.29 1113.1 1124.2 1133.7 1142.9 1161.8 1160.5 1169.0 1189.8 (377 .53) H 350.94 1197.6 1212.0 1224.3 1236.2 1247.7 1269.0 1270.1 1297.1 S 0.5384 1.5498 1.6667 1.5808 1.5942 1.6069 1.6191 1.6307 1.6581 

V 0.0184 2.344 2.426 2.605 2.581 2.655 2.727 2.798 2.971 195 U 352.58 1113.4 1123.5 1133.1 1142.3 1151.3 1160.0 1168.6 1189.4 (379.69) H 363.24 1198.0 1211. 1 1223.4 1235.4 1247.1 1258.4 1269.6 1296.6 S 0.5412 1.5476 1.5630 1.5772 1.5907 1.6035 1.6167 . 1.6274 1.6649 

V 0.0184 2.287 2.360 2.437 2.511 2.584 2.655- 2.725 2.894 200 U 3li4.82 1113.7 1122.8 1132.4 1141.7 1150.8 ;159.6 1168.2 1189.1 (381.80) H 355.51 1198.3 1210.1 1222.6 1234.7 1245.4 1257.9 1269.0 1296.2 
S 0.5438 1.5454 1.6593 1.5737 1.5872 1.6001 1.6124 1.6242 1.6518 

V 0.0184 2.233 2.297 2.372 2.446 2.517 2.587 2.655 2.820 205 U 357.03 1113.9 1122.1 1131.8 1141.2 1150.3 1169.1 1167.8 1188.8 (383.88) H 357.73 1198.7 1209.2 1221.8 1234.0 1245.8 1257.3 1268.5 1296.8 
S 0.5465 1.5434 1.5557 1.5702 1.5839 1.5969 1.6092 1.6211 1.6488 

V 0.0184 2.182 2.236 2.311 2.383 2.453 2.521 2.688 2.750 210 U 359.20 1114.2 112t.3 1131.2 1140.6 1149.8 1158.7 1167.4 1188.5 (385.92) H 359?91 1199.0 1208.2 1221.0 1233.2 1245.1 1256.7 1268.0 1296.3 
S ';0.5490 1.5413 1.5522 1.5668 1.6806 1.5936 I.fi061 1.6180 1.6458 

V 0.0185 2.133 2.179 2.252 2.323 2.392 2.459 2.524 2.684 215 U 361. 32 1114.4 1120.6 1130.5 1140.0 1149.3 1158.2 1167.0 1188.1 (387.91) H 362.06 1199.3 1207.3 1220.1 1232.5 1244.4 1256.0 1257.4 1294.9 
S 0.5515 1.5393 1.5487 1 :5634 1.5773 1.5905 1.6030 1.6149 1.6429 

V 0.0185 2.086 2.124 2.196 2.266 2.333 2.399 2.464 2.620 220 U 363.41 1114.6 1119.9 1129.9 1139.5 1148.7 1157.8 1166.6 1187.8 (389.88) H 364.17 1199.6 1206.3 1219.3 1231. 7 1243.7 1255.4 1266.9 1294.5 
S 0.5540 1.5374 1.5453 1.5601 1.5741 1.5873 1.5999 1.6120 1.6400 

V 0.0185 2.041 . 2.071 2.143 2.211 2.278 2.342 2.406 2.559 225 U 365.47 1114.9 1119.1 1129.2 1138.9 1148.2 1157.3 1166.1 1187.5 (391.80) H 366.24 1199.9 1205.4 1218.4 1230.9 1243.1 1254.8 1266.3 1294.0 
S 0.5564 1.5354 1.5419 1.5569 1.5710 1.5843 1.5969 1.6090 1.6372 

V 0.0185 1.9985' 2.021 2.091 2.159 2.224 2.288 2.350 2.501 230 U 367.49 1115.1 1118.4 1128.5 1138.3 1147.7 1156.8 1165.7 1187.2 (393.70) H 368.28 1200.1 1204.4 1217.5 1230.2 1242.4 12114.2 t265.7 1293.6 
S 0.5588 1.5336 1.5385 1.5537 1.5679 1.5813 1.5940 1.6062 1.6344 

V 0.0186 1.9573 1.973 2.042 2.109 2.173 2.236 2.297 2.445 235 U 369.48 1115.3 1117.6 1127.9 1137.7 1147.2 1156.4 \165.3 1186.8 (395.56) H 370.29 1200.4 1203.4 1216.7 1229.4 1241. 7 1253.6 1265.2 1293.1 
S 0.5611 1.5317 1.5353 1.5505 1.5648 1.5783 1.5911 1.6033 1.6317 

V 0.0186 1.9177 1.927 1.996 2.061 2.124 2.1h 2.246 2.391 240 U 371.45 1115.5 1116.8 1127.2 1137.1 1146.6 1155.9 1164.9 1186.5 (397.39) H 372.27 1200.6 1202.4 1215.8 1228.6 1241.0 1253.0 12114.6 1292.7 
S 0.5634 1.5299 1.5320 1.5474 1.5618 1.5754 1.5883 1.6006 1.6291 

V 0.0186 1.8797 1.882 1.960 2.015 2.077 2.138 '2.197 2.340 245 U 373.38 1115.6 1116.1 1125.5 1136.5 1146.1 1155.4 t164.4 1186.2 (399.19·) H 374.22 1200.9 1201.4 1214.9 1227.8 1240.3 1252.3 12114.1 1292.3 
S 0.5657 1.5281 1.5288 1.5443 1.5588 1.5725 1.5855 1.5978 1.6265 

t .-
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TABLE C.4. SUPERHEATED STEAM ENGLISH UNITS (Continued) 

ABS PRESS TEMPERATURE, DEG F 
PSIA SAT SAT 

WATER STEAM 600 700 800 900 1000 1100 1200 
(SAT TEMP) 

V 0.0182 2.751 3.728 4.111 4.487 4.860 5.230 5.598 5.965 
165 U 338.12 1111.6 1211. 3 1250.6 1289.9 1329.8 1370.4 1411.8 1454.1 

(366.02) H 338.68 1196.6 1325.1 1376.1 1427.0 1478.2 1530.1 1582.7 1636.2 
S 0.5238 1.5616 1.7003 1.7463 1.7884 1.8275 1.8643 1.8992 1. 9324 

V 0.0182 2.674 3.616 3.988 4.354 4.715 5.075 5.432 5.789 
170 U 340.66 1111.9 1211.0 1250.4 1289.8 1329.7 1370.3 1411. 7 1454.0 

(368.42) H 341. 24 1196.0 1324.7 1375.8 1426.8 1478.0 1530.0 1582.6 1636.1 
S 0.5269 1.5591 1.6968 1.7428 1. 7850 1.8241 1.8610 1.8959 1.9291 

V 0.0182 2.601 3.510 3.872 4.227 4.579 4.929 5.276 5.623 
176 U 343.15 1112.2 1210.7 1250.2 1289.6 1329.6 1370.2 1411.6 1453.9 

(370.77) H 343.74 1196.4 1324.4 1376.6 1426.5 1477 .9 1529.8 1582.5 1636.0 
S 0.5299 1.5567 1.6933 1.7395 1. 7816 1.8208 1.8577 1.8926 1.9258 

V 0.0183 2;531 3.409 3.762 4.108 4.451 4.791 5.129 5.466 
180 U 345.58 1112.5 1210.5 1250.0 1289.5 1329.4 1370.1 1411.5 1453.8 

(373.08) H 346.19 1196.9 1324.0 1375.3 \426.3 1477.7 1529.7 1582.4 1635.9 
S 0.5328 1. 5543 1.6900 1.7362 1.7784 1.8176 1.8545 1.8894 1.9227 

V 0.0183 2.465 3.314 3.658 3.996 4.329 4.660 4.989 5.317 
185 U 347.96 1112.8 1210.2 1249.8 1289.3 1329.3 1370.0 1411.4 1453.7 

(375.33) H 348.58 1197.2 1323.1 1375.1 1426.1 1477.5 1529.5 1582.3 1635.8 
S 0.5366 1.5520 1.6861 1.7330 1. 7753 1.8145 1.8514 1.8864 1. 9196 

V 0.0183 2.403 3.225 3.560 3.889 4.214 4.536 4.851 5.171 
190 U 350.29 1113.1 1209.9 1249.6 1289.2 1329.2 1369.9 1411.3 1453.7 

(371.53) H 360.94 1191.6 1323.3 1314.8 1425.9 1471.4 1529.4 1582.1 1635.7 
S 0.6384 1.6498 1.6835 1. 7299 1. 7722 1.8115 1.8484 1.8834 1. 9166 

V 0.0184 2.344 3.139 3.467 3.788 4.105 4.419 4.732 5.043 
195 U 352.68 1113.4 1209.1 1249.4 1289.0 1329.1 1369.8 1411.3 1453.6 

(319.69) H 353.24 1198.0 1323.0 1374.5 1425.7 1477 .2 1529.2 1582.0 1635.6 
S 0.6412 1.5416 1.6804 1.7269 1. 7692 1.8085 1.8456 1.8804 1. 9137 

V 0.0184 2.281 3.058 3.378 3.691 4.001 4.308 4.613 4.916 
200 U 354.82 1113.1 1209.4 1249.2 1288.9 1328.9 1369.7 1411.2 1463.5 

(381.80) H 365.51 1198.3 1322.6 1374.3 1425.5 1477.0 1529.1 1681. 9 1635.4 
S 0.6438 1.6 .. 54 1.6773 1.7239 1. 7663 1.8057 1.8426 1.8776 1;9109 

V 0.0184 2.233 2.981 3.294 3.600 3.902 4.202 4.499 4.796 
205 U 361.03 1113.9 1209.2 1249.0 1288.7 1328.8 1369.6 1411. 1 1463.4 

(383.88) H 361.73 1198.7 1322.3 1374.0 1425.3 1476.8 1628.9 1681.8 1635.3 
S 0.5465 1.5434 1.6744 1. 7210 1. 7635 1.8028 1.8398 1.8748 1.9081 

V 0.0184 2.182 2.908 3.214 3.613 3.808 4.101 4.392 4.681 
210 U 359.20 1114.2 1208.9 1248.8 1288.6 1328.7 1369.4 1411.0 1453.3 

(385.92) H 369.91 1199.0 1321.9 1373.7 1425.1 1476.7 1528.8 1581.6 1635.2 
S 0.6490 1.5413 1.6715 1. 7182 1. 7607 1.8001 1.8371 1.8721 1.9054 

V 0.0185 2.133 2.838 3.137 3.430 3.718 4.004 4.289 4.572 
215 U 361.32 1114.4 1208.5 1248.7 1288.4 1328.6 1369.3 1410.9 1453.2 

(387.91) H 362.06 1199.3 1321.5 1373.5 1424.9 1476.5 1528.7 1681.5 1635.1 
S 0.6515 1.5393 1.6686 1. 7155 1. 7580 1.7974 1.8344 1.8694 1.9028 

V 0.0185 2.086 2.771 3.064 3.350 3.633 3.912 4.190 4.467 
220 U 363.41 1114.6 1208.4 1248.6 1288.3 1328.4 1369.2 1410.8 1453.2 

(389.88) H 364.17 1199.6 1321.2 1373.2 1424.7 1476.3 1628.5 1681.4 1635.0 
S 0.6640 1:6374 1.6658 1. 7128 1. 7663 1. 7948 1.8318 1.8668 1.9002 

V 0.0185 2.041 2.707 2.994 3.276 3.551 3.825 4.097 4.367 
226 U 366.47 1114.9 'i08

· ' 
1248.3 1288.1 1328.3 1369.1 1410.7 1463.1 

(391.80) H 366.·24 1199.9 1 20.8 1372.9 1424.5 1476.1 1528.4 1681.3 1634.9 
S 0.6664 1.5354 1.6631 1. 7101 1. 7521 1. 7922 1.829~ 1.8643 1.8971 

V 0.0185 1.9984 2.646 2.928 3.202 3.473 3.741 4.007 4.272 
230 U 367.49 1116.1 1207.8 1248.1 1288.0 1328.2 .; 1369.0 1410.6 1453.0 

(393.70) H 368.28 1200.1 1320.4 1372.7 1424.2 1476.0 1628.2 1581. 1 1634.8 
S 0.6688 1.6336 1.6604 1. 7075 1. 7502 1.7897 1.8268 1.8818 1.8962 

V 0.0186 1.9573 2.688 2:864 3.133 3.398 3.660 3.921 4.180 
235 U 369.48 1116.3 1207.6 1247.9 1287.8 1328.0 1368.9 1410.6 1462.9 

(395.66) H 370.29 1200.4 1320.1 1372.4 1424.0 1476.8 1628.1 1681.0 1634.7 
S 0.6611 1.6317 1.8678 1.7060 1. 7471 1.7872 1.8243 1.8694 1.8928 

V 0.0186 1. 9177 2.532 2.802 3.066 3.326 3.683 3.839 4.093 
240 U 371.45 1116.5 1207.3 1247.7 1287.7 1327.9 lm·B 1410.4 1452.8 

(397.39) H 372.21 1200.6 1319.7 1372.1 1423.8 1475.6 1580.9 1634.6 
S 0.5534 1.5299 1.6652 1.7026 1. 7452 1. 7848 1~'219 1.8670 1.8904 

V 0.0186 1.8797 2.478 2.744 3.002 3.257 3.509 3.760 4.009 
246 U 373.38 1116.6 1207.0 1247.5 1287.5 1327.8 1368.7 1410.3 1452.8 

(399.19) H 374.22 1200.9 1319.4 1371.9 1423.6 1475.5 1527·1 1680.8 1634.5 
S 0.5867 1.5281 1.8627 1.7000 1. 7428 1.7824 1. 196 1.8547 1.8881 

~ 
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TAtlLE C.4. SUPERHEATED 'STEAM 'ENGLISH UNITS (Continued) 

ASS PRESS TEIPERA TURE. DEG F 
PSIA SAT SAT 

WATER STEAM 420 440 460 480 500 520 660 (SAT 'TEIP) 

V 0.0187 1.8432 1.907 1.970 2.032 2.1192 2.150 2.207 2:291 250 U 375.28 1115.8 1125.8 1136.9 1145.6 1164.9 1164.0 1172.9 1185.8 (400.97) H 376.14 1201.1 1214.0 1227.1 1239.6 126 1. 7 1263.6 1276.0 1291.8 S 0.5679 1.5264 1.5413 1.6659 1.6697 1.6827 1.5961 1 .. 6070 1:6239 

V 0;0187 1.8080 1.865 1.928 1.989 2.048 2.106 2.161 2.244 255 U 377.16 1116.0 1125.1 1136.3 1145.0 1164.5 1163.6 1172.5 1185.5 (402.72) H 378.04 1201.3 1213.1 1226.3 1238.9 1261.1 1262.9 1274.5 1291.4 S 0.5701 1.5247 1.5383 1;5530 1.6869 1.5800 1.5926 1.6044 1.6214 

V 0.0187 1.7742 1.826 1.887 1.947 2.005 2.062 2.117 2.198 260 U 379.00 1116.2 1124.5 1134.7 1144.5 1164.0 1163.1 1172.1 1185.1 (404.44) H 379.90 1201.5 1212.2 1225.5 1238.2 1250.4 1262.4 1274.0 1290.9 S 0.5722 1.5230 1.5363 1.5502 1.6642 1.5774 1.5899 1.6019 1.6189 

V 0.0187 1. 7416 1.786 1.848 1.907 1.964 2.020 2.076 2.164 266 U 380.83 1116.3 1123.8 1\34.1 1144.0 l1li3.5 1162.7 1171. 7 1184.8 (406.13) H 381. 74 1201. 7 1211.3 1224.7 1237.5 1249.8 1261.8 1273;4 1290.4 S 0.5743 1.5214 1.5324 1.6474 1.6614 1.5747 1.6873 1.6993 1.6166 

V 0.0188 1.7101 1.749 1.810 1.868 1.925 1.980 2.034 2.112 270 U 382.62 1116.5 1123.1 1133.5 1143.4 1153.0 1162.3 1171.3 1184.5 (407.80) H 383.56 1201.9 1210.4 1223.9 1236.7 1249.2 1261. 2 1272.9 1290.0 S 0.5764 1:5197 1.5296 1.6446 1.5688 1.5721 1.6848 1.5969 1.6140 

V 0 .. 0188 1.6798 1. 713 1.773 1.831 1.887 1.941 1.994 2.071 275 U 384.40 1116.6 1122.3 1132.8 1142.9 1152.5 1161.8 1170.9 1184.1 (409.45) H 385.35 1202.1 1209.5 1223.1 1236.0 1248.5 1260.6 1272.4 1289.5 S 0.5784 1.5181 1.5266 1.5419 1.5661 1.6695 1.5823 1.5944 1.6117 

V 0.0188 1.6605 1.678 1.738 1. 796 1.850 1.904 1.965 2.032 280 U 385.15 1116.7 1121.6 1132.2 '1142.3 1152.0 1161.4 1170.5 1183.8 (411.07) H 387.12 1202.3 1208.6 1222.2 .. 1236.11 .. 1247.9 1280.0 1271.9 1289.1 S 0.5805 1.5166 1.5238 1.539'1 1.5536 1.6670 1.5798 1.5920 1.6093 

V 0.0188 1.6222 1.645 1.704 1. 760 1.8l5 1.868 1.919 1;994 285 U 387.88 1116.9 1120.9 1131.6 1141.7 1151.5 1160.9 1170.1 1183.4 (412.67) H 388.87 1202.4 1207.6 . 1221.4 1234.6 1247.2 1259.4 1271.3 1288.6 S 0.6824 1.5150 1.5210 1.5366 1.5509 1.6645 1.5774 1.5897 1.6070 

V 0.0188 1.5948 1.612 1.671 1. 727 1.780 1.833 1.884 1.968 
290 U 389.59 1117.0 1120.2 1130.9 1141.2 1151.0 1160.5 1169.7 1183.1 

(414.25) H 390.60 1202.6 1206.7 1220.6 1233.8 1246.6 1258.9 1270.8 1288.1 
S 0.5844 1.5135 1.5182 1.5338 1.5484 1.5621 1.5750 1.5873 1.6048 

V 0.0189 1.5684 1.581 1.639 1.694 1. 747 1. 799 1.849 1.922 
295 U 391. 27 1117.1 1119.5 1130.3 1140.6 1150.5 1160.0 1169.3 1182.7 

(415.81) H 392.30 1202.7 1205.8 1219.7 1233.1 1245.9 1268.3 1270.2 1287.7 
S 0.5863 1.5120 1.5155 1.5312 1.5458 1.5596 1.5726 1.5850 1.6025 

V 0.0189 1.5427 1.551 1.608 1.663 1. 715 1.766 1.816 1.888 
300 U 392.94 1117.2 1118.7 1129.6 1140.0 1150.0 1159.6 1168.9 1182.4 

(417 .35) H 393.99 1202.9 1204.8 1218.9 1232.3 1245.2 1257.7 1269.7 1287.2 
S 0.5882 1. 5105 1.5127 1.5286 1.5433 1.5572 1.5703 1.5827 1.6003 

V 0.0189 1. 4939 1.549 1.603 1.655 1.704 1.763 1.823 
310 U 396.21 1117.5 1128.3 1138.9 1149.0 1158.7 1168.1 1181. 7 

(420.36) H 397.30 1203.2 1217.2 1230.8 1243.9 1256.5 1268.6 1285.3 
S 0.5920 1.6076 1.5234 1.5384 1.5525 1.5657 1.5782 1.5960 

V 0.0190 1.4480 1.494 1.547 1.597 1.646 1.694 1. 762 
320 U 399.41 1117.7 1127.0 1137.7 1147.9 1157.8 1167.2 1181.0 

(423.31) H 400.53 1203.4 ' ......... 1215.5 1229.3 1242.5 1265.2 1267.5 1285.3 
S 0.5966 1.5048 1.5184 1.5336 1.5478 1.5612 1.5739 1.5918 

V 0.0190 1.4048 1.442 1.494 1.544 1.591 1.638 1.705 
330 U 402.53 1117.8 1125.7 1136.6 1146.9 1166.8 1166.4 1180.2 

(426.18) H 403.70 1203.6 1213.8 1217.8 1241. 2 1264.0 1266.4 1284.4 
S 0.5991 1.5021 1.5134 1.5289 1.5433 1.5568 1.5696 1.5876 

V 0.0191 1.3640 1.393 1.444 1.493 1.540 1.585 1.651 
340 U 405.60 1118.0 1124.3 1136.4 1145.8 1155.9 1165.6 1179.5 

(428.98) H 406.80 1203.8 1212.0 1226.2 1239.8 1252.8 1265.3 1283.4 
S 0.6026 1.4994 1.5086 1.5242 1.5388 1.5525 1.5664 1.5836 

V 0.0191 1.3255 1.347 1.397 1.445 1.491 1.536 1.600 
350 U 408.69 1118.1 1123.0 1134.2 1144.8 1154.9 1164.7 1178.8 

(431. 73) H 409.83 1204.0 1210.2 1224.7 1238.4 1261.5 1264.2 1282.4 
S 0.6059 1.4968 1.5038 1.5197 1.5344 1.5483 1.5613 1.5797 

V 0.0192 1. 2891 1.303 1.353 1.400 1.445 1.489 1.552 
360 U 411.53 1118.3 1121.6 1132.9 1143.7 1154.0 1163.9 1178.1 

(434.41) H 412.81 1204.1 1208.4 1223.1 1237.0 1250.3 1263.1 1281.5 
S 0.6092 1.4943 1.4990 1.5152 1.5301 1.5441 1.5573 1.5758 

~ 
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TABLE C.4. SUPERHEATED STEAM ENGLISH UNITS (Continued) 

ABS PRESS TEMPERATURE, DEG F 
PSIA SAT SAT 

WATER STEAM 
(SAT TEMP) 

600 700 800 900 1000 1100 1200 

V 0.0187 1.8432 2.426 2.687 2.941 3.191 3."38 3.684 3.928 
250 U 375.28 1115.8 1206.7 1247.3 1287.3 1327.7 1368.6 1410.2 1452.7 

(400.97) H 376.14 1201. 1 1319.0 1371.6 1423.4 '''75.3 1527.6 1580.6 1634.4 
S 0.5679 1.5264 1.6502 1.6976 1.7405 1.7801 1.8173 1.8524 1.8858 

V 0.0187 1.8080 2.377 2.633 2.882 3.127 3.370 3.611 3.850 
255 U 377.15 1116.0 1206.5 1247.1 1287.2 1327.5 1368.5 1410.1 '''52.6 (402.72) H 378.04 1201. 3 1318.6 1371. 3 '''23.2 '''75.' 1527.5 1580.5 1634.3 

S 0.5701 1.5247 1.6477 1.6953 1. 7382 1.7778 1.8150 1.8502 1.8836 

• V 0.0187 1.77"2 2.329 2.581 2.826 3.066 3.304 3.541 3.776 
260 U 379.00 1116.2 1206.2 1246.9 1287.0 1327.4 1368.4 1410.0 1452.5 

(404.U) H 379.90 1201.5 1318.2 1371. 1 1"23.0 1"7".9 1527.3 1580." 1634.2 
S 0.5722 1.5230 1.6453 1.6930 1.7359 1.7756 1.8128 1.8480 1.8814 

V 0.0187 1. 7 .. ,6 2.283 2.531 2.771 3.007 3.2'" 3."73 3.704 
265 U 380.83 1116.3 1205.9 12"6.7 1286.9 1327.3 1368.2 '''09.9 '''52.'' (406.13) H 381.74 1201. 7 1317.9 1370.8 1"22.8 1"74.8 1527.2 1580.3 1634.1 

S 0.57"3 1.5214 1. 6430 1.6907 1.7337 1.7734 1.8106 1.8458 1.8792 

V 0.0188 1. 7101 2.239 2."82 2.719 2.951 3.181 3.408 3.635 
270 U 382.62 1116.5 1205.6 12"6.5 1286.7 1327.2 1368.1 '''09.8 1452.3 

("07.80) H 383.56 1201. 9 1317.5 1370.5 1"22.6 1"74.6 1527.0 1580.1 1634.0 
S 0.5764 1.5197 1.6406 1.6885 1. 7315 1. 7713 1.8085 1.8437 1.8771 

V 0.0188 1.6798 2.196 2.436 2.668 2.896 3.122 3.346 3.568 
275 U 384.40 1116.6 1205.4 1246.3 1286.6 1327.0 1368.0 1409.8 1452.3 

(409.45) H 385.35 1202.1 1317.1 1370.3 1422.4 1474.4 1526.9 1580.0 1633.9 
S 0.5784 1.5181 1.6384 1.6863 1.7294 1.7691 1.8064 1.8416 1.8750 

V 0.0188 1.6505 2.155 2.391 2.619 2.844 3.066 3.286 3.504 
280 U 386.15 1116.7 1205.1 12"6.1 1286.4 1326.9 1367.9 1"09.7 1452.2 

(411.07) H 387.12 1202.3 1316.8 1370.0 1422.1 1474.2 1526.8 1579.9 1633.8 
S 0.5805 1.5166 1.6361 1.6841 1.7273 1. 7671 1.8043 1.8395 1.8730 

V .0.0188 1.6222 2.115 2.348 2.572 2.793 3.011 3.227 3.442 
285 U 387.88 1116.9 1204.8 1245.9 1286.3 1326.8 1367.8 1"09.6 '''52.' ("'2.67) H 388.87 1202.4 1316.4 1369.7 , .. 21.9 '''74.1 1526.6 1579.8 1633.6 

S 0.5824 1.5150 1.6339 1.6820 1.7262 1. 78&0 1.8023 1.8375 1.8710 

V 0.0188 1.5948 2.077 2.306 2.527 2.744 2:958 3.171 3.382 
290 U 389.59 1117.0 1204.5 12"5.7 1286.1 1326.6 1367.7 '''09.5 1452.0 

("1".25) H 390.60 1,202.6 1316.0 1369.5 1421. 7 1473.9 1526.5 1579.6 1633.5 
S 0.58 .... 1.5135 1.6317 1.6799 1. 7232 1. 7630 1.8003 1.8356 1.8690 

V 0.0189 1.5684 2.040 2.265 2."83 2.697 2.908 3.117 3.325 
295 U 391.27 1117.1 1204.3 12"5.5 1286.0 1326.5 1367.6 1"09.4 , .. 51.9 

(415.81) H 392.30 1202.7 1315.6 1369.2 , .. 21.5 1473.7 1526.3 1579.5 1633." 
S 0.5863 1.5120 1.6295 1.6779 1. 7211 1. 7610 1.7984 1.8336 1.8671 

V 0.0189 1.5 .. 27 2.004 2.226 2 ..... 1 2.651 2.859 3.064 3.269 
300 U 392.9" 1117.2 1204.0 12"5.3 1285.8 1326." 1367.5 1"09.3 , .. 51.9 

(417.35) H 393.99 1202.9 1315.2 1368.9 1421. 3 '''73.6 1526.2 1579." 1633.3 
S 0.5882 1.5105 1.627" 1.6758 1. 7192 1.7591 1.7964 1.8317 1.8852 

V 0.0189 1.4939 1.936 2.152 2.360 2.564 2.786 2.964 3.162 
310 U 396.21 1117.5 1203.4 12 ..... 9 1285.5 1326.1 1367.3 '''09.1 '''5'.7 

(420.36) H 397.30 1203.2 1314.5 1368." '''20.9 '''73.2 1525.9 1579.2 1633.1 
S 0.5920 1.5076 1.6233 1.6719 1. 7153 1. 7553 1.7927 1.8280 1.8615 

V 0.0190 I.U80 1.873 2.082 2.284 2."82 2.677 2.871 3.063 
320 U 399."1 1117.7 1202.8 12U.5 1285.2 1325.9 1367.0 '''08.9 , .. 51.5 

("23.31) H "00.53 1203.4 1313.7 1367.8 '''20.'' 1472.9 1526.6 1578.9 1632.9 
S 0.5956 1.5048 1.6192 1.6680 1. 7116 1. 7516 1. 7890 1.82 .. 3 1.8579 

V 0.0190 1.4048 1.813 2.017 2.213 2."06 2.596 2.783 2.969 
330 U 402.53 1117.8 1202.3 12 ..... 1 1284.9 1326.6 1366.8 '''08.7 '''51.'' 

("26.18) H "03.70 1203.6 1313.0 1367.3 '''20.0 '''72.5 1525.3 1578.7 1632.7 
S 0.5991 1.5021 1.6153 1.8843 1.7079 1. 7"80 1-7855 1.8208 1.85 .. 4 

V 0.0191 1.3840 1. 756 1.965 2.1"6 2.333 2.518 2.700 2.881 
340 U 406.60 1118.0 1201.7 12"3.7 1284.6 1326." 1366.6 '''08.5 , .. 51.2 

("28.98) H "06.80 1203.8 1312.2 1366.7 ''''9.6 1472.2 1526.0 1578." 1632.6 
S 0.6026 1. .. 994 1.61, .. 1.6606 1. 704 .. 1.7"6 1. 7820 1.817 .. 1.8510 

V 0.0191 1.3255 1.703 1.897 2.083 2.265 2.W 
l .. oi:l22 2.798 

350 U "08.59 1118.1 1201.1 1243.3 1284.2 1325.1 1366." 1451.0 
( .. 31. 73) H "09.83 1204.0 1311. .. 1366.2 1419.2 , .. 71.8 162".7 1578.2 1632.3 

S 0.6069 1."968 1.6077 1.6671 1.7009 1. 7 .. " I. 7787 '.8'''' 1.8477 

V 0.0192 1.2891 1.862 1.842 2.024 2.201 2.375 2.648 2.720 
360 U .. ,1.53 1118.3 1200.5 12"2.9 1283.9 132".8 1386.2 '''08.2 .1"50.9 

( .. 3 ..... 1) H "'2.8' 1204.1 1310.6 1366.6 ''''8.7 1471.5 152 ..... 1577'1 1632.1 
S 0.6092 1.4943 1.6040 I.S36 1.6976 1. 7379 1.7764 1. 109 1.8445 

~ 
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TABLE C.4. SUPERHEATED STEAM ENGLISH UNITS (Cant lnued) 

ABS PRESS 
SAT 

TEMPERATURE. DEG F 
PSIA SAT' 

WATER STEAM 460 480 600 620 640 &60 680 (SAT TEMP) 

V 0.0192 1.2646 1.311 1.357 1.402 1.445 1.486 1.627 1.&66 370 U 414.41 1118.4 1131. 7 1142.6 1153.0 1163.0 1172.6 1182.0 1191. 0 (437.04) H 415.73 1204.3 1221.4 1235.5 1249.0 1261.9 1274.4 1286.5 1298.3 S 0.6125 1. 4918 1.5107 1.5269 1.5401 1.5534 1.&660 1.5780 1.6894 

V 0.0193 1. 2218 1.271 1.317 1.361 1.403 1.444 1.483 1.522 
(4~61) U 417.24 1118.5 1130.4 1141.5 1152.0 1162.1 1171.8 1181.2 1190.4 H 418.59 1204.4 1219.8 1234.1 1247.7 1260.8 1273.3 1285.5 1297.4 S 0.6156 1.4894 1.5063 1.5217 1.5360 1.6495 1.6622 1.6743 1.5868 

V 0.0193 1.1906 1.233 1.278 1.321 1.363 1.403 1.442 1.480 ~ 390 U 420.01 1118.6 1129.2 1140.4 1161.0 1161.2 1171.0 1180.6 1189.7 (442.13) H 421.40 1204.5 1218.2 1232.6 1246.4 1269.6 1272.3 1284.6 1296.6 S 0.6187 1.4870 1.5020 1.6176 1.5321 1.6457 1.5685 1.5707 1.6823 

V 0.0193 1.1610 1.197 1.242 1.284 1.326 1.364 1.403 1.440 400 U 422.74 1118.7 1127.9 1139.3 1150.0 1160.3 1170.2 1179.8 1189.1 (444.60) H 424.17 1204.6 1216.5 1231.2 1245.1 1268.4 1271.2 1283.6 1295.7 S 0.6217 1.4847 1.4978 1.5136 1.5282 1.5420 1.5549 1.&672 1.5789 

V 0.0194 1.1327 1.163 1.207 1.249 1.289 1.328 1.365 1.402 410 U 425.41 1118.7 1126.6 1138.1 1149.0 1159.4 1169.4 1179.1 1188.4 (447.02) H 426.88 1204.7 1214.8 1229.7 1243.8 1267.2 1270.2 1282.7 1294.8 S 0.6247 1.4825 1.4936 1.5096 1.5244 1.5383 1.5514 1.&637 1.5765 

V 0.0194 1.1067 1.130 1.173 1.215 1.264 1.293 1.330 1.3!i6 420 U 428.05 1118.8 1125.3 1137.0 1148.0 1158.5 1168.6 1178.3 1187.8 (449.40) H 429.55 1204.7 1213.1 1228.2 1242.4 1266.0 1269.1 1281. 7 1293.9 S 0.6276 1.4802 1.4894 1.6066 1.6206 1.5347 1.5479 1.6603 1.5722 

V 0.0195 1.0800 1.099 1.142 1.183 1.222 1.259 1.295 1.331 430 U 430.64 1118.8 1123.9 1135.8 1147.0 1157.6 1167.8 1177.6 1187.1 (451.74) H 432.19 1204.8 1211.4 1226.6 1241. 1 1264.8 1268.0 1280.7 1293.0 S 0.6304 1.4781 1.4853 1.5017 1.5169 1.5311 1.5444 1.5570 1.6689 

V 0.0195 1.0554 1.069 1. 111 1:152 1.190 1.227 1.263 1.298 440 U 433.19 1118.8 1122.6 1134.6 1145.9 1156.7 1167.0 1176.9 1185.4 (464.03) H 434.77 1204.8 1209.6 1226.1 1239.7 1263.6 1266.9 1279.7 1292.1 S 0.6332 1.4759 1.4612 1.4979 1.5132 1.6276 1.6410 1.6637 1.&667 

V 0.0195 1.0318 1.040 1.082 1.122 1.160 1.197 1.232 1.266 
450 U 435.69 1118.9 1121.2 1133.4 1144.9 1155.8 1186.1 1176.1 1185.7 

(456.28) H 437.32 1204.8 1207.8 1223.5 1238.3 1262.4 1266.8 1278.7 1291.2 
S 0.6360 1.4738 1.4771 1.4940 1.5091i 1.5241 1.5377 1.6505 1.6626 

V 0.0196 1.0092 1.012 1.064 1.094 1.132 1.168 1.203 1.236 
460 U 438.17 1118.9 1119.8 1132.2 1143.8 1154.8 1185.3 1176.4 1185.1 

(458.50) H 439.83 1204.8 1206;0 1222.0 1236.9 1251. 1 1264.7 1277.7 1290.3 
S 0.6387 1.4718 1.4731 1.4903 1.5060 1.5207 1.5344 1.6473 1.6695 

V 0.0196 0.9876 1.028 1.067 1.104 1.140 1. 174 1.207 
470 U 440.60 1118.9 1131.0 1142.8 1153.9 1164.5 1174.6 1184.4 

(460.68) H 442.31 1204.8 1220.4 1235.5 1249.9 1263.6 1276.7 1289.4 
S 0.6413 1.4697 1:4865 1:6025 1.5173 1.5311 1."6441 1.5564 

V 0.0197 0.9668 1.002 1.041 1.078 1. !f3 1. 147 1.180 
480 U 443 .. 00 1118.9 1129.8 1141. 7 1152.9 1163.6 1173.8 1183.7 

(462.82) H 444.75 1204.8 1218.8 1234.1 1248.6 1262.4 1275.7 1288.5 
S 0.6439 1.4677 1.4828 1.4990 1.6139 1.5279 1.5410 1.6534 

V 0.0197 O·r68 0.9774 1.016 ·1.062 1.087 1.121 1. 153 
490 U 445.36 1118. 1128.5 1140.6 1151.9 1162:7 1173.1 1183.0 

(464.93) H 447.15 1204.7 ......... 1217.1 1232.7 1247.4 1261.3 1274.7 1287.5 
S 0.6465 1.4668 1.4791 1.4955 1.5106 1.5247 1.5380 1.6604 

V 0.0197 0.9276 0.9537 0.9919 1.028 1.062 1.095 1. 127 
500 U '447.70 1118.8 1127.2 1139.5 1151.0 1161.9 1\72.3 1182.3 

(467.01) H 449.52 1204.7 1215.5 1231.2 1246.1 1260.2 1273.6 1286.6 
S 0.6490 1.4639 1.4765 1.4921 1.5074 1.6216 1.6349 1;6476 

V 0.0198 0.9091 0:9310 0.9688 1.005 1.039 1.071 1.103 
510 U 450.00 1118.8 1126.0 1138.4 1150.0 1161.0 1171.5 1181.6 

(469.06) H 451.-87 1204.6 1213.8 1229.8 1244.8 1269.0 1272.6 1285.7 
S 0.6515 1.4620 ' 1.4718 1.4886 1.5041 1.5185 1:6319 1.6446 

V 0.0198 0.8914 0.9090 0.9486 0.9820 1.016 1.048 1.079 
520 U 452.27 1118.8 1124.7 1137.2 1149.0 1.160.1 1170.7 1180.9 

(471.07) H 454.18 1204.5 AiI212.1 1228.3 1243.5 1257.8 1271.5 1284.7 
S 0.6539 1. 4601 1.4682 1.4853 1.5009 1.5164 1.5290 1.6418 

V 0.0199 0.8742 11.8878 0.9262 0.9603 0.9937 1.026 U166 
530 U 464.51 1118.7 1123.4 1136.1 1148.0 1169.2 1169.9 1180.1 

(473.06) H 466.46 1204.5 1210.4 1226.8 1242.2 1266.7 1270.6 1283.8 
S 0.6664 1 .... 583 .1.4646 1.4819 1.4977 1.5124 1.6261 1.6390 

5 
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TABLE C.4. SUPERHEATED STEAM ENGLISH UNITS (Continued) 

ASS PRESS TEMPERATURE. DEG F 
PSIA SAT SAT 

(SAT TEfIP) 
WATER STEAM 600 700 800 900 1000 1100 1200 

V 0.0192 1.2546 1.605 1. 790 1.967 2.140 2.310 2.478 ·1a.645 370 U 414.41 1118.4 1199.9 1242.5 1283.6 132".6 1366.0 '''08.0 '''50.7 (437.04) H "'5.73 1204.3 1309.8 1365.1 1418.3 1471. 1 1524.1 1577.7 1631.8 S 0.6125 1.,(918 1.6004 1.6503 1.6943 1.7346 1.7723 1.8077 1.8414 

V 0.0193 1.2218 1.560 1. 741 1.914 2.082 2.2"8 2."'2 2.575 380 U 417.2" 1118.5 1199.3 1242.1 1283.3 132".3 1365.7 1407.8 1450.6 (439.61) H 418.59 1204.4 1309.0 1364.5 1417.9 1470.8 1523.8 1577.4 1631.6 S 0.6156 1.4894 1.5969 1.6470 1.6911 1. 7315 1. 7692 1.8047 1.8384 

• V 0.0193 1.1906 1.517 1.694 1.863 2.028 2.190 2.350 2.508 390 U 420.01 1"118:6 1198.8 12 .. 1. 7 1283.0 1324.1 1365.5 1'''07.6 1450.4 (442.13) H 421. .. 0 1204.5 1308.2 1364.0 1417 .5 1470.4 1523.5 1577.2 1631.4 S 0.6187 1.4870 1.5935 1.6437 1.6880 1. 7285 1.7662 1.8017 1.835 .. 

V 0.0193 1.1610 1. .. 76 1.650 1.815 1.976 2.134 2.290 2 ..... 5 400 U "22.74 1118.7 1198.2 1241. 3 1282.7 1323.8 1365.3 '''07.4 '''50.2 ( .... 4.60) H 424.17 1204.6 1307.4 1363.4 1417 .0 1470.1 1523.3 1576.9 1631. 2 S 0.6217 1.4847 1.5901 1.6406 1.6850 1. 7255 1. 7632 1.7988 1.8325 

V 0.0194 1. 1327 1. .. 38 1.608 1. 769 1.925 2.081 2.233 2.385 .. ,0 U "25.'" 1118.7 1197.6 12"0.8 1282.4 1323.6 1365.1 '''07.2 1450.1 (447.02) H "26.89 1204.7 .06.6 1362.8 1416.6 1469.7 1523.0 1576.7 1631.0 S 0.6247 1.4825 .,~ 

1.5868 1.6375 1.6820 1.7226 1. 7603 1.7959 1.8297 

V 0.0194 1.1057 1.401 1.568 1.726 1.879 2.030 2.180 2.327 420 U 428.05 1118.8 1196.9 1240.4 1282.0 1323.3 1364.9 1407.0 1449.9 (449.40) H 429.56 1204.7 1305.8 1362.3 1416.2 1469.4 1522.7 1576.4 1630.8 S 0.6276 1.4802 1.5835 1.6345 1.6791 1. 7197 1.7575 1. 7932 1.8269 

V 0.0195 1.0800 1.366 1.529 1.684 1.835 1.982 2.128 2.273 430 U 430.64 1118.8 1196.3 1240.0 1281. 7 1323.0 1364.6 1406.8 1449.7 (451. 74) H 432.19 1204.8 1305.0 1361. 7 1415.7 1469.0 1522.4 1576.2 1630.6 
S 0.6304 1.4781 1.5804 1.6315 1.6762 1.7169 1. 7548 1. 7904 1.8242 

V 0.0195 1.0554 1. 332 1.493 1.644 1. 792 1.936 2.079 2.220 440 U 433.19 1118.8 1195.7 1239.6 1281. 4 1322.8 1364.4 1406.6 1449.6 (454.03) H 434.77 1204.8 1304.2 1361.1 1415.3 1468.7 1522.1 1675.9 1630.4 
S 0.6332 1.4.759 1.5772 1.6286 1.6734 1. 7142 1. 7521 1. 7878 1.8216 

V 0.0195 1.0318 1.300 1.458 1.607 1. 751 1.892 2.032 2.170 
450 U 435.69 1118.9 1195.1 1239.2 1281.1 1322.5 1364.2 1406.5 1449.4 

(456.28) H 437.32 1204.8 1303.3 1360.6 1414.9 1468.3 1521.8 1575.7 1630.1 
S 0.6360 1.4738 1.5742 1.6268 1.6707 1. 7115 1.7495 1.7852 1.8190 

V 0.0196 1.0092 1.269 1.424 1.570 1. 712 1.850 1.987 2.123 
460 U 438.17 1118.9 1194.5 1238.8 1280.8 1322.3 1364.0 1406.3 1449.3 

(468.60) H 439.83 1204.8 1302.5 1360.0 1414.4 1468.0 1521.5 1575.4 1629.9 
S 0.6387 1.4718 1.6711 1.6230 1.6680 1.7089 1. 7469 1.7826 1.8165 

V 0.0196 0.9875 1.240 1.392 1.636 1.674 1.810 1.944 2.077 
470 U 440.g0 1118.9 1193.9 1238.3 1280.4 1322.0 1363.8 1406.1 1449.1 

(460.68) H 442. 1 1204.8 1301.7 1359.4 1414.0 1467.6 1521.2 1675.2 1629.7 
S 0.6413 1.4697 1.6681 1.6202 1.6654 1.7064 1.74 .... 1.7802 1.8141 

V 0.0197 0.9668 1.211 1.361 1.502 1.638 1.772 1.903 2.033 
480 U 443.00 1118.9 1193.2 1237.9 1280.1 1321. 7 1363.5 1406.9 1448.9 

(462.82) H 444.75 1204.8 1300.8 1368.8 1413.6 1467.3 1520.9 1574.9 1629.5 
S 0.6439 1.4677 1.6652 1.6176 1.6828 1.7038 1. 7419 1. 7777 1.8116 

V 0.0197 0.9468 1.184 1.332 1.470 1.604 1.735 1.864 1.991 
490 U 445.36 1118.9 1192.6 1237.5 1279,8 1321.5 1363.3 1405.7 1448.8 

(464.93) H 447.15 1204.7 1300.0 1358.3 1413.1 1466.9 1620.6 1674.7 1629.3 
S 0.6465 1.4668 1.6623 1.6149 1.6603 1. 7014 1.7395 1.7753 1.8093 

V 0.0197 0.9276 1.158 1.304 1.440 1.671 1.699 1.826 1.951 
600 U 447.70 1118.8 1192.0 1237.1 1279.5 1321.2 1363.1 1405.5 1448.6 

(467.01) H 449.52 1204.7 1299.1 1357.7 1412.7 1466.6 1620.3 1574.4 1629.1 
S 0.6490 1.4639 . 1.5595 1.6123 1.6678 1.6990 1.7371 1. 7730 1.8069 

V 0.0198 0.9091 1.133 1.277 1.410 1.639 1.666 1.789 1.912 

1'0 U 450.00 1118.8 1191.3 1236.6 1279.2 1321.0 1362.9 1405.3 1448.4 
(4 9.05) H 461.87 1204.6 1298.3 1357.1 1412.2 1466.2 1620.0 1574.2 1628.9 

S 0.6515 1.4620 1.6667 1.6097 1.6664 1.6966 1.7348 1. 7707 1.8047 

V 0.0198 0.8914 1.109 1.2&0 1.382 1.609 1.632 1. 754 1.875 
620 U 462.27 1118.8 1190.7 1236.2 1278'L 1320;7 1362.7 1405.1 1448.3· 

(471.07) H 464.18 1204.5 1297.4 1356.5 1411. 1466.9 1519.7 1573,9 1628;7 
S 0.6539 1.4601 1.6539 1.6072 1. 30· 1.8943 1. 7326 1.7684 1.8024 

V 0.0199 0.8742 1.066 1.225 1.365 1.479 1.601 1. 720 1.839 
610 U 464.61 1118.7 1190.0 1236.8 1278.5 1320.4 1362.4 1404.9 'Ui' 1 

(47 .05) H 466.46 1204.1\ 1296.5 1355.9 1411.4 1466'h 1619.4 1573.7 1 .4 
S 0.6564 1.4683 1.6512 1.6047 1.6606 1. 20 1.7302 1. 7662 1.6002 

~ -



--~ 

TABLE C .... SUPERHEATED STEAM ENGLISH UNITS. (Continued) 

ASS PRESS TElJPERA TURE. DEG F PSIA SAT SAT 
(SAT TEW) 

WATER STEAM 500 520 5 .. 0 560 580 600 560 

V 0.0199 0.8577 0.9045 0.9394 0.~725 1.004 1.035 1.064 1.134 5 .. 0 U "5.6.72 1118.7 1134.9 11"7.0 1168. 1169.1 1179." 1189." 1213.0 ("75.01) H "58.71 1204.4 1225.3 12"0.8 1255.5 1269." 1282.8 1295.7 1326.3 S 0.6587 1."565 1."786 1. .. 946 1.5094 1.6232 1.5362 1.5 .. 84 1.5767 

V 0.0199 0.8418 0.8846 0.9192 0.9520 0.9833 1.013 1.042 1. 112 650 U "58.91 1118.6 1133.8 1145.9 1157." 1~.3 1178.7 1188.7 1212." ("76.94) H "60.94 1204.3 1223.8 1239.5 125".3 1 ... 1281.8 1294.8 1325.6 S 0.6511 1. .. 5 .. 7 1.4753 1. .. 915 1.5064 1.5203 1.5334 1.5458 1.5..7 .. 2. 

tiJ V 0.0200 0.8254 0.8663 0.8997 0.9322 0.9632 0.9930 1.022· 1.090 560 U "B1.07 1118.5 1132.6 11 ..... 9 1156.6 1167.5 1178.0 1188.0 1211.9 ("78.84) H .. 3.14 1204.2 1222.2 1238.1 1253.1 1267'.3 1280.9· 1293.9 132".9 S 0.6534 1."629· 1. .. 720 1."884 1.5035 1.6176 1.5307 1.5 .. 31 1.5717 

V 0.0200. 0.8115 0.8467 0.8808 0.9131 0.9438 0.9733· 1.002 1.069 670 U "63.20 1118.5 1131.4 11"3.9 11155.6 1165.6 1177.2 1187." 1211. .. ("80.72) H "85.32 1204.1 1220.7 1236.8 1251.9 1265.2 1279.9 1293.0 132".2 S 0.8667 1. .. 512 1. .. 587 1."863 1.5006 1.51 .. 7 1.5280 1.5 .. 05 1.6693 

V 0.0201 0.7971 0.8287 0.8626 0.8946 0.9251 0.95"2 0.982" 1.049 1580 U "65.31 1118." 1130.2 11"2.8 115".6 1165.8 1176.5 1186.7 1210.8 ("82.157) H .. 67 ... 7 1203.9 1219.1 1235." 1250.7 1265.1 1278.9 1292.1 1323." S 0.6579 1. .... 95 1. .. 654 1."822 1."976 1.5120 1.525 .. 1.5380 1.6868 

V 0.0201 0.7832 0.8112 0.8460 0.8758 0.9069 0.9358 0.9637 1.030 690 U "67."0 1118.3 1129.0 11 .. 1. 7 1153.7 1165.0 1175.7 1186.0 1210.3 ("84."0) H "69.59 1203.8 1217.5 1234.0 12 .. 9 ... · 1264.0 1277.9 1291. 2 1322.7 S 0.6701 1. .... 78 1."622 1.4792 1."948 1.5092 1.5227 1.535" 1.6645 

V 0.0201 0.7697· 0.794" 0.8279 0.8696 0.8894 0.9180 0.9456 U)11 600 U .. 69 ... 6 1118.2 1127.7 11"0.7 1152.8 1164.1 1175.0 1.185.3 1209.8 ("86.20) H "71.70 1203.7 1215.9 1232.6 1248.2 1262.9 1276.9 1290.3 1322.0 S 0.6723. 1. .... 61 1."590 1. .. 762 1. .. 919 1.6065 1.15201 1.5329 1.5621 

V . 0.0202 0.7667 0.7780 0.811" 0.8427 0.8724 0:9008 0.9281 0.9927 610 U 471.50 ·1118.1 1126.5 1139.6 1151.8 1163.3 1174.2 1184.7 1209.2 ("87.118) H "73.78 1203.5 121".3 1231.2 1246.9 1261.8 1276.9 1289." 1321.3 S 0.67415 1.44 .. 5 l. .. m 1."732 1. .. 191 1.6038 1.15176 1.6304 1.6698 

V 0.0202 0.7 .... 1 0.7621 0.795" 0.8255 0.8560 0.8841 0.9112 0.9751 
620 U "73.52 1118.0 1125.2 1138.5 1150.8 1162." 1173.5 1184.0 1208.7 

("89.74) H 475.84 1203.4 1212.7 1229.7 1245.7 1260.7 127".9 1288.5 1320.5 
S 0.6766 1. .. 428 1. .. 626 1. .. 702 1.4863 1.6011 1.6160 1.5279 1.5575 

V 0.0202 0.7318 0.7467 0.7798 0.8108 0.8401 0.8580 0.8948 0.9580 
630 U "75.62 1117.9 1123.9 1137.4 11"9.9 1161.6 1172.7 1183.3 1208.1 

(491.48) H "77.88 1203.2 1211.0 1228.3 12 ....... 1259.5 1273.9 1287.6 1319.8 
S 0.6787 1. .... 12 1. .... 94 1. .. 672 1. .. 835 1. .. 985 1.512 .. 1.5255 1.5652 

V 0.0203 0.7200 0.7318 0.7648 0.7956 0.82"6 0.8523 0.8788 0.9415 
640 U "77."9 1117.8 1122.7 1135.3 11"8.9 1160.7 1171.9 1182.6 1207.6 

("93.19) H "79.89 1203.0 1209.3 1226.8 12"3.1 1258." 1272.8 1286.7 1319.1 
S 0.5808 1. .. 396 1. .... 62 1."643 1. .. 807 1. .. 959 1.5099 1.5231 1.5530 

V 0.0203 0.7084 0.7173 0.7601 0.7808 0.8096 0.8371 0.8634 0.925" 
650 U .. 79 ... 6 1117.6 1121.3 1135.1 11"7.9 1159.8 1171. 1 1181.9 1207.0 

("94.89) H "81.89 1202.8 1207.6 1225." 12 .. 1.8 1257.2 1271.8 1285.7 1318.3 
S 0.6828 1. .. 381 1. .... 30 1.461 .. 1. .. 780 1. .. 932 1.607 .. 1.5207 1.6507 

V 0.0204 0.6972 0.7031 0.7359 0.7664 0.7951 0.822 .. 0.8485 0.9098 
660 U .. 81.38 1117.5 1120.0 1134.0 11"6.9 1169.0 1170.3 1181.2 1206.5 

("96.67) H "83.87 1202.7 1205.9 1223.9 12"0.5 1266.1 1270.8 128".8 1317.6 
S 0.68"9 1. .. 365 1. .. 399 1. .. 684 1. .. 762 1. .. 907 1.5049 1.5183 1.6 .. 85 

V 0.0204 0.6864 0.6894 0.7221 0.7525 0.7810 0.8080 0.8339 0.8947 
670 U "83.30 1117." 1118.7 1132.8 11"5.9 1168.1 1169.6 1180.5 1205.9 

("118.22) H "86.83 1202.6 1204.2 1222." 1239.2 126".9 1269.7 1283.9 1316.8 
S 0.6869 1. .. 360 1. .. 367 1. .. 566 1. .. 725 1. .. 881 1.5025 1.5159 1.5 .. 63 

V 0.0204 0.6758 0.6760 0.7087 0.7389 0.7673 0.7941 0.8198 0.8801 
, 680 U "85.20 1117.2 1117.3 1131. 7 11 ..... 9 1157.2 1158.8 1179.8 1205.3 
("99.86) H "87.77 1202.3 1202." 1220.8 1237.9 1263.7 1268.7 1282.9 1316.1 

S 0.6889 1. .. 33" 1."336 1. .. 526 1.4698 1.4865 1.5000 1.5135 1.5 .... 2 

V 0.0205 0.6655 0.6956 0.7257 0.7539 0.7805 0.8061 0.8658 
690 U "87.08 1117.1 1130.6 11"3.9 1156.3 1158.0 1179.0 1204.8 

(601."8) H "89.70 1202.1 1219.3 1235.5 1252.5 1267.6 1282.0 1315.3 
S 0.6908 1. .. 319 1.4"97 1. .. 671 1. .. 830 1. .. 976 1.5113 1.5421 

V 0.0205 0.6566 0.6829 0.7129 0.7"09 0.7675 0.7928 0.8520 
700 U "88.95 1116.9 1129.3 11"2.8 1155." 1167.1 1178.3 1204.2 

(503.08) H .. 91.60 1201.8 1217.8 1235.2 1251.3 1265.6 1281. 0 131".6 
S 0.6928 1."304 1.4 .. 68 1. .. 64 .. 1."805 1. .. 952 1.5090 1.6399 
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TABLE C.4. SUPERHEATED STEAM ENGLI SH UNITS (Continued) 

ABS PRESS TEIPERATURE. DEG F 
PSIA SAT SAT 

WATER 
(SAT TEIP) 

STEAM 700 750 800 900 1000 1100 1200 

V 0.0199 0.8577 1.201 1.266 1.328 1.451 1.570 1.688 1.804 
540 U 456.72 1118.7 1235.3 1267.0 1278.2 1320.2 1362.2 1404.8 1447.9 

(475.01) H 468.71 1204.4 1355.3 1383.4 1410.9 1465.1 1619.1 1573.4 1628.2 
S 0.6587 1.4565 1.6023 1.6260 1.6483 1.6897 1.7280 1. 7640 1. 7981 

V 0.0199 0.8418 1.178 1.241 1.303 1.424 1.541 1.657 1. 771 
660 U 458.91 1118.6 1234.9 1256.6 1277.9 1319.9 1362.0 1404.6 1447.8 

(476.94) H 460.94 1204.3 1354.7 1382.9 1410.6 1464.8 1518.9 1573.2 1628.0 
S 0.6611 1. 4547 1.5999 1.6237 1.6460 1.6876 1. 7269 1. 7619 1. 7969 

• V 0.0200 0.8264 1.165 1.218 1.279 1.397 1.513 1.627 1. 739 
660 U 461. 07 1118.5 1234.4 1266.2 1277.6 1319.6 1361.8 1404.4 1447.6 

(478.84) H 463.14 1204.2 1354.2 1382.4 1410.0 1464.4 1518.6 1572.9 1627.8 
S 0.6634 1.4529 1.5975 1.6214 1.6438 1.6853 1. 7237 1. 7698 1. 7939 

V 0.0200 0.8115 1.133 1.196 1.256 1.372 1.486 1.697 1.708 
570 U 463.20 1118.5 1234.0 1255.8 1277.2 1319.4 1361.6 1404.2 1447.6 

(480.72) H 466.32 1204.1 1363.6 1381.9 1409.6 1464.1 1518.3 1672.7 1627.6 
S 0.6657 1.4512 1.6962 1.6191 1.6415 1.6832 1. 7216 1.7577 1.7918 

V 0.0201 0.7971 1. 112 1. 173 1.232 1.347 1.459 1.569 1.678 
580 U 465.31 1118.4 1233.6 1255.5 1276.9 1319.1 1361.3 1404.0 1447.3 

(482.57) H 467.47 1203.9 1353.0 1381.4 1409.2 1463.7 1518.0 1572.4 1627.4 
S 0.6679 1.4495 1.5929 1.6169 1.6394 1.6811 1. 7196 1. 7556 1.7898 

V 0.0201 0.7832 1.092 1.152 1.210 1.324 1.434 1.542 1.649 
590 U 467.40 1118.3 1233.1 1265.1 1276.5 1318.9 1361.1 1403.8 1447.1 

(484.40) H 469.59 1203.8 1352.4 1380.9 1408.7 1463.4 1517.7 1672.2 1627.2 
S 0.6701 1. 4478 1.5906 1.6147 1.6372 1.6790 1. 7175 1.7536 1.7878 

V 0.0201 0.7697 1.073 1.132 1.189 1.301 1.409 1.516 1.621 
600 U 469.46 1118.2 1232.7 1264.7 1276.2 1318.6 1360.9 1403.6 1447.0 

(486.20) H 471. 70 1203.7 1351.8 1380.4 1408.3 1463.0 1517.4 1571. 9 1627.0 
S 0.6723 1.4461 1.5884 1.6125 1.6351 1.6769 1. 7165 1.7617 1.7869 

V . 0,0202 0.7567 1.054 1. 112 1.169 1.279 1.386 1.491 1.694 
610 U 471.50 1118.1 1232.2 1254.3 1275.9 1318.3 1360.7 1403.4 1446.8 

(487.98) ~ 473.78 1203.5 1361. 2 1379.9 1407.8 1462.7 1517.1 1671. 7 1626.7 
0.6745 1.4445 1.6861 1.6104 1.6330 1.6749 1. 7135 1. 74117 1. 7839 

V 0.0202 0.7441 1.035 1.093 1.149 1,257 1.363 1.466 1.668 
620 U 473.52 1118.0 1231. 8 1253.9 1275.6 1318.1 1360.5 1403.2 1446.6 

(489.74) H 475.84 1203.4 1350.6 1379.3 1407.4 1462.3 1516.8 1571.4 1626.5 
S 0.6766 1.4428 1.5839 1.6082 1.6310 1.6729 1.7116 1.7478 1. 7820 

V 0.0202 0.7318 1.017 1.074 1.130 1.236 1.340 1.442 1.543 
630 U 475.62 1117.9 1231.3 1253.6 1275.2 1317.8 1360.2 1403.1 1446.5 

(491.48) H 477.88 1203.2 1350.0 1378.8 1406.9 1461.9 1616.5 1671.2 1626.3 
S 0.6787 1.4412 1.5818 1.6062 1.6289 1.6710 1.7097 1.7469 1. 7802 

V 0.0203 0.7200 1.000 1.056 1. 111 1.216 1.319 1.419 1.518 
640 U 477 .49 1117.8 1230.9 1263.2 1274.9 1317.5 1360.0 1402.9 1446.3 

("93:19) H 479.89 1203.0 1349.3 1378.3 '''06.5 , .. 61.6 1516.2 1570.9 1626.1 
S 0.6808 1.4396 1.5797 1.6041 1.6269 1.6690 1.7078 ,.7 .... , 1. 7783 

V 0.0203 0.708" 0.9835 1.039 1.093 1.197 1.298 1.397 1. .. 94 
650 U 479."5 1117.6 1230.4 1252.8 127".6 1317.3 1369.8 1402.7 1446.1 

(494.89) H 481.89 1202.8 1348.7 1377.8 1406.0 1461.2 1515.9 1570.7 1625.9 
S 0.6828 1.4381 1.5775 1.6021 1.6249 1.6671 1.7059 1.7422 1. 7766 

V 0.0204 0.6972 0.9673 1.022 1.075 1.178 1.278 1.375 1.471 
660 U 481. 38 1117.5 1230.0 1252.4 1274.2 1317.0 1359.6 1402.5 1446.0 

(496.57) H 483.87 1202.7 1348.1 1377.3 1405.6 1460.9 1515.6 1670.4 1626.7 
S 0.6849 1.4365 1.6765 1.6001 1.6230 1.66152 1.7041 1. 7404 1. 7748 

V 0.0204 0.6864 0.9616 1.006 1.058 1.160 1.268 1.364 1.449 
670 U 483.30 1117.4 1229.5 1252.0 1273.9 1316.7 1369.3 1402.3 1446.8 

(498.22) H 485.83 1202.5 1347.5 1376.7 1406.1 1460.5 1515.3 1670.2 1626.6 
S 0.6869 1.4360 1.6734 1.6981 1.6211 1.6634 1.7023 1.7387 1.7730 

V 0.0204 0.6768 0.9364 0.9Il00 1.042 1.142 1.239 1.334 1.427 
680 U 485.20 1117.2 1229.1 1261.6 1273.6 1316.6 1369.1 1402.1 1446.7 

(499.86) H 487.77 1202.3 1346.9 1376.2 1404.7 1460.2 1515.0 1689.9 1626.3 
S 0.6889 1.4334 1.6714 1.6961 1.6192 1.6616 1.7006 1. 7369 1. 7713 

V 0.0205 0.6665 0.9216 0.9746 1.026 1.126 l.i20 1.314 1.406 
690 U 487.08 1117.1 1228.6 1251.3 1273.2 1316.2 1368.9 1401.9 1446.6 

(601.48) H 489.70 1202.1 1346.3 1376.7 1404.2 1469.8 1614.7 1669.7 1626.0 
S 0.6908 1.4319 1.5693 1.6942 1.6173 1.6698 1.6987 1.7352 1.7696 

V 0.0205 0.6656 0.9072 0.9696 1.010 1.108 1.202 1.296 1.386 
700 U 488.96 1116.9 1228.1 1260.9 1272.9 1316.9 1368.7 1401.7 1445.3 

(603.08) H 491.60 1201.8 1345.6 1376.2 1403.7 1469.4 1614.4 1669.4 1624.8 
S 0.6928 1.4304 1.6673 1.6923 1.6164 1.6680 1.6970 1. 7336 1.7679 

m 
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TABLE C.4. SUPERHEATED STEAM ENGLI SH UN ITS (Continued) 

ABS PRESS TEMPERATURE. OEG F 
PSIA SAT SAT 

WATER STEAM 520 540 
(SAT TEMP) 

560 680 600 620 660 

V 0.0206 0.6318 0.6526 0.6823 0.7100 0.7362 0.7610 0.7848 0.8190 
725 U 493.6 1116.5 1126.3 1140.2 1163.1 1166.1 1176.6 1187.3 1202.8 

(607.01) H 496.3 1201.3 1213.8 1231.7 1248.3 1263.9 1278.6 1292.6 1312.6 
S 0.6975 1.4268 1.4396 1.4678 1.4742 1.4893 1.6033 1.6184 1.6347 

V 0.0207 0.6095 0.6240 0.6636 0.6811 0.7069 0.7313 0.7647 0.7882 
760 U 498.0 1116.1 1123.1 1137.6 1160.7 1163.0 1174.6 1186.6 1201.3 

(610.84) H 600.9 1200.7 1209.7 1228.2 1246.2 1261.1 1276.1 1290.4 1310.7 
S 0.7022 1.4232 1.4326 1.4611 1.4680 1.4836 1.4977 1.6111 1.6296 

• V 0.0208 0.6886 0.6971 0.6267 0.6639 0.6794 0.7036 0.7266 0.7694 
776 U 602.4 1115.6 1119.9 1134.7 1148.3 1160.9 1172.7 1183.9 1199.9 

(614.67) H 606.4 1200.1 1205.6 1224.6 1242.1 1258.3 1273.6 1288.1 1308.8 
S 0.7067 1.4197 1.4253 1.4446 1.4619 1.4777 1.4923 1.6058 1.6247 

V 0.0209 0.6690 0.6717 0.6013 0.6283 0.6636 0.6774 0.7000 0.7323 
800 U 506.7 1115.2 1116.6 1131.9 1146.9 1168.8 1170.8 1182.2 1198.4 

(618.21) H 609.8 1199.4 1201. 2 1220.9 1238.9 1265.6 1271. 1 1285.9 1306.8 
S 0.7111 1.4163 1.4182 1.4381 1.4558 1.4720 1.4868 1.5007 1.6198 

V 0.0210 0.6605 0.6773 0.6042 0.6293 0.6628 0.6761 0.7069 
826 U 510.9 1114.6 1129.0 1143.4 1156.6 1168.9 1180.5 1196.9 

(521.76) H 514.1 1198.7 1217.1 1236.6 1252.6 1268.5 1283.6 1304.8 
S 0.7155 1.4129 1.4316 1.4498 1.4664 1.4815 1.4956 1.5150 

V 0.0211 0.5330 0.5546 0.6815 0.6063 0.6296 0.6616 0.6829 
860 U 515.1 1114.1 1126.0 1140.8 1154.3 1166.9 1178.7 1195.3 

(525.24) H 518.4 1198.0 1213.3 1232.2 1249.7 1266.9 1281.2 1302.8 
S 0.7197 1.4096 1.4250 1.4439 1.4608 1.4763 1.4906 1.5102 

V 0.0211 0.5166 0.5330 0.5599 0.5846 0.6077 0.6294 0.6602 
875 U 519.2 1113.6 1123.0 1138.2 1152.0 1164.9 1176.9 1193.8 

(528.63) H 522.6 1197.2 1209.3 1228.8 1246.7 1263.3 1278.8 1300.7 
S 0.7238 1.4064 1.4185 1.4379 1.4553 1.4711 1.4856 1.5056 

V 0.0212 0.5009 0.5126 0.5394 0.6640 0.5869 0.6084 0.6388 
900 U 523.2 1113.0 1119.8 1135.5 1149.7 1162.8 1175.1 1192.2 

(531.95) H 526.7 1196.4 1205.2 1225.3 1243.6 1260.6 1276.4 1298.6 
S 0.7279 1.4032 1.4120 1.4320 1.4498 1.4669 1.4807 1.5010 

V 0.0213 0.4861 0.4930 0.5200 0.5445 0.5612 0.5885 0.6186 
925 U 527.1 1112.4 1116.5 1132.7 1147.3 1160.8 1173.2 1190.7 

(535.21) H 530.8 1195.6 1200.9 1221. 7 1240.5 1257.8 1274.0 1296.6 
S 0.7319 1.4001 1.4054 1.4260 1.4443 1.4608 1.4769 1.4966 

V 0.0214 0.4721 0.4744 0.5014 0.5259 0.5485 0.5696 0.5993 
950 U 531.0 1111.7 1113.2 1129.9 1144.9 1158.6 1171.4 1189.1 

(538.39) H 534.7 1194.7 1196.6 1218.0 1237.4 1255.1 1271.5 1294.4 
S 0.7358 1.3970 1.3988 1.4201 1.4389 1.4557 1.4711 1.4921 

V 0.0215 0.4587 0.4837 0.5082 0.5307 0.5517 0.5810 
976 U 534.8 1111.1 1127.0 1142.4 1156.5 1169.6 1187.5 

(541.52) H 538'.7 1193.8 1214.3 1234.1 1252.2 1269.0 1292.3 
S 0.7396 1. 3940 1.4142 1.4336 1.4507 1.4664 1.4877 

V 0.0216 0.4460 Q.4668 0.4913 0.5137 0.5346 0.6636 
1000 ~ 538.6 1110.4 1124.0 1139.9 1154.3 1167.5 1185.8 

(544.58) 542.6 1192.9 1210.4 1230.8 1249.3 1266.5 1290.1 
S 0.7434 1. 3910 1.4082 1.4281 1.4457 1.4617 1.4833 

V 0.0217 0.4338 0.4506 0.4752 0.4975 0.5183 0.5471 
1025 U 542.3 1109.7 1120.9 1137.3 1152.0 1166.6 1184.2 

(647.58) H 546.4 1192.0 1206.4 1227.4 1246.4 1263.9 1287.9 
S 0.7471 1.3880 -......... 1.4022 1.4227 1.4407 1.4571 1.4791 

V 0.0218 0.4222 0.4360 0.4597 0.4821 0.5027 0.5312 
1050 U 545'.9 1109.0 1117.8 1134.7 1149.8 1163..6 1182.5 

(550.53) H 550.1 1191.0 1202.3 1224.0 1243.4 1261.2 1285.7 
S 0.7507 1.3851 1.3962 1.4173 1.4368 1.4524 1.4748 

V 0.0219 0.4112 0.4200 0.4449 0.4673 0.4878 0.5161 
1075 U 549.5 1108.3 1114.5 1131.9 1t47.4 1161.'5 1180.8 

(553.43) H 553.9 1190.1 ......... 1198.1 1220.4 1240.4 1258.6 1283.5 
S 0.7543 1.3822 1.3901 1.4118 1.4308 1.4479 1.4706 

V 0.0220 0.4006 0.4066 0.4307 0.4531 0.4736 0.5017 
1100 U 553.1 1107.5 1111.2 1129.1 1145.1 1159.5 1179.1 

(556.28) H 557.5 1189.1 1193.7 1216.8 1237.3 1255,9 1281.2 
S 0.7578 1.3794 1.3.840 1.4064 1.4259 1.4433 1.4664 

V 0.0220 0.3904 0.3917 0.4170 0.43.94 0.4599 0.4879 
1125 U 556.6 1106;8 1107.7 1126.3 1142.6 1157.4 1177 .3 

(559.07) H 561.2 1188.0 1189'.2 1213.1 1234.1 1253.1 1278.9 
S 0.7613 1.3766 1.3778 1.4009 1.4210 1.4387 1.4623 

!i 
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TABLE C.4. SUPERHEATED STEAM ENGLISH UNITS (Continued) 

ASS PRESS TEMPERATURE. DEG F PSIA SAT SAT 
(SAT TEMP) 

WATER STEAM 700 750 800 900 1000 1100 1200 

V 0.0206 0.6318 0.8729 0.9240 0.9732 1.068 1. 159 1.249 1.337 725 U 493.5 1116.5 1227.0 1249.9 1272.0 1315.3 1358.1 1401.3 lU4.9 (507.01) H 496.3 1201. 3 1344.1 1373.8 1402.6 1458.5 1513.7 1568.8 1624.3 S 0.6975 1.4268 1.5624 1.5876 1.6109 1.6536 1.6927 1.7293, 1. 7638 

V 0.0207 0.6095 0.8409 0.8907 0.9386 1.031 1. 119 1.206 1.292 750 U 498.0 1116.'1 1225.8 1248.9 1271. 2 1314.6 1357.6 1400.8 1444.5 (510.84) H 500.9 1200.7 1342.5 1372.5 1401.5 1457.6 1512.9 1568.2 1623.8 S 0.7022 1.4232 1.5577 1.5830 1.6065 1.6494 1.6886 1.7252 1. 7598 

• V 0.0208 0.5886 0.8109 0.8595 0.9062 0.9957 1.082 1.166 I.U9 775 U 502.4 1115.6 1224.6 1247.9 1270.3 1313.9 1357.0 1400.3 lU4.1 (514.57) H 505.4 1200.1 1340.9 1371. 2 1400.3 1456.7 1512.2 1567.6 1623.2 S 0.7067 1. 4197 1.5530 1.5786 1.6022 1.6453 1.6846 1. 7213 1. 7559 

V 0.0209 0.5690 0.7828 0.8303 0.8759 0.9631 1.0047 1.129 1.209 800 U 506.7 1115.2 1223.4 1246.9 1269.5 1313.2 1366.4 1399.8 1443.7 (518.21) H 509.8 1199.4 1339.3 1369.8 1399.1 1455.8 1511.4 1566.9 1622.7 S 0.7111 1. 4163 1.5484 1.5742 1.5980 1.6413 1.6807 1.7175 1.7522 

V 0.0210 0.5505 0.7564 0.8029 0.8473 0.9323 1.014 1. 094 1. 172 825 U 510.9 1114.6 1222.2 1245.9 1268.6 1312.6 1355.9 1399.3 1443.3 (521. 76) H 514.1 1198.7 1337.7 1368.5 1398.0 1454.9 1510.7 1566.3 1622.2 S 0.7155 1. 4129 1.5440 1.5700 1.5939 1.6374 1.6770 1. 7138 1.7485 

V 0.0211 0.5330 0.7315 0.7770 0.8205 0.9034 0.9830 1.061 1. 137 850 U 515.1 1114.1 1221.0 1244.9 1267.7 1311.9 1355.3 1398.9 1442.9 (525.24 ) H 518.4 1198.0 1336.0 1367.1 1396.8 1454.0 1510.0 1565.7 1621.6 S 0.7197 1.4096 1.5396 1.5658 1.5899 1.6336 1.6733 1. 7102 1.7450 

V 0.0211 0.5165 0.7080 0.7526 0.7952 0.8762 0.9538 1.029 1. 103 875 U 519.2 1113.6 1219.7 1243.9 1266.9 1311.2 1354.8 1398.4 1442.5 (528.63) H 522.6 1197.2 1334.4 1365.7 1395.6 1453.1 1509.2 1565.1 1621. 1 S 0.7238 1.4064 1.5353 1.5618 1.5860 1.6299 1.6697 1.7067 1. 7415 

V . 0.0212 0.5009 0.6858 0.7296 0.7713 0.8504 0.92&2 0.9998 1.072 900 U 523.2 1113.0 1218.5 1242.8 1266.0 1310.5 1354.2 1397.9 1442.0 (531.95) H 526.7 1196.4 1332.7 1384.3 1394.4 1452.2 1508.5 1564.4 1620.5 S 0.7279 1.4032 . 1.5311 1.5578 1.5822 1.6263 1.6662 1. 7033 1.7382 

V 0.0213 0.4861 0.6648 0.7078 0.7486 0.8261 0.9001 0.9719 1.042 
925 U 527.1 1112.4 1217.2 1241.8 1265.1 1309.8 1353.6 1397.4 1441.6 

(535.21) H 530.8 1195.6 1331. 0 1362.9 1393.2 1451.2 1507.7 1563.8 1620.0 
S 0.7319 1. 4001 1.5269 1.5539 1.5784 1.6227 1.6628 1.7000 1.7349 

V 0.0214 0.4721 0.6449 0.6871 0.7272 0.8030 0.8753 0.9455 1.014 
950 U 531.0 1111. 7 1215.0 1240.7 1264.2 1309.1 1353.1 1397.0 1441. 2 

(538.39) H 534.7 1194.7 1329.3 1361.5 1392.0 1450.3 1507.0 1563.2 1619.5 
S 0.7368 1. 3970 1.5228 1.5500 1.5748 1.6193 1.6595 1.6967 1. 7317 

V 0.0215 0.4587 0.6259 0.5675 0.7068 0.7811 0.8518 0.9204 0.9875 
975 U 534.8 1111. 1 1214.7 1239.7 1253.3 1308.5 1352.5 1396.5 1440.8 

(541.52) H 538.7 1193.8 1327.6 1360.1 1390.8 1449.4 1506.2 1552.5 1619.0 
S 0.7396 1.3940 1.5188 1.5463 1.5712 1.6159 1.6562 1.6935 1.7286 

V 0.0216 0.4460 0.6080 0.6489 0.6875 0.7503 0.8295 0.8966 0.9621 
1000 U 538.6 1110.4 1213.4 1238.5 1262.4 1307.8 1351.9 ·1396.0 1440.4 

(544.68) H 542.6 1192.9 1325.9 1368.7 1389.5 1448.5 1505.4 1561.9 1618.4 
S 0.7434 1.3910 1.5149 1.5426 1.5677 1.6126 1.6530 1.6906 1. 7256 

V 0.0217 0.4338 0.5908 0.6311 0.6690 0.7405 0.8083 0.8739 0.9380 
1025 U 542.3 1109.7 1212.1 1237.5 1261.5 1307.1 1351. 4 1395.5 1440.0 

(5A7.58) H 546.4 1192.0 1324.2 1357.3 1388.4 1447.5 1504.7 1561.3 1617.9 
S 0.7471 1.3880 1.5110 1.5389 1.6642 1.6094 1.6499 1.6874 1.7226 

V 0.0218 0.4222 0.5745 0.6142 0.6515 0.7216 0.7881 0.8624 0.9151 
1060 U 545.9 1109.0 1210.8 1236.5 1260.6 1306.4 1350.8 1395.0 1439.6 

(550.53) H 550.1 1191.0 1322.4 1355.8 1387.2 1446.6 1503.9 1560.7 1617 .4 
S 0.7507 1.3851 1.5072 1.5364 1.5608 1.6062 1.6469 1.6845 1. 7197 

V 0.0219 0.4112 0.5689 0.5981 0.6348 0.7037 0.7688 0.8318 0.8932 
1075 U 549.5 1108.3 1209.4 1236.4 1269.7 1306.7 1360.2 1394.6 1439.2 

(553.43) H 553.9 1190.1 1320.6 1364.4 1386.0 1445.7 1503.2 1560.0 1616.8 
S 0.7543 1.3822 1.5034 1.6319 1.6575 1.6031 1.6439 1.6816 1. 7169 

V 0.0220 0.4006 0.6440 0.6826 0.6188 0.6866 0.7506 0.8121 0.8723 
1100 U 653.1 1107.5 1208.1 1234.3 1268.8 1305.0 1349.7 1394.1 1438.7 

(556.28) H 557.5 1189.1 1318.8 1362.9 1384.7 1444.7 1502.4 1559.4 1616.3 
S 0.7578 1.3794 1.4996 1.5284 1.5642 1.6000 1.6410 1.6787 1. 7141 

V 0.0220 0.3904 0.5298 0.5679 0.6035 0.6701 0.7329 0.7934 0.8623 
1125 U 566.6 1106.8 1206.7 1233.2 1267.8 1304.3 1349.1 1393.6 1438.3 

(559.07) H 561.2 1188.0 1317.0 1361.4 1383.6 1443.8 1501.7 1568.8 1615.8 
S 0.7613 1.3766 1.4959 1.6260 1.5509 1.6970 1.6381 1.6759 1. 7114 
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TABLE C .... SUPERHEATED STEAM ENGLISH UNITS (Continued) 

ASS PRESS TEMPERATURE, DES F 
PSIA SAT SAT 

(SAT TEMP) 
WATER STEAM 580 600 620 640 660 680 700 

V 0.0221 0.3807 0."038 0."263 0 ..... 68 0."656 0."833 0.5001 0.5162 1150 U 560.1 1106.0 1123.3 11"0.2 1156.2 1169.0 1181.9 1193.9 1205." (661.82) H 664.8 1187.0 1209.3 1230.9 1250.3 1268.1 1284.7 1300.3 1315.2 S 0.7647 1.3738 1.396" 1. .. 160 1. .. 342 1. .. 506 1. .. 656 1.4793 1. .. 923 

V 0.0222 0.371" 0.3911 0."137 0."342 0."530 0."706 0."872 0.6031 1176 U 563.6 1105.2 1120.3 1137.6 1163.1 1167.1 1180.2 1192." 1204.0 (664.63) H 668.3 1185.9 1206.3 1227.6 1247.5 1265.6 1282.5 1298.3 1313." S 0.7681 1.3711 1.3899 1. .. 111 1. .. 297 1.4"63 1. .. 616 1. .. 766 1. .. 887 

,. V 0.0223 0.362" 0.3788 0."016 0.4220 0 ..... 08 0."583 0."7"8 0."905 1200 U 665.9 1104.3 1117.2 1136.0 1160.9 1165.2 1178.5 1190.9 1202.6 (667.19) H 671.9 1164.8 1201.3 122".2 1244.6 1263.1 1280.2 1296.3 1311.5 S 0.771" 1.3683 1.3843 1."061 1."262 1.4422 1."576 1.4718 1. .. 851 

V 0.022" 0.3638 0.3669 0.3899 0."104 0.4291 0.4465 0."629 0."785 1225 U 570.3 1103.6 111".0 1132." 11"8.6 1163.2 1176.7 1189.3 1201.2 (669.80) H 676.3 1183.7 1197.2 1220.8 12 .. 1.6 1260.5 1277.9 1294.2 1309.7 S 0.77"7 1.3656 1.3787 1. .. 011 1.4206 1."380 1. .. 537 1. .. 681 1. .. 815 

V 0.0226 0.3466 0.3553 0.3785 0.3991 0."178 0."362 0."514 0."669 1260 U 573.6 1102.6 1110.7 1129.7 1146.3 1161.3 1175.0 1187.7 1199.8 (672.38) H 678.8 1182.6 1192.9 1217.2 1238.6 1257.9 1276.6 1292.2 1307.8 S 0.7780 1.3630 1.3729 1.3961 1.4161 1."338 1. .... 98 1. .. 64 .. 1.4780 

V 0.0226 0.3376 0.3442 0.3676 0.3882 0."069 0.42"2 0.4404 0."668 1276 U 676.9 1101. 7 1107.3 1126.9 11 ..... 0 1169.2 1173.2 1185.1 1198.3 (67".92) H 682.2 1181. .. 1188.5 1213.6 1236.6 1266.2 1273.3 1290.1 1305.9 S 0.7812 1.3603 1.3671 1.3911 1. .. 116 1.4297 1. .... 59 1."608 1. .. 7 .. 5 

V 0.0227 0.3299 0.3333 0.3670 0.3778 0.3965 0."137 0."298 0 ..... 51 1300 U 680.1 1100.9 1103.7 112".0 11 .. 1.6 1157.2 1171. .. 1184.5 1196.9 (677.42) H 685.6 1180.2 1183.9 1209.9 1232." 1252.5 1270.9 1287.9 1303.9 S 0.7843 1.3577 1.3612 1.3860 1. .. 071 1.4265 1. .... 21 1. .. 572 1. .. 711 

V 0.0228 • 0.3225 0.3227 0.3467 0.3676 0.3863 0.4035 0.4196 0.4347 1326 U 683.3 1099.9 1100.1 1121. 1 1139.1 1155.1 1169.5 1182.9 1195.4 (579.89) H ~:~875 1179.0 1179.2 1206.1 1229.3 1249.8 1268.5 1285.8 1302.0 S 1.3561 1.3562 1.3809 1. .. 026 1.4214 1.4382 1.4536 1. .. 677 

V 0.0229 0.3164 0.3367 0.3578 0.3766 0.3937 0.4097 0.42"8 1360 U 685.6 1099.0 1118.1 1136.6 1162.9 1167.7 1181.3 1193.9 (682.31) H 692.3 1177.8 1202.2 1226.0 12"7.0 1266.1 1283.6 1300.1 S 0.7906 1.3625 1.3767 1.3980 1.4173 1.4344 1.4600 1."643 

V 0.0230 0.3085 0.3270 0.3483 0.3671 0.3843 0."002 0."151 1375 U 689.7 1098.1 1115.0 1134.1 1150.8 1165.8 1179.6 1192." (684.71) H 696.6 1176.6 1198.2 1222.7 12 ..... 2 1263.6 1281. .. 1298.1 S 0.7936 1.3499 1.3706 1.3934 1. .. 131 1.4306 1. .... 64 1.4609 

V 0.0231 0.3018 0.3176 0.3390 0.3679 0.3751 0.3910 0."069 1 .. 00 U 692.9 1097.1 1111.8 1131.5 1148.6 1163.9 1177.9 1190.9 (687.07) H 698.8 1176.3 1194.1 1219.3 12 .. 1.3 1261. 1 1279.2 1296.1 S 0.7966 1. 347 .. 1.3662 1.3888 1.4090 1. .. 268 1. .. 428 1. .. 575 

V 0.0232 0.2953 0.3084 0.3300 0.3491 0.3662 0.3821 0.3969 1426 U 696.0 1096.2 1108.6 1128.8 11"6.3 1162.0 1176.2 1189." (689.40) H 602.1 117".0 1189.8 1215.8 1238." 1268.5 1277.0 1294.1 S 0.7996 1.34"8 1.3698 1.3841 1.4048 1.4230 1.4393 1.45 .. 2 

V 0.0233 0.2891 0.2994 0.3213 0.3404 0.3676 0.3734 0.3882 1450 U 699.1 1095.2 1105.1 1126.1 11 ..... 0 1160.0 117".5 1187.9 (691.69) H 605.3 1172.7 1185.5 1212.3 1235.4 1265.9 1274.7 1292.0 S 0.8026 1.3423 1.3644 1.3794 1.4006 1.4192 1.4368 1.4609 

V 0.0234 0.2830 0.2906 0.3128 0.3321 0.3493 0.3651 0.3798 1475 U 602.1 1094.2 1101.6 1123.2 1141. 7 1168.0 1172.7 1186.3 (693.96) H 608.5 1171. .. 1180.9 1208.6 1232.3 1263.3 1272." 1290.0 S 0.8065 1.3398 1.3488 1.3747 1.3965 1.4154 1. .. 322 1.4476 

V 0.0236 0.2772 0.2820 0.3046 0.32"0 0.3412 0.3670 0.3717 1500 U 605.2 l~~:l' 1098.0 1120." 1139.3 1166.9 1170.9 1184.7 (696.20) H 611. 7 1176.3 1204.9 1229.2 1260.7 1270.0 1287.9 S 0.8085 1.3373 1.3431 1.3699 1.3923 1. .. 116 1. .. 287 1. ...... 3 

V 0.0236 0.2715 0.2736 0.2965 0.3161 115~:~~ 0.3492 0.3638 1625 U 608.2 1092.1 1094.2 1117." 1136.9 1169.2 1183.1 (698."1) H 61".8 1168.7 1171. .. 1201.1 1226.1 1248.0 1267.7 1286.8 S 0.8113 1.3348 1.3373 1.3651 1.3880 1.4078 1. .. 262 1.4"10 

V 0.0237 0.2660 0.2886 0.3084 0.3268 0.3415 0.3661 1560 U 611.2 1091.1 111 ..... 1134." 1151.8 1167.3 1181.5 (600.59) H 618.0 1167.3 1197.2 1222.8 1245.2 1265.3 1283.7 S 0.81"2 1.3323 1.3602 1.3838 1.4040 .1. .. 217 1. .. 377 
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TABLE C .... SUPERHEATED STEAM ENGLISH UNITS (Continued) 

ABS PRESS TEMPERATURE. OEG F 
PSIA SAT SAT 

WATER STEAM 720 750 800 900 1000 1100 1200 
(SAT TEW) 

V 0.0221 0.3807 0.5316 0.5538 0.5889 0.65 .... 0.7161 0.775" 0.8332 
1150 U 560.1 1106.0 1216.3 1232.1 1256.9 1303.6 1348.5 1393.1 1"37.9 

(561.82) H 564.8 1187.0 1329.5 1349.9 1382.2 1 .... 2.8 1500.9 1558.1 1615.2 
S 0.7647 1.3738 1.5045 1.5216 1.5 .. 78 1.5941 1.6353 1.6732 1.7087 

V 0.0222 0.371" 0.5183 0.5"03 0.57"9 0.6394 0.7000 0.7582 0.81"9 
1175 U 563.5 1105.2 1215.1 1231.0 1256.0 1302.8 1347.9 1392.6 1"37.5 

(564.53) H 568.3 1185.9 1327.8 1348." 1381.0 1 .... 1.9 1500.1 1557.5 161".7 
S 0.7681 1.3711 1.5010 1.5183 1.54"6 1.5912 1.6325 1.6705 1. 7061 

V 0.0223 0.362" 0.5066 0.5273 0.5615 0.6250 0.6845 0.7"18 0.797" 
1200 U 566.9 1104.3 1213.8 1229.8 1255.0 1302.1 1347." 1392.1 1"37.1 • (667.19) H i71.9 1184.8 1326.1 1346.9 1379.7 1 .... 0.9 1"99." 1656.9 161".2 

S 0.771" 1.3683 1. .. 975 1.6150 1.5 .. 15 1.5883 1.6298 1.6679 1.7035 

V 0.022" 0.3538 0."934 0.61"9 0.5"86 0.6111 0.6697 0.7260 0.7806 
1225 U 570.3 1103.5 1212.5 1228.7 125".1 1301. .. 1346.8 1391.7 1"36.7 

(569.80) H 575.3 1183.7 132 ..... 1345." 1378." 1"40.0 1"98.6 1556.2 1613.6 
S 0.77"7 1.3656 1.4941 1.5117 1.5385 1.5865 1.6271 1.6653 1. 7010 

V 0.0225 0.3456 0."817 0.6029 0.5362 0.5979 0.6555 0.7108 0.7645 
1250 U 573.6 1102.6 1211.2 1227.5 1253.1 1300.7 1346.2 1391.2 1"36.3 

(572.38) H 578.8 1182.6 1322.6 1343.9 1377.2 1"39.0 1"97.8 1555.6 1613.1 
S 0.7780 1.3630 1."907 1.5085 1.5355 1.6827 1.62 .. 5 1.6628 1.6985 

V 0.0226 0.3376 0."706 0."91" 0.524" 0.5861 0.6419 0.6962 0.7490 
1275 U 576.9 1101.7 1209.9 1226." 1252.2 1300.0 1345.6 1390.7 1"35.8 

(57".92) H 582.2 1181. .. 1320.9 1342.3 1375.9 1"38.0 1"97.1 155".9 1612.6 
S 0.7812 1.3603 1. .. 87 .. 1.5063 1.5325 1.6800 1.6219 1.6603 1.6961 

V 0.0227 0.3299 0."596 0."804 0.5129 0.5729 0.6287 0.6822 0.7341 
1300 U 580.1 1100.9 1208.6 1225.2 1251.2 1299.3 1345.0 1390.2 1 .. 35." 

(577."2) H 585.6 1180.2 1319.2 1340.8 1374.6 1"37.1 1"96.3 155".3 1612.0 
S 0.7843 1.3577 1.4841 1.6022 1.5296 1.6773 1.6194 1.6578 1.6937 

V 0.0228 0.3225 0.4"92 0.4697 0.5019 0.5611 0.6161 0.6687 0.7197 
1325 U 583.3 1099.9 1207.3 122".1 1250.2 1298.5 1344.5 1389.7 1"36.0 

(579.89) H 688.9 1179.0 1317." 1339.2 1373.3 1"36.1 1"96.5 1553.7 1611.5 
S - 0.7875 1.3551 1.4808 1."991 1.5267 1.5747 1.6169 1.656-4 1.6913 

V 0.0229 0.315" 0."391 0."595 0."913 0.5"97 _ 0.6039 0.6657 0.7069 
1350 U 686.5 1099.0 1205.9 1222.9 1249.2 1297.8 1343.9 1389.2 1"34.6 (582.31) H 592.3 1177.8 1315.6 1337.7 1372.0 1435.1 1"94.7 1553.0 1610.9 

S 0.7906 1.3625 1. .. 776 1.4960 1.5238 1.6721 1.614 .. 1.6630 1.6890 

V 0.0230 0.3085 0.4294 0.4496 0."811 0.6387 0.6922 0.6432 0.6926 1375 U 689.7 1098.1 1204.6 1221. 7 1248.2 1297.1 1343.3 1388.7 1"34.2 (584.71) H 695.6 1176.6 1313.8 1336.1 1370.7 1"34.1 1"94.0 1662." 1610." 
S 0.7936 1.3499 1.47 .. 3 1.4930 1.6210 1.6696 1.6120 1.6507 1.6868 

V 0.0231 0.3018 0.4200 0.4400 0."712 0.6282 0.6809 0.6311 0.6798 1 .. 00 U 692.9 1097.1 1203.2 1220.6 1247.3 1296.3 1342.7 1388.2 1"33.8 (687.07) H 598.8 1176.3 1312.0 1334.5 1369.3 1"33.2 1"93.2 1651.8 1609.9 
S 0.7966 1.347" 1. .. 711 1.4900 1.5182 1.6670 1.6096 1.6484 1.6846 

V 0.0232 0.2953 0."109 0."308 0.4617 0.6180 0.6700 0.6195 0.667" 1425 U 596.0 1096.2 1201.8 1219.3 1246.3 1295.6 1342.1 1387.8 1433.3 
(589."0) H 602.1 117".0 1310.2 1332.9 1368.0 1"32.2 1 .. 92." 1651.1 1609.3 

S 0.7996 1.34 .. 8 1. .. 680 1.4870 1.6164 1.6646 1.6072 1.6461 1.6823 

V 0.0233 0.2891 0.4021 0."219 0.4625 0.6081 0.6695 0.6083 0.656-4 
1460 U 699.1 1095.2 1200.4 1218.1 1246.3 129.4.9 1341.6 1387.3 1432.9 (691.69) H 605.3 1172.7 1308.3 1331.3 1366.7 1431.2 1491.30. 1660.6 1608.8 

S 0.8026 1.3423 1.4648 1.4640 1.6127 1.6620 1. 9 1.6439 1.6802 

V 0.0234 0.2830 0.3937 0.4133 0.4436 0.4986 
1348:8

493 0.697" 0.6439 1475 U 602.1 1094.2 1199.0 1216.9 124".3 1294.1 1386.8 1432.5 (693.96) H 608.6 1171.4 1306.6 1329.6 1366.3 1"30.2 1"90.9 1649.8 1608.3 
S 0.8066 1.3398 1.4617 1.4611 1.6100 1.6596 1.6026 1.6417 1.6780 

V 0.0235 0.2772 0.3866 0.4049 0.4350 0.4694 0.6394 0.6869 0.6327 1600 U 606.2 1093.1 1197.6 1216.6 1243.2 1293.4 1340.3 1386.3 1432.1 (696.20) H 611. 7 1170.1 1304.6 1328.0 1364.0 1429.2 1490.1 1649.2 1607.7 
S 0.8086 1.3373 1.4686 1.4782 1.6073 1.6672 1.6004 1.6395 1.6759 

V 0.0236 0.2716 0.1776 0.3968 0.4266 0.4806 0.6299 0.6767 0.6219 
1626 U 608.2 1092.1 11~. 1214.4 1242.2 1292.6 1339.8 1385.8 1431. 7 (698.41) H 614.8 1168.7 13 .7 1326.4 1362.6 1428.2 1489.3 1648.6 1607.2 

S 0.8113 1.3348 1.4655 1.4753 1.6046 1.5548 1.6981 1.637 .. 1.6738 

V 0.0237 0.2660 0.3698 0.3890 0.4186 0.4719 0.6207 0.6669 O.g11" 1660 U 611.2 1091.1 1194.7 1213.1 1241.2 1291.9 1339.2 1385.3 1431. (600.69) H 618.0 1167.3 1300.8 1324.7 1361.3 1427.2 1488.6 1647.9 1606.6 
S 0.8142 1.3323 1.462 .. 1.4724 1.6020 1.6624 1.5959 1.6353 1.6718 

~ 
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TABLE C.4. SUPERHEATED STEAM ENGLISH UNITS (COntinued) 

ASS PRESS 
sAT 

TEWERATURE. DEG F 
PSIA SAT 

WATER STEAM 620 640 660 680 700 720 740 
(SAT TEW) 

V 0.0238 0.2606 0.2809 0.3009 0.3184 0.3342 0.3487 0.3623 0.3762 
1676 U 614.2 1090.0 1111.3 1131.8 1149.6 1166.5 1179.9 1193.3 1206.8 

(602.74) H 621.1 1166.9 1193.2 1219.5 1242.4 1262.9 1281.5 1298.9 1316.2 
S 0.8170 1.3299 1.3663 1.3795 1.4001 1.4182 1.4346 1.4493 1.4630 

V 0.0239 0.2656 0.2734 0.2936 0.3112 0.3270 0.3416 0.3651 0.3879 
1600 U 617.1 1088.9 1108.1 1129.3 1147.5 1163.6 1178.3 1191.8 1204.6 

(604.87) H 624.2 1164.6 1189.0 1216.2 1239.6 1260.4 1279.4 1296.9 1313.4 
S 0.8199 1. 3274 1.3603 1.3762 1.3963 1.4147 1.4312 1.4463 1.4601 

• V 0.0240 0.2604 0.2660 0.2864 0;3041 0.3200 0.3346 0.3480 0.3808 
1626 U 620.1 1087.8 1104.8 1126.6 1146.2 1161.7 1176.6 1190.3 1203.2 

.(606.97) H 627.3 1163.1 1184.8 1212.7 1238.7 1267.9 1277.2 1295.0 1311. 7 
S 0.8226 1.3260 1.3462 1.3708 1.3925 1.4113 1.4280 1.4432 1.4672 

V 0.0241 0.2455 0.2687 0.2795 0.2973 0.3132 0.3277 0.3412 0.3639 
1660 U 623.0 1066.7 1101.4 1123.9 1143.0 1169.8 1174.9 1188.8 1201.8 

(609.06) H 630.4 1161.6 1180.4 1209.2 1233.8 1266.4 1276.0 1293.0 1309.9 
S 0.8264 1.3225 1.3400 1.3666 1.3886 1.4078 1.4248 1.4402 1.4644 

V 0.0242 0.2407 0.2616 0.2726 0.2906 0.3086 0.3211 0.3346 0.3472 
1675 U 625.9 1085.6 1097.8 1121. 1 1140.7 1167.8 1173.2 1187.3 1200.4 

(611.10) H 633.4 1160.1 1175.8 1206.6 1230.8 1262.9 1272.7 1291.0 1308.1 
S 0.8282 1.3201 1.3347 1.3620 1.3847 1.4042 1.4216 1.4372 1.4515 

V 0.0243 0.2361 0.2446 0.2660 0.2841 0.3001 0.3147 0.3281 0.3407 
1700 U 328 .8 1064.4 1094.2 1118.2 1138.3 1155.8 1171.5 1185.8 1199.1 

(613.13) H 36.5 1168.6 1171. 1 1201.9 1227.7 1260.3 1270.6 1289.0 1306.3 
S 0.8309 1.3176 1.3293 1.3676 1.3808 1.4007 1.4183 1.4342 1.4487 

V 0.0244 0.2315 0.2377 0.2694 0.2778 0.2939 0.3084 0.3218 0.3344 
1725 U 631.7 1083.2 1090.4 1116.3 1135.9 1153.8 1169.7 1184.2 1197.7 

(616.13) H 639.5 1167.1 1166.3 1198.1 1224.6 1247.6 1268.2 1287.0 1304.4 
S 0.8336 1.3152 1.3237 1.3630 1.3768 1.3972 1.4161 1.4312 1.4468 

V 0.0245 0.2271 0.2308 0.2630 0.2716 0.2877 0.3023 0.3167 0.3282 
1760 U 634.6 1082.0 1086.4 1112.3 1133.6 1151.8 1168.0 1182.7 1196.3 

(617.12) H 642.6 1155.5 1161.2 1194.3 1221.4 1244.9 1266.9 1284.9 1302.6 
S 0.8363 1.3128 1. 3180 1.3484 1.3729 1.3937 1.4119 1.4282 1.4430 

V 0.0246 0.2228 0.2240 0.2468 0.2665 0.2818 0.2964 0.3097 0.3222 
1775 U 637.4 1080.8 1082.2 1109.2 1131.0 1149.7 1166.2 1181.1 1194.9 

(619.08) H 645.6 1163.9 1165.8 1190.3 1218.2 1242.2 1263.6 1282.8 1300.7 
S 0.8390 1.3103 1.3121 1.3437 1.3689 1.3901 1.4087 1.4262 1.4402 

V 0.0247 0.2186 0.2406 0.2695 0.2769 0.2906 0.3039 0.3164 
1800 U 640.3 1079.5 1106.1 1128.5 1147.5 1164.3 1179.5 1193.4 

(621. 02) H 648.5 1152.3 1186.2 1214.9 1239.5 1261.1 1280.7 1298.8 
S 0.8417 1. 3079 1.3390 1.3649 1.3866 1.4064 1.4222 1.4374 

V 0.0248 0.2145 0.2345 0.2637 0.2702 0.2849 0.2983 0.3107 
1825 U 643.1 1078.2 1102.8 1126.9 1145.4 1162.6 1177.9 1192.0 

(622.93) H 651.6 1150.7 1182.0 1211.6 1236.7 1268.7 1278.6 1296.9 
S 0.8443 1.3066 1.3342 1.3608 1.3830 1.4022 1.4192 1.4346 

V 0.0249 0.2105 0.2286 0.2480 0.2847 0.2794 0.2928 0.3052 
1850 U 646.9 1077.0 1099.6 1123.2 1143.2 1160.6 1176.3 1190.6 

(624.83) H 664.4 1149.0 1177.7 1208.1 1233.8 1266.3 1276.5 1295.0 
S 0.8469 1.3030 '1.3293 1.3667 1.3794 1.3990 1.4163 1.4319 

V 0.0251 0.2086 0.2226 0.2424 0.2692 0.2740 0.2874 0.2998 
1876 U 648.7 1076.6 1096.0 1120.6 1141.0 1168.7 1174.6 1189.1 

(626.71) H 667.4 1147.3 1173.2 1204.6 1230.9 1263.8 1274.3 1293.1 
S 0.8496 1.3006 1.3243 1.3626 1.3768 1.3958 1.4133 1.4291 

V 0.0262 0.2028 0.2188 0.2369 0.2639 0.2687 0.2821 0.2945 
1900 U 661.6 1074.3 1092.4 1117.7 1138.7 1166.8 1172.9 1187.6 

(628.56) H 660.4 1145.6 1168.6 1201.0 1227.9 1251.3 1272. 1 1291.2 
S . 0.8622 1.2981 1.3192 1.3483 1.3722 1.3926 1.4103 1.4263 

V 0.0263 0.1990 0.2110 0.2316 0.2486 0.2636 0.2770 0.2894 
1925 U 664.3 1072.9 1088.7 1114.8 1136.3 1164.9 1171.2 1186.1 

(630.40) H 863.3 1143.8 1163.9 1197.3 1224.9 1248.8 1269.9 1289.2 
S 0.8648 1.2956 1.3139 1.3441 1.3685 1.3892 1.4074 1.4236 

V 0.0254 0.1954 0.2063 0.2262 0.2436 0.2686 0.2720 0.2844 
1950 U 657.1 1071.6 1084.8 1111.9 1134.0 1162.9 1169.6 1184.6 

(632.22) H 666.2 1142.0 1158.9 1193.6 1221.9 1246.2 1267.7 1287.2 
S 0.8674 1.2931 1.3085 1.3398 1.3648 1.3860 1.4044 1.4208 

V 0.0265 0.1918 0.1996 0.2210 0.2385 0.2636 0.2671 0.2795 
1976 U 669.9 1070.1 1080.8 1108.9 1131.6 1150.9 1167.8 1183.1 

(634.02) H 669.2 1140.2 1163.7 1189.7 1218.7 1243.6 1266.4 1286.2 
S 0.8699 1.2906 1.3030 1.3354 1.3611 1.3827 1.4014 1.4181 

I 



TABLE C.4. SUPERHEATED STEAM EI«iL I SH UN ITS (cant lnued) 

ASS PRESS TEMPERATURE, DEG F 
PSIA SAT SAT 

WATER 
(SAT TEMP) 

STEAM 760 780 800 900 1000 1100 1200 

V 0.0238 0.2606 0.3875 0.3993 0.4108 0.4635 0.5118 0.5574 0.6013 
1576 U 614.2 1090.0 1217.8 1229.2 1240.2 1291.1 1338.6 1384.8 1430.8 

(602.74) H 621. 1 1166.9 1330.7 1346.6 1369.9 1426.2 1487.7 1647.3 1606.1 
S 0.8170 1.3299 1.4758 1.4879 1.4994 1.5501 1.5938 1.6332 1.6698 

V 0.0239 0.2555 0.3801 0.3919 0.4032 0.4555 0.5031 0.5482 0.5915 
1500 U 617.1 1088.9 1216.5 1228.0 1239.1 1290.4 1338.0 1384.3 1430.4 

(604.87) H 624.2 1164.5 1329.1 1344.1 1358.5 1425.2 1486.9 1546.6 1605.6 
S 0.8199 1.3274 1.4731 1.4862 1.4968 1.5478 1.5916 1.6312 1.6678 

V 0.0240 0.2604 0.3729 0.3846 0.3968 0.4476 0.4948 0.5392 0.5820 
1626 U 620.1 1087.8 1215.3 1226.9 1238.1 1289.6 1337.4 1383.8 1430.0 

t (606.97) H 627.3 1163.1 1327.6 1342.6 1357.1 1424.2 1486.2 1546.0 1605.0 
S 0.8226 1.3260 1. 4703 1.4826 1.4942 1.5456 1.5896 1.6291 1.6658 

V 0.0241 0.2455 0.3660 0.3776 0.3887 0.4400 0.4866 0.5306 0.5728 
1650 U 623.0 1086.7 1214.1 1225.8 1237.0 1288.8 1336.8 1383.3 1429.6 

(609.05) H 630.4 1161.6 1325.8 1341. 1 1355.7 1423.2 1485.4 1545.3 1604.6 
S 0.8254 1.3225 1.4676 1.4800 1.4917 1.5433 1. 5874 1.6271 1.6639 

V 0.0242 0.2407 0.3692 0.3707 0.3818 0.4326 0.4788 0.5222 0.6639 
1676 U 625.9 1085.5 1212.8 1224.6 1236.0 1288.1· 1336.2 1382.8 1429.2 

(611.10) H 633.4 1160.1 1324.2 1339.6 1364.3 1422.2 1484.6 1544.7 1603.9 
S 0.8282 1. 3201 1.4648 1.4773 1.4892 1.5410 1.5853 1.6252 1.6620 

V 0.0243 0.2361 0.3527 0.3641 0.3751 0.4255 0.4711 0.5140 0.5552 
1700 U 628.8 1084.4 1211.6 1223.5 1234.9 1287.3 1335.6 1382.3 1428.7 

(613.13) H 636.5 1168.6 1322.5 1338.0 1362.9 1421. 2 1483.8 1544.0 1603.4 
S 0.8309 1.3176 1.4621 1.4747 1.4867 1.5388 1.5833 1.6232 1.6601 

V 0.0244 0.2316 0.3463 0.3576 0.3686 0.4185 0.4637 0.5061 0.5466 
1725 U 631.7 1083.2 1210.3 1222.3 1233.9 1286.5 1335.0 1381.8 1428.3 

(616.13) H 639.5 1167.1 1320.9 1336.5 1351.5 1420.1 1483.0 1543.4 1602.9 
S 0.8336 1. 3152 1.4594 1.4722 1.4842 1.5366 1.5812 1.6213 1.6582 

V 0.0245 0.2271 0.3401 0.3514 0.3622 0.4118 0.4565 0.4984 0.5386 
1760 U 634.6 1082.0 1209.1 1221. 2 1232.8 1285.8 1334.4 1381. 3 1427.9 

(617.12) H 642.6 1155.6 1319.2 1336.0 1350.1 1419.1 1482.2 1542.7 1602.3 
S 0.8363 1.3128 1.4568 1.4696 1.4817 1.5345 1.5792 1.6194 1.6564 

V 0.0246 0 .. 2228 0.3340 0.3453 0.3660 0.4062 0.4494 0.4909 0.5306 
1776 U 637.4 1080.8 1207.8 1220.0 1231. 7 1286.0 1333.8 1380.8 1427.5 

(619.08) H 645.5 1163.9 1317.5 1333.4 1348.5 1418.1 1481. 4 1542.1 1601.8 . 
S 0.8390 1.3103 1.4541 1.4670 1.4792 1.5323 1.5773 1.6175 1.6546 

V 0.0247 0.2186 0.3281 0.3393 0.3600 0.3988 0.4425 0.4836 0.5229 
1800 U 64£.3 1079.5 1206.5 1218.8 1230.6 1284.2 1333.2 1380.3 1427.1 

(621.02) H 64 .5 1152.3 1315.8 1331.9 1347.2 1417.1 1480.6 1541.4 1601.2 
S 0.8417 1.3079 1.4514 1.4645 1.4768 1.5302 1.5753 1.6156 1.6528 

V 0.0248 0.2145 0.3224 0.3335 0.3442 0.3925 0.4360 0.4766 0.5154 
1825 U 643.1 1078.2 12OS.2 1217.6 1229.5 1283.4 1332.5 1379.8 1426.6 

(622.93) H 651.6 1150.7 1314.1 1330.3 1346.8 1416.0 1479.8 1540.8 1600.7 
S 0.8443 1.3056 1.4488 1.4620 1.4744 1.5281 1.5734 1.6138 1.6510 

V 0.0249 0.2105 0.3168 0.3279 0.3386 0.3866 0.4296 0.4697 0.5081 
1850 U 645.9 1077.0 1203.9 1216.4 1228.4 1282.7 1331.9 1379.3 1426.2 

(624.83) H 654.4 1149.0 1312.3 1328.7 1344.3 1415.0 1479.0 1540.1 1600.1 
S 0.8469 1.3030 1.4462 1.4596 1.4720 1.5250 1.5714 1.6120 1.6493 

V 0.0251 0.2066 0.3114 0.3224 0.3329 0.3806 0.4232 0.4630 0.5009 
1875 U 648.7 1075.6 1202.6 1215.2 1227.3 1281.9 1331. 3 1378.8 1425.8 

(625.71) H 657.4 1147·1 1310.6 1327.1 1342.8 1413.9 1478.2 1539.5 1599.6 
S 0.8496 1.005 1.4436 1.4570 1.4696 1.5239 1.5696 1.6102 1.6475 

V 0.0252 0.2028 0.3061 0.3171 0.3275 0.3749 0.4171 0.4665 0.4940 

'LOO U 661.5 1074.3 1201.2 1214.0 1225.2 1281. 1 1330.7 1378.3 1425.4 
(8 .56) H 660.4 1145.6 1308.9 1325.5 1341.4 1412.9 1477 .4 1538.8 1599.1 

S 0.8622 1.2981 1.4409 1.4545 1.4672 1.5219 1.6677 1.8084 1.6458 

V 0.0253 0.1990 0.3009 0.3119 0.3223 0.3693 0.4112 0.4501 0.4872 

'125 U Bra· 3 1072.9 1199.9 1212.8 1225.1 1280.3 1330.1 1377.8· 1424.9 
(80.40) H 3.3 1143.8 1307.1 1323.9 1339.9 1411.8 1476.6 lIi38.2 1598.5 

S 0.8548 1.2966 1.4383 1.4520 1.4548 1.5198 1.5858 1.8066 1.6441 

V 0.0264 0.1964 0.2969 0.3068 0.3171 0.3639 0.4063 0.4439 0.4807 

mo u 667.1 1071.5 1198.5 1211.6 1224.0 1279.5 1329.5 1377.3 1424.5 
( .22) H 866.2 1142.0 1306.3 1322.3 1338.4 1410.8 1475.8 1537.5 1598.0 

S 0.8674 1.2931 1.4368 1.4496 1.4625 1.5178 1.6639 1.6049 1.6424 

V 0.0255 0.1918 0.2910 0.3018 0.3121 0.3686 0.3997 0.4379 0.4742 
1975 U m·9 1070.1 1197.2 1210.4 1222.8 1278.7 1328.9 1376.8 1424.1 

(634.02) H .2 1140.2 1303.5 1320.7 1336.9 1409.7 1474.9 1536.9 1597.4 . 
S 0.8699 1.2906 1.4332 1.4471 1.4801 1.6168 1.5621 1.8031 1.6408 

~ 
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TABLE C.4. SUPERHEATED STEAM ENGLISH UNITS (Conttnued) 

ABS PRESS 
SAT PSIA SAT 

WATER STEAM 

TEWERATURE. DEG F 

680 680 700 720 740 760 780 
(SAT TEW) 

V 0.0266 0.1883 0.2169 0.2336 0.2488 0.2623 0.2747 0.2662 0.2970 
2000 U 662.6 1068.6 1106.8 1129.1 1148.8 1166.1 1181.6 1196.8 1209.1 

(836.80) H 872.1 1138.3 1185.7 1216.5 1240.9 1263.1 1283.2 1301. 7 1319.0 
S 0.6826 1.2881 1.3309 1.3674 1.3794 1.3984 1.4153 1.4306 1.4U7 

V 0.0268 0.1&49 0.2108 0.2287 0.2441 0.2576 0.2700 0.2816 0.2922 
2026 U 665.4 1067.2 1102.7 1126.6 1146.7 1164.3 1180.0 1194.4 1207.9 

(837.57) H 676.0 1136.4 1181.6 1212.3 1238.2 1260.8 1281.2 1299.9 1317.4 
S 0.8651 1.2856 1.3264 1.3636 1.3761 1.3965 1.4126 1.4280 I.U22 

t 
V 0.0269 0.1815 0.2068 0.2240 0.2394 0.2631 0.2664 0.2769 0.2876 

2060 U 668.1 1065.6 1099.4 1124.0 1144.6 1182.5 1178.4 1193.0 1206.6 
(839.31) H 678.0 1134.5 1177.5 1209.0 1236.6 1268.5 1279.1 1298.1 1315.7 

S 0.6876 1.2831 1.3218 1.3497 1.3728 1.3925 1.4098 1.4255 1.4398 

V 0.0260 0.1782 0.2008 0.2193 0.2349 0.2468 0.2610 0.2724 0.2831 
2076 U 670.9 1064.1 1096.0 1121.4 1142.5 1160.7 1176.9 1191.6 1206.3 

(641.04) H 680.9 1132.5 1173.1 1206.6 1232.7 1256.1 1277.1 1296.2 1314.0 
S 0.8702 1.2806 1.3171 1.3459 1.3694 1.3896 1.4071 1.4229 1.4374 

V 0.0262 0.1750 0.1969 0.2147 0.2304 0.2442 0.2566 0.2680 0.2787 
2100 U 873.6 1062.5 1092.6 1118.7 1140.3 1158.8 1175.3 1190.2 1204.0 

(642.76) H 883.8 1130.5 1168.7 1202.1 1229.8 1263.7 1275.0 1294.3 1312.3 
S 0.8727 1.2780 1. 3124 1.3420 1.3661 1.3865 1.4043 1.4204 1.4350 

V 0.0263 0.1718 0.1911 0.2102 0.2261 0.2399 0.2523 0.2637 0.27U 
2125 U 676.4 1060.9 1089.0 1116.0 1138.1 1157.0 1173.6 1188.8 1202.8 

(644.45) H 686.7 1128.6 1164.1 1198.6 1227.0 1251.3 1272.9 1292.5 1310.7 
S 0.8752 1.2764 1.3075 1.3380 1.3627 1.3835 1.4016 1.4178 1.4326 

V 0.0264 0.1687 0.1863 0.2067 0.2218 0.2357 0.2481 0.2595 0.2702 
2150 U 679.1 1069.3 1085.3 1113.2 1135.8 1156.1 1172.0 1187.3 1201.5 

(646.13) H 689.6 1126.4 1159.4 1195.0 1224.0 12"8.8 1270.7 1290.6 1308.9 
S 0.8778 1.2728 1.3025 1.3340 1.3592 . 1.3804 1.3989 1.4163 1.4302 

V 0.0286 0.1667 0.1816 0.2013 0.2176 0.2315 0.2440 0.2554 0.2660 
2175 U 681.9 1057.6 1081.6 1110.3 1133.6 1153.1 1170.4 1185.9 1200.2 

(647.80) H 692.5 1124.3 1164.5 1191.3 1221.1 1246.3 1268.6 1288.7 1307.2 
S 0.8803 1.2702 1.2973 1.3299 1.3668 1.3774 1.3961 1.4127 1.4278 

V 0.0267 0.1627 0.1787 0.1970 0.2134 0.2276 0.2400 0.2614 0.2620 
2200 U =.6 1066.9 1077.6 1107.3 1131. 1 1161.2 1168.7 11&4.4 1198.8 

(649.45) H 96.6 1122.2 1149.4 1187.6 1218.0 1243.8 1266.4 1266.7 1305.5 
S 0.8828 1.2676 1.2920 1.3268 1.3623 1.3744 1.3934 1.4102 1.4254 

V 0.0268 0.1598 0.1720 0.1927 0.2093 0.2235 0.2360 0.2475 0.2581 
2225 U 687.3 1054.2 1073.3 1104.3 1128.8 1149.2 1167.0 1182.9 1197.5 

(651.08) H 898.4 1120.0 1144.1 1183.6 1214.9 1241.2 1264.2 1264.8 1303.8 
S 0.8853 1.2649 1.2866 1.3216 1.3488 1.3713 1.3906 1.4077 1.4231 

V 0.0270 0.1569 0.1672 0.1885 0.2063 0.2196 0.2322 0.2436 0.2542 
2250 U 690.1 1052.4 1068.9 1101.2 1126.3 1147.2 1166.3 1181.4 1196.2 

(662.70) H 701.3 1117.8 1138.5 1179.7 1211.8 1238.6 1262.0 1282.8 1302.0 
S 0.8879 1.2623 1.2809 1.3173 1.3453 1.3682 1.3878 1.4061 1.4207 

V 0.0271 0.1541 0.1624 0.1&43 0.2014 0.2157 0.2264 0.2398 0.2504 

(~I~30) U 692.8 1050.6 1064.2 1098.0 1123.8 1145.2 1163.6 1179.9 1194.8 
H 704.2 1115.5 1132.6 1175.6 1208.6 1236.0 1259.7 1280.9 1300.2 
S 0.8904 1.2596 1.2749 1.3130 1.3417 1.3662 1.3851 1.4026 1.4183 

V 0.0273 0.1513 0.1676 0.1802 0.1975 0.2120 0.2247 0.2361 0.2467 
2300 U 695.6 1048.8 1059.3 1094.7 1121.3 1143.1 1161.8 1178.4 l1BP (666.89) H 707.2 1113.2 1126.3 1171.4 1206.3 1233.3 1257.4 1278.9 12 .6 

S 0.8929 1.2569 1.2887 1.3086 1.3381 1.3620 1.3823 1.4000 1.4160 

V 0.0274 0.1485 0.1527 0.1761 0.1936 0.2083 0.2210 0.2325 0.2430 
2325 U 698.3 1046.9 1063.9 1091.4 1118.7 1141.0 1160.0 1176.8 1192.1 

(657.47) H 710.1 1110.9 1119.6 1167.1 1202.0 1230.6 1255.1 1276.9 1296.7 
S 0.8954 1.2542 1.2620 1.3041 1.3345 1.3589 1.3795 1.3975 1.4136 

V 0.0276 0.1460 0.1476 0.1720 0.1899 0.2046 0.2174 0.2289 0.2396 
2360 U 701.1 1045.1 1048.0 1087.9 1116.0 1138.9 1158.2 1176.3 1190.7 

(669.03) H 713.1 1108.5 1112.1 1162.7 1198.6 1227.8 1252.8 1274.8 1294.9 
S 0.8980 1.2615 1.2547 1.2995 1.3308 1.3668 1.3767 1.3960 1.4113 

V 0.0277 0.1433 0.1680 0.1661 0.2010 0.2139 0.2264 0.2360 
2375 U 703.9 1043.1 1*.3 1113.3 1136.7 1156.4 1173.7 1189.3 

(1160.67) H 716.0 1106.1 1168.1 1195.1 1225.0 126".4 1272.8 1293.0 
S 0.9005 1.2488 1.2948 1.3270 1.3626 1.3739 1.3924 1.4089 

V 0.0279 0.1408 0.1640 0.1824 0.1975 0.2106 0.2220 0.2326 
2400 U 706.6 1041.2 1080.6 1110.6 1134.6 1154.6 1172.1 1187.9 

(1162.11) H 719.0 1103.7 1163.4 1191.6 1222.2 1248.0 1270.7 1291. 2 
S 0.9031 1.2460 1.2900 1.3232 1.3494 1.3711 1.3899 1.4066 

I 
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TAIILE C.4. SUPERHEATED STEAM ENGLISH UNITS (Cant Inued) 

AIlS PRESS TEII'ERA TURE. DEG F 
PSIA SAT SAT 

WATER STEAM 800 820 860 900 1000 1100 1200 (SAT TEll') 

V 0.0266 0.1883 0.3072 0.3171 0.3312 0.3634 0.3942 0.4320 0.4880 2000 U 662.6 1068.6 1221. 7 1233.7 1260.9 1277.9 1328.2 1376.3 1423.7 (636.80) H 672.1 1138.3 1335.4 1351. 1 1373.6 1408.7 1474.1 1636.2 1696.9 
S 0.8626 1.2881 1.4578 1.4701 1.4874 1.6138 1.6603 1.6014 1.6391 

V 0.0268 0.1849 0.3026 0.3123 0.3263 0.3483 0.3888 0.4263 0.4619 2026 U 665.4 1067.2 1220.6 1232.6 1249.9 1277.1 1327.6 1375.8 1423.3 (637.67) H 675.0 1136.4 1333.9 1349.7 1372.2 1407.6 1473.3 1636.6 1696.3 
S 0.6651 1.2866 1.41566 1.4679 1.4863 1.6118 1.6686 1.6997 1.6376 

t V 0.0259 0.1815 0.2978 0.3076 0.3216 0.3434 0.3836 0.4207 0.4669 2060 U 668.1 1066.6 1219.4 1231.6 1249.0 1276.3 1327.0 1376.3 1422.8 (639.31) H 678.0 1134.5 1332.4 1348.3 1371.0 1406.5 1472.5 1534.9 11595·Ls S 0.8676 1.2831 1.4532 1.4667 1.4832 1.15099 1.51567 1.5981 1. 9 

V 0.0260 0.1782 0.2933 0.3030 0.3168 0.3386 0.3784 0.4152 0.41501 2075 U 670.9 11&4.1 1218.2 1230.5 1248.0 1275.5 1326.4 1374.8 1422.4 (641.04) H 680.9 1132.5 1330.8 1346.9 1369.7 1405.5 1471. 7 1534.2 1695.2 
S 0.8702 1.2805 1.4509 1.4635 1.4811 1.5079 1.5549 1.5964 1.6343 

V 0.0262 0.1750 0.2888 0.2986 0.3123 0.3339 0.3734 0.4099 0.4445 2100 U 673.6 1062.5 1217.1 1229.4 1247.1 1274.6 1325.8 1374.3 1422.0 (642.76) H 683.8 1130.5 1329.3 1345.4 1368.4 1404.4 1470.9 1533.6 1594.7 
S 0.8727 1.2780 1.4486 1.4613 1.4790 1.5060 1.5532 1.5948 1.6327 

V 0.0263 0.1718 0.2845 0.2941 0.3078 0.3293 0.3685 0.4046 0.4389 2125 U 676.4 1060.9 1215.9 1228.4 1246.1 1273.8 1325.1 1373.8 1421.6 (644.45) H 686.7 1128.5 1327.8 1344.0 1367.2 1403.3 1470.0 1532.9 1594.2 
S 0.8752 1.2754 1.4463 1.4591 1.4770 1.5041 1.51514 1.5931 1.6312 

V 0.0264 0.1687 0.2802 0.2898 0.3035 0.3248 0.3637 0.3996 0.4336 2150 U 679.1 1059.3 1214.7 1227.3 1245.1 1273.0 1324.5 1373.3 1421.1 (646.13) H 689.6 1126.4 1326.2 1342.6 1385.9 1402.2 1469.2 1532.3 1593.6 
S 0.8778 1.2728 1.4440 1.4669 1.4749 1.15022 1.6497 1.69115 1.6296 

V . 0.0266 0.1667 0.2761 0.2866 0.2992 0.3204 0.3690 0.3946 0.4282 2175 U 681.9 1057.6 1213.5 1226.2 1244.2 1272.2 1323.9 1372.8 1420.7 (647.80) H 692.15 1124.3 1324.6 1341. 1 1364.6 1401.1 1468.4 11531.6 11593.1 
S 0.8803 1.2702 1.4418 1.41548 1.4729 1.6003 1.15480 1.I58I1II 1.6281 

V 0.0267 0.1627 0.2720 0.2816 0.2950 0.3161 0.3645 0.3897 0.4231 
2200 U 684.6 1056.9 1212.3 1226.1 1243.2 1271.4 1323.3 1372.3 1420.3 

(649.45) H 695.6 1122.2 1323.1 1339.7 1363.3 1400.0 1467.6 1530.9 1692.5 
S 0.8828 1.2676 1.4395 1.41526 1.4708 1.4984 1.6463 1.6883 1.6285 

V 0.0268 0.11598 0.2680 0.2776 0.2910 0.3119 0.31500 0.3860 0.4180 
2225 U 687.3 1054.2 1211. 1 1224.0 1242.2 1270.6 1322.6 1371.8 1419.8 

(661.08) H 698.4 1120.0 1321.6 1338.2 1362.0 1399.0 1466.7 1530.3 11592.0 
S 0.8863 1.2649 1.4372 1.41506 1.4888 1.4966 1.6446 1.6867 1.6261 

V 0.0270 0.1669 0.2641 0.2736 0.2870 0.3078 0.3466 0.3803 0.4131 
2260 U 890.1 1062.4 1209.9 1222.9 1241.2 1289.7 1322.0 1371. 3 1419.4 

(662.70) H 701.3 1117.8 1319.9 1336.8 1360.7 1397.9 1466.9 11529.6 11591.4 
S 0.8879 1.2823 1.4360 1.4483 1.4668 1.4946 1.6430 1.6862 1.6236 

V 0.0271 0.1641 .. 0.2603 0.2897 0.2831 0.3038 0.3414 0.3768 0.4083 
2276 U 692.8 1060.6 ~.7 1221.1 1240.2 1268.9 1321.4 1370.7 1419.0 

(664.30) H 704.2 1116.5 1 18.3 13315. 1369.4 1396.8 1466.1 1628.9 1590·1 
S 0.8904 1.2696 .4328 1.4462 1.41548 1.4928 1.6413 1.15836 1. 221 

V 0.0273 0.11513 0.2685 0.2860 0.2793 0.2999 0.3372 0.3714 0.4035 
2300 U 895.6 1048.8 1207.6 1220.6 1239.2 1268.0 1320.7 1370.2 1418.6 

(666.89) H 707.2 1113.2 1316.7 1333.8 1368.1 1395.7 1464.2 1628.3 1690.3 
S 0.8929 1.21589 1.4306 1.4441 1.4628 1.4910 1.6397 1.15821 1.6207 

V 0.0274 0.1486 0.21529 0.2823 0.2765 0.2960 0.3331 0.31170 0.3989 
23215 U 898.3 1046.9 1206.2 ::!1p 1238.2 1287.2 1320.1 lm· 7 1418.1 

(867.47) H 710.1 111 O. Is. 131&.1 133 .4 13118.8 1394.5 1483.4 115 7.8. 11589.8 
S 0.89154 1. 2 1.4283 1.4420 1.4808 1.4891 1.5380 1.6806 1.8192 

V 0.0276 0.1460 ~93 0.2887 0.2719 0.2923 0.3291 0.31127 0.3944 
23110 U 701.1 1046.1 12\1. lm·4 1237.2 1=.3 lm·4 lm·2 1417.7 

(869.03) H 713.1 1108.6 131 .4 1 .9 13&11.15 1 .4 1 .8 115 7.0 1~:i178 S 0.8980 1. 215115 1.4281 1.4398 1.4188 1.4873 1.153114 1.15791 

V 0.0277 0.1433 0.24158 0.28151 0.2813 0.2886 0.32152 0.31186 O·roo 
2376 U 703.9 1043.1 1203.7 1217.2 1238.2 lm·6 1318.8 lm·7 1417. 

(860.157) H 716.0 1106.1 1311.8 1329.4 13114.1 1 .3 1481. 7 115 .3 1188.7 
S 0.9005 1.2488 1.4239 1.4377 1.4169 1.4865 1.15348 1.5776 1.6164 

V 0.0279 0.1408 0.2424 0.21517 12ft:~8 0.2850 0.3214. 0.r'15 0.381S6 
2400 U 106.8 1041.2 1202.6 1216.1 1264.6 1318.2 1368. lm·8 

(662.11) H 719.0 1103.7 1310.1 1327.9 1311 .8 1391.2 1480.9 1152&.6 1 .1 
S 0.903t 1.2460 1.4217 1.4357 1.4649 1.4837 1.5332 1.5761 1.8149 
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TABLE C.4. SUPERHEATED STEAM ENGLISH UNITS (Continued) 

ASS PRESS TEMPERATURE. DEG F 
PSIA SAT SAT 

WATER 
(SAT TEMP) 

STEAM 880 700 720 740 760 780 800 

V 0.0282 0.1367 0.1660 0.1762 0.1906 0.2037 0.2163 0.2269 0.2367 
2460 U 712., 1037.1 1072.8 1104.9 1130.0 1160.8 1168.9 1185.1 1199.9 

(1166.14) H 726. 1098.6 1143.6 1184.3 1216.4 1243.2 1266.6 1287.6 1306.8 
S 0.90815 1.2403 1.2801 1.3166 1.3429 1.36156 1.3M8 1.4019 1.4173 

V 0.0286 0.1307 0.1481 0.1681 0.1839 0.1972 0.2089 0.2196 0.2293 
21500 U 718.15 1032.9 1064.4 1098.9 1125.3 1147.0 1165.6 1182.2 1197.4 

(668.11) H 731. 7 1093.3 1132.9 1176.7 1210.4 1238.2 1262.3 1283.7 1303.4 
S 0.9139 1.2346 1.2696 1.3076 1.3364 1.3698 1.3797 1.3972 1.4129 

t V 0.0290 0.1268 0.1401 0.1612 0.1774 0.1909 0.2027 0.2133 0.2231 
26150 U 724.4 1028.4 1066.2 1092.6 1120.4 1143.0 1162.3 1179.3 1194.7 

(671.04) H 738. I 1087'1 1121.1 1168.7 1204.1 1233.1 1267.9 1279.9 1300.0 
S 0.9194 1. 286 1. 1581 1.2993 1.3297 1.3640 1.3745 1.3925 1.4086 

V 0.0294 0.1211 0.0313 0.1644 0.1711 0.1848 0.1967 0.2073 0.2171 
2600 U 730.3 1023.8 747.9 1086.9 1116.4 1138.9 1168.8 1176.3 1192.1 

(673.91) H 744.6 1082.0 762.9 1160.2 1197.7 1227.8 1263.6 1276.0 1296.6 
S 0.9247 1.2226 0.9410 1.2908 1.3228 1.3482 1.3694 1.3878 1.4042 

V 0.0298 0.1165 0.0308 0.1477 0.1649 0.1789 0.1909 0.2016 0.2113 
2860 U 736.2 1018.9 743.9 1078.9 1110.1 1134.7 1166.3 1173.3 1189.4 

(676.74) H 760.9 1076.0 769.0 1161.4 1191.0 1222.4 1248.9 1272.1 1293.0 
S 0.9301 1.2162 0.9373 1.2820 1. 3168 1.3423 1.3642 1.3830 1.3998 

V 0.0303 0.1119 0.0304 0.1411 0.1688 0.1731 0.1862 0.1960 0.2068 
2700 U 742.2 1013.7 740.6 1071.6 1104.7 1130.4 1161. 7 1170.2 1186.7 

(679.63) H 767.3 1069.7 766.7 1142.0 1184.0 1216.9 1244.3 1268.1 1289.6 
S 0.9366 1.2097 0.9342 1.2727 1.3087 1.3363 1.3690 1.3783 1.3964 

V 0.0308 0.1076 0.1346 0.1629 0.1676 0.1798 0.1906 0.2004 
2760 U 748.2 1008.3 1063.6 1099.0 1126.0 1148.0 1167.0 1183.9 

(882.28) H 763.9 1063.0 1132.0 1176.8 1211.2 1239.6 1264.0 1285.9 
S 0.9411 1.2029 1.2631 1.3013 1.3302 1.3637 1.3736 1.3911 

V .0.0313 0.1030 0.1278 0.1471 0.1620 0.17415 0.1863 0.1962 

(u..~96) U 764.4 1002.4 1066.0 1=.0 1121.4 1144.3 1163'1 lm· l H 770.7 1066.8 1121.2 11 .3 1206.3 1234.7 1269. 1 .2 
S 0.9468 1.1,968 1.2627 1.2t38 1.3241 1.3484 I.'" 1 •• 7 

V 0.0319 0.0986 0.1209 0.1414 0.1667 0.1693 0.1803 0.1901 mo U 760.9 996.1 1045.2 1086.8 1116.6 1140.4 1160.6 1178.2 
( 7.61) H 777.7 1048.2 1109.0 1161.4 1199.2 1229.7 1266.6 1278.6 

S 0.9626 1.1883 1.2411 1.2860 1. 3178 1.3430 1.3640 1.3824 

V 0.0326 0.0942 0.1138 0.1368 0.1616 0.1643 0.1764 0.1863 
2900 U 767.6 989.3 1034.2 1080.3 1111. 7 1136.4 1167.2 1176.3 

(690.22) H 786.1 1039.8 1096.2 1163.2 1193.0 1224.6 1261.3 1274.7 
S 0.9688 1.1803 1.2283 1.2779 1.3114 1. 3376 1.3692 1.3780 

V 0.0334 0.0897 0.1063 0.1303 0.1464 0.1694 0.1706 0.1806 
2fzO U 774.9 981. 7 1021.4 1073.5 1106.6 1132.4 1163.8 1172.4 

(6 2.79) H 793.1 1030.6 1079.6 1144.6 1186.6 1219.4 1246.9 1270.9 
S 0.9666 1.1716 1.2139 1.2896 1.3048 1.3320 1.3644 1.3736 

V 0.0343 0.0860 0.0982 0.1248 0.1414 0.11546 0.1659 0.1769 
3000 U 782.8 973.1 1006.0 1066.3 1101. 3 1128.2 1160.3 1169.4 

(696.33) H 801.8 1020.3 1060.6 1136.6 1179.8 1214.0 1242.4 1267.0 
S O. 728 1.1619 1.1966 1.2610 1.2982 1.3286 1.3496 1.3692 

V 0.0364 0.0800 0.0884 0.1193 0.13615 0.1600 0.1614 0.1716 

10150 U 791.9 963.0 986.2 10158.6 1096.9 1123.9 1146.7 1166.3 
( 97.82) H 811.8 1008.2 1036.1 1126.0 1172.9 1208.6 1237.9 1263.1 

S 0.9812 1.1608 1. 1740 1.2618 1.2913 1.3208 1.3446 1.3648 

V 0.0368 0.0746 0.1137 0.1317 0.1466 0.1670 0.1671 
3100 U 102 .9 au . 1060.1 1090.2 1119.6 1143.1 1163.2 

(700.28) H 24.0 1116.4 1165.7 1202.9 1233.2 1269.1 
S 0.9914 1. 1373 1.2419 1.2843 1. 3161 1.3397 1.3604 

V 0.0390 0.0878 0.1081 0.1270 0.1411 0.1628 0.1629 
3160 U 817.8 933.4 ......... 1040 .• 1084.3 1114.9 1139.4 1180.1 

(702.70) H 840.6 972.9 1103. 1168.3 1197.2 1228.4 1265.0 
S 1.0063 1.1192 1.2314 1.2771 1.3093 1.3347 1.3660 

V 0.0447 0.0!586 0.1024 0.1224 0.1367 0.1488 0.1688 
3200 U H9.0 898 . 1 1030.7 1078.2 1110.3 1136.6 1165.9 

(706.08) H 76.6 31.7 1091.3 1160.6 1191.2 1223.6 1260.9 
S 1.0361 1.0832 1.2199 1.2698 1.3033 1.3297 1.3616 

V 0.0608 0.0608 0.1014 0.1216 0.1360 0.1479 0.1682 
3208.2 U 876.9 876.9 1028.9 1077. I 1109.6 1136.0 1166'1 (706.47) H 906.0 906.0 1089.1 1149.3 1190.2 1222.8 1260. 

S 1. 0612 1.0612 1.2178 1.2686 1.3024 1.3288 .1.3608 
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TABlE C.4. SUPERHEATED STEAM ENGLISH UNITS (Continued) 

ASS PRESS TEMPERATURE. DEG F 
PSIA SAT SAT 

WATER STEAM 820 860 900 950 1000 1100 1200 
(SAT TEMP) 

V 0.0282 0.1357 0.2449 0.2579 0.2780 0.2965 0.3139 0.3466 0.3772 
2450 U 712.5 1037.1 1213.8 1233.2 1262.9 1290.6 1316.9 1367.1 1416.0 

(665.14) H 725.3 1098.6 1324.8 1360.1 1389.0 1425.0 1469.2 1624.3 1587.0 
S 0.9085 1.2403 1.4316 1.4610 1.4801 1.5062 1.5300 1.6732 1.6122 

V 0.0286 0.1307 0.2386 0.2514 0.2712 0.2896 0.3068 0.3390 0.3692 
2500 U 718.6 1032.9 1211.4 1231.1 1251.2 1289.1 1315.6 1366.1 1415.1 

(668.11) H 731.7 1093.3 1321.8 1347.4 1386.7 1423.1 1457.5 1522.9 1585.9 
S 0.9139 1.2346 1.4273 1.4472 1.4766 1.5029 1.5259 1.5703 1.6094 

V 0.0290 0.1258 0.2322 0.2451 0.2648 0.2829 0.2999 0.3317 0.3614 
t 2560 U 724.4 1028.4 1209.1 1229.0 1259.5 1287.6 1314.3 1365.1 1414.3 

(671.04) H 738.1 1087.8 1318.7 1344.7 1384.4 1421. 1 1455.8 1521.6 1564.8 
S 0.9194 1.2286 1.4232 1.4433 1.4731 1.4996 1.5238 1.5674 1.6067 

V 0.0294 0.1211 0.2252 0.2390 0.2585 0.2765 0.2933 0.3247 0.3640 
2500 U 730.3 1023.8 1206.7 1226.9 1257.7 1286.1 1313.0 1364.0 1413.4 

(673.91) H 744.5 1082.0 1316.5 1341. 9 1382.1 1419.2 1454.1 1520.2 1583.7 
S 0.9247 1.2226 1.4191 1.4395 1.4696 1.4964 1.5208 1.5646 1.6040 

V 0.0298 0.1165 0.2204 0.2332 0.2526 0.2703 0.2870 0.3179 0.3468 
2650 U 736.2 1018.9 1204.2 1224.8 1256.0 1284.6 1311. 7 1363.0 1412.5 

(676.74) H 760.9 1076.0 1312.4 1339.1 1379.8 1417.2 1452.4 1518.9 1582.6 
S 0.9301 1.2162 1.4150 1.4367 1.4662 1.4932 1.5177 1.5618 1.6014 

V 0.0303 0.1119 0.2149 0.2275 0.2468 0.2644 0.2809 0.3114 0.3399 
2700 U 742.2 1013.7 1201.8 1222.7 1254.2 1283. 1 1310.3 1361. 9 1411. 7 

(679.63) H 757.3 1069.7 1309.1 1336.3 1377.5 1415.2 1460.7 1517.6 1581.5 
S 0.9366 1.2097 1.4109 1.4319 1.4628 1.4900 1.6148 1.5591 1.5988 

V 0.0308 0.1075 0.2095 0.2221 0.2412 0.2587 0.2760 0.3052 0.3333 
2750 U 748.2 1008.3 1199.3 1220.S 1252.4 1281.6 1309.0 1360.9 1410.8 

(682.26) H 763.9 1063.0 1305.9 1333.5 1375.1 1413.2 1449.0 1516.2 1580.4 
S 0.9411 1.2029 1.4069 1.4282 1.4594 1.4869 1.5118 1.5564 1.5963 

V 0.0313 0.1030 0.2043 0.2168 0.2368 0.2531 0.2693 0.2991 0.3268 
2800 U 754.4 1002.4 1196.8 1218.3 1250.6 1280.1 1307.7 1369.8 1409.9 

(684.96) H 770.7 1055.8 1302.6 1330.7 1372.8 1411.2 1447.2 1614.8 1579.3 
S 0.9468 1.1958 1.4028 1.4245 1.4661 1.4838 1.6089 1.6637 1.5938 

V 0.0319 0.0986 0.1992 0.2118 0.2306 0.2478 0.2638 0.2933 0.3207 
2860 U 760.9 996.1 1194.2 1216.1 1248.8 1278.6 1306.4 1358.8 1409.1 

(687.61) H 777.7 1048.2 1299.3 1327.8 1370.4 1409.2 1445.5 1513.5 1578.2 
S 0.9626 1.1883 1.3988 1.4208 1.4527 1.4807 1.5060 1.6511 1.5913 

V 0.0326 0.0942 0.1943 0.2068 0.2256 0.2427 0.2686 0.2877 0.3147 
2900 U 767.6 989.3 1191. 7 1213.9 1247.0 1277.0 1306.0 1357.7 1408.2 

(690.22) H 786.1 1039.8 1296.0 1324.9 1368.0 1407.2 1443.7 1512.1 1577.0 
S 0.9588 1.1803 1.3947 1.4171 1.4494 1.4777 1.5032 1.6485 1.6889 

V 0.0334 0.0897 0.1896 0.2021 0.2208 0.2377 0.2634 0.2822 0.3089 
2950 U 774.9 981. 7 1189.1 1211.6 1245.1 1275.4 1303.7 1366.7 1407.3 

(692.79) H 793.1 1030.6 1292.6 1322.0 1365.6 1405.2 1442.0 1510.7 1575.iI 
S 0.9656 1.1716 1.3907 1.4134 1.4461 1.4747 1.5004 1.6459 1.5865 

V 0.0343 0.0860 0.1860 0.1975 0.2161 0.2329 0.2484 0.2770 0.3033 
3000 U 782.8 973.1 1186.4 1209.4 1243.3 1273.8 1302.3 1356.6 1406.4 

(695.33) H 801.8 1020.3 1289.1 1319.0 1363.2 1403.1 1440.2 1609.4 1574.8 
S 0.9728 1.1619 1.3866 1.4097 1.4429 1.4717 1.4976 1.5434 1.5841 

V 0.0364 0.0800 0.1806 0.1930 0.2116 0.2282 0.2436 0.2719 0.2979 
3060 U 791.9 963.0 1183.7 1207.1 1241.4 1272.3 1301.0 1354.6 1406.5 

(697.82) H 811.8 1008.2 1286.6 1316.0 1360.8 1401.1 1438.5 1508.0 1673.7 
S 0.9812 1.1608 1.3825 1.4061 1.4396 1.4687 1.4948 1.6409 1.6817 

V 0.0368 0.0745 0.1763 0.1881 0.2071 0.2237 0.2390 0.2570 0.2927 
3100 U 102 . 9 950.6 1181.0 1204.7 1239.5 1270.7 1299.6 1363.6 1404.7 

(700.28) H 24.0 993.3 1282.1 1313.0 1368.4 1399.0 1436.7 1506.6 1572.6 
S 0.9914 1. 1373 1.3786 1.4024 1.4364 1.4668 1.4920 1.5384 1.5794-

V 0.0390 0.0678 0.1721 0.1845 0.2029 0.2193 0.2345 0.2522 0.2876 
3150 U 817.8 933.4 1178.2 1202.4 1237.6 1.259.1 1298.2 1362.4 1403.8 

(702.70) H 840.6 972.9 1278.5 1310.0 1365.9 1396.9 1434.9 1506.2 1571.5 
S 1.0063 1.1192 1.3745 1.3988 1.4332 1.4629 1.4893 1.5369 1.5771 

V 0.0447 0.0666 0.1680 0.1804 0.1987 0.2151 0.2301 0.2576 0.2827 
3200 U 849.0 898.1 1175.4 1200.0 1236.7 1257.6 129&.8 1351.3 1402.9 

(706.08) H 876.5 931. 7 1274'B 1306.9 1353.4 1394.9 1433.1 1603.8 1570.3 
S 1.0361 1.0832 1. 706 1.3961 1.4300 1.4600 1.4866 1.5336 1.6749 

V 0.0608 0.0608 0.1874 0.1798 0.1981 0.2144 0.2294 0.2568 -0'1820 
3208.2 U 876.9 876.9 1176.0 1199.8 1236.4 1257.2 1296.6 1351. 1 1402. 

(706.47) H 906.0 906.0 1274.3 1306.4 1353.0 1394.6 1432.8 1603.6 1570.2 
S 1.0612 1. 0612 1.3898 1.3945 1.4296 1.4595 1.4862 1.5331 1.5745 

~ uo 



APPENDIX 

D 

THE UNIFAC METHOD 

e UNIQUAC equiltiont treats 9 55 GE 
/ RT as comprised of two additive parts, 

"combinatorial" part gC to account for molecular size and shape differences, 
nd a "residual" part gR to account for molecular interactions: 

9 = gC + gR (D.I) 

Function gC contains pure-species parameters only, whereas function gR 
neludes two interaction parameters for each pair of constituent molecules. For 

multi component system, 

<1>. (J. 
gC = L Xi In -2 + 5 L qiJCi In -.!. 

i Xi i <l>i 
(D.2) 

nd 

(D.3) 

here 

and 

j 

ubscript i identifies species, and j is a dummy index. All summations fUR over 

t D. S. Abrams and J. M. Prausnitz, AIChE I., 21: 116, 1975. 
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all species, and '1jj = I for i = j. In these equations rj (a relative molecular 
volume) and qi (a relative molecular surface area) are the pure-species param
eters. The temperature dependence of 9 enters in Eq. (D.3) through the '1j;, which 
are given by 

(
Uji - Uii) 

Tji = exp- RT (D.4) 

The interaction parameters for the UNIQUAC equation are the differences 
(Uji - Ujj). 

An expression for In 'Yi is found by application of Eq. (I1.62) to the 
UNIQUAC equation for 9 [Eqs. (D.I) through (D.3)]. The result is given by the 
following equations: 

and 

where 

and 

In 'Yi = In 'Yf + In 'Y~ 

I C 1 1. (1; 1;) n 'Yi = - i + In Ji - 5qj 1 - - + In-
Li Li 

r· 1;=--'
Lj rjxj 

L-=-L 
, Lj fJ.;Xj 

(J = L qiXi 

Sji = L qiTmj 
m 

'TIj = L SjiXi 
i 

-(Umj - Uii) 
Tmj = exp RT 

(D.5) 

(D.6) 

(D.7) 

(D.8) 

(D.9) 

(D.10) 

(D.1 I) 

(D.12) 

(D.13) 

Again subscript i identifies species, and j and m are dummy indices. All summa
tions are over all species, and Tmj = I for m = j. Values for the parameters rio q;, 

and (u"!i - u.ij) are given by Gmehling et al.t 

t J. Gmehling, U. Onken, and W. Arlt, Vapor-Liquid Equilibrium Data Collection, Chemistry Data 
Series, vol. I, parts 1-8, DECHEMA, Frankfurt/Main, 1977-1984. 
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Table D.I UNIFAC-VLE subgroup volume and surface-area parametent 

Examples of molecules and their 
Main group Subgroup k Rk Qk constituent groups 

I "CH2" CH3 I 0.9011 0.848 
CH2 2 0.6744 0.540 n-Butane: 2CH3 ,2CH2 

CH 3 0.4469 0.228 Isobutane: 3CH3 ,ICH 
C 4 0.2195 0.000 2,2-Dimethyl 4CH3 ,IC 

propane: 

3 "ACH" ACH 10 0.5313 0.400 Benzene: 6ACH 
(AC = aromatic carbon) 

4 "ACCH2" ACCH3 12 1.2663 0.968 Toluene: 5ACH, IACCH3 
ACCH2 13 1.0396 0.660 Ethylbenzene: ICH3,5ACH,IACCH2 

5 "OH" OH 15 1.0000 1.200 Ethanol: ICH3, ICH20 IOH 

6 "H2O" H2O 17 0.9200 1.400 Water: IH20 

9 "CH2CO" CH3CO 19 1.6724 1.488 Used when CO is attached to CH3 
Acetone: ICH3CO,ICH3 

CH2CO 20 1.4457 1.180 3-Pentanone: 2CH3,ICH2CO,ICH2 

13 "CH2O" CH30 25 1.1450 1.088 Dimethyl ether: ICH3,ICH3O 
CH20 26 0.9183 0.780 Diethyl ether: 2CH3, ICH2, ICH20 
CH-O 27 0.6908 0.468 Diisopropyl ether: 4CH3, ICH, ICH-O 

15 "CNH" CH3NH 32 1.4337 1.244 Dimethylamine: ICH3,ICH3NH 
CH2NH 33 1.2070 0.936 Diethylamine: 2CH3, ICH2 , ICH2NH 
CHNH 34 0.9795 0.624 DiisopropyJamine: 4CH3, I CH, I CHNH 

19 "CCN" CH3CN 41 1.8701 1.724 Acetonitrile: ICH3CN 
CH2CN 42 1.6434 1.416 Propionitrile: ICH3 , ICH2CN 

t J. Gmehling, P. Rasmussen, and Aa. Fredenslund, Ind. Eng. Chem. Process Des. Dev., 21: 118, 
1982. 

The UNIFAC method for evaluation of activity coefficientst depends .on the 
concept that a liquid mixture may be considered a solution of the structural units 
from which the molecules are formed rather than a solution of the molecules I 

themselves. These structural units are called subgroups, and a few of them are 
listed in the second column of Table 0.1. An identifying number, represented 
by Ie, is associated with each subgroup_ The relative volume Rk and relative 
surface area Ok are properties of the subgroups, and values are listed in columns 
4 and 5 of Table 0.1. Also shown (column 6) are examples of the subgroup 
compositions of molecular species. When it is possible to construct a mohicule 

t Aa. Fredenslund, R. L. Jones, and J. M. Prausnitz, AIChE 1.,21: 1086, 1975. 

THE UNIFAC METHOD 679 

from more than one set of subgroups, the set containing the least number of 
different subgroups is the correct set. The great advantage of the UNIFAC method 
is that a relatively small number of subgroups combine to form a very large 
number of molecules. 

Activity coefficients depend not only on the subgroup properties Rk and Ok, 
but also on interactions between subgroups. Here, similar subgroups are assigned 
to a main group, as shown in the first column of Table 0.1. The designations of 
these groups, such as "CH2," "ACH," etc., are descriptive only. All subgroups 
belonging to the same main group are considered identical with respect to group 
interactions. Therefore parameters characterizing group interactions are identified 
with pairs of main groups. Parameter values amk for a few such pairs are given 
in Table 0.2. 

The UNIFAC method is based on the UNIQUAC equation, for which the 
activity coefficients are given by Eq. (0.5). When applied to a solution of groups, 
Eqs. (0_6) and (0.7) are written: 

( 
]. Ji ) 

In 'Yf = 1 - Ji + In Ji - 5qi 1 - ~i + In Li (0.14) 

and 

(0.15) 

The quantities Ji and Li are still given by Eqs. (0.8) and (0.9). In addition, the 
following definitions apply: 

and 

(i) 
qi = L Vk Ok 

k 

Oki = V~)Ok 

-amk 
Tmk =exPr 

(0.16) 

(0.17) 

(0.18) 

(0.19) 

(0.20) 

(0.21) 

(0.22) 

Subscript i identifies species, and j is a dummy index running over all species. 
Subscript k identifies subgroups, and m is a dummy index running over all 
subgroups. The quantity v~) is the number of subgroups of type k in a molecule 
of species i. Values of the subgroup parameters Rk and Ok and of the group 
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interaction parameters amk come from tabulations in the literature.t Tables 0.1 
and 0.2 show a few parameter values; the number designations of the complete 
tables are retained. 

The equations for the UNIFAC method are presented here in a form con
venient for computer programming. In the following example we run through a 
set of hand calculatiops to demonstrate their application. 

Example 0.1 For the binary system diethylamine(1)/n-heptane(2) at 308.15 K., find 
'YI and 'Y2 when XI = 0.4 and X2 = 0.6. 

SOLUTION The subgroups involved are indicated by the chemical formulas: 

CH3 -CH2NH -CH2-CH3( 1)/ CH3 -( CH2)s-CH3 

The following table shows the subgroups, their identification numbers, values of 
parameters Rk and Qk (from Table D.1), and the numbers of each subgroup in each 
molecule: 

By Eq. (D.16), 

k 

1 
2 

33 

0.9011 
0.6744 
1.2070 

0.848 
0.540 
0.936 

2 
1 

2 
5 
o 

'I = (2)(0.9011) + (1)(0.6744) + (1)(1.2070) 

Similarly, 

'2 = (2)(0.9011) + (5)(0.6744) 

Thus, 

'I = 3.6836 '2 = 5.1742 

In like manner by Eq. (D.17), 

ql = 3.1720 q2 = 4.3960 

Application of Eq. (D.8) for i = I now gives 

3.6836 
JI = (3.6836)(0.4) + (5.1742)(0.6) 

Quantity J2 is expressed similarly; thus, 

JI = 0.8046 J2 = 1.1302 

Equation (D.9), applied in exactly the same way, yields 

LI = 0.8120 ~ = 1.1253 

t J. Gmehling, P. Rasmussen, and Aa. Fredenslund, IntI. Eng. Chern. Process Des. Dev.,21: 118, 
1982. 
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The results of substitution into Eq. (0.18) are as follows: 

°ki 

k i = 1 i=2 

1 1.696 1.696 

2 0.540 2.700 

33 0.936 0.000 

By Eq. (0.19), we have 

81 = (1.696)(0.4) + (1.696)(0.6) 

This and similar expressions for 82 and 833 give 

81 = 1.696 82 = 1.836 833 = 0.3744 

The following interaction parameters are found from Table 0.2: 

al.1 = al.2 = a2,1 = a2.2 = a33,33 = 0 K 

al.33 = a2.33 = 255.7 K 

a33.1 = a33.2 = 65.33 K 

Substitution of these values into Eq. (0.22) with T = 308.15 K gives 

'7'1,33 = '7'2.33 = 0.4361 

'7'33,; "" '7'33,2 = 0.8090 

The results of application of Eq. (0.20) are as follows: 

Ski 

k i = 1 i=2 

2.993 4.396 
2 2.993 4.396 

33 1.911 1.917 

Application of Eq. (0.21) for k = 1 gives 

711 = (2.993)(0.4) + (4.396)(0.6) 

This and similar expressions for 712 and 7133 give 

711 = 3.835 

712 = 3.835 

7133 = 1.915 
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The activity coeffi,cients may now be calculated. By Eq. (0.14), 

In 'Yf = -0.0213 and In 'Yf = -0.0076 

By Eq. (0.15), 

In 'Yf = 0.1463 

Finally, by Eq. (0.5) 

'YI = 1.133 

and 

and 

In 'Y: = 0.0537 

'Y2 = 1.047 



APPENDIX 

E 
NEWTON'S METHOD 

Numerical techniques are sometimes required in the solution of thermodynamics 
problems. Particularly useful is an iteration procedure that generates a sequence 
of approximations which rapidly converges on the exact solution of an equation. 
One such procedure is Newton's method, a technique for finding a root X = X, 
of the equation 

Y(X) = 0 (E.1) 

The basis for the method is shown graphically by Fig. E.l, a sketch of Yvs. 
X for the region that includes the point where Y(X) = O. We let X = Xo be an 
initial estimate of a solution to Eq. (E.1), and by constru9tion we identify the 
corresponding value of Yo = Y(Xo). A tangent drawn to the curve at (Xo, Yo) 
determines by its intersection with the X axis a new estimate Xl of the solution 
X = X,. The value of Xl is directly related to the slope of the tangent line, which I 

is equal to the derivative of Y with respect to X. Thus, at (Xo, Yo), we may write 

from which 

(A) 
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y 

0r------L~----------~~~~~------__ 
x 

ylr-----------------------------~_ 

Figure E.1 Graphical construction showing Newton's method for finding a root X of the equation 
Y(X) = O. r 

Another application of this procedure yields a better estimate X
2 

of the 
solution X = X,. Thus, at (X .. Y l ), we write 

from which 

x =X _ Yl 

2 1 (dY/dX)l (B) 

By induction, we obtain as a generalization of Eqs. (A) and (B) the following 
recursion formula: 

..\}<!-l = ..\) - (dY/ ~X)j (E.2) 
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Equation (E.2) is the mathematical statement of Newton's method. Given 
estimate ~ to the solution of Eq. (E.l), it provides a better estimate Xj+l. The 
procedure is repeated until computed values of Y differ from zero by less than 
some preset tolerance. Given an analytical expression for Y, the derivative on 
the right-hand side of Eq. (E.2) is evaluated analytically. 

A major advantage of Newton's method is that it converges rapidly. A major 
disadvantage is that if the function Y exhibits an extremum, the derivative in 
the denominator of the last term of Eq. (E.2) passes through zero and the term 
itself becomes infinite. In this case, Newton's method may still be satisfactory if 
the initial estimate Xo is properly chosen. Fortunately, many problems in ther
modynamics involve functions Y(X) that are monotonic in X, and then Newton's 
method is usually suitable. 

INDEX 
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Bubble point, 307, 309, 365, 454 
Bubble-point calculations, 307-316, 381-393, 
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SUBJECT INDEX 

Calorimeter, flow, 33-35, 117 
Carnot cycle, 141-148,248-250,274-276 

for power plants, 250 
for refrigeration, 275-276 
(See also Heat engine; Heat pump) 

Carnot's equations, 146-147 
Carnot's theorem, 142-143 
Chemical potential, 298, 302, 303 

as equilibrium criterion, 298-299, 503 
for ideal gas, 302 
for ideal solution, 303 

Chemical reaction: 
equilibrium constant for, 504-516 
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heat effects of, 116-133 
reaction coordinate for, 497-501 
reversible,41-42,505-507 
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Clausius/Clapeyron equation, 182 
Coefficient of performance, 275-279, 282-283 
Combustion, standard heat of, 123 
Compressibility, isot!termal, 58-59, 171-172 
Compressibility factor, 62-63, 176 

generalized correlations for, 85-96 
for mixtures, 471-472, 476-477 

Compression, in flow processes, 234-241 
Conservation of energy, 12-17,212-217 

(See also First law of thermodynamics) 
Consistency, of VLE data, 355-357 . 
Continuity equation, 211 
Control volume, 210-211, 548-550 
Conversion factors, taple of, 570 
Corresponding states: 

Correlations, 87-92, 189-199,334-343 
theorem of, 86 

Critical point, 54-57, 81-82, 184-185,364-368 
Critical properties, values of, 571-572 
Critical-solution temperature, 455-456 
Cubic equation of state, 80-84, 475-493 

parameters for, 83-84, 476, 488-489, 491, 493 
vapor pressure from, 480-482 

Density, 9 
generalized correlation for liquids, 97-98 

Dew point, 307, 310, 365, 454, 462 
Oew-point calculations, 307-316, 381-393, 482-

486, 490-493 
Diesel cycle, 263-265 
Differential, exact, 168-169 
Dimensions and units, 2-15, 19 
Duhem's theorem, 363, 532 

Efficiency: 
Carnot engine, 147,249 
compressor and turbine, 226-227, 235 
of heat engines, 140-141 
of internai-combustion ~ngines, 262-269 
of Irreversible processes, 69 
qf power plants, 252-254 
thermal, 140-141, 147,249 
thermodynamic, 551 

Electrolytic cell, 42, 248 
Energy, 12-17 

conservation of, 12-17,212..,217 
(See also First law of thermodynamics) 

external,22 
internal (see Internal energy) 
kinetic, 13-17,22-24,31-33,212-213,216-

217 
potential, 14-17,22-24,31-33,212-213 

Engines: 
Carnot, 141-144 
Diesel, 263-265 

Engines: 
gas-turbine, 265-269 
heat, 140-143 
internal-combustion, 260-271 
jet, 269-270 
Otto, 261-263 
rocket, 270-271 

Enthalpy, 29-30, 33-35 
calculation of values for, 177-180, 199-204 
differential expression for, 168, 170-172 
effect of T and P on, 169-172 
excess, 422 
experimental determination of, 33-35 
ideal-gas, 171, 177-178, 199-200,300-301, 

419 
ideal-solution, 303, 419, 440 
residual, 175-178,421 

generalized correlations for, 189-194, 198-
199 

(See also Excess properties; Residual 
enthalpy; Property relations; Stan4ard 
heat of reaction) 

Enthalpy/concentration diagram, 440-447 
for sodium hydroxide/water, 444 
for sulfuric acid/water, 441 

Enthalpy/entropy (Mollier diagram), 183, 185 
for steam (see back endpapers) 

Entropy, 148-163 
absolute, 162-163 
calculation of values for, 177-180, 199-204 
effect of T and P on, 169-172 
excess, 422 
ideal-gas, 152-155, 171, 177-178, 199-200, 

301,419 
ideal-solution, 303, 419 
and irreversibility, 155-157,554 
residual, 176-178,421 

generalized correlations for, 189-190, 195-
199 

and second law, 155-159,548-549 
statistical interpretation of, 159-162 
(See also Excess properties; .Residual 

entropy; Property relations) 
Entropy generation, 549, 555, 560, 563 
Equation of stat~, 58, 60-64, 77-85, 340-343, 

471-493 
Benedict/Webb/Rubin, 84 
cubic, 80-84, 475-482, 487-493 
fugacity coefficients from, 340-343, 472, 475 
generalized, 115 ' 
mixing rules for parameters in, 472, 415-477, 

488,493 
Peng/ Robinson, 493 
Redlich/Kwong, 82-86, 487-489 

Soave modification of, 491-492 

Equation of state: 
thermodynamic properties from, 471-

480 
van der Waals, 80-81, 83 
virial, 60-63, 77-80, 340-341, 471-475 
VLE from, 480-493 

Equilibrium, 37, 346, 361-362, 447-449 
chemical-reaction (see Chemical-reaction 

eqUilibrium) 
criteria for, 298-299, 328, 332, 449 
phase (see Phase equilibrium) 

Equilibrium constant for chemical reaction, 
504-516 

graph for selected reactions, 509 
Exact differential expression, 168-169 
Excess Gibbs energy: 

and the activity coefficient, 344-345, 377-381, 
403-408, 422 

empirical expressions for: 
Margules, 351-356, 378 
NRTL,380 
Redlich/Kister, 377 
UNIQUAC, 379, 676-677 
van Laar, 378 
Wilson, 379-381 

Excess properties, 344, 422-423, 428-433 
partial, 422-425 
and property changes of mixing, 428-429 
relations among, 422 

Expansion, in flow processes, 220-234 
Expansivity, volume, 58-59, 171-173 
Extensive property, 26 

First law of thermodynamics: 
for closed systems, 22-24, 45-46 

as applied to ideal gases, 64-77 
for flow processes, 30-35, 212-217 

Flame temperature, 127n. 
Flash calculation for VLE, 314-316, 393-397, 

486-487,490 
Flow processes, 30-35, 209-241 

Bernoulli equation for, 217-218 
continuity equation for, 211 
energy equations for, 30-35, 212-218 
friction in, 217 
maximum velocity in, 219-222 
mechanical-energy balance for, 217 
momentum principle for,209 
in nozzles, 220-225 
thermodynamic analysis of, 555-564 

Formation reaction, 118 
standard Gibbs-energy change of, 510, 512-

513 
standard heat of, 118-123 

INDEX 693 

Freon-I 2: 
PH diagram for, 282 
thermodynamic properties of, 280-281 

Fugacity, 325-334 
calculation of, 328-331 
in chemical-reaction equilibrium, 504, 506-

507,514 
ideal-gas, 327, 334 
in ideal solutions, 345, 398-402 
and phase equilibrium, 332 
of species in solution, 331-334 

effect of composition on, 397-402 
and stability, 451-452 

Fugacity coefficient, 325-343 
calculation of, 327-331, 334, 376, 475, 487 

from cubic equations of state, 476, 488-
490 

from generalized correlations, 334-343, 
477-480 . 

from the virial equation of state, 340-343, 
472 

effect of T and P on, 421 
and the residual Gibbs energy, 326-327, 333, 

421 
Fundamental excess-property relation, 422-423 
Fundamental property relation, 168, 174,297-

298 
Fundamental residual-property relation, 175, 

420-421 
Fusion, latent heat of. 114 

Gas constant, 61-62 
table of values for, 570 

Gas liquefaction, 291:.295 
Gas-turbine power plant, 265-269 
Gases: 

critical constants for, 571-572 
generalized correlations for, 85-96, 189-199, 

334-343 
heat-capacity data for, 109 
ideal, 61, 63-77, 300-302, 419 
PVT relations for, 54-63,77-96,471-493 

Generalized correlations: 
compressibility factor, 85-96, 477 
fugacity coefficient, 334-343, 477 
liquid density, 96-98 
residual enthalpy and entropy, 189-199,477 
second virial coefficient, 89, 92-93, 342, 473 

Gibbs/Duhem equation, 324, 334, 345, 350, 
354-355, 4Ol, 427, 551-552 

Gibbs energy, 167 
for change of phase, 181 
differential expression for, 168, 174, 298, 

420 
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Gibbs energy: 
and equilibrium, 181,448-449,501-503,538-

539 
as generating function, 174-175 
for an ideal gas, 301, 419 
for an ideal solution, 303, 419 
(See also Excess Gibbs energy; Residual 

Gibbs energy; Standard Gibbs-energy 
change) 

Gibbs's theorem, 300 

Heat, 17-19,21-26,45-48, 138-139 
of combustion, 123 
and entropy, 148-152 
of formation, 118-123 
latent, 114-116, 181 
of mixing, 430, 434-447 
ofreaction, 116-133 
reservoir, 140, 147 
reversible transfer of, 41, ISS, 549-550 
sign convention for, 23-24 
of solution, 434-437 

data for HCI and LiCI in water, 436 
specific (see Heat capacity) 
of transition, 162 

Heat capacity, 46-48, 106-114 
at constant P or V, 47-48, 64-66, 106-114 
difference, 65-66 
as function of T, \07-114 
ideal-gas, 107-110 
mean: 

for enthalpy calculations, 111-112 
for entropy calculations, 153-155 

ratio, 66-68 
of solids and liquids, 113-114 
standard.change of reaction, 125 

Heat effects, 105-133 
of chemical reactions, 116-133 
at constant P or V, 47-48, 64-66 
latent, 114-116, 181 
of mixing, 434-447 

Heat engine, 140-143 
Heat pump, 290 
Heat transfer, 105-106 

irreversible, ISS 
reversible, 41, ISS, 549-550 

Helmholtz energy, 167 
differential expression for, 168 

Henry's constant, 400-402, 405 
Henry's law, 400-408, 517 

as basis for activity coefficients, 403-406 
and Lewis/Randall rule, 401-402 
and solution ideality, 403-408 
and standard states, 399-400, 517-518 

Ideal gas, 61, 63-77 
Carnot cycle for, 145-147 
equation of state for, 64 
entropy changes for, 152-155 
fugacity of, 327, 334 
heat capacity of, 64-68, 107-113 
internal energy and enthalpy changes for, 

64-77 
property changes of mixing for, 301, 429 
property relations for, 171, 177-178, 199-200, 

300-302,419 
reaction equilibrium for, SIS 
and residual properties, 175, 177, 199-200 
temperature scale, 61 

Ideal-gas state, 61, 107, 171 
Ideal solution, 302-304, 398-408, 418-419, 428, 

440 
chemical-reaction equilibrium for, 515-517 
and excess properties, 422, 429 
Henry's law as model for, 403-408 
K-values based on, 482-483 
and Lewis/Randall rule, 345, 398-402, 418 
properties of, 302-304, 418-419 
property changes of mixing for, 429 
and Raoult's law, 304 
and standard states, 399-400 

Ideal work, 549-554 
Immiscible systems, 461-464 
Incompressible ftuid, 58, 172 
Intensive property, 26 
Intensive state, 38 
Internal-combustion engines, 260-271 
Internal energy, 22-24 

differential expression for, 167 
of ideal gases, 64-65 

International Practical Temperature Scale, 5-6 
Irreversibility, 40-41, 554-555 

and entropy changes, 155-157,554 
Isentropic process, 153-155, 187-189,223-231, 

235-240 
Isobaric process, 65-66 
Isothermal compressibility, 58-59, 171-172 
Isothermal process, 66 ' 

Jet engine, 269-270 
Joule/Thomson expansion (see Throttling 

process) 

K-values for VLE, 315, 394-396, 482-487 
Kinetic energy, 13-17,22-24,31-33,212-213, 

216-217 • 

Latent heat, 114-116, 181 
Riedel equation for, 115-116 
Watson correlation for, 116 

Lewis/Randall rule, 345, 398-402, 418-419 
and Henry's law, 401:"402 
and Raoult's law, 304 

Liquefaction processes, 291-295 
Liquid/liquid equilibrium, 454-464 
Liquid/vapor equilibrium (see Vapor/liquid 

equilibrium) 
Liquids: 

fugacities of, 328-331 
generalized density correlation for, 97-98 
heat capacities for, 113-114 
incompressible, 58, 172 
property changes of, 58-60,171-173 
PVf behavior of, 80-84, 96-98 
standard states for, 117-118,399-400,504-

50S, 515-518 
Lost work 554-555 

Mach number, 223 
Margules equation, 351, 378 
Maximum velocity in ftow, 219-222 
Maxwell equations, 169 
Mechanical-energy balance, 217 
Methane, PH diagram for, 186 
Mixing processes: 

entropy changes for, 429 
Gibbs energy change for, 449-452 
heat effects of, 434-447 
in ideal gases and ideal solutions, 300-304, 

418-419 
property changes for, 428-431 

Mixing rules, 472, 475-477, 488, 493 
Mollier diagram, 183, 185 

for steam (see back endpapers) 
Momentum principle, 209 

Newton's second law, 3, 12-13 
Nozzle, 220-225 

Open system, 298 
Otto cycle, 261-263 

Partial pressure, 300, 333 
Partial properties, 321-325, 416-418 

calculation of, 423-428 
excess, 422-425 
graphical interpretation, for binary system, 

425-426 
for an ideal solution, 418-419 
relations among, 416-418 

Partially miscible systems, 454-461 
Path functions, 24-25 
Phase, 38, 54-58 
Phase change, 56-57, 180-181 

INPl3X _ 

Phase diaarams: 
for binary VLB, 306, 309-310, 348, 353, 356, 

364-375 
for binary systems of limited miscibility, 

455-459,461, 463 
for a pure species, 55-57 

Phase equilibrium, 304-316,346-357, 361-408, 
454-464,480-493 

criteria for, 298-299, 333, 449 
(See also Vapor/liquid equilibrium) 

Phase rule, 37-39, 362-363, 529-532 
Pitzer correlations (see Generalized 

correlations) 
Polytropic process, 68-69 
Potential energy, 14-17,22-24,31-33,212-213 
Power-plant cycles, 247-271 

Rankine, 250-253 
regenerative, 255-256 
thermodynamic analysis of, 556-561 

Poynting factor, 329 
Pressure, 9-11 

critical, 55-56, 571-572 
partial, 300 
pseudocritical,477-479 
reduced,85 

Pressure/composition (P,xy) diagram, 306, 348, 
·353,356,366,372,457-459,463,492 

Pressure/enthalpy (PH) diagram, 183-187 
Pressure/temperature (PT) diagram, 55, 57, 

367-369, 371 
Pressure/volume (PV) diagram, 56, 81, 481 
Probability, thermodynamic, 160-161 
Process: 

adiabatic, 66-68, 155-156 
constant-pressure, 65-66 
constant-volume, 64-65 
isentropic, 153-155, 187-189,223-231,235-

240 
isothermal, 66 
polytropic, 68-69 
thermodynamic analysis of, 555-564 
throttling, 77, 232-234, 291-292 

Properties: 
critical, 54-57 
from equations of state, 471-480 
excess (see Excess properties) 
extensive and intensive, 26 
generalized correlations for, 85-98, 189-199, 

334-343 
of ideal-gas mixtures, 112-113,300-302,419 
of ideal solutions, 302-304, 418-419 
notation for, 45-46, 324-325 
partial (see Partial properties) 
reduced, 85, 477 
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Properties: 
residual (see Residual properties) 
of single-phase systems, 167-173 
of solutions, 416-419 
of two-phase systems, 180-183 
(See also Thermodynamic properties) 

Property changes of mixing, 428-431 
and excess properties, 428-429 
for ideal gases and ideal solutions, 429 

Property changes of reaction, 125, 505 
Property relations, 167-183,297-298,416-423 

for constant-composition phase, 167-173, 
416-418 

fUQdamental, 168, 174,298,420-423 
Pseudocritical pressure and temperature, 477, 

479 
PVT relationships, 54-64, 77-98, 471-493 

equations of state as, 58, 60-64, 77-85, 471-
493 

for gas mixtures, 340-343, 471-477, 487-493 
generalized, 85-98, 473, 477 
thermodynamic properties from, 471-480 

Quality, 183 

Rackett equation, 97 
Rankine cycle, 250-253 
Raoult's law, 304-316 

deviations from, 348-349, 352 
modified, for low pressures, 351-356, 388-

393 
Reaction coordinate, 497-501 
Redlich/Kister expansion, 377 
Redlich/Kwong equation of state, 82-86,487-

489 
Soave modification of, 491-492 

Reduced coordinates, 85, 477 
Refrigeration, 274-290 
Refrigeration cycles: 

absorption, 288-289 
Carnot, 275-276 
cascade, 286-287 
vapor-compression, 276-279, 282-283 

Relative volatility, 392 
Residual enthalpy, 175-176,421 

from equations of state, 473-479 
Residual entropy, 176 

from equations of state, 473-479 
Residual Gibbs energy, 175-176,326-327,333, 

420-421 
Residual properties, 173-180,420-421,473-479 
Residual volume, 175, 421 
Retrograde condensation, 368-369 
Reversibility, 39-45, 155-157, 549-551 

mechanical,43, lSI 

Reversible chemical reaction, 41-42, 505-506 
Riedel equation: 

for latent heat of vaporization, 115-116 
for vapor pressure, 183 

Rocket engine, 270-271 

Saturated liquid and vapor, 56, 185,328,364, 
481-482 

Second law of thermodynamics, 138-163 
in analysis of processes, 548-549, 554-555 
statements of, 139-140, 156 
statistical interpretation of, 159-162 

Second virial coefficient, generalized 
correlation for, 89, 92-93, 342, 473 

Shaft work, 32-33, 213, 216-217 
Soave/Redlich/Kwong equation of state, 491-

492 
Sonic velocity in flow, 220-223 
Specific heat (see Heat capacity) 
Stability criteria, 449-454 
Standard Gibbs-energy change: 

of formation, 510, 512-513 
of reaction, 504-510 

effect of temperature on, 507-508 
Standard heat (enthalpy change): 

of formation, 118-123 
of reaction, 116-133, 505, 507-508 

effect of temperature on, 123-127, 508 
Standard state, 117-118,399-400,504-505, 

515-518 
for species in chemical reaction, 117-118, 

504-505, 515-518 
for species in solution, 399-400 

State function, 24-26 
Statistical thermodynamics, 159-162 
Steady-state flow processes, 30-37, 216-218, 

548-564 
Steam: 

Mollier diagram for (see back endpapers) 
tables, 573-675 

Steam power plant, 248-260, 556-561 
Steam turbine, 225-228 
Stoichiometric number, 124,497-501 
Superheat, 185 
Surroundings, 15-16,22-23 

temperature of, 549-550 
System, 2, 15-16, 22-24 

closed,23 
heterogeneous, 525-528 
open, 298 

Temperature, 4-8, 60-62 
absolute zero of,S, 147 
critical, 55-56, 571-572 

Temperature: 
critical-solution, 455-456 
pseudocritical, 477, 479 
reduced, 85, 342, 473 
surroundings, 549-550 

Temperature/composition (txy) diagram, 310, 
366,374,454-456,461-462 

Temperature/ entropY (TS) diagram, 183-185, 
187 

Temperature scales, 4-7 
ideal~gas, 61 
International Practical, 5-6 
Kelvin, 5-7, 64, 146-147 
thermodynamic,) 143-144, 146-147 

Thermodynamic analysis of processes, 555-564 
Thermodynamic consistency, 355-357 
Thennodynamic properties: 

of air, 292 . 
of ammonia, 284-286 
of Freon-12, 280-282 
of methane, 186 
of steam, 573-675 

(See also back endpapers) 
(See also Properties) 

Third law of thermodynamics, 162-163 
Throttling process, 77, 232-234, 291-292 
Tie line, 365, 454-455 
Triple point, 54,61-62, 184-185 
Turbine, 225-23.1 
Tul"bojet, 2(;9-270 
Two-phase systems, 180-183 

Clapeyron equation for, 114-115 
qulllity in, 183 
(See also Phase equilibria) 

UNIFAC method, 379, 457, 678-683 
UNIQUAC equation, 379, 676-677 
Units, 2-15, 19 

conversion factors for, 570 
Universal gas constant, 61-62 

table of values for, 579 
Unsteady-statll-flow processes, 210-216 

van der Waals equation of state, 80-81, 83 
van Laar equations, 378 
van't Hoff equilibri\lm box, 505-506 
Vapor/liquid equilibrium (VLE): . 

and activity coefficients, 346-357, 376-381 
i~finite-dilution values of, 349-351, 377-

380 
binary-system phase diagrams for, 306, 310, 

348, 353, 356, 364, 366-372, 374-375, 
455-459,461,463,492 

INDEX 6 

Vapor/liquid equilibrium (VLE): 
block diagrams for, 382-386, 39(i, 490 
conditions for stability in, 452-454 
correl!ltion through excess Gibbs energy, 

351-357,377-381 
by Margules equ!ltion, 351-357 
by NRTL equation, 380 
by Redlich/Kister expansion, 377 
by the UNIfAC method, 379, 457, 678-

683 
by UNIQUAC equation, 3.79, 676-677 
by van Laar eqllation, 378 
by Wilson equation, 379-381 

dew- and bubble-point calculations for, 30~ 
314,381-393,482-486,490-493 

equations, 346-347, 375-381, 480 
for. high pressure, 480, 482-483, 486-493 
for idea! solutions, 482-483 
for low to moderate pressure, 347, 375-3: 

flash calculations for, 314-316, 393-397, 481 
487,490 

and the Gibbs/Ouhem ",quation, 353-355, 
401,451 

for immiscible systems, 461-464 
K-values for, 315, 394-396, 482-487 

nomographs for light hydrocarbons, 484-
485 

for partially miscible systems, 454-461 
for pure species, 181,328,480-482 
by Raoulfs law, 304-316 
reduction of experimental data for, 346-357 
and thermodynamic consistency, 355-357 

Vapor pressure, 54-57, 86, 115,480-483 
empirical eXPressions for, 182-183 

Vaporization, 55-57, 114-116, 181-182 
latent heat of, 114.,.116, 181-182 

from Clapeyron equation, 114-115 
from Riedel equation, 115-116 
from Watson correlation, 116 

Velocity, 13, 211-212, 216-217 
average value in pipes, 211 
maximum in pip~s, 219-220 
profiles in pipes, 211, 216 
sonic, 220-223 

Virial coefficients, 62-63, 340-342, 472 
generalized correlation of second, 89, 92-93 

342,473 
for mixtures, 340-342, 472 

Virial equation of state, 60,..63, 77-80, 340-341 
471-475 . 

Yoillme, 8-9 
change of mixing, 429-439 
critical, 56-58, 571-572 
residual, 175-176 

Volume expansitivity, 58-59 
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Watson correlation for latent heat, 116 
Wilson equation, 379-381 
Work, 11-14,23-26, 138 

of adiaba* compression, 67-68, 23S-238 
ideal, S49-S54 
of isothermal compression, 66 
lost, SS4-SSS 
for pumps, 239-240 

Work: 
and reversibility, 43 
shaft, 32-33, 213, 216-217 
sign convention for, 23-24 
from turbines and expanders, 22S-226 

yx diagrams, 370-375 
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