
Threshold of Electric Shock. The level of electric shock dif-
fers from one individual to the other and depends on sex, age,
weight, and chemical balance (a function of the physical con-
dition of the person). The effect of a shock largely depends on
the frequency, duration of contact, and the amount of electric
current passed through the body, rather than the voltage. For
instance, a shock from a 100 V source can be as deadly as
that from a 1000 V source. Low frequency currents from 60
Hz (power line frequency) down to direct current cause more
severe shock because they penetrate the skin more deeply and
quickly and burn the flesh much faster. Currents of higher

SAFETY SYSTEMS frequencies change direction several times per second, at a
rate much faster than the rate of a normal heart beat. Thus,

Some fundamental objectives of a society are the safety, pros- high-frequency currents have less tendency to initiate fibril-
perity, happiness, and well-being of its people. Safety is of lation of the heart than low-frequency currents. Currents as
paramount importance because it is the brickwork on which low as 1 mA can be perceived as an electric shock. The ac-
the other aspirations of the society must stand upon. Several cepted maximum harmless current intensity is 5 mA, and this
factors affect safety, and they are the focus in this article. is also the maximum current allowed to leak from home appli-

ances and still pass Underwriters Laboratories (UL) specifi-
cations (3). A current of 100 mA or above will cause ventricu-

ELECTRICAL SAFETY lar fibrillation, which prevents the heart from pumping blood;
death may result.

Many people are killed every year, and many more are in-
jured, while in contact with electrical energy. Of the 3740

Estimation of Electric Shock Current. An electric shock re-work-related deaths reported by the Bureau of Labor Statis-
sults when an electric current passes through the body caus-tics for 1984 in the United States (1), 10% of the fatalities, or
ing physical stimulation of the body. The magnitude of theabout 370, were the direct result of electrocution at work. Un-
current I in amperes (A), obeys Ohm’s law,like other industrial accidents, electrical accidents often hap-

pen to knowledgeable workers and professionals. For in-
stance, in Great Britain, of the 805 accidents reported in
factories in a typical year, 47% were electrical accidents in- I = V

R
(1)

volving skilled workers (see Table 1) (2). Many of these deaths
and injuries could have been prevented by the use of appro-

where V is the applied voltage in volts (V), and R is the totalpriate safety equipment and techniques. Table 2 shows that
resistance in ohms (�) of the current path, which may includeignorance, negligence, and forgetfulness account for most of
the ground on which the person is standing, the boot beingthe electrical accidents recorded in a typical year.
worn, and the human body. When these resistances are ac-
counted for, Eq. (1) is modified to

Electric Shock

When the human body forms a conduction path for electric
current, the effect it causes on the body is called electric I = V

RA + RB
(2)

shock. The three main hazards of electricity are shock, arc,
and blast. Since the low resistance of the body diminishes its

where RA is the resistance of ground plus boot, and RB is theability to withstand the passage of electric current, most elec-
resistance of the body. For example, if the resistance of shoestrical systems can be hazardous. Even a minor electric shock

can create a serious injury due to a fall as a result of reflex to ground of a man holding a pair of pliers is RA � 1000 �
action. Electric shock is a safety hazard in most laboratory and the resistance of the body is RB � 5000 �, then for a 110
environments, and it can be caused by improper use or han- V fault voltage, the total current through the man’s body from
dling of electrical appliances or equipment. It can also come Eq. (2) is
from faulty equipment: equipment with a factory defect that
causes it to malfunction, or equipment failure as a result of
fatigue or aging. Shorted cables or worn electrical conductors I = 110 V

(1000 + 5000)�
= 18.33mA (3)

can leak electric current away from its desired path and cause
electric shock. The severity of the effect on the body may in-

The current of 18.33 mA is over the paralysis threshold asclude tingling, a burn on the skin at the point of contact, mus-
shown in Table 3 (4). The victim cannot release the pliers,cular contraction, inability to control the muscles, and loss of
and the result may be fatal. The numbers used in this exam-grip on the electrical conductor or equipment at the inception

of the electric shock. ple are only approximate. The actual values will depend on

629
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Table 2. Conditions Leading Up to Accidents in One Year

Cause Fatal Total

Failure or lack of testing 5 91
Testing 5 87
Ignorance, negligence, forgetfulness, and inadver- 24 354

tence
Accidents resulting from fault of persons other 18 160

than injured person
Working on live gear deliberately 3 108
Misunderstood instructions or failure of permit-to- 1 16

work system

vicinity of explosive mixtures or in an explosion-prone envi-

Table 1. Electrical Accidents Analyzed by Occupation

Occupation Fatal Total

Skilled

Supervisory staff 2 37
Switchboard substation attendants — 2
Testing staff — 18
Electrical tradesmen and their mates 7 278
Engineering apprentices (under 18) — 7
Engineering apprentices (over 18) 1 17

Unskilled

All men not included in the above 16 396
All women not included in the above — 50

Total 26 (3.2%) 805 (100%)
ronment, as for instance in a gunpowder manufacturing
plant. In this category also are the accidents in a manufactur-
ing plant or assembly line and nuclear accidents in a nuclear
power plant, including nuclear-propelled vehicles, subma-several factors, which include the contact resistance between
rines, and aircraft carriers, as well as hazards inherent in theman and metal and his weight and physical condition. The
restarting of nuclear plants. Nuclear war and nuclear-weaponnominal resistances of various parts of the human body are
accidents are technological hazards as well. An example ofgiven (5) in Table 4, and the resistances of various materials
hazard due to sabotage is the explosion of an airplane due toare given in Table 5.
a terrorist bomb.Investigators have also established that the resistance of

Hazards can also be broadly classified as environmental,the body from hands to feet depends on the area of contact
physical, chemical, and biological. Typical environmental haz-and on whether the skin is wet, moist, or dry. These values
ards include falling objects, improperly enclosed workplaces,range from 1000 � and 10,000 �. An empirical formula is
and improperly lighted shop floors. Physical hazards includegiven by
lifting heavy objects, being exposed to heat, bright lights, ex-
cessive noise or vibration, and mild doses of radiation, and

RV k = C (4) being shocked by improperly grounded equipment or under-
sized power cables. Irrespective of the cause and type of haz-

where R is the resistance in ohms, V is the voltage in volts, ard, hazardous conditions should be avoided or eliminated
and k � 0.83 and C are constants. Table 6 (6) shows the elec- where possible by redesigning the workplace and wearing the
trical characteristics of the human body at 50 Hz in dry condi- appropriate protective clothing and equipment. These and
tion computed with Eq. (4). other hazards result in injuries and loss or damage of prop-

erty. When hazards are not contained, they cause work-re-
lated accidents which include minor to severe burns, physical
and bodily injuries, back pains due to physical exertion, lossHAZARDS
of hearing or vision, or death.

Hazards can in general be natural, technological, or caused
Sources of Hazardsby an act of sabotage. Examples of natural hazards are earth-

quakes, floods, chemical spills during transportation, hurri- Hazardous conditions may be unnoticed or ignored. Exposed
canes, and lightning. Examples of technological hazards are conveyor belts in a workplace can catch a finger or entangle
automobile, marine, and airplane failure as well as fire and clothing. The light from an arc-welding machine can be too
explosion in mines. Electrostatic hazard due to capacitive dis- bright unless for the naked eye. The noise level from a grind-

ing machine or metal cutting tool may be too intense if protec-charges can be a source of ignition in the presence of or in the

Table 3. Current Range and Effect on a 68 kg (150 lb) Man (4)

Current (60 Hz) Physiological Phenomenon Sensations and Lethal Incidence

Less than 1 mA None Imperceptible
1 mA Perception threshold
1–3 mA Mild sensation
3–10 mA Painful sensation
10 mA Paralysis threshold of arms Cannot release hand grip. If no grip, victim may be thrown clear. (May

progress to higher current and be fatal.)
30 mA Respiratory paralysis Breathing stops (frequently fatal if not treated promptly).
75 mA Fibrillation threshold 0.5% Heart action is discoordinated (probably fatal).
250 mA Fibrillation threshold 99.5% (5 s exposure)
4 A Heart paralysis threshold Heart stops during current passage, restarts normally on current interrup-

tion (usually not fatal from heart dysfunction).
5 A Tissue burning Not fatal unless vital organs are burned.
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Table 6. Calculated Electrical Characteristics of Human
Body at 50 Hz in Dry Conditions

V (V) R (�) I � V/R (mA)

12.5 16,500 0.8
31.3 11,000 2.84
62.5 6,240 10.0

125 3,530 35.2
250 2,000 125
500 1,130 443

1000 640 1560
2000 362 5540

Food processing plants in dirty or poorly maintained envi-
ronment

Exertion of physical strength far in excess of the individual

Table 4. Nominal Resistance Values for Various Parts of the
Human Body

Resistance

Condition (area to suite) Dry Wet

Finger touch 40 k�–1 M� 4–15 k�

Hand holding wire 10–50 k� 3–6 k�

Finger–thumb grasp 10–30 k� 2–5 k�

Hand holding pliers 5–10 k� 1–3 k�

Palm touch 3–8 k� 1–2 k�

Half around 1.5 in. pipe (or drill
handle) 1–3 k� 0.5–1.5 k�

Two hands around 1.5 in. pipe 0.5–1.5 k� 250–750 k�

Hand immersed — 200–500 �

Foot immersed — 100–300 �

Human body, internal, excluding
skin — 2–1000 �

capability, such as lifting heavy loads
Mental and psychological stress as a result of long hours

of work at a computertive equipment is not worn. Workers neglect to wear helmets
Fatigue due to continuous hours of work without break, orin situations where falling objects are commonplace. Inade-

from the neglect of break times stipulated by manage-quate boots are worn in areas where heavy tools can drop
mentand hit a toe. Rubber gloves are not worn around chemicals.

Thermally insulated gloves are not used to handle hot objects. Financial pressures dictating long and continuous shift
Work paths clearly marked are not followed. Restricted areas hours beyond the safe limit of a worker
are not observed. Thus, the following conditions constitute
hazards: Electrical Hazards and Their Prevention

Various electrical hazards are considered and safety practicesUnmarked walk paths to guide movement of workers
are suggested:within a plant

Heavy tools dropping on the floor from the workbench Any electrical installation of 600 V and above should be
Dropping objects around construction sites guarded with a physical barrier to keep out unqualified
Very high noise levels around workshops persons or unskilled personnel.
Extremely bright lights from welding machine A second person capable of helping in case of emergency

must be present when one person is working on a liveExposed conveyor belts
line.Objects falling from overhead crane

Lines and electric equipment are assumed live, unless pos-Absence of proper warning against radiation-intensive
itively established as deenergized.area

Operating voltages of all equipment must be known beforeExistence of radiation sources
attempting to work on them.Lack of proper skill required to operate heavy road con-

If the nature of the system requires it to remain energized,struction equipment
as when troubleshooting a circuit or if deenergizing in-Lack of adequate training necessary to properly carry out
terferes with the operation or proper function of a safetya prescribed function in a factory or workshop
system, then the system can remain energized, so long

Toxic, odorless fumes in accessible areas as the personnel are competent and aware that it is live.
Absence of or inactive fire extinguisher Only qualified personnel should be allowed to switch on or
Absence of clearly marked and visible exit signs switch off any live system.
Viruses from sick or dirty animals in animal clinics

The primary safety procedure is to deenergize the parts ofBacteria from improperly disinfected or nonsterilized nee-
the system exposed to the worker. This eliminates the hazarddles and syringes
of shock, arc, and blast. Thus, before working on lines,Spread of bacteria from contaminated foods
grounding jumpers such as are shown in Fig. 1 (7) should be
used to bridge a deenergized line. These conductors, also
called safety ground, ensure that an accidental reenergizing
of the system will not cause injury, short-circuiting and
grounding of conductors throughout the service.

Figure 2 (8), in which Rj is the resistance of the ground
wire (typically 0.001 �), shows two applications of ground
wires. The short-circuit bridge intentionally placed across
lines for safety must be removed before switching on the lines.
A second opinion for line clearance should be obtained before
energizing. Protective devices and specially designed flame

Table 5. Nominal Resistance Values for Various Materials

Material Resistance

Rubber gloves or soles �20 M�

Dry concrete above grade 1–5 M�

Dry concrete on grade 0.2–1 M�

Leather sole, dry, including foot 0.1–0.5 M�

Leather sole, damp, including foot 5–20 k�

Wet concrete on grade 1–5 k�
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distance. Pliers, screwdrivers, wire cutters, and similar tools
should be electrically insulated, to prevent shock when in con-
tact with an energized conductor.

Barricades should be used to prevent workers’ access to
hazardous places. Signs should be placed conspicuously to
warn personnel of immediate hazard. Typical hazard signs (9)
are shown in Fig. 3. Electrical equipment should not be han-
dled with wet hands and feet, or when perspiring or when
standing on wet floor. Whenever possible, only one hand
should be used when working on an energized circuit. Rings
or metallic-band watches should be avoided when working
with electrical equipment.

A safety electrical one-line diagram (SEOLD) showingFigure 1. Safety ground jumper. (Courtesy AB Chance Corp.)
breakers or fuses that control power in a household or power
system should be available, with ratings clearly marked and
regularly updated in case of changes. A typical one-line dia-retarding clothing should be worn to provide safety against
gram of a power system (10) is shown in Fig. 4. This is usedarc and electric burns. Thermal flash suits and thermal uni-
as a safety measure to isolate any portion of the house orforms should also be used to protect the body, arms, and legs,
workplace before embarking on repairs.and insulating hard hats to protect the head. The hands

should be protected with rubber gloves reinforced with Hazard of Untried Software
leather protectors. Safety glasses, goggles, and face shields

The proliferation of household computers and industrial asshould be worn to protect the eyes. Hot sticks should be used
well as military software multiplies the hazards of relying onto close or open pole-mounted circuit breakers and fuses. They
untried software, especially in critical safety systems. Theallow workers to manipulate energized conductors from a safe
reason is that software may perform as expected under com-
mon circumstance while containing weaknesses that are ex-
tremely difficult or impossible to detect until revealed by un-
usual circumstances.

Prevention of Electrostatic Hazard

All conducting parts of any installation should be properly
grounded in order to reduce capacitive ignition buildup. More-
over, safety demands that the grounding be inspected periodi-
cally. All persons entering environments prone to explosion
must wear conducting footwear that will ensure that the path
to ground is free of insulating layers, which inhibit the dis-
charge of electrostatic buildup. In general, the methods to
avoid or dissipate static electricity can be summarized as (11):
grounding of all conducting surfaces, increasing the conduc-
tivity of the conducting materials, increasing the surface con-
ductivity through the raising of the relative humidity or
through surface treatment, increasing the conductivity of the
air, maintaining sufficiently low working speed, choosing
proper contact materials, and maintaining proper control of
the contact temperature of the surfaces.

Hazards in Electrical Laboratories

There are special hazards associated with laboratories, which
require special awareness and laboratory safety procedures.
The main hazard in an electrical laboratory is that of elec-
tric shock.

Ground
clamps

Phase bus

Down lead

(a)

(b)

Tower
ground

Equip.
ground

bus
G
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Switchgear
metal
floor
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Rj

Rj
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bus

Neutral
bus,

if used

Rg

Figure 2. Examples of the use of safety ground on deenergized lines.
(a) Switchgear, (b) metal tower. Figure 3. Hazard signs. (Courtesy Ideal Industries, Inc.)
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Hazards in Chemical Laboratories Motor-Vehicle Accidents

The single greatest cause of accidents in the United StatesIn a chemical laboratory the hazards of dangerous chemicals
is the automobile. In 1991 in the United States, automobileand toxic fumes are common.
accidents were responsible for about 49.4% of all accidental
deaths, as compared with accidents in the home (aboutHazards in Manufacturing Plants
23.3%); accidents in public places, including railroads and air-

In a manufacturing plant, moving machinery, cranes, and ve- planes (about 20.5%); and work-related accidents (about
hicles are sources of hazard. Obscure exit signs and falling 11.3%) (12). The second greatest cause of accidental deaths is

due to falls, which account for some 13.9% of all fatalities.objects also contribute to hazards in a manufacturing plant.
Automobile safety is concerned with the reduction of motor
vehicle accidents by emphasizing safety in the design of roads
and automobiles. In addition, highway traffic laws are contin-ACCIDENTS
ually reviewed, modified, and enforced to improve safety.
Speed limits on highways are changed in response to needs.An accident is an unexpected event, especially if it causes in-
Mandatory inclusion of air bags in newer automobiles and thejury or damage without reference to the negligence or fault of
wearing of seat belts are some of the requirements aimed atan individual. Accidents can also be seen as unintended and
improving automobile safety.unforeseen events, usually resulting in personal injury or

property damage. The basic causes of industrial accidents are,
Prevention of Accidentsin general, unsafe conditions of machinery, equipment, or sur-

roundings, and the unsafe actions of persons due to ignorance Organized efforts for the prevention of accidents began in the
19th century with the adoption of factory-inspection laws,or neglect of safety principles.
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first in Great Britain and then in the United States and other Computer-Aided Manufacturing
countries. Fire insurance and accident insurance companies

Programs, which are stored in microprocessors, are mounted
made efforts to enforce safety rules and to educate the public.

on machine tools and used to perform drilling, boring, tap-
Factory inspectors and inspectors from fire insurance and

ping, reaming, and other metal-cutting functions without the
casualty insurance companies carried on a campaign against

need of a human operator. CAM became popular with its ap-
unsafe conditions and actions, and at the beginning of the

plication in the fabrication of large-scale integrated circuits.
20th century a new branch of engineering developed, devoted
to finding and eliminating such hazards. Laws concerning

Group Technologyworkers’ compensation were passed in Germany in 1884,
Great Britain in 1897, and the United States in 1908. By plac- This is a modern approach to manufacturing technology
ing the financial burden of caring for injured workers on the which increases productivity by reducing delays in material
employer, such laws created an incentive for providing safe handling process, including the waiting time (delay) suffered
machinery and working conditions and for improved selection by a job in order to go through a specific manufacturing
and training of employees. In the United States, the National phase.
Safety Council was formed in 1913. This noncommercial orga-
nization has since been a leader in accident-prevention activi-

Flexible Manufacturingties, especially in the publication of educational literature; the
compilation of statistics; and the coordination of safety in This is the ability to manufacture different finished products
schools, clubs, industrial organizations, and state and munici- and adjust to changes in product design in response to mar-
pal agencies. ket needs.

RoboticsADVANCED MANUFACTURING TECHNOLOGY

Robots are central to advanced manufacturing technology and
The primary goal of manufacturing technology is to provide a

are widely used in enterprises ranging from the automotive
competitive advantage through enhanced product perfor-

industry to cosmetics. Robots are used in industry to replace
mance, reliability, quality, and cost superiority. When com-

humans in dangerous or repetitive tasks as well as handling
bined with good marketing and product-support services,

of dangerous materials, such as radioactive fuels or waste. By
manufacturing technology is the basis for market share,

the definition of the Robot Institute of America, ‘‘A robot is a
growth, and stability of employment. Creation of wealth is

re-programmable general-purpose multi-functional manipula-
essential to the advancement of the standard of living, quality

tor designed to move materials, parts, tools, or specialized de-
of life, and level of employment. The Industrial Revolution

vices, through variable programmed motions for the perfor-
originated in England in the second half of the 18th century

mance of a variety of tasks.’’ While this definition emphasizes
with the discovery of the steam engine and spinning jenny.

reprogrammability and multiple task performance, the Japan
Similarly, the present day technology of microminiaturization

Industrial Association (JIRA) emphasizes intelligent function,
in the form of transistors and microchips heralded the Ro-

meaning at least one of the following: judgement, recognition,
botics Revolution and the birth of advanced manufacturing

adaptation, or learning.
technology. A distinct goal of advanced manufacturing tech-

Robotics is a broad range of study spanning the design of
nology is to provide enhanced product performance, reliabil-

mechanical and electrical systems with the use of sensor tech-
ity, and quality at a minimized cost. A competitive advantage

nology, artificial intelligence and computer hardware and
is gained over competitors. The fruit of this is an expansion

software. Although the first industrial robot was manufac-
of the market or customer base, ensuring growth, prosperity,

tured in the United States, Japan surged ahead to become
and stability of employment. In turn the national wealth and

the leading manufacturer of robots. The first commercial com-
economy thrive. Thus, manufacturing creates wealth. Manu-

puter-controlled robot was manufactured in the late 1950s.
facturing is critical to the economy of any country. In the

Two decades went by before the need for increased industrial
United States, it accounts for about two-thirds of the wealth

productivity among the Western nations led to the establish-
created annually (17). A country cannot hope to remain a

ment of robotics as a formal discipline of study. The develop-
world political leader or even guarantee national defense by

ment of industrial robots started in the late 1940s at the Oak
relying on other countries for the bulk of manufactured prod-

Ridge and Argonne Laboratories with the development of re-
ucts. Manufacturing is the base source of income of a nation.

mote-controlled mechanical manipulators for handling radio-
Five forms of advanced manufacturing technology can be

active materials. For instance, the robots named ‘‘Rover’’ and
grouped as follows (18): computer-aided design (CAD), com-

‘‘Louie’’ have been in use at the Three Mile Island nuclear
puter-aided manufacturing (CAM), group technology, flexible

power plant since 1982 to collect concrete and water samples
manufacturing, and robotics.

from the crippled Unit 2 nuclear reactor. Also, an enormous
robot nicknamed the ‘‘Workhorse’’ has assisted in cleaning out

Computer-Aided Design
the basement of the containment building (19). The work of
George C. Devol and Joseph F. Egleberger, in 1959, led toComputer-aided design (CAD) employs interactive computer-

simulation, graphics, and database software that enables en- the first industrial robot introduced by Unimation Inc. This
machine could be taught to carry out a variety of tasks inde-gineers to design and simulate a product. Some advanced

CAD systems can even generate manufacturing-process in- pendently. In the area of manufacturing technology, the robot
could be reprogrammed and retooled to perform other jobs, asstructions, programs for automatic machine tools with bills of

materials, and orders used by vendors to procure parts and manufacturing needs changed. With the achievement of this
milestone, robots offered a very powerful manufacturing toolmaterials.
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which can be used in areas such as arc welding, spot welding, MOTOR-OPERATED VALVES
and paint spraying.

Modern nuclear power stations are very complex. By compari-
son, approximately 40,000 valves are needed in a single US

Advanced Manufacturing System nuclear plant, while an oil- or coal-fired plant of a similar
size requires only 4000 valves (22). The motor operated valveThe need to mass-produce products of uniform quality was
(MOV), actuated by a valve actuator motor (VAM), is one ofthe drive behind the move by industries to automate manu-
such valves. They play a very indispensable role in nuclearfacturing processes; automated manufacturing is based on
power plants. They are called upon to perform safety-relatedmachines designed to perform predetermined manufacturing
services in case of nuclear accidents. Hence, all efforts mustfunctions. Originally, these machines were not flexible and
be made to ensure that after their installation they remain inwere not easily adaptable to accommodate changes in product
good working condition, ready to function when called upondesign. Their high cost and the need for a more flexible sys-
to do so. Since 1973, failures in nuclear power plants havetem led to the use of robots. Robots are capable of performing
been dominated by valve failures, 34% (23); followed by in-a variety of manufacturing functions at a lower production
strumentation, 16%; pumps, 8%; control rods, 8%; and dieselcost because they can be reprogrammed. Basically, an indus-
generators, 7%. Miscellaneous and human failures formed thetrial robot is a general-purpose, computer-controlled manipu-
remaining contribution. It is the combination of valve failurelator consisting of several rigid links connected in series by
and the occurrence of a nuclear accident that spells a nuclearjoints. Each joint–link pair produces one degree of freedom.
disaster. Thus, the MOV plays a critical role in the safe opera-Motion of the joints results in the relative movement of the
tion of nuclear power plants.links. The assembly rests on a base and tools are attached to

In general, MOVs are not continuously rated machines be-the free end. The robot uses the tools to perform assembly
cause they do not operate continuously. Rather, they are

tasks. In essence, it is composed of an arm, a wrist, plus a short-time-rated, high-torque machines, which operate for
tool designed to reach jobs within its area of operation. The short periods of time when they are engaged to open or close
wrist unit consists of three rotary motions namely pitch, yaw, a valve. They are not National Electric Manufacturer’s Asso-
and roll. It is the combined effect of these motions that en- ciation (NEMA) designed motors, which are rated in horse-
ables the robot to orient the tools attached to its arm to suit power, thus implying continuous operation. Instead, they are
the configuration and placement of the job. An industrial ro- torque-rated, in pound-foot, for a given duration usually in
bot typically has six joints, which provide six degrees of free- minutes.
dom as illustrated by the Cincinnati Mailacron T3, and the
Unimation PUMA 560 shown in Fig. 5 (20).

Special Properties of Valve Actuator MotorsIn a broader sense, a robot has three components: a me-
chanical unit comprising rigid bodies or links connected by VAMs are not ordinary motors. They are usually manufac-
joints, a power supply, and a controller. To pick up an object, tured to specifications of the user. They are used for valve
a robot arm responds to the force of its actuators. Servomech- controls and are usually furnished in weatherproof, explosion
anisms are used to exercise control via continuous feedback proof, or submersible enclosures. They may run for only 30 s,
on the actuators. Vision with TV cameras and hearing with just for the time required to stroke the valve. They are widely
microphones gives robots some artificial intelligence, because used in nuclear power plants. Their primary function is to
they are now equipped with eyes and ears. The most powerful open valves for water intake in case of emergency or a nuclear
robot sensory capability is vision, which is commonly referred accident. Being high-speed high-torque machines, VAMs are
to as machine or computer vision. It can be subdivided into made either from an induction motor with special design or
the six principal areas (21): sensing, preprocessing, segmenta- from a dc compound wound motor. These two types of motor
tion, description, recognition, and interpretation. Each of possess high starting torque capabilities because of their de-

sign. Special rotor construction is needed in order for the in-these areas is an expert area of study.

Figure 5. Industrial robots: (a) Cincinnati
Malicron T3 robot arm (Courtesy of Cincin-
nati Milacron). (b) PUMA 560 series robot
arm (Courtesy of UNIMATION,  Inc.)
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duction motor to be suitable as a VAM. In VAMs the locked 3. Overall or Unit Ratio: The unit or overall ratio (OA) is
used to compute the motor torque so as to select motorrotor torque may be as high as 3 to 5 times that of an equiva-

lent NEMA design B motor of the same nominal rating (24). size. The unit OA can only be computed after the stem
torque determined from Step 2 is used to select theSuch high levels of torque are achieved while keeping the

physical size of the motor small in order to reduce its inertia proper HMB- or SMB-type Limitorqe valve controls. By
using the stem torque and SEL-9, the appropriate valueby the following means:
control is picked:

1. Increasing the flux level in the motor
2. By using special materials, such as magnesium which OA = motor design (or rated) speed

acutator or stem rpm
(8)

has a high resistivity
3. A combination of 1 and 2

actuator or stem rpm = stem speed
stem lead

(9)

Some of these ac motors are manufactured by Reliance Elec-
4. Calculated motor torque (MCT) is needed in order totric, Cleveland, OH. Similarly, Peerless Electric Division, of

select the proper motor size. This is given by:H.K. Porter Company, Inc., Warren, OH, manufactures dc
motors. Both companies provide motor performance curves.
These curves are used by Limitorque Corporation to properly MCT = ST

OA × EFF × AF
(10)

match their actuators to the proper motor. The company does
not manufacture the VAMs. Both the motor and actuator are

where ST is the stem thrust from Step 1, and EFF isassembled into a homogeneous unit. The projected life of a
the pullout efficiency, which is determined by the manu-Limitorque actuator is 40 years if operated at ambient tem-
facturer through calculation and confirmation by test. Aperature. All motors are furnished with ball bearings and pro-
typical value of unit pullout efficiency is 0.4 (obtainedvided with grease seals. No lubrication of these motors is nec-
from actuator manufacturer). AF is the application fac-essary, since they are lubricated at the factory for lifetime
tor and it is used to give a conservative estimate of theoperation. All three phases of ac motors are of squirrel cage
MOV torque. It is also used to apply a reduced voltagedesign, and dc motors are compound-wound.
for some motor calculations. A sample value for, AF is
0.9.Selection of a VAM

5. Selection of motor: The calculated motor torque from
The correct selection of a valve actuator motor is critical to Step 4 is a guide used to select the next available motor

its ability to seat and unseat a valve in order to perform the from SEL-9. Thus, conservatively, the motor to be se-
safety-related function in case of a nuclear accident. Since the lected is of the next higher torque size. For example, if
failure of a VAM is a hazard that may be attributed to an MCT � 51 ft � lbs, then choose the next higher motor
improper choice of actuator motor, a descriptive outline of the size, which is the 60 ft � lb, 1800 rpm motor from SEL-
procedure, which will lead to a correct choice, is given. The 9. Similarly if MCT � 30 ft � lb, then choose the 40 ft � lb
five major types of valves commonly used are the gate valve, torque motor.
the glove valve, the plug valve, the ball valve, and the butter-
fly. Only the gate and glove valves are considered since the Safety Guide
selection of other types of valves follow a similar procedure.

Although the motors are lubricated for lifetime operation, itTypically, all standard gate and globe valves require maxi-
is advisable to check the lubricant every six months. It is alsomum stem thrust/torque to seat and unseat the valve against
important to see that the commutator brush on dc motors isa given differential pressure. By using the Limitorque selec-
clean and operates freely. It cannot be over-emphasized thattion guide (SEL) (25), the steps are as follows:
proper size of wires should be used to insure against a large
voltage drop at the terminals when the motor starts.1. Maximum thrust, or stem thrust (ST). The manufac-

turer usually provides ST. If not, this is given by:
Standards

ST = TDP + SP + SL (5) There are no unified standards by an industrial body, like
NEMA, or from an educational and professional organization,TDP = DP × A × FV (6)
like IEEE, to regulate the world of MOVs. However, there
are some guides that have been developed by the Americanwhere TDP is the thrust due to differential pressure, A
National Standard Institute in conjunction with the IEEEis the seating area, DP is differential pressure, FV is
(26) and the US Nuclear Regulatory Commission (27–29) onthe value factor given by SEL-3, SL is the stem load or
the protection of MOVs used in nuclear generating stations.piston effect, and SP is the stem packing or stuffing box
Because of the absence of a unified standard, the design, man-load obtained from SEL-3.
ufacture, and operation of MOVs are left to the judgement of2. Stem torque: The next step is to determine the stem
the engineer and end user. One direct result of this is a varia-torque from ST obtained from Step 1. The stem torque
tion in standard and application of MOVs from one nuclearis given by:
power plant to the other. For example, in some cases, the
thermal overload relay (TOL) is bypassed in the protectionstem torque = ST × FS (7)
of MOVs, while in some others they are not. In fact, many
investigators (30–32) have been alarmed by this lack of uni-where FS is the value stem factor.
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fied standards and have pointed out the dangers presented by points accurately and correctly. Another was the difficulty of
providing proper thermal overload relay protection for the in-such practices.
termittent duty actuator motor.

The most significant electrical cause of MOV failure is theConstraints for Starting and Operation
overheating in the stator or rotor of the valve actuator motor

MOVs are high-torque high-current starting and short-time-
during locked rotor condition (35). It accounts for 90% of the

run motors. The usual requirements of maximum torque at
reported failures. The overheating caused by the stalled mo-

starting (zero speed) with reduced starting current that ap-
tor condition results in a high rate of temperature rise in the

plies to all types of motors are also desired for MOVs. Nearly
stator as well as in the squirrel cage rotor. It was found that

all squirrel-cage induction motors are capable of starting at
squirrel cage rotors made of magnesium alloy had a signifi-

full rated voltage without being damaged. However, their
cantly larger failure rate than those with aluminum rotors.

starting current is so high and the power factor so low that
The reason is that although the use of magnesium rotors pro-

the power supply may be adversely affected by an excessive
vided the much-needed high starting torque, they are suscep-

voltage dip when the motor is started. For MOVs, the dc mo-
tible to cracking when overheated by sustained locked rotor

tor can be started at 70% rated voltage, while the ac motor
current. Also, they are susceptible to corrosion when installed

will start at 80% rated voltage. While the 70% figure is well
in a hot, humid environment. This weakness is due to the

accepted for the dc motor, the 80% figure is not yet well estab-
brittle nature of the magnesium alloy with its relatively low

lished for the ac motor. At the upper limit, both types of mo-
melting temperature and large galvanic potential between

tors may operate satisfactorily at voltages 10% above their
magnesium and steel used in the rotor lamination.

rated values.

Protection of MOV
Failure of MOVs

Measures that can limit or reduce the failure of MOVs include
In nuclear power facilities, the concerns for radiological expo- the following:
sure, fast emergency system operation, and the requirement
to bring the plant to a quick and safe shutdown point to the • Operator training
indispensable and critical role that the MOV must play. Al-

• Correct operational proceduresthough everything possible is done to minimize the failure of
• Preventive maintenanceMOVs, an Institute of Nuclear Power Operations (INOP)
• Valve/actuator matchingStudy (33), which investigated 644 different Licensee Event

Reports (LERs) submitted to the Nuclear Regulatory Commit- • Periodic inspection of magnesium rotors
tee (NRC) between 1974 and 1982, showed that failure of

Any protection strategy for MOVs must be primarily tempera-MOVs has indeed consistently occurred. The failures are at-
ture sensitive because excessive heat is the major cause oftributed to mechanical, electromechanical, electrical, and mo-
motor burnout. Since MOVs are specialized intermittent duty,tor control circuits (MCC) causes. Their analysis, shown in
high-torque, high-slip motors, wide fluctuations in current areTable 7 indicates that 32% of the documented failures were
their characteristics, and they are designed to withstanddue to electromechanical torque switches and limit switches.
them. Hence, protectors designed to be current sensitive areSince the summary also shows that 22% of the failures were
likely to stop a motor that is functioning normally or fail tomechanical in nature, then 54% of the total MOV failures an-
stop a motor that is overheating. Basically, three types of pro-alyzed were due to electromechanical components within the
tectors are available for overload protection. They are:valve actuator.

Further evidence showed that the documented failures
1. Internal devices located on the stator windings: Thesecould be attributed largely to MOV hardware, equipment de-

are internal temperature sensors like thermistors orsign, application, operation, and maintenance practices. How-
thermally actuated contacts located on the stator wind-ever, the biggest cause of failure was the torque switches and
ing. They are good for motors that are stator tempera-the position limit switches. For this reason, Electric Power
ture limited, but are ineffective for motors that are rotorResearch Institute (EPRI) funded EPRI NP-4254, Project
temperature limited. MOV motors are classified as ei-2233-2 (34) titled ‘‘Improvements in Motor-Operated Valves’’
ther rotor limited or stator limited. If the temperaturein order to find remedies for the shortcomings in the design
of the rotor reaches its allowable limit before the statorof the MOV. Other investigations on causes of MOV failures
reaches its own allowable limit, then the motor is re-across nuclear power plants showed that one major difficulty
ferred to as rotor limited. However, if the temperaturewas the problem of setting up the torque and limit switch set
of the stator reaches its allowable limit before the rotor
reaches its, then the motor is said to be stator limited.
They are vulnerable to failure due to heavy vibration
found in some actuator applications and are not easily
accessible, thus creating maintenance difficulties.

2. External devices actuated by motor currents: These are
bimetallic or eutectic thermal overload relays in the mo-
tor–starter circuit and the thermal–magnetic trip ele-
ment in the circuit breaker. They provide protection for
overload and locked rotor conditions. They usually con-
sist of the current-carrying portion, which produces the

Table 7. MOV Failure Analysis—INPO Report 83-037 (12)

Type Percent

Mechanical (failure to operate, bent stems, damage to 22
valve seats, gear binding and damage)

Electromechanical (torque switch failure, torque switch 32
adjustment, limit switch adjustment)

Electrical (motor, contacts, MCC and others) 27
All others (vibration, wear, other) 19
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heat, and the tripping mechanism, which is actuated as with specialized rotor design or from a compound-wound dc
motor. Since it is required to drive a valve to a fully close ora result of the heat.
fully open position, the MOV is fitted with position limiting3. Combination of internal and external devices.
switches to stop the unit at the full open and full close posi-
tions. In addition to position limiting switches, valve motorMore protection is provided by a combination of 1 and 2.
actuators are equipped with a torque-limiting device. ThisWhichever protection mechanism is selected, it must pro-
torque switch is designed to limit the output torque of thetect the motor from the following:
actuator to the peak torque required by the valve usually to

• Motor overheating due to locked rotor conditions seat or unseat it.
While some manufacturers provide internal temperature• Motor overheating due to anticipated overloads

sensors located on the stator windings, the most common• Nuisance trips during acceleration
mode of protection is through current-sensing devices located

• Nuisance trips due to anticipated overloads
external to the device. The industrial or utility approach is to

• Nuisance trips during operation within the duty cycle of use thermal overload relays (TORs) as part of the combina-
the valve tion starters provided in the MCC.

It is most essential to reduce the failure rate of MOVs be-
Maintenance of MOV cause of the importance of their function in nuclear power

plants, especially in case of nuclear accident. To this end, theIt is known that in many cases, MOV failures result from
Licensee Event Reports (LER) between 1974 and 1982 wereinadequate training of personnel and the failure to implement
reviewed (33) in order to identify the causes of the docu-existing maintenance schedules. Therefore, preventive
mented MOV failures. It was found that up to 54% of theinspection/maintenance based on time or cycle provided by
failures were electromechanical in nature, while 27% werethe valve manufacturer should not be ignored or overlooked.
electrical. The report also indicated that a significant numberThe manufacturer’s recommendations should be followed. Use
of MOV failures were due to improper operator training.of lubricants specified by the manufacturer and careful atten-

In order to ensure that MOVs remain in a sound functionaltion to quantity, quality, and consistency must be adhered to.
condition, they must be routinely maintained as recom-The Limitorque Corporation recommends the following main-
mended by the manufacturers. Some of the maintenance tipstenance practices for their actuators:
include lubrication of the main gearbox and geared limit

Lubricate main gearbox and geared limit switch. switch and inspection of the stem and stem nut system and
lubrication as necessary. Note that for lubrication purposes,Do not fill the actuator to 100% capacity. Leave an air
the quantity and quality of grease recommended by the man-space in the actuator to allow for thermal expansion of
ufacturer must be adhered to. Finally, operator training isthe lubricant.
necessary in torque switch and limit switch setting, as wellCheck shaft penetrations for seal leakage. Note that some
as in the protection and control of MOVs in order to reduceoil leakage is expected and acceptable. Replace seals if
human error in their utilization.abnormal grease leakage occurs.

Remove moisture if found in the limit switch compartment.
Ensure cleanliness of electrical contacts and check ter- REGULATIONS AND SAFETY STANDARDS
minal connections for tightness.

Regulations have been established by government agencies toInspect stem and stem nut. Internal and external wiring
guide the safety practices of its people. These days everyoneinside connection compartment should be checked for
must conduct his or her work in accordance with this statu-damaging abrasion cuts or distortion of conductor insu-
tory legislation. Some of these standards organizations andlation.
function are:

Summary
National Electric Code. National Electric Code (NEC) isMOVs are commonly used in direct gear-driven valve actuator

one of the oldest, and was first developed in 1897. Itassemblies in nuclear power plants. They are short-time
sets standards that cover industrial, commercial, andrated, high-torque, high-slip motors. They are rated in torque
residential electric systems to help minimize the possi-(i.e., in lbs. � ft.) and not horsepower (hp) as in conventional
bility of electrical fires.motors. For normal operation of the valve actuator, the motor

American Society for Testing and Materials Standards. Themay run up and down the torque scale from light load to stall
American Society for Testing and Materials (ASTM)torque. The corresponding horsepower follows this same pat-
Standards produces standards for safety equipment de-tern. Thus, the horsepower fluctuates accordingly, making it
sign, usage, and testing.useless as a means to rate the MOV.

Industry or professional society standards do not cover mo- Occupational Safety and Health Administration.
Occupational Safety and Health Administrationtors employed as direct gear-driven valve actuator motors.

For this reason, there are no universally accepted methods of (OSHA), an agency of the US Department of Labor, was
established by an act of Congress in 1970. Its main re-protecting the motor. Therefore, the design, manufacture, and

utilization of the MOV are left to engineers, manufacturers, sponsibilities are to provide for occupational safety by
reducing hazards in the workplace and enforcing man-and end-users.

Because MOVs require a very high starting torque, they datory job safety standards and to implement and im-
prove health programs for workers. OSHA regulationsare manufactured from either a squirrel cage induction motor
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