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Introduction

Training nuclear power plant operators
has always been a problem--it absorbs the
time of skilled men, requires gperational
equipment, and 1s often difficult and poten-
tially dangerous. Because of the major ex-
pansion of nuclear generating capacity
anticipated during the next ten years, there
will be increased requirements for competent
staff, Approximately 15,500 additional
nuclear oriented plant and headquarters staftf
personnel will be required by utilities in
the U.S. by 1982. . 0f the utilities expected
to have nuclear power plants in operation by
1982, two-thirds of these will have had no
actual operating experi?nce with nuclear
power plants (WASH-1130')}. Utility managers
must make certain that they receive fuil
value for every dollar expended in training.
They have the responsibility for the safe
and efficient operation of the plant, for
gaining and maintaining public trust and con-
fidence, and for the avoidance of costiy
power interruptions. A cost effective train-
ing system for plant personnel will ensure
efficient operation and increase return on
investment.

The use of simulators for training
power plant operators is becoming more wide-
spread, Operational simulators have been
used in various industries and throughout
the military for a number of years in the
training of operators of complex equipment,
including both normal and emergency operat-
ing procedures and skilis. The most widely
known application of simulators has been in
the training and examination of aircraft
piTots. SimuTators have also been used for
training astronauts and for training control
room operators for large power plants. These
cases require trained personnel prior to the
operation of actual equipment. Once a nuc-
lear power plant is operational there is
1ittie opportunity for using it for train-
ing. Since practice of all but routine pro-
cedures will adversely affect plant reli-
abiiity, plant economy, and public and
personnel safety, use of the plant for train-
ing purposes. is not a cost effective or
safe means of solving the training problem.

Factors relating to safety, economics,
and training effectiveness have influenced
decisions to use nuclear power plant simu-
lators in training and requalification
programs for reactor operators and key plant
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personnel. In a survey of 14 operating
utilities fn the United States, the United
Kingdom, and Canada seeking information on
attitudes toward training by simulation, the
utilities were asked to comment in general
on their experiences with the training of
nuclear power plant operators and speci-
fically on_the role of simulators for train-
ing (Bates?, 1969). Of the 12 organizations
that replied, six had had experience with
simulator-trained personnel and 11 thought
that training by simulation was valuable.
Nine utilities expected to use simulators for
training in the future. Eight utilities be-
1iaved that the simulator was also good for
refresher training.

" Need for Mational Standards for Simuiation

Racent studies which related the degree
or scope of simulation to the training
requirements for control room operators
(Cox and Hughes3, 1973) resulted in recom-
mendations concerning the need for the

. development of a natjonal standard which

would accomplish the following:

a) Clearly define the training re-
quirements to be met by the simulator.

b} State the simulation tolerances,
both for system performance and system inter-
dependency, necessary to meet the training
requirements.

c) Specify the fidelity and scope
of simulation of normal, emergency, and ab-
normal operating conditions required for
training and requalification programs.

d) Provide criteria and guidelines to
be followed by both the simulator manu-
facturer and the utility, in cooperation .
with the AEC, regarding the use of a simu-
Tator in training and requalification of
operators in the safe operation.of nuclear
plants.

After further investigation 1t was con--
cluded that it is necessary for the pro-
posed standard to relate the important
dependent -and independent variables to the
physical processes which affect the operator's
tasks during startup, operation, and shut-
down (Hughes, Cullingford, and Deaton®, 1973).
The standard should provide tolerance re-
quirements for the principal simulation
variables that are displayed and/or require



operator response. These variables are
inherent to the control, core physics,
reactor coclant, steam supply, nuclear in-
strumentation, and all engineered safety
features.

The present lack of a definitive
national standard for nuclear power plant
simulators for operator training is not
particufarly surprising. The nuclear power
industry is relatively young and the advent
of the full-scope, high-fidelity nuclear
power piant simulator occurred just a few
years ago.

Federal reguiations {published August .
17, 1973 in Appendix A of T0CFR55) outline
requirements- that each AEC Ticensed oper-
ator must satisfy in order to have his
1icense renewed every two years.
requirement s that each operator is re-
quired to execute "10 reactivity control
manipulations" during the two-year period,
Because of the constant level of pawer gen-
eration by the nuclear plant it is unlikely
that each operator would be able to fulfill
this requirement. Following an analysis
of thair regualification training program
requirements, the Carolina Power and Light
Company cited the nuclear power plant sim-
ulator as the "key Eo regualification”
{Connelly and Roman®, 1973) since the use of
simulators was the best way to requalify
without affecting plant operations.

To perform their job in a power plant,
operators are reguired to learn to operate
complex and costly equipment, with safety
the single most fmportant factor. Because
of the constant power loading of the plant,
an operator receives only a small amount of
infrequent practice in starting up and shut-
ting down his plant. In addition, the
operator seldom gets practice in the maneu-
vering necessary to deal with failures of
individual plant components such as pumps.
Since routine operations of a large, new
plant offers 1ittie opportunity for train-
ing in some of the most crucial, safety-
related tasks, one method sometimes employed
for training of power plant operators is
to have the trainee practice on older and
smaller plants. However, the newer plants
being planned and built are not only larger, -
but they are also more complex, and they
incorporate Tater designs and different
operating procedyras. Thus, training on
older plants may not be relevent to the
training requirement. Simulators can be
built which duplicate the actual control
room and display an accurate response to
the actual procedures.
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One such _.

Nuclear Power Plant Staffing Projections

- - Figure 1, from an AEC repart titled
"Wtildty Staff1ng and Train1n? for Nuclear
Power, June 1973," (WASH-1130"} illustrates
an estimate of the expected growth in the
nuclear industry for the number of utilities
operating commercial units through the year
1982. The total number of operaticnal
nucléar units in 1972 was 29. Through

1982, the AEC predicts that there will be

180 nuclear units in operation consisting of
three 4-unit stations, eight 3-unit stations,
53 dual-unit stations, and 38 single-unit
stations. In 1982 there will be 67

utility companiés in the United States, of
which 35 will be operating two or more units,

-and 19, three or more units.
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(From "Utility Staff1ng and Training for
Nuclear Power," WASH-1130, June 1973)

" The AEC has assessed the cumulative
staffing impact of putting new nuclear gen-
erating units 1?to service through the year .
1982 {WASH-113C"). AEC estimates of the com-
bined needs of U. S utitities for nuclear-
trained manpower are shown in Table 1 and
Tabie 2. The total number of persons, or
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TABLE 1. ESTIMATED NUCLEAR STAFFING REQUIREMENTS FOR U,S. UTILITIES . ..
BY DATE OF EMPLOYMENT (FROM WASH-1130, JUNE 1973} o

Plant Plant
Year Headquarters Opérations Technical Technicians . Maintenance Security
Est. Thru . . C :
1972 1758 2237 444 - 707 1318 457
Aad. for _ 7
1973 198 : 180 31 90 489 167
1974 . 167 379 72 57 Coar o
1975 196 426 .. 73 136 152 42
1976 262 " as7 T o4 135 346 119
1977 270 661 123 162 363 ST
1978 323 401 57 248 415 140
1979 419 219 65 120 28 216
1980 345 651 115 120 361 L 93_ .
1981 371 761 53 e 93
1982 07 _847 st 258 58 . . 18
Total 4726 7429 1278 Coz240 ;L 5364 ‘#:5593,
_ TABLE 2. ESTIMATED STAFFING BY DATE OF EMPLOYMENT (FROM WASH-1130, JUNE 1973)
T *  Shift , T
Supervisors * Lead )
*Plant Sup't. *Operations and Lead ** Control  Auxiliary Fuel Fuel
Year  _and Ass'ts. Supervisors _~ Operators Operators Operators Handlers Handlers
Est. Thru . )
1972 119 82 - 433 698 698 69 138
iAdd. for L
1973 15 13 32 42 42 12 4
1974 16 15 74 119 119 o2 24
1975 26 16 81 111 111 27 54
1976 19 24 90 140 140 18 36
977 6 ' 15 o136 216 216 24 B
1978 14 T 15 78 93 93 36 72
1979 24 23 78 93 - 93 s 72
1980 28 27 126 181 181 36 72
1981 31 30 148 213 2137 7 42 84
1982 34 o33 Lo e 2800 240 4 %0

Total 332 293 1441 2146 2146 "357 714

* Indicates Ticensed "Senior Reactor Operator."
¥ _Indicates Ticensed “Reactor Operator."
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equivatent man-years per year, are shown by
job category; the dates represent the times
at which the personnel should be employed in
order to assure meeting all job qualification
and training requirements. - Table 2 repre-
sents a specific breakdown of the "Plant
Operations" category shown in Table 1.

Those job categories requiring personnel io
qualify as licensed operators and licensed
senior operators in accordance with the
regulatory requirements under Federal Rules
and Regulations (Title 10, Part 55) are
indicated by asterisks. It is noteworthy
that the licensed operators do not form a
highly mobile Tabor pool within a utility
since they are licensed for specific plants.
Transfers require additional training.

Simulators for Requalification Training

Recently the AEC issued a rule change
which requires that licensed operators
participate in requalification programs to
demonstrate continued competence for Ticense
renewal. While requalification program
requirements involving manipulation of re-
actor controls for reactivity changes may
be met using the nuclear power plant con-
trols, the AEC regulation both permits and
encourages the use of simulators. This regu-
Tation (Appendix A to 10CFR55) permits the
use of a simulator as a means for reactor
operators to demonstrate skill and/or famili-
arity with reactivity control systems. These
manipulations shall consist of a minimum of
10 reactivity control manipulations in any
combination of reactor startups, shutdowns,
or control manipulations to demonstrate
operator competency. A simulator may be used
for practice if it "reproduces the general
operating characteristics of the facility in-
volved, and the arrangement of the instru-
mentation and controls of the simulator is
similar to that of the facility involved."

TABLE 3.

Another provision of TOCFRGS, Appendix
A, requires the evaluation of operator
actions during actual or simulated abnormal
and emergency conditions. While this re-
guirement may be met using the controls of -
the actual plant, here again the AEC permits

-and encourages the use of a simulator which

"ghall accurately reproduce the operating
characteristics of the facility invelved,and
the arrangements of the instrumentation and
controls of the simulator shall closely
parallel that of the facility involved.” If
the control panel of the actual facility is
used for evaluation, actions that the oper-
ator would take to handle the emergency or

.abnormal condition are only discussed; con-

trol manipulation is not required. Table 3
sumnarizes how AEC requirements for a simu- -
Tator vary with the intended application.

Note that requirements are more stringent

for evaluation than for practice purposes.

According to a recent interpretation of
Appendix A to 10CFRE5 (HoTman, J. J. and
Coliins, P. F.6}, the use of a simulator may
be acceptable in meeting the requirements
for reactivity control manipulations and
demonstrations of understanding of apparatus
and mechanisms if the simulator design is

- based on a nuclear steam supply vendor's pro-

. particular plant on which the operator is

duct Tine. However,.for the purpose of
evaluation of operator response to abnormal
and emergency conditions, a simulator may be
used only if it possesses sufficient scope
and fidelity of simulation in approximating
the dynamics of transient operation of the

licensed.

The training value of simulators is
recognized by the AEC and their use is en-
couraged in Appendix A to TOCFRBS. AEC
acceptance of simuTators which provide a fultl
scope, high fidelity duplication of the

TOCFRG5 APPENDIX A SIMULATOR REQUIREMENTS

TRAINING REQUIREMENTS

Practice of at Least
10 Reactivity Control

Evaluation of Operator
Response to Abnormal and

Manipulaticns Emergency Conditions
Reproduction of Operating "General" "Accurately"
= Characteristics
2= {Performance)
=E S
S= | Arrangement of Controls "Similar" "Closely Parallel"
=
et and Instruments
{Configuration)

NOTE: Words in guotation marks indicate the Tevel of sfmulation equipment require-
ments (performance and configuration) needed to satisfy the training

requirements.
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controis and transient responses of nuclear
power plants attests to their training value.
The Tact that simuiators are now being built
with sufficient fidelity of simulation to_
provide complete, continuous, real time
representations of dynamic responses of
nuclear power plants is particularly signifi-
cant; this capability permits their use 1in a
full range of training experiences including
training in-all normal and abnermal operating
procedures. The trainee can perform in a
variety of training exercises cn a simulater,
whereas practice on a real reactor in coping
with problems encountered in abnormal and
erergency operation is severely limited.

Since power outages, for whatever reason
including training, can result in Josses of
about $100,000 per day, it is understandable
that utilities recognize that the use of the
simulator presents a cost effective "key to
reéqualification” {Connelly and Romanb, 1973).

Simulator Use in Initial Training

A practical distinction between the use .

of the actual plant controls in training and

the use of the simulator is reflected by the
AEC policy in accreditation for time spent on
a simulator in operator training programs.
The AEC has recognized the training effec-
tiveness of nuclear power plant simulators
and awards credit on a three-for-one time
basis for such use. Up to one year of such
training (four months on a simulator) is
accepted in lieu of plant experience in
quatifying for initial licensing.

Training may qualify as experience if
acquired in appropriate nuclear power plant
simulator training programs on the basis of
one month's training being equivalent tc three
months working experience in plant operation.
At the time of appointment to the active posi-
tion, reactor operators to be licensed by
the AEC must have two years of power plant
experience of which a minimum of one year
must be nuclear power plant experience or
equivalent training on a nuclear plant .
simulator. If rot already eligible by expe-
rience and previous training, a candidate may
became eligible to take the examination by
a combination of participatory assignments

" at operating reactors or suitable reactor

simulators, participation in construction
or startup activities at the nuclear plant
involved, and related technical training.

According to the provisions of the Na-
tional Standard ANSI N 18.1-1971 titled
"Selection and Training of Nuclear Power
Plant Perscnnel,” it is possible that the
two year experience criterion for the licen-
sing of a reactor operator may be shortened
by as much as eight months {f a simulator s
used (one year equivalent experience for

i5

four months simulator-training). Individuals
who successfully compiete a training pro-
gram using a simulator will be considered

eligible for Ticensing by the AEC before
startup of a new unit provided that:

1. They have completed an acceptable
course in nuclear technology fundamentals,

2. They have manipulated the controls
of any real nuclear reactor throughout ten
complete startups (research or test reactiors
such as the General Electric NTR Critical
Facility have been used for this purpose).

3.  They have experienced several months
of daily observation of an operating power
reactor. (This experience is observation
only and does not require manipulation of
controls.} o

Power Plant and Flight Simulators

___The use of simulators in aircraft pilot
training is well known. There is a common .

 factor-in relating programs for piloet train-

ing to those of power plant operator training.

. Both airplanes and nuclear power plants are,

to the trainees, challenging devices which
are increasingly expensive and complex; and
in their operation, safety is a major factor.
Both pilots and nuclear powér plant operators
can now train for their complicated respon-
sibilities using simulators designed to .
emphasize sensory perception of events by the
trainee, Both the modern flight training
simulator and the modern power: plant operator
training simulator are controlled by &,
digital computer specifically designed for
real time simulation.

-In the 1950's thé problems of simula-

'ting the high speed, Tow altitude environ-
-ment of attack aircraft offered special

challenges to the Navy. The need existed to
apply advanced simulation. techniques to
represent the Navy's new high performance
aircraft through a broader range in_terms

of values and rate of change (Kelly’, 1971).
There was experimentation in computational
systems that would provide more rigorous
solutions of equations, and thus be more
suitable (than the analog computers of that

_period) for simulating the wider range,

higher rate performance of jet attack
aircraft. 1In 1950, the Naval Traiming
Device Center awarded a contract to the
University of Pennsylvania for a study of
the practicability and feasibility of using
digital computation in simulation. As a
result of that study, the Universal Digital
Operational Flight Trainer Tool (UDOFTT) was
constructed in 1960. This constituted the
first practical step in the application of
digital technology to flight training simu-
Tation. Subsequent Navy flight trainers have



demonstrated the great flexibility and capa-
bility inherent in simulation based on dig-
ital computation with advantages. in rapid
and accurate calculations, greater reli-
ability, lower power requirements and jm-
proved maintainability.

The modern nuclear power plant simu-
Tator presents to the operator trainee a
training device with many of the same train-
ing advantages and capabilities that are
available to the pilot trainee in a madern
flight simulator. Both of these men are
trained (to handle complicated responsibil-
ities)with digital simulators designed to
emphasize sensory perception of events by the
trainee. Both trainers are controlled by
a digital computer specifically selected for
its real-time simulation capability. )

Nuclear Propulsion Operator Training with a

Simutator .

Another example of the effectiveness of
training simulation related to puclear re-
actors has been reported (Gross®, 1973). In
his paper concerning training for the N.S.
SAVANNAH'S crew, Gross: stated the following
advantages:

® Eliminated need for an expensive
shaore based prototype reactor

s ‘Provided training prior to avail-
ability of the ship

s Used to train repiacement personnel

s Reduced need to divert operational
equipment to training.

Gross then cited the Maritime Administra-
tion and the Maritime Reactor Branch of the
AEC's Division of Reactor Development in re-
cognizing the value of the simulator in oper-
ator licensing qualification training.

Like the commercial nuclear gemerating
station, the vessel had & reactor as the basic
energy source. Unlike the commercial station,
the principal energy conversion process in the
ship resulted in mechanical energy whereas the
conversion in the nuclear generating station
results in electrical power. The ship had a
- geared turbine with a single screw. The de-
mands ¢n fast ship maneuverability involving
rapid power transients imposed stringent train-
ing requirements for safe and efficient oper- -
ation which were met on the simulator.

Training Mission of the Simulator

For a real time simulator to be com-
prehensive, and yet economically feasible,
care must be taken in selecting and
developing systems and effects to be simula-
ted. The approach taken in develaping
system models. typically has been to construct
the models on a modular basis with each

model corresponding to a plant system: One
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"~ emargency situations (MeNally and Chen”,
-1972). The adequacy of a particular system
-modei depends on its ability to simulate both

- can be appreciated.

~ other skill.

of the primary justifications of a nuclear

" power plant simulator is the ability to sub- -

ject the operator to various types of g

rormal coperations and malfunctions.

Simulators help in improving decision- -
making by developing judgement. Perhaps
the greatest benefit derived by pilot and
air crew training simulators lies in the
systematic presentat%on of repetitive ex- _ ..
perience (Wheatcroft !0, 1973), and simulators
have a definite advantage in this area
since recovery and reset of the training
situation can be accomplished rapidiy
through the computer. In view of the simi-
lar requirements for training in the oper-
ation of complex operations of nuciear power
plants and aircraft, the value of the
systematic presentation of repetitive ex- . - e
perience in nuclear power plant simulators
Improvements. in dec¢i-
sion-making come from repetition, as in any
In most cases of training in
decision-making on a simulator, realism ig
important. Such is the case for training to
handle emergency and abnormal events in the
nuclear. power plant. The information pro-
vided to the trainee must be realistic and
the acceptable decisions must be.the same
ones which must be made on the job. A good
nuclear power plant simulator must provide :
feedback of information to the trainee tg tell’
him whether or not he has been successful.

It 1s apparent that since the role of
nuclear power plant simulators is.to provide

-training under all normal and emergency con-

ditions, the development of such a simulator
must include details which will prévide a
compiete, continuous, real time representation
of the physical characteristics of the power
plant to be simulated. To accurately repre-
sent the physical and functional character-
istics of the plant, it is necessary that
complete and detailed information relative

to the plant design be available to the .
simulator designer. _The design data takes on
several forms ?Abbaﬂ1, 1973). First, the
physical characteristics of the plant{in¢ly-
ding component performance and the layout and
instrumentation of the control room) must be
described. The second general category of
data relates to the physics of the plant
systems. A third category of data includes
such information as the turbine thermal

-characteristics, reactor physics, heat trang-

fer characteristics and heat balance data.

These three categories of data constitute

several hundred indfvidual items which are S
necessary to assure simulation accurate B
enough for traiming purpuses. Data reduction

involves tasks such as (1) establishing

steam table functions, {2) developing
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Boolean equations from logic diagrams, (3)
developing mathematical eéxpressions to
reprasent the plant systems, .and (4) the use
of off-Tine computer time to reduce the reac-
tor physics data to a form suitable for real
time simuiation, all while maintaining a

Tevel of fidelity commensurate with the train-
ing requirements of the nuclear power plant
simulator.

Renorts of recorded abnormal occur-
rences at nuclear power plants provide data
that may be used for gualitative assessment
of the nature and extent of these events in
the nuclear industry (00E-05-00112 10 May
1974). Table 4, taken from the reference,
provides a summary of the proximate cause
category versus number of aevents for abncrmal
occurrences” in U. 5. commercial power plants
in 1973. Component failure was- the proximate
cause of well over half of the events.
Personnel error was the second most frequent
cause of the abnormal occurrences, accounting
for about 15 percent of the total. Clearly,
training of power plant personnel can have a
significant impact on plant reliability.

TABLE 4. PROXIMATE CAUSE CATEGORY VERSUS
- NUMBER OF EVENTS

Proximate Cause
Category Number of Events
Personnel Error 132
Besign Lrror 51
External Cause 14
Procedures Defective - 71
Component Failure 442
Other 78
Unspecified 73

TOTAL 861

Surmmary and Conclusions

Training in normal operating procedures
and in procedures to cope with emergencies is
required for nuclear power plant operators.
To meet this training requirement, simulators
have been designed and built so that the
operator actions possible in a real control
room are also possible in the simulated con-
trol voom. MNuclear power plant simuiator
development has occurrad- because of increased
power plant sophistication and the recogni-
tion of the value of training using simula-
tors. As nuclear power plants grow more com-
plex, as operations become more demanding, as
operating costs grow and as demand for avail-
able trained manpower increases, utiiities
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will require more simulators to provide oper- -

ator training for Targe-scale, modern plants
and for planis of advanced conceptual design.

Current and planned nuclear power plants
generate on the order of 1000 Mwe. These
plants can cost approximately $600 M, and
power outages can result in ldsses of .-
$100,000 per day due to the reduction of
electrical generation. This large financial
investment 1s the responsibility of three
to five operators with support personnel who
must weigh their decisions against adminis-
trative and regulatory standards to assure
a safe and efficient operatijon of the plant.

In view of the potential hazards to the _
public welfare and in consideration of the
costs associated with plant down time,-
management in the nuclear power industry must:
(1) eliminate those factors which jeopardize
safety of operations and (2) enhance those
factors which affect the efficiency of opera-
tion and increase the return on investment.
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