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Table |

Human errors in Thiee Mile Island acaident sequence®

(1) (Before the acaident

1O Sicam generators

(2) (Before the ac

mstrument air (as it had on two previous

Failure

wdent )

fix leaky valve 1n condensate demineralizer

Incorrect valve lineup left both block valves closed and prevented delivery of auxiliary feedwa
to provide normal shutdown cooling

the leak Ph‘?‘.lhln let water into th

occasions ) and imiuated the acodent

{Before the acaident ) Operating at power with a leaking power-operated relief valve, and failling to recognize that th
¥ galp ¥

would obscur

Eight

> wdentibcation of a stuck-open valve
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n diagno;

z falure of delivery of auxihary feedwater

re-opening block valves

Delay of 24 hr in rec zing relel valve stuck open and closing block

Throtthng back high ess
thus the
Failure

interpretation that full pressurizer means full

Ifrec er

need for emergency core cooling
ymptoms
reactor

& Failure 1 §i 105¢ and act

gency core coohng. Failure 1o recognize an ongoing loss-of-coolant acaident. ar

f borling in primary system and 1ts implications  inadeguate core cooling ; inc
impaired natural circulation

on hydrogen combustion or explosion in containment

lly fron

Malone ¢r a
Malone er al. (1980), gives a histing of the events that
are principally important for the present review. The
role of human misunderstanding and error evidently
looms large

Many analysts found that the plant design and
operation showed inadequate consideration of people
Admittedly using
20,20 hindsight, these analyses discuss shortcomings

their capabilities and hmitations

in (1) selection, qualihication, and tramming of operating
people, (2) presentation of needed information to the
people, (3) maintenance, operating, and emergency
procedures used by the people to perform their duties,
and (4) orgamization and management of the people
Industry and prograrm harshly

government were

criticized

The Kemeny Commussion
President Carter appointed a Commission to ‘con

comprehensive study and investigation’ of the

nendations of the Kemeny commission

(1980

I'MI acaident. The Commission held hearings  its st
The report of the C¢
mission given in Kemeny et al (1979) inclu
conclusions and recommendations related to hun
factors. These are summarized in Table 2. The reco
mendations are more detailed than the summary giv
in the table; they include actions to be taken
industry and government

I'he technical staff assembled by the Presider
Com: i
(1979)

conducted technical studies

ussion reported their analysis in Jaffe o
There are reports on the following e
relevant 1o this review

'MI-2 site management
Selection, traiming, qualification and licens
Three Mile Island operating personnel
Control room design and performance
Technical assessment of operating, abnormal
emergency procedures
Simulators—tramning and engineering design

related 10 human factors safety
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under which he is operating ; design of equiment and
information required for the performance of tasks
design of procedures which support the completion
of task sequences; and tramming Speahic lactors in
the incidence of human error in each of these areas

are as follows

Operator factors in human error incidence

fatigue
disonentation
distraction
motivation
forgetfulness
confusion
expectancy or sel
p«\.'-t | ‘;‘1;.1! siress

reasoning problen solving

inadequate
capability

inadequate skill levels

inadequate knowledge

per stional factors in human error idence

ume constramnt

iterfering actuvities

n

u iions

¢ level

! CITOr 1 idence
iocation
irrangement

hisplay dentihcation or coding

peration or response

information availability

information readability

availability of feedback information

Procedural factors in human error incidence

mstructions or directives

¢crroneou

incompiete or Incor sistent instructions

confusing directive

Tramming factors in human €rror in iden
inadequate knowledge traiming

skill tramming

madeguate

wabtin

12 Human re

be treated 1in human lactors

IThe basik
ited with nuclear power plant salety 1S that ol

problem t«
¢
on by the person or persons involved This

1 hurn

140y

Rehabihity ¢« otes

evaluated as ian action reh

a4 Quantity that charac

the probability ol the correct action occurnng

studied as ‘human rehiability, whose prac

stimate the probabilities of vanous kinds ol

and failures in a matnx that places such

in the context of nuclear power plani

operation and safety. Relevant studies involve data on
human performance and rehiability, together with
models of human behavior, to be used In conjunction
with the data in making such predictions. The users of
this information include (1) organizations performing
probabilistic risk assessments, and (2) orgamizations
developing regulatory requirements

fui designers and operators (and gov-
ernment regulators), human rehability transcend
estimates of a probability In the present state of the
art, the adequacy of human factors in a given plant 1s
not evaluated by calculating one or more probabilities
and comparing with acceptability critena for prob
abilities. Instead of this ideal, perhaps realizable » the
future, we presently evaluate human performarice
factors ior the plant in question. That 1s, we look

However

directly at the qualification of personnel adequacy ol
procedures, presentation of information, and so forth
without any intermediary probability calculation. This
can be done usefully without any modeling at all
probabilistic or otherwise, using empirical knowledge
of features that enhance human performance. A more
structured approach involves use of a maodel of humar

behavior to organize the data and their applicaton

sy Ssiem
achin
He

13 Human function in the man-machine

A model of human function in the man n

svstem context was given by Rasmussen (1979)

states

Man as a system component. Design of syster

depends on descriptions ¢ f man and machines whicl

are compatible in structure and concepts For

automated systems, information processing cor

cepts are natural choices for integrated functiona
-

design Functional properties of man depend, how

ever. on emotional features of work situation
s work environment. Considerati

System as mar

during design of subjective 1 and preferen

diues
demands a description of work situation in psychs
logical terms, relating features of the situation 1
abiective values and emotional states

are

Two separate descriptions then

\t‘f'.[\.nhx*‘llxh with engineering na pe vcholog

Parameters and vanables suitable for descriptior
must be found. Descriptions

their interaction

human mental functions typically depend on situa
proces

values and pr

tion analysis informatica

el

n factor and scaling analysis

[)L\\Yl“v‘i\‘!‘.\ subjective
wd

emotional state n

typrcally deper
odels
a mode

He

Rasmussen (1979) shows

sing and actions
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power plant operation 1s generally accepted. Mem
onzauon of 1immediate action procedures’ and simu
lator train re intended to form the basis lor level |
response. With the wntten procedures, they also
re wide for leve! Provision for level 3 i1s the under
standing by the erator of the processes in the plant
and 1s the product of the people’s intelhgence, edu
cation and training
Human errors, therefore, are the result of incorrect
functioning ol human data processor at one, or
more, of the le f response. if the human error rate
unacceptable, improvements are sought appro
pnate to the lev it which the error o«
Malone er al (1980) give a detarled histuing of the
many studies carned out over 30 yr related to human
ind human errors. This work was directed
ncipally at military and aerospace problems. Other
'y ;‘("'.", Wl nowr n le 1y 0, 1 r inf ‘.,.‘.1” 31

are given by Price et al (1980b). IEAL (19%0) and

IEEE (19%0) The last two emphasize technology

|

ind potential nuciear power piant apph

Hagan and Mays (1981 ) h; reviewed some

Swaln ; ittman (1980
hibliography related to human rehabihity

wr nrobabilit
} 0am

Swain and Guttman (1980) descnibe the ‘Sandia
Human Rehability Model

THERP Techmque for Human Error Rate Pre
diction) 1s a method to predict human error rates
(1.e.. human error probabilities) and so evaluate the
degradation of a man-machme system likely to be
caused by human errors alone or in connection with
functioning equipment, operational procedures and
practices, or other system and human charactensti

that influence system behavior

Human error can involve 2 person’s action intiating
an event sequence. or a person’s failure to act when
needed The context of such failures is the event tree of
WASH-1400 (1975). For each initiating event, many
sequences can ensue, depending upon the actions of
people and machinery. The analyst lists all the actions
or functions or systems important to the outcome of
the event sequences. The tree can be organized in terms
1y of these, which to use \!L‘[‘\';’hfx on the needs of
analysis. As an example, ‘plant transient’ 1s ar
imlating event and ‘reacuvity control’, ‘react
primary system coolant inventory ', "heat removal Ire
prim: n ontainment 1solation are some
the functions important me. Some of the
POSSIDIC oulicomes arc core mains cooled
releases gap actuivity’, ‘core melts with containm

1

containment valve leaks

Inta
Human error or equipment faillure can imtiate the
transient ; hkewise, function, svstem, or action success
allure depends on humans and machines. THERP
nables the analyst to estimate the propensity for
contribute to the hikelihood of ti
nces, and thus to evaluate the ro
human error 1n nuclear power ;‘.' ant safety
The steps in THERP are given by Swain and
Cuttn

farlure(s). These are tl

may be !HY‘;-A;Y' ed b
human errors and for which error probabilities are
1o be estimated

YOO T 107
peral i

servs et
descnbed i

relevant error probabilities
Estimate the effects of human errors on the

¢ events of interest. This stepu
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missing touzy —<can we make such deoy

ally. and improve on today's intuition

4 HUMAN FACTORS IMPROVEMENTS IN THE
NRO ACTION PLAN

41 General de wion of the Action Plan

I'he Action Plar was developed by the NRC (19%

nendations lor

and requirement
hcensing applicat
2
requirement

i research 1«

Botl
ASSIEN priori
which, howe
W dele ed without an |
Appendix B of NRC (19804

this effort
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technicians, craitsmen and managers called

enginecrs
By operator the author
Shilt

wmtrol Roon ()‘u_“v A or

means, in
\“p(! VISOT Shift
But the roles
embers, 1n particular the Shift

appr

n '_'!}'("f‘ 1S
ular, the

Foreman and (

pari hcensed

of the other team n

Techmcal Advisor, are also included a ypriate in
this discussion
J s

Evervone knows what the

The US (
FR 554)

(d) Operator 18

ne oper

ates wle of Federal Regulations states

{10«
iwvidual who manipulates a
An individual 15 deemed 1o

mampulate he directs another 1o
mampulate a «
(e} Semor operator ar dividual designate

facility hicensee under Part 50 of thas
direct the hcensed

IAEA

D;u' al

perator
Salety

i 1s responsible for the manipulations

(1979) Cuide savs The Control

4 ¢
du raance

with the
d procedure

Won LIYXIIRgIve a ga"n‘!.ﬂ

P sed ol u:.:‘wv

Steermng Factors” One

set of specihications ol

¢ essential safety role

describing the
Suct

per ALOT
1 task analysis s
S are p’n"i\".il
§ Her
perating

speciii

technical content. The tasks, elements, behaviors and

training objectives are those of any complex process

Not a word suggests the nuclear power plant
Mallory et al (1980) give an outhne of task analysis

procedure aimed principally at control room evalu

ation. Their Figure 2.5 gives an example of specific

information : instrument vanables like high contain
ment pressure and pulcmmi operator errors are given
But no results are included

Malone et al. (1980) present (their Appendix C) a
detailed chronology of the operators’ actions during
the Three Mile The tasks act

performed, and omitted, are an

Island acodent vally

those important
specific data sequence ripe for task analysis

A detailed, but partial, control room task analysis )
given by INPO (1981). This initial report precedes a
job and task analysis underayay und
the aegis of INPO and the U S. Department of Energ)

for many operating positions. The 1981 report 1

comprehensive

hmited study for the \[‘("‘M: purpuose of defiming the

of the shift supervisor in terms of the real requirement
(1€, tasks performed, plus th skills and knowledg
required of the shift supervisor) for sale ar
operation of the plan This effort

the body of knowledge, rather than develop ar

was inie
outl
vaustive list of job knowledges

f

Initially sries of surveys and interviews wa

the tasks actually perforn

»d by the inc

conducted toe ehcnt

required of shift supervisors as
Data

population were also colle

bents regarding
ted and analyzed
s1ze of 40 out of the 604 shift supervisors in the
used

In addition t
INPO (1981; analys)

the tasks as defined by the incur

bents, the includes a detanle

i

analysis of emergency and abnorma mditior

F"J\\?'.In
program
A ‘jury of experts’ selected a total of 300 rasks

b
1<

avdilia

detailed analysis out of an estimated t

was b on importan

ume spent training. sir
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Individual
responsible

RO or SRO
SRO onh

Training objectives

Operator shoula
nunciators carry out, through
reference 1o
applicable
procedures
subsequent operat
actions of all

nships

emergency operat

procesure

15 15 defined by them as

one or more actions that prevent core melt or
* radiation releases to the general publx
may result from automati

14

or manual
actuation of a systen {€.R.. reactor protection system
gencrates a tnp, operator aligns the shutdown
from passive system performance

(safety imjection tanks feed water I«

cooling system)

the reactor
coolant system), or from natural feedback inherent
in the plant design (control of reactivity by voiding
in the reactor)

For one class of plants, Corcoran et al give the 10
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Table 8 Cnitical safety functions. Example from Corcoran et al (1980b)

Salety functions

Reactivity control
Reactor coolant sysiem inventory
Reactor ¢

Core

contro
ntrol

wlant sys

fe1 pressure
heat removal

heat removal

Reactor coolant systen
(
Containment temperatus

Combustibic gas W

ontaimment 1solatior Close
and pressure control

Purpose

Shut reactor down to reduce heat production
Maintain a coolant medium around core
Maintain the coolant in the proper state
Transfer heat from core 10 a coolant

Iransfer heat from the core coolant

pemings in containment to prevent radiation re cases

Keep from damaging containment and equipment
Remove

and redistnibute hydrogen to prevent explosion inside

containment

Maintenance

Indirect

of vital aucuhanes

radioactivity rodease control

avord distracting

Contain

Maintain operability of systems needed to support safety systems

stored radioactivity

operators from protection

miscellaneous to protect public and

of larger sources

s
the event sequences or ultimate causes of the observed
At the
plant to ensure adequate safety functions, the operator
1

has the advantage of not requining diagnosis of

problen same time that he 1s controlhing the

will attempt diagnose the problem and imtiate

recovery of the plant to normal operation or, if that 1s

impossible shutdowr

(

wwderly
weoran el

pail

vanety «

al (1980a) point o+ ‘hat multple

exist to restore safety funcaons under a

I¢ f circumstances

I'ne role of the operator is summanzed by Corcoran
et al (19%0b)in the ‘Quahty Operation’ goals shown in
Table 9

Pew, Miller and Fecher (1981 ) have analyzed actual

f {in

r decisions during four events that occurred in

ts. For

operal

nuclear plan each (of several dozen) decision

n goals

perat

and benefits (from

they analyze the information, knowledge and alterna-
tives available to the operating crew. The result is a
taxonomy of decision making, as well as recommended
human factors improvements

The role of the operators, as perceived by the
operators (shift supervisors, etc.) themselves, has been
studied by several authors. INPO (1981) includes the

om

results of a questionnaire. N. Morley (private
perceptions of

Holmgren

munication) has surveyed operators

probabiliies and decision critena

(1980) follows the evolution of the operator’s per

ception of the job, from task ornentation, througl

evaluation of malfunctions, to a ‘differentiated process

feching’, an analytic approach that now includes

intuition
I'he TMI expenience should make us wary of the

Corcoran et al (1980b)

ices safety function

Rec

ices plant cycles thus gener:

Benefits

challenges

ally increases equipment lifetime

Improved economics

More stable

peration

Service to the public

plant down wheu salety be

{ Redu
Minir

may

Positive

nsequences of operational Overa

oodents

Positive factor

outages safely and

Impre

Reduces radiat

||
Minmimizes economic losses

IVES e

Reduces safety function cnallenges
es probabi

i
1
'

ty of seious events
msequences of . vents

in public acc) etance «

facior f nuclear power
safety enhanced

in public acceptance of nuclear power

Increases safety

MOomics

n eLposure workers
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Table 10 Technical content of operator hicensing examinations in the US. 10 ( FR 55
WRITTEN EXAMINATIONS AND OPERATING TESTS
§8 20 SCOPE OF EXAMINATION
P The written examination and operating test for a license as an operator or a semor operalor are designed to test the
A apphcant’s understanding of the la ity design and has f h the controls and operating procedures of the
d facility The wnitten examination is based in part on inforn safety analysis report, operating manuals, and
e heense lor the facility

4 apphicabie t e facibity, wall include questions on

n process. neutron multiphcation, source effects, control rod effects

s ontrol rods, core instrumentation and

and effects of temperature, pressure and reactivity changes effects

r then

i Design. components and function 1l vity control mechamisms and instrur

ms, including mmstrumentator signals, interlocks, automatic an

monitonng system. including alarm and survey equipment

authority for design and operating changes in the faciity

I
1) Radiat.on hazards which may anse duning the performance of experimenis shielding alterations, maintenance

Reactor theor ncluding details of fission process, neutron muliiplicaiion, source effects. control rod effects and

f) § f perating character Y fing « AT hemustry and causes and effects of temperature, pressure ar

) mitatior ny od i imial core loading. alterations in core conhguration

al and external effects on core reactivity

1als and effly

handling and disposal of radiocactive m

o) 'S ] )\ PERA R AN ENHR OPERATOR

It perating tests adminisiered to apphcants lor operator an { senior operator hcenses are generally similarin scope I'he
perating te to the extent applicable to the facihity requires the apphcant 1o demonstrate ar erstanding of
1) Pre-start-up proced ity, including associated plant equipment waict could affect reactvity

ty from shut-down to designated power levels

indicating signals and remedial action respons

id) The instrumentation system and the source and significance of reactor instrument readings
tics of the facihity

' n nanmipulation required 1 yhtain desired operating resu duning normai, a

y cooiant, a

wal systems, including primary coolant, eme
of these systems to the operation of the lacility

1ect reactivily
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as well as technically complex concepts and apph
With most of the required knowledge being
and operating
utility traiming

canons
then
charactenistics, the
programs and on-the-job traiming 1o be the most
applicable. An

plant systems components

study found

examination of the knowledge of

the shaft supervisor need-
>

physical sciences showed
nore familiar with the application o
The

offered in degreed pro

ing to be

concepts than the theory of these concepts
comparison of knowledges
grams with those required of the shift supervisor
the level of knowledge
did

level

most

the

showed, n cases

required for shifi supervisor not exceed

selected topics in lower division college

COUrses
From this study there appeared 10 be no univer
curricula to meet the

the

academi

sally apphicable

knowledge requirements shift supervisor

Little evidence exists to indicate that a umlateral
requirement for a bac helor of science or associate of
science degree could contribule significantly to the

job performance of the shift supervisor

this study (which had just been

ol wriling review ) 1o be
{ the conclusions quoted above
techmical results. There
in operator quahihcation

annot be res ived by iask

remain, nevertheless, 1ssues
that many people believe ¢
Most of these issues have been the subject of

dis

yr imphed in NRC (1980g) I'he principal 1ssues

analvsis

unpublished letters and discussions, some are

.l
CUSNSCU

are the lollowing

(1) How to achieve a long-term improvement in

operator qu ihcations, o 1.".3;’!:\\L"‘.:Cl'.' 1s needed
without losing the knowledge and expenence of

tt WK operators now working -a valuable

resource. irreplaceable in the sh

How 1

juates and people who dont aspire 1o college

i term

provide career paths for both college

college graduates are to be used In

operations, to attract and hold college graduates

lor noug! 3 1

| g enough 1o have the desired experience in

yperations jobs that involve shiftwork. The career

ith 1s central to this problem

How to compare technical traming and expernence

with college credits
How to

qualified peonie experienced in operations into the

foster the gradual nsing of techmcally

engineering and management ranks at the plants
and the corporate ofhces
How to provide for adequate qualification of the

imitial operating staff at a new plant

S H HanaUER

These are social questions as well as technical ones
The person in charge of a nuclear power plant, or shift
must make emergency decisions affecting lives and
property on a large scale His technical capability 1s
only a part —an ess2ntial part of his quahifications to
make such decisions. His leadership abilit, inside 3nd
cutside the plant, his credibility, hus behavior pattern
under pressure, will determine the acceptability of his
actions in addition to the technological quality cf these
determined whether a

actions. It remains to be

substantial change will be imtiated in the quahh
cations and careers of nuclear power operators in the

US
54 Training

UuSs

direction of the electric company

In the traiming programs are under he
Some coinpanices
perform the entire program others use contracts witl
reactor vendors, who operate simulator centers, traur
ing companies like General Physics Corp., and educ
tional nstitutions to perform part of the require
training

An example of a program performed entirely by the
electric company is given in Fig 2 and Table 11, fron
TVA (1981) The incoming neophyte must have a higl
good health

acceptably on a battery of aptitude tests for mathe

school education, be In and score

malic science

mechanics and electrical technology
Table 11 evidences the breadth of the imtial traming
program Fie 4

training 1s associated with the stepsin the career pat!

As shown In additional simulator
not shown on Fig. 4 are additional classroom and o1
the-job training modules associated w ith the simulator
luding special classes for candidates |

licensing examinations
The TVA program 1s accredited by ( hattanoog
State Tex

has completed the ‘Student 3

hnical Community College. After a studer
module (Table 11), the
University will allow 70 quartei-hours of credit for th
I'VA-taught technological subjects and 42 qu
hours for the academic subjects (Math, (

Speech, Thermodynamics, €ic

the

) I.iug]']! nc

with University. A few more universiiy

courses will earn the student an Associate De
The contents of the training program
recently for two reasons
(1) Improvements shown to be necessary
by the TMI acadent le 12

(2) Desire to accredit the training pr

S¢c
ygrar

reseen requiremet

NR(
(1981g) Both these trends are apparentin I

VA

level equivalence, in view 0l

for college education for operators, as in

program (Fig. 2 and Tabl i 19%1)
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Table

Operator-related changes in US plants since the TMI acaident

(NR(
st

{1980k

ISeS . K |

s

proced

retrau

SRO

dant accident analvses; revised procedures for small-break loss of cool

operator
iigating events nvolving inadequaie

candid

understand the TMI accident including revised simulator small-break demonstrations

ant

in use of existing instrumeniation and equipment ir
wre cooling

4
ates

candidates

nir

checkout

NR(

|9X%0a

and heensing examinations in the areas of heat transfer

ling
systems, integrated response, transients

tigation of inadequale core ¢
I y teact

R Instruct

require candidates t
performance

cach

rporate manager
1 nanor

calegory

operat
of

Ng experience 1o operating sta

manual ex<control room mampulation of safety

9RO

hning
i plants

an

oms and implement needed modificacons

ment

nt performance. procedures and operating

ed on a computer, but

n

necessarnily and the best

l{ 15 alse

nodels have
approximation

nulated

in then possible to provide
SEYuUCnCy INgE scenanos and ;‘:A\lr‘lg
Kk these stored values. The earher ssmulators made

able stored scenanos, but the current

calculation where possible
equations that
The dvnan
he

simulator t«

describe the dynamu

f the systen ic modeling 1s much

preferred over the stored scenanos. Dynamic
1wdeling allows the respond reahistically

sequences, including a vanety of errors and

include all these sequences in a stored

ould require, first

analyzing the course of

ind, second, stoning all the scenario

witl

a selection logic for deter

miming wi play back. Since the ol

be

essence

nulation real-time modeling, choices must

made on how to use the availabie computing capab
hty. Some phenomena are not included in the model
some others are approximated or represented by
stored

scenanos, others are modeled dynamically

The importance of modeling is tHlustrated by one of
the lessons of TMI. After the acaident, investigations of
operator knowledge and understanding focused on the
mability of the simulator used in the training of the
TMI operators to represent the sequence of events
actually experienced in the acadent. A
phenomenon flashing in the primary system wa
not represented. All PWR simulators were reviewed by
Jones et

key

al (1980) in this respect

‘Prior to the TMI-2 event, little or no thought
given by the nuclear traiming industry to mode
a traiming s nulator the response of a PWR prnimary

aturated conditions. In general, opera

Wwa

fe

no
ngi

|'.‘<'[‘ with

tion of a safety systems is assumed to prectude vapor
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operations people on each shift, plus secunity forces, 1s
based on functions of the onsite forces in an emer-

gency
coverage of the major functional areas of Table 4

The required Emergency Plan must provide
Five or (preferably} six shift teams are employed
I'his provides for continuous shift coverage, plus ime
off and extra time for continuing tramning and educa
tion

Maintenance
for

juled

Staff and supervision must be avail

able routine preventive maintenance as well as
The

especially heavy workload when the plantis shut down

unscned repairs mamienance \‘.iﬂ has an

for periodic major overhaul and refueling

Ie

maintenance staffs in the areas of reactor and other

nnicd

Support 1s required for the operations and
PI

engineering, chemistry, radiation protection and

instrumentation. Included 1s analysis of operations
that 1s, a continuing evaluation of the performance of
the plant, with special attention to errors and failures
and unexpected behavior. Because of the importance
of radiation protection to plant safety and to personnel
safety, this function 1s made independent of operations

; — The tyaining requirements of the plant stafl

(cl

and ofl-site 1SSTOOm

Some

site (in-plant)

components on-site  traming
g

needed
{dmur Service

strarin e
tudit and review. — The safety operation of a nuclear

r nlant
¢ HANl

Pl the

subject of a vanety of reviews and

1S
ussed in Section 6.3 below

Changes since the TMI accident. Operating
plants in the U S have been required to make a number
of changes in orgamization and management as a resull
IMI ac

represent a short-term program 10 improve the plant

of the cident. These are histed in Table 13. They

nanagement changes in |

S

staffing and management in the areas identified by the
ITMI accident reviews

For new planis, coming into operation since the
TMI accident, the requirements of Table 13 have been
applhied. In addition, these plants have also been
required to have an independent safety engineering
group. In addition, a review of organization, staffing
and management competence at pl.ml and corporate
levels 1s conducted by a muludisciplinary NRC team
using primarily interviews and reviews of adminis
trative documents. The objective 1s to evaluate the
capability of the organization to operate the plant
safety. This is not a quantified variable susceptible t
measurement. Some guidelines have been given by
IAEA (1979, 1980b), Allenspach and Crocker (1980)
NRC (1981h), Podonsky (198%0) and INPO
(1981c¢)

One change of greater long-term significance is the
inauguration of the Shift Technical Advisor. The STA
is discussed by NRC (1979), Denton (1979), Eisenhut
(1979) and INPO (1981b). The reviews of the TMI
concluded that the operating crew did not
They had
recognize and cope with certain specific
Their operating pre

cedures were orgamized to cope with these design basi

et al

accident

understand what was happening beer
tramned to
event sequences emergency
sequences

It was therefore prwp«wcc! to add a shift crew
member who would be educated to understand power
plant science (e g., thermodynamics) as well as trained
to know the plant and its behavior. The STA position
was inaugurated as a method of wuinediately improv
ing the plant operating stafl's capability for response
to off-normal conditions. He is required to have
college level education in engineering or science as well
as training in reactor operations. While he 1s a member

of the operating crew, he has no routine operating

perating plants since the TMI acaident (NRC (1980b)

around the clock, t

1ies and d
} iics and

Ir salety role

Friime and manage
¥

wor operator on shift crew (effective |

formal shift turnover procedure and checkhist

mprove m. mtrol over access 10

ganizal and pr

iy
proce
ng syste

shift stath

delegal

essary non-ro

control room

July

control roon

wedures 10 leed back

ely

other

people

1g experience at all plants to the operating

peral mplement safety system statu

response, see Table 4 of this review







S H Hanavgr

NRC ha

of a

For the operating plant not yet decided on

the depth or timing management re-review
Indeed, although such a review program 1s foreseen in

the Action Plan NR( IBil) s

implementation s still undecided

(19804, iten
With ihe very large number of new plants scheduled

line in the US during the 1980 J9KS

1 come on

period, the

O rator

adre of expenenced managers and senior

will be severely taxed Current projections

1980, growing to
Some

tart at approx "In[n'w' ng umits i

120 in 1985 and approx 1 SO by 1990

ns and long-term deferrals have been an

ance this projection. However, the number of

lants will still almost doubie in the next few

utiliies with operating nuclear units, a

scrutting and tramming program is in order

ringing on hine its fiirst plant the problem
enough expenienced man; s and shift
adre. An example of

) Docket No SO

to form an adequale
given in NRC (19%]

plant, the hrst for th

mi

11 1¥Xmonths belore 1t P

haort

ige ol quahhe

had resulted in a corporate

v lacking in nuclear operal

and a plant management with many

it Ass Plant Manzger
ind Maintenance, Plant Operation Super

tanmt

Engineering Department Supervisor
Supenintendent, Nuclear

Shift Supervisors not yet clear

Traming

cessary quahhed peo an be acquired

i in ume for this plant to achieve 1t

peration K hedule

qualificavons of the corporate managers and

ire difficult 1o establish specifically  what are the

measurable attributes of a successful manager for safe

Allenspach and Crocker

feasible

(1980) give wha

and refer to some not very useful

tandards documents

| {11
nd dua

impaortance to public salety ol correct

stem of reviews and

been establ «d 10 assure attention to

Independent

of thas structure excepl the

ngineering Group (Item 3, below ) was in place

™M1 acadent, and so it will be described

assurance Cachcompany

required to st tblish a

perations, mainten

ance, modifications and all other activities potentially
affecting publk The
10CFRS0 Appendix B, and
Section 17.2. A

verificaion of

safety requirements are ir

NR(

program
trained and qualified

(1981h)
comprehensive include
activies by
individuals, independent of the orgamzation respon

sible for performing the task, free from the direct

pressures of costs and schedules, reporting to a
management official wath authority to resolve disput:
and enforce decisions

632 Plam

working commitiee
stafl

This
members are members of
The group

approves plans and procedures and changes to the

staff review group comprise

whose
plant

management reviews  ar

equipment change and f\'[’“-HJMC events p]n €X

ercising an operations safety review function

6313 This 1s a

new orgamizational module, so far required in the U S

Independent safety engineering group
r

only on plants coming online since the TMI acaiden
T'he are given in NR(
Appendix A, and Allenspach and Crocker
Group 1s an additional group of five dedicated, ful
based

(19RIN

19%0) 1

reguirement

¢, sile engimeers, who ofl-site 1«

report
technically onented high level corporate ofhcial n
responsible for power pioduction. The function of t
group 1s to examine salety information regarding the

off-s1te

develop recommendations for changes that woul

slant and also safety information fron

safety. The group does not do detailed audn

IMProve
sign-off responsibility

Safet

f operations and does not h;

The review functions of the Independent

Engineering Group include the following

Evaluation for technical adequacy and clanty of
procedures important to the safe operation of t
facility

Evaluation ol

plant operations fron
perspective

Fvaluation of the eflectiveness of the qu:
ance program

Companson of the operating experience of
and piants

\_ VS
conformance 1«

Any

nuclear power plant that an independent review

f a similar design

SMet Pi“” [j(f““v|~ ANCe regar

requirements related to safety

matier involving safe operation ol

deems approprniate for consideraton

Assessment of plant safety

The group performing this function should b

posed of individuals with vaned background

disciplines related to nuclear power plants
Such

plants

functioning at about a

gained

groups arc

After expenence i the decision wil
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shifts have been investigated in 50 chemical plants by
Wilson and Rose (197%). In many wavs chemical plant
operators have duties similar to nuclear plant oper
ators. They concluded that there was some preference
by workers for the soc 1al and famihal advantages of
rotating 12-hr shifis in a 40-hr average week (thus, no
long-range overtime) Drawbacks include increased

fatigue and inability 10 use double

shifts to cover for

liness and other absence Fatigue was studied using
¥ g
M ost

workers reported overail decreased | tLgue from fewer
12-hr shifts per week, even on might shifts

workers

perceptions and also accident rates

The author
imphes that the accident rate did not change, but
Kl\(’;
Joaquin et al (1981 ) studied 12-ht shift experience at
Ontano Hydr Bruce Heavy Water Plant. a
al operation associated with, and co located
Bruce Nuclear Station. The Bruce
Heavy Water Plant (but not the nuclear power plant)

no
data are

the
chem

with the Power

went on 12-hr shifts in January 1979 I'he worker

wurveyed expenenced some additional fatigue, but
believed ondition to be
Ihey
small positive effect (38° ) on

No effect of the 12-hy

their physical unchanged
effect

work

{

) or improved (307 ) cived n

[n,‘.’
therr
hift was dete ed
' except for mechamical maintainers
where 1sed

More re Ontano Hydr
12-hr shilt w wild not be

(St

al (1980a) studied

INCT¢

ently announced that the

mplemented

19%1)

it their nuclear
A FT Kert e a
some possible tradeoff
with

coping the

riime. The

conditions leading to chrons

Cousidered three

option

hanging from an K-hr 1 naung

(2) Reducing the number of reactor operators and or

SCNIOT reactor operators the control

required

room on a shift

‘g lesser trained and or expenienced person

f these options is

e
des

articularly the case in vie

by Joos er al (1979) that indic ates that

rates are higher during the first months
operation

In order to contr
NRC has issued overtime guidelines. A repre
entative set 1s given in NR( (1980b}. and 1s repro
duced in Table 14

wel

I'the perceived fatigue Inoperaung

CIcCw

These guidelines are not working

very they are too escriptive |
I |

'nt that the

' example, the
plant manager or his deputy

results in a ].l?gt paper work
without

approve all deviations

toad durning refueling a compensating safety

benefit. More work 1s obviously needed
hopes i1s based better on availlable data

whict

7. PROCEDURES

1.1, Procedures in nuclear power plants

A nuclear power plant 1s a complex physical syste
operated, maintained and modified by several | indr
people. Information transfer among these people is |
means of techmical data and procedures. The inter
tion between procedures and people (those who wr

them and those who read and use them ) s include

human factors considerations in nuc lear power pla

(The presentation of technical imformation to oper
Ing people 1s included in Section 8 in this review)
A vast number and varniety of procedures facilita
and encumbers operaton ol a present-day nucl
station. Management directives and administrat
procedures are part of the subject of Section 6 of 1}
review. Procedures for normal operation, while 1
portant to plant availlability, and as component
Initiating events leading to plant transients ar
acaidents, are not included in this review I'his chapt
deals with the emergency Operating procedures 1
used by the piant
tbniormal plant uperation, including severe transier
and accidents

operaung crew n coping w
nwhng.m«lm.nntcn\mu‘ (\r-xcduu“ i

discussed 1in Section &
plan the subject of a

accompanying paper (Grimes and Ramos, 19%52)

Off-site emergency prepar

ness and procedures are

b Eme FYency operating Prog edures genera

The Emergency Operating Procedure is a
document (1t may

writler
some day be stored 11 a comput

memory) intended for the operating crew 1o consu
I The

dnNd use In
an event (Section 5.2 of this review )

abnormal situations role of tl
operator in sucl
twolold

(1) To maintain or restore adequate performance

the critical safety functions:
(2) To diagnose the problem and initiate recovery
the plant to normal operation or, if that |
impossible, to orderly shutdown
T'he prox edures

task of

procedure

should therefore be oriented to 1}
operation For task I, 1t

should describe the symptoms by why

dua the

crew
performance of the critical safety functions can be
evaluated, and guide the operator 1o success path for
restoration of the functions if the symptoms show the
need. For task 2, the procedurss should include
diagnosis procedure and guidance for recovery

If the preceding analysis of operator tasks and




ince Three Mile Island

withor based adened, from Previous sue h work o include the
1980b ), then eration of n afety equaipment that might help in
| ‘

venung jeveloping or mitigating

f they do occur. 7}

change 1n computer

e bounding models (as
i\"\k"‘\.

purposes that

{
odes

fepend

’ th
wours ‘

hle
It

equipment

pl

0r
pr
red t

All plant : required

jescr
1 using walkthr

well as real-time simulator

future, all plants will

lable
ent. In the short

idents were
odes ympared to the
v rehed on Thas

sty

perator actions should

t hehavi
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probability of a failure or error, or of a sequence
taken as a whole

(¢) Whether the failure or error 1s ikely to be rectified
and thus s effect nu'lihed

(d) Whether alternate success paths are available if a
farlure

ie) Whether the

are confu

or error occurs
sequences produce symptoms that
ng or are hkely to evoke an incorrect
operation response
(f) The conseque r nisk associated with a given
sequence
I'he sequences which survive screening are analyzed
using as real a computer modei as practical. The

results of the analysis are values of plant variables as

functions ne In applying ‘hese results to pro
looks for

and alternative

cedure devek pment, one similanties of

ymptom pattern success paths to

1er nate the sequence successfully or mitigate s

Consequences
The development of procedures 1s thus intimately

the analysis of plant behavior. In addition

iion avallable to the operating crew
ind therelore 1o the

I'H»

particularly the control

*SDON S

I the review

(Section X of this review ). must be done n

ton with procedure evaluanon. In orde: 1

effect substantial improvement in control rooms and

procedures, the control room analysis must be per

formed with good procedures, procedure vahdation

must be done in a good control room

]

Finally, the quabficanons and traming of the

perating people must be included in analvzing the

1

procedures and the control room. These inter-related

control room, procedures, qualification and

f the peopl ) all be analvzed together
human factors safety

to deal witl Il e Ccon ents of the

ns people nuclear power plant

safety and nisk

T3 Techmcal guidelines for emergency operating

Procedure

The “T¢

Prox edure

hmical Guidelines' of this section read hike

that 15, they are techmcal documents

tating what the operator should do in vanous

ircumstances. They differ from actual procedures in

(1) their genenc nature and (2) their presentation
['he generic nature of procedure technical guidelines

nature of the analysis on which

S¢S 1IN the gencri

ire based This 1s done for ecoromy, for plants
ufficiently similar that the analyses, and guidelines

are vahd The guidehines are given in terms of systems

and functicns, whereas the procedures must deal witt
the actual plant controls and equipment that must be
manipulated

I'he guidelines are technical documents to be used a
a basis for procedure writing, whereas the procedure
themselves must be used in real time, so Lo speak, b
the operating crew, under stress, in the actual trans »n
The guidehines are therefore technica
documents containing technical informaton, while the
procedures are written, or should be written, with th
use in view. Exisung procedures in the US. an
therefore existing procedure guidelines, are universall
event onented

or accident

They are keved to an istiating even!
like reactor trip (scram ), or pipe break (loss-of-coolan
acaident) Since there are several kinds of mitiating
events, there are several emergency operating pre
cedures in each plant. The better ones begin with the
symptoms by which the operator can recogmze tt
particular event, then follow with the operating step
to be performed

Many reviewer, have observed that procedures, an
procedure guidelines, developed with this event onen
tation are poorly related 1o the most urgent and mos
difficult parts of the operating crews’ emergency task
I'hey do not focus on maintenance or restoration of t}
critical <afety functions, and they do not focus or
diagnosing the source of the problem to enabl
recovery of the plant. Thus although these procedur
guidelines contain, if correct technically, the ingred

ents of the operating crews’ need for guidance. they d
not provide readily usable, organized gmdance i
what has 1o be done

Longer-term procedure development progran
have been mandated by NRC (19802 ), tem 1 C | an
1C9 The objective of this program s to develo;
procedures better suited to the operator’s role an
tasks, and better arranged for control room use

Emergency Operating Procedure Gudelines
under developm ntin the US. for all classes of plant
vow operating and under construction. None of the
has vet been published in fimshed form. Gener
Electric Owners’ Group (1980) has pubbshed dr
guidelines for (Reactor Vessel Water) ‘Level Contro
and ‘Containment Coatrol” (Suj
pression pool water level and temperature, drywe

(cold) ‘shutdown

atmosphere temperature and pressure) Reactivit
control guidelines have not yet been publshed for G
plants
organized to correspond to critical safety functions

Eacl

short outhne of symptoms showing the need |

It is evident that these new gudelines ar

guideline starts with ‘entry conditions

attention to the associated cnitical safety function. A
an example, entry conditions for the Reactor Ves

Water Level guniehine are







S H Hanaver

response of the jet awrcralt compared to a nuclear

power plant, the awrcraft emergency procedures

manuals are necessarily concise, easy to read and
follow, wath crisp clear style. The author suggests that a
jet aircralt 1s as comphcated a machine as a nuclear
power plant, less amenable to manual control impro
visation or on-stream repair, with a higher operator
(prlot) workload, and a more difficult problem of
achieving a safe shutdown state (landing and stopping )
(There are
IM'

much t«

In an emergency of course, other signih

cani differences) nuciear plants have, 1in the

author’s opimon learn from a study of airliner
emergency procedures manuals

It 15 1o be hoped that the future procedures to be
wnitten from the guidelines now under development
will be presented in a form usable by the operating
crew 1n an emergency. Some beginnings of advanced

methods are summarized in the next section

1S Potential improved forms of procedures

I'he traditional picture of a book of typewritten

procedures is virtually umiversal, yet better forms may
soon be available

Malone e a page 76)

use of procedure pages projected onto a large screen in

(1980) mention (Volume |

the middle of a U S. nuclear plant control panel The
wuthor has seen (unpublished ) a decision tree requinng
five sheets of 2 m

! re
arge

each to depict. The direct use of such

drawings seems intuitively I'H)H.ul\.\] in the

control room, but 1| wursued. The problen

het y

being
1
t

would seem to be to recover the correct path on the
tree as the aspects of the decision boxes change duning
the course of the event sequence
I'he potential for implementing such a decision tree
on a computer seems obvious Halden (1981, 1951b)
has begun studies on the use of computer presentation
The two referenced
{ computer terminal gram 1o
outage tec h
basi
for presenting

s left for the

of operation manual mater:als

reports include and pr

wat comphance with equipment
(Halden, 19X%])

compuler

ai speahcations and the

structure of a program
seguences of instructions. Further work

future

8. CONTROI
ASPERCTS OF THE NiAN

ROOMS AND OTHER DESIGN
MACHINE INTERFACE

81 Introducti

The traditional "numan factors’ concern, 1o the

outsider at least, 1s the presentation of information t«
18 the

the operator in the control room s LOpK

e L AT A T L

principal subject of the present chapter. Related arca

are alarms, status monitoring of safety system
monitoring of critical safety functions, and disturbance
analysis systems. Maintenance 1s also reviewed briefly

Following the Three Mile Island accident, Malone
et al (1980) assessed the control room at that plant
along with other aspects of the man -machine interface

These authors’ conclusions are given here verbatim

I'he primary conclusion reached on the basis of thy
investigation was that the human errors experiences
dunng the TMI incident were not due to operator
deficiencies but rather to inadequacies in equipmen
design, information presentation, emergency pro
cedures and training

“This general conclusion s supported by severa
more specific conclusions which are
(1) TMi-2 was designed and built without a centra

concept or philosophy for man machine

imntegration
Lack of a central man machine concept resulte
in lack of defimtion of the role of operator
during emergency situations

In the absence of a detailed analysis of infor

mation requirements by operator tasks, some
cntical parameters were not displayed, son
were not immediately available to the operat

because of location, and the operators wer

burdened with unnecessary information
I'ae control room panel design at TMI-2 violate
a number of human engineering principles result
i112 in excessive operator motion, workioad, erro
probabihity and response time
The emergency procedures at TMI-2 were defic
ent as aids to the operators primanly due to ¢
farlure 1o provide a systematic method of pro
blem diagnosis
Operator tramning failed to provide the operator
with the skills necessary to diagnose the incident
and take appropnate action
Conflicting implications between instrument in
formation, tramning. and procedures precluded
tmely diagnosis of and effective response to th
incident
Control room designs and requirements generally ar
discussed by Malone er al. (1980)
Prior to Mile
increasing attention being paid to human factors

as well as mainter

ANCe Three Island there was som

nuclear power pldl\l control rooms,; see for exampl
the work of Seminara and his collaborators (197
1979a, 1979k, 19804, 1980b, 1981). Current progran
for control room improvement, and recent technoloy

developments, are reviewed in the followir

subsections

-




ress since Three Mile Island

wm design gency operating procedures and operating crew train
; d installation of a Safe Yarameter splay
general references for human 'M8 and installation of a Safety Parameter Displa

System (see next b-sectio 1€ revViIew { evalu
achine interfaces 1s given in stem (see next sub-section). The review and evalu

{ . O 3 S
ipter 3 of this review. Military and other data 210N process is shown in Figs 3, 4 and

he ym revie built o » technical
relevant to nuclear control rooms are refer The control room review is built on the technical

Appendix A of NRC (1981d). Many - rost basus furnished by the function and task analysis de

1 1 1 s | . -, - wed »
precepts of this document are ipplicable 1o scribed in the last sub-section. Surveys of knowledge

n general How, then, can the designer able people and reviews of previous human errors

re - 4 [ 10 the ! { 1 tas nalvsis
that there 1s a nuclear power Pl.ll‘.l ire used, in addition 1 he function ang 1sk ana 1

1 n Oole | nroblen 2 ag for revie
s particular control room? The short nidentify potential problem areas for review. A sur

( d form on ble { the ' ngement
it human capabilities are not sigmficantly i the information available and the arrangeme

" labehin - of the displ d information {1
power plant operators he labeling, etc I the displayed information 1s use

haracteristics of the proce idenufy "Human Engineering Discrepancie HEDs)

dures where improvement m weeded. The

thus. these thi refle - ind performance

walk-through Ik-thr
wciear plant I fro K-through talk

I,!‘w'_,\;“_” m ltod srmine ponses perating rew late \

" Wil | |
ntent. the ; ‘ cquences esult ol this process 1s a hist of HEDs
mnection between the control 1
] ‘w!"\ iy
B of NR( ({1 | bes 'Systems
Design Ar nque ipph
ar power mtrol roon CSIgN
nneci
heen

w iram

suitable |

wdvantage
Figures 4

HEDs identifie

NEer to be any
performing a review I an exist
ibed in the next sub-section. The entral
w Of
kS reguired

task
T'he probability of an error depends
[“( U S ST VB ne oper
"
Malone et 1980
demonstrates this
lepend on the sequ
other operator actions
the event. Seminara et
enhancen
power plant oding
\1.1c
wed the need [ progran: of review and can improve control panel readability
15 Such ( ! 18 wih in the TMI Figures 6a and 6b, taken fi
Plan (NR( YROa, 198%0%) Detailed design graphically what
ire o de conducted for the control oms of ; obvious
Wd and new. The ch s shown | An intere
necessary will be implemented | Hustrated from Fig 6b The

ntimprovements in er bypass valves (nght side of panel)
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HUMAN ENGINEERING DISC REPANCIES
TO BE ANALY ZED FOR CORRECTION \

FROM THE HED SELECTION PROCESS

k e

ANAL YSIS FOR CORRECTION
| BY ENMANCEMENT

L [
1

CORRECT WITH
ENHANCEMENT? " l

Y DESIGN AND 1

&w VERIFY |

— -

ANALYSIS TO ICENTIFY DESIGN t
IMPROVEMENT ALTERNATIVES AN W
SELECT RECOMMENDED SOLUTION | IMPL IMENT AND |
DOCUNENT |

FUNCTION ANALYSIS e

ALLOCATION
MAN
MACHINE

VERIFY ALLOCATION -

SELECT PREFERRET
DESIGN ALTERNATIVE

VALIDATE DESIGN

T

SCHEDULE
\ HAPLEMENTATION

.
ASSESS EXTENT OF CORRECTION
DOCUMENT
a1l L
Cormcnd
' |

[ t ]
WISTIF NI | | L |

- S e - DOCUMENT

|  DOCUMENT |

|- -

! dengr Mprovements

Fig S Control room review process: analysis and correction of selected human engineeiing discrepancies From NRC (1981d

helpful This reference also includes valuable insight on ‘ Comtrol room alarms. A principal control roon
operating crew knowledge-based behavior and dea man-machine interface is embodied in the alarn
SI0T Processes system. Its basic ‘anction 1s to call the operatoi

attention to situations requinng such attention. Ir

current control rooms, the alarm system is judged

Information presentation in the control room have severe shortcomings, in need of substantial
The general principles of information display are improvement
ell known and have been adapted to nuclear power Visuri et al. (1981) have discussed the alarm syster
ontrol rooms by Mallory et al. (1980) and NR( in a hierarchy of operator support. All these systen
(1981a, 1981d, especially Appendix A of 1981d) The the defimtions can overlap —assist the operators
last reference contains a detailed cross-reference of the  decision making
Control Room Human Engineering Guidelines’ toan (1) Safet) Panel (Sub-section 843 of this review

xtensive bibliography. Besides these general and displays recent time histories of approx 20 k

[ icular guidelines, a number of special areas have safety parameters in one place for monitoring |

been studied recently; these are reviewed in the safety status of the plant

following subsections () Safety Console (84 .3). An enhanced safety

Dar




The human factor 1

Table 15 Rating by a pane! of expe

= extremely helpful) from Pew

nuclear plant safety

of the impact of improvements on

progress since Three Mile Island

operator decision m king (1

(1981

not helpful

Miller and Feeher

STAFF ORGANIZATION
(1) Avalability of additional personnel
(2) Prior yperator (e ponsibilities
Addiion of shift technical advisor to crew

iehmiton of

TRAINING
(4) Skill training

5) Understanding standard and emergency procedures

(6) Knowledge of specific plant cheractenstics
Kncwledge
%) Trammng in

f power plant fundamentils
jecision skills

COMPUTERIZED SUPPORT SYSTEMS
(9) Monitoring basic safety and availlabiity

fetection and

Disturbance classificavon
Information integrat.on
Action dentification

Preditive simulation

WRITTEN PROCEDURES

14) Procedure accessibility ane
CONTROLS AND DISPLAYS
Diolay a2 nent

(1 Control

I1%) Workspa

C

with access to greater th. n 100 signals to support

hagnosis and action sele. on and venfication in

n to salety status mitoring

Critical Function Monitoring System (843) A
safety console with logic that relates safety status
to maintaiming or restonng critical safety functions
{see Section 7)

Anal sis

oftware to determune the

Ihsturbance System (X.4.4). Computer

cause of a disturbance

ind predict its development and present

turbance Analysis and Surveilllance System
4). A Disturbance

tdad survelllance of safety

Analysis Svstem to wh

ichis

status, system aval

iy ifety pr cedu chnical specifi

iions. The pe ¢ thas ull under consider

ition these systems are highly developmental

' Handling Systen Extracts re ilarms

ievant

£ amount of process signal

e indications of either correctly per

salely uncuons or changes 1n

iting  moade wused by the disturbance
D, |

esenting on exceptions to normal patterns

would relieve from extraneous

the operators

information. (Visurn «! al, 1981)

The tradiional alarm component in power plant

control rooms is the anaunciarors, comprising one o¢

more audible alarms and paneis of muluple, back-

lighted tles for the individual functions. The visual

th

aspect of each tile (dark, hit, flashing) gives the status of

the fun the audible alarm calls the operator’s

ittention

aanges in status

nent fatlures or errors. the system

example) the level controller on one
the resulting incorrect

malfunctions

*1 s annunciated and the operator s

stem [or troubleshooting

transients, a large nurnber of

annunciatc ight up nearly nultaneously. The

leedwater trip sequence thi ated the acaident at
Three Mile Islar
10 annuncilators Iin e r fe minutes

79, Many

as arean t

sequences, tnpped
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he has never seen fewer than 40 ules It

deemed to be

reover

even durning operation normal and
uneventiul

Banks and Boone (19%1) have surveyed some of the
problems of existing annunciator systems. They note
the presence of inexcusable flaws
(1) The legend on the tiles was small, or otherwise

unreadable, confusing, cryptic, with abbreviations

inconsistent with labels on associated instruments
and procedures

(2) Man
46 tiles relate to doors, they alarm each time a door

rcutinely. In one plant

innunciators alarn
the control room
¢ lake

alarms are present

ougl operating

when a door opens

Some
| conditions

there are 12 separate audible

horns. bells, buzzers, warbling tones

blows. they all sound'

1 TUSC

t. arrangement, hierarchy and d

tiles 1s poor

well-designed systems, 1000-plus tiles with

flagnosing and

re hittle help to the operator in ¢

ung sequences i ) 1s tiles 1n a lew
and CRT display

s well established

ol priniers
Yet

on a printer or CRT s even le

ording

operator in real ime than the patiern

pert and fAash'ng ules

A diagnostic ad 1 O

based syster | time-ot tlarms to

precisg

ws heiping to

facilitate deading what came
g

W

cause of the event

been aimed at

number of recent studies have d

ving the usefulness of alarm mmforn on lor the

are based

Jervis (1980)

i CR1

the basic objectives "I« !1‘.!‘\";'"1H'IT|L'\T|'..1 and

is and make them readily

This author

areca bas

operator gives five

whose technical basis is not given by the author
Wahlstrom (1980) suggests a logic involving the
various states of the plant. As an example, a low
pressure alarm on a pump discharge pipe would be
inhibited when the pump in not runmng or not
supposed to be running, or not required to run. Burger
and Vegh have extended the concept to include display
of ‘the alarm trees, showing the operator the “alarm
patterns” from which the deduction were made’ Cerny
(1980) describes briefly a hierarchical classification of
930 alarm vanables in a fossil power plant
Visuri et al. (1981) give a detailed discussion of a

developmental alarm handling system, with details in
the related paper by Visuri and Owre (1981) Both a
priori data and on-line process data are edited and
translated by the computer program into process
status and alarms. The authors identify two classes of
alarms
(1) Automatic functions that should follow a trip that

are not carned ocut
() Off-normal signals which would be presented as

alarms in a conventional system, with normal

conseqguences and n‘.ull\plc \lgﬂ.ll\ \ur‘px’k‘\\c\f
Two classes of displays are described

fa' C«

lor-coded process layout diagram at various
levels of detail
(h) Chronological hists of alarms selected by degree of
Urgency
A computer program embodying these principles was
developed for a 660 MW Finnish BWR. Simulation ol
a pipe break in the primary coolant cleanup systen
showed 140 alarms in 10 sec, 210 1n 30 sec
program gave 10 high-priority
a reduction of about a factor of 10. "The
indicating the location of the break by higl

The alarn
handling and 23

)
alarms

mperature and water on the floor were the 11th
and the 22nd among the filtered alarms, but 174th and
93rd in the all alarms hst
842 Sratus monitoring. This topic 1s here imited 1«
techniques for presenting to th: operator a condensed
micture of the readiness of systems he may call on
The work

during transient and accident sequences

reported up to now has been himited to safety syste
for plant shutdown and cooling
Not reviewed here 18 an extensive lLiterature in
technology of trouble monitoring, for example by
1alvsis of acoustic noise or neutron fluctuation
all systems include informa

All

tion presented to the operator for his use in contro

salety systems

ling the action of the systems. For safety systems, r

of which have no function during normal operatior

the mitial information needed by the operator s

that 1s, availability of the system to

system rcadiness




T'he human factor in nuclear plant safety progress since [hree Mile Isiand

function if needed. At various levels of sophistication  Undesirable features of present designs were not
the alarm system reviews of Bank

this can include, (1) cognizance of equipment de similar to t
iberately removed from service for testing and main-  Boone (1981)
tenance, (2) checking for correct lineup of valves and A prorram to develop an automated safety sy
ircuit breakers, {3) monitoring of essential support

tunctions like energy, cooling and lubrication, (4;

status monitoring system has been described
Nadelik and Roggenbauer (1980) and by Haubert
Stokke (1980). Graae (19%81) has reported a ptl

levelopmental softw

keeping up with required tesung intervals and al

wable reductions in redundancy, (5) on-line mon experiment, applying some
1s evidenced by from this program

rnng of the safety function UCCEesS In an operauing nuciear plant

iical vanables. The last, item (5), s discussed
ub-sections 84 3 and 844, below

I'he basis of the system is a set of decision matri

for possible combinations of first and second failures in

eparately in
Administrative procedures are universally apphed times

highly redundant systems. Allowable outage
‘N implementing salety system monitoring. A long st  determined by plant-specific rules (in the
ported ipses te tify to the need for improvement nical specihcatio may be based
n this momtoning. The auxihiary feedwater system at

considerations, are the constraints on
I'hree Mile Island was valved out of service before the
rules

wadent, and its non-availability was not recognized

1 ¥ mun into the sequence of events not required, the
I'he author has been shown many computer-based available for repan
tems for keeping up with required surveillance tests

quipment out ol service. These are basically

intng tems to improve the effectiveness of

trative controls. We lack quantitative data on
en ot such controls and the improvement
by the computer systems
73) has published a Regulatory Guide on
status monito commending instal
ition readout
iate adminesty
(NRC 19%0a. It
monitoring as an item for future
impiement the guide
iied in a proposed rule by NRC (198 1m
Brown and Von Herrmann (1981 ) evaluated existing

WINng schemes using a system ranking based

nportance. They used the following hyi
he ability of the oper g crew to eftha
tatus ol

mmensurate

Slative effectiveness of vanous
nmitorning technmiques was assessed by
iIs of how well the
or ipability of the

training, procedure
veness of status monit

tent with the

nponents
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Honevcutt et al (1981) give a set of 21 variables for a
PWR. which (with redundancy) means handling 36
BWR
somewhat shorter list would be appropriate, based on
the work of Levy (1980)

(198%0) have described a safety
console for BWR application with 12 vanables

signals. For a these authors suggest that a

Yamazak: et al

A much larger set of vanables comprises the
instrumentation needed to follow the course of an
accident. This has been defined by NRC (1980g): five

categones of vanables are given

(1) Pnmary informaton for control room operator to

accomphish manual actions for design basis
acadents

Information whether safety functions are beuw 2
accompushed

Information to indicate potential or actual breach
of barriers to fission product release;
Information on operation of safety system
Information to monitor and assess any radioactive

releases

The Safety

number. since its function 1s monitoning Critical Safety

State Vector contains @ much sma'ler
Functions rather than the whole course of an accident
sequence A still smaller set of variables is used for the
Safety Console, whose primary function is 10 aid the
operator in the rapid detection of abnormal operating

s’ INR(

hminary designs the

(19%1)). Most Safety Console pre
$ author has seen have a cluster of
10 or fewer plant variables for a pnmary display. Since
these are displayed on a CRT, many additional ‘pages
of information are readily accessible, so long as it is in
the underlying data base. The design trend in the US
is a large data base, encompassing over 100 variables
with a large number of vaned formats available on the
operator’s request. The front nage. normally displayed
1s the Safety Panel

The potential of this system seems limited only by
the data base and by the ability of the operating crew
to receive and use the information. Development of
additional programming and operational uses is to be
expected. in the author's opinion. Possibilities include

safety system status raonitoring and disturbance
anal sis. Further development, simulator studies, and
operational experience must all be acquired before the
actual. realizable potential of this group of systems will
be determined
NRC (19%1k
a for a Safety Parameter Display System -a

C onsol¢

19811) and Ramos (19581) have given

integrated into a control room, but
conunction with other ¢
Coping

Crnca

ICTRENCY response
Mener

Function Monitoring Systen

with accadents (19%80)

g v . AT« e

that includes a Safety Console
under development

Many designs are

844 Disturbance analysis. Disturbance analysis has
been considered generally by Johansson (1980) who
gives the following definition

‘Disturbance analysis is an automated method for
the surveillance of a process, especially concerning
its deviations from normal operating conditions
and with the purpose to give the process operator
This task s
accomplished through a comparison of the actual

information about these deviations

process information with that obtained from an a
priori analysis of the process’

The obiective. of course, is to improve the operator’s
knowledge and understanding of what i1s going on and
thus to improve the probability of the correct actions
being taken

Dowling er al. (1981) have reported a detailed
feasibility study of a Disturbance Analysis Systen
(DAS
DAS and similar systems that also include survel
lance., sometimes called DASS). The 500-plus page
report includes goals and functions, design procedures
and a developed design specification

These authors approach the DAS in terms of plant

in this review, no distinction is made between

states. The DAS is to generate target plant states
derermine the actual plant state, and idenufy ‘disturb
ances as diff_rences between the target and actual
states. Plant functions and conditions (requirements)

-

were defined for each of 22 subsystems giving 235
possible DAS functions. Of these, 194 were selected
using cost, value considerations. Additional DAS func
tions can be added as modules
The overall goals, in order of descending prionty
;TC given &S

(1) Achieving safe shutdown

(2) Monitoring for trip surface assumption violation

1
,

(3) Keeping the plant running,
(4) Achieving a damage-free shutdown
It can be seen that DAS can be an aid to achieving
these goals, which are also the goals of other desigs
and operational activities

A single reference PWR was used (o
specific proposed DAS system. An example of a plan

develop a

function is ‘fluid mass inventory in the pressurizer and
reactor coolant subsystem are to be determined fron
hot and cold leg temperatures, hot leg pressure, and the
water level and temperature in the pressurizer For
this application, the range of operation was himited t«
subcooled conditions in the reactor coolant systen
operation
pressurizer between the upper and lower himits

four-pump and the water level in the
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large-screen cathode-ray tube terminals provide an
obvious potential for man machine interface improve
ment Around the world, advanced control rooms have
been developed, using the new technology to achieve
display functions not previously possible

While the earlier apphications simply use the RT
displays to substitute for hard-wired indicators, more
recently proposals have been made to embody alarms,
s iety panels, safety consoles DAS. and other ‘smait
The

many

functions nto the computer CRT complex

preceding sections of this chapter include
references to such proposals

T'he basics of advanced control rooms are simple
enough A number of CRT displays (the author has
ceen as few as five and as many as 16) are grouped into
a suitable console or panel along with hard wired
displays and controls A criti al computer, or pair of
stributed

processor system provide the data handling an

computers for rehability, or micro
display formatung

Ihe hard-wired display indicatoers are used to back
up the computers so plant availability 1s not controlled
rehahlity
environmental) safety-grade indicators for

by compuler and to provide qualified
(SCISmi
safety functions

Present practice 1s 10 use ¢ mventional hard-wired
control devices (switches, push-buttons, knob adjust
ments) rather than keyboard imputs via the computer

Although many operating control rooms have a few
CRT displays sprinkled over the control panel, only a
few plants in operation have full CRT boards with
hard-wired backup instruments To date operational
and simulator experience have been highly promising
referred to dalden (1980)
ind GRS (1980) for recent reviews

I he interested reader 1

The man machine interface outside the control

room

Although the principal traditional focus on "human

cngInecrnng 1s on the control roon many evenis
testify 1o the inadent potential of operations outside
Many

and most mamntenance is performed outside

onuol roon plant operations much
tng
control room Control-type operations designed to

nducted at statons outside the control room are

rned by the same [\llﬂ\lpln“- as those in the control

esting and maintenance activitics are ¢ onducted by
non-licensed operators and crafts people without the
.“l inmn

ipline of a control room, yet have a

mgh pote 1al for affecting safety Falure torest e the

suxihary feedwater system to operability alter testing

{ 1o the Three Mile Island accident

IAEA (1980a) has in preparation a Safety Guide on
maintenance in nuclear power plants. This guide
includes recommendations o program scope, Ofr-
ganization, administrative controls, facihuies and
audits

Seminara and Parsons (1981) have performed an
extensive review of the human factors aspects of
maintenance in nuclear power plants. These authors
conclude that, although ti.. military establishment has
developed criteria and procedures for maintainability
in design and maintenance program guidelines, the
US nuclear power designers seem not 10 hav
maintenance in mind. “The magnitude and nature of
the deficiencies that were found do strongly suggest the

need for a systematic and concerted effort to design

power plants that arc maintainable in a more rehable
safe. effective and economic fashion. This need is far
more acute in nuclear than in fossil plants. Design for
ma ntainability requires deliberate, specialized, and
integrated concern for human factors from concept
Brune and
Weinstein (1980) have developed a checkhist for

development to system implementaticn

evalnating procedures for maintenance and testing
This work 1s aimed principaily at performing these
tasks plants
Seminara and Parsons (1981) deal with design and
operation

The author beheves

operation aspects of mamntenance and testing are all ir

more safely at operating whereas

that design, procedures, and
need of ' mprovement

As a result of the Three Mile Island accident, a chech
by an independent qualified person 1s required when
ever a safety-related system is inampulated outside the
om (NR( Item 1.C6) We need a

see whether error data show any 1mj

control r 1980a

study

ment attribuiable to this requiremen.. The

monitor should also provide improve

sysiem st !

in assuring restoration alter maintenance at

lesting

9. CONCLUDING REMARKS

This paper provides a review of the most im

programs umed at

ontribut

mproving the

people

long-range research projects to apphcati

to nuclear pewer plant safety. They
ns ne

implemented at operating plants. The latter

substantial changes \.u‘u[i: hed or n )

personnel quahfication procedures ar
seem to the author

designs These

provide consider ihle impr
f the people iny
sther a quantitat

ement 10 be
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