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FOREWORD

Actuarial records of industrial experience show that human interactions
are extremely important to safety. Accidents in the chemical industry and
aeroplane crashes indicate that 60 to 80 percent are attributable to human
elements. Likewise the experience of the nuclear industry also shows the
importance of human interactions. The magnitude and significance of these
contributions indicate clearly that analysis of human interactions with plant
equipment should at least receive the same degree of attention as analysis of
systems hardware, which has not been the case in the past. Human errors in
accident prevention and in accident management are not only errors of omission
or commission but also representation and diagnosis errors. These kinds of
error are due to cognitive behaviour and may lead to potentially more severe
consequences if no means for error discovery and situation recovery are
provided.

Plant operational experience and insights from probabilistic safety
assessment (PSA) studios can provide invaluable information for the
identification of situations where human intervention plays a major role in
mitigating an accident or worsening the accident progression. Incorporating
this information in the training of operators is of utmost importance to avoid
recurrence of accidents and to anticipate and therefore prevent situations
where operator errors can lead to severe core damage.

In several IAEA Member States considerable effort is being made towards
a bettor knowledge of human behaviour.

A Technical Committee Meeting was held in Vienna, Austria, from 5-9 May
1986. The objectives of the meeting were:

a) to review current operating experience to identify accident
sequences involving human errors

b) to survey, based on PSA results, dominant core damage accident
sequences where human errors have a relevant contribution

c) to collect information on accident sequences in operator training
including experience with simulator training

The general objective of these efforts is to improve human performance
in nuclear power plants under abnormal conditions of operation. The results
of the meeting should also assist in planning future Agency programmes for:
(a) the identification of required models for simulator training for accident
conditions based on PSA insights; and (b) the use of computer aids to improve
operator performance under abnormal situations.

This report, prepared by the participants of the meeting presents the
current status and future trends in the field arid should assist the
International Nuclear Safety Advisory Group (INSAG) in planning its future
work on the subject.
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HUMAN FACTORS AND NUCLEAR POWER PLANT OPERATION

Since the TMI accident, it has been widely recognized that the safety
of nuclear power generation depends heavily on the human factors in plant
operation. This has again been demonstrated by the recent accident at
Chernobyl. Both these cases revealed the need for a better
man-machine-interface and for special operator training to cover the
possibility of unexpected plant conditions. The importance of the human
factor also stands out in the analysis of abnormal events, which reveals a
large proportion of cases which have their origin in faulty operator
performance.

1NSAG has taken the view that a particular aspect to be persued is the
identification of those accident sequences which are sensitive to operator
error and that this task should be given high priority.

Such work will show the most fruitful ways in which attention to
design, operating procedures and training may be given to improve plant
performance by minimizing operator error. This technical document focuses on
the collection and dissemination, based on operating experience and PSAs, of
accident sequences sensitive to human errors which require specific (new)
operator training.

From the conclusions of the Technical Committee Meeting presented in
this report, INSAG wishes to highlight the following as of particular
importc»nc.e to guide further Agency activities in this field.

1. PSA insights are a most valuable source of information for identifying
some of the human interactions and for appraising their plant impact.
Insights from operating experience should, however, be combined with
PSA results.

2. A main area where PSAs are thought to have limitations is in the field
of cognitive errors (such as diagnosis, decision making, etc.).
Further investigation in this area is needed.

3. An agreed classification and taxonomy of human errors is necessary in
order to categorize them in the same way either from operating
experience or from PSAs or from observation tests on simulators.

4. Emphasis should bo put on training real crews (as opposed to
individuals) on training for longer term actions and shift change.

5. Operators' training should address the complote incident management
until a safe state of the plant is reached, because long term incidents
management gives more flexibility for operators' decisions.

6. A beyond design basis accident scenario should be built for playing it
to a crew of operators. The analysis and observation of information
retrieval would be useful to both the operators and to human factors
specialists.

Dr. A.P. Vourinen
Chairman, IWSAG
December 12th, 1986
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EXECUTIVE SUMMARY

This report prepared by the participants of the TCM on "Identification
of Failure Sequences Sensitive to Human Error" addresses the subjects
discussed during the meeting and the conclusions reached by the committee.

Chapter 1 reviews the INSAG recommendations and the main elements of
the IAEA Programme in the area of human element.

In Chapter 2 the role of human actions in NPP safety from insights of
operational experience is reviewed. It references the various sources of data
available, the information content in relation to human actions and gives an
example of a taxonomy for human errors. Finally an attempt is made to
identify those situations that may favour human errors and that therefore
might be given special attention in the various national training programmes.

Chapter 3 is concerned with the relationship between probabilistic
safety assessment (PSA) and human performance associated with severe accident
sequences. First, a survey is presented of the results of ten PSAs,
particularly in regard to the impact of the human actions on the assessed
accident sequences. Human interactions are then discussed in terms of five
general types and the results of the PSAs surveyed are categorized according
to those typos. The second aspect of this chapter is a discussion of the
state-of-the-art in modelling of human interaction in PSAs, its limitations
and uncertainties, and potential improvements.

Chapter 4 addresses the role of simulators in view of training for
accident conditions. An analysis of the typo of problems to bo tested in
simulators and the requirements on simulators is presented. The different
types of simulators and the users are illustrated. Methodological problems of
carrying out simulator experiments are discussed. In particular the structure
of the learning sessions and methods of collecting data about the operator's
activities and of the mechanisms and causes of failures arc considered.



Chapter 5 presents the conclusions and future trends, among which the
following can be mentioned:

PSA insights aro a most valid and important source of
information for identifying some of the human interactions and for
appraising their plant impact. The training programmes should take
advantage of it.

The more recent PSfls have demonstrated the importance of error
recovery during the accident sequences. There is a need to agree
on a classification and taxonomy of human errors. Concerning the
uses of simulators in the field of human factors, the interest is
certainly obvious for training and retraining. Various kinds of
simulators are now available and futher investigation is needed in
order to better appraise what additional information they can
provide to this field.

Beyond design basis accidents should be played on full scope
simulators. Simulation tests are considered in this case to
provide an evaluation of operator performance. Replaying the
accident scenario, after the tost, seems also beneficial for
enhancing operators' performance.
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1. INTRODUCTION

How human factor considerations have become important in the field of
reliability is an interesting question to answer, since it explains the
present focus on human reliability in many industrial fields.

The first consideration has come (especially after the accident at
the Three Mile Island Plant) from the analysis of incidents, accidents or
near-misses: they highlight how human beings may defeat the equipment.

A second one originated from the need for quantifying human actions
and errors for systems reliability analysis and for probabilistic
assessments of accident sequences, A big effort has been dedicated to
improving equipment and system reliability from a technical point of view
and this has enhanced the importance of the man whore he has to intervene in
the process. This is the way the nuclear industry came to human factors
considerations.

A third consideration is the improvement of the working conditions
and the development of the ergonomics science, and of accident prevention in
the security field.

This very brief view on how human factors became a major
preoccupation shows the importance of the man-machine interface.

However, the present trend is still to adapt the man to the
machine. But now, a step forward should be to adapt the machine to the
man - which means a better knowledge about human behaviour and its
performance shaping factors, models for prediction, psychological and
physiological data, etc. This is how the safety and availability of all
industrial installations will be enhanced, for the man and by the man.
Otherwise full automation will have to replace the human operators.

Human factors considerations should be addressed during the whole
life of an installation: design phase, fabrication and construction
phase, licensing phase and operation phase.

11



Errors of design, of quality assurance or control should also be
analysed as they may induce operation errors.

1.1 IMSAG Recommendations

The International Nuclear Safety Advisory Group (INSAG) in
reviewing the area of human element has decided to concentrate activities
on this topic initially on the following three subjects:

(1) To train operators for accident conditions including severe
accidents and to encourage strongly the development and use
of simulators for this purpose.

(2) To improve man - machine interface by the use of operator
computer aids.

(3) To develop human performance requirements for plant
operating staff, especially with regard to accident
conditions.

1.2 IAEA Programme

Based on INSAG recommendations a consultant's report was prepared
(see appendix 1). The main elements of this programme are the following.

1.2.1 General Objective

- to improve human performance in NPPs under abnormal
conditions

1.2.2 Specific Objective

- to achieve the general objective the activities under the
human clement area would be decomposed into 3 main areas,
namely :

12



1. Identification of accident sequences sensitive to human
errors

2. Development of required models for simulator training for
accident conditions based on PSA insights

3. Development of computer aids to improve operator
performance under abnormal conditions.

1.2.3 Scope

The scope of the Agency's activities in each one of the three main
areas indicated as specific objectives would be:

(a) To collect and disseminate, based on operating experience
(including 1RS) and probabilistic safety assessment studies
(level 1 PSAs, including the ones being developed under the
PSA interregional project INT/9/063) accident sequences
sensitive to human errors which require specific (new)
operator training.

(b) To encourage, collect and disseminate research work on
experience with operator training for preventing severe
accidents including simulator training and related software
development.

(c) To compile a state-of-the-art report on the development of
computer aids in existing plants including technical
description, status of implementation experience, draw backs
and cost-benefit considerations.

13



2. ROLE OF HUMAN ACTIONS IN NPP SAFETY FROM INSIGHTS OF
OPERATIONAL EXPERIENCE

2 . 1 Data sources

The main source of information on human behaviour (error) is the
operational expérience of NPPs.

Operational experience evidence can be obtained in several ways.

(a) General experience on specific problems encountered in the
operation of NPPs;

(b) Internal report of events related to plant safety or
availability ;

(c) Event reports to national regulatory authorities;
(d) Event reports to international organizations;
(e) In depth analysis of some major accidents.

In general we may say that most NPPs in the world report regularly
safety related events to the electrical utility and to the national
regulatory authorities. In almost all the countries this last reporting
is mandatory. This type of reporting is up to now the most valuable
moans for identifying human related events. It has to be noticed anyway
that human errors are reported together with other types of malfunctions
(i.e. component failure, external events etc.) therefore some analysis
method has to be foreseen for the isolation of human performance.

Only in few cases utilities have started human error dedicated
event information systems (i.e. E.d.F. [1]).

The national reporting schemes usually use codings for classifying
the various characteristics of the information (i.e. plant specific
information, state of the plant, initiating event, system involved,
effect of the event, cause of the event, etc.). In addition a literal
description of the event is added.

In few cases, as in the latest US NRC reports, the information on the
events is structured in several time steps, each of these representing a
distinct phase of the incident.
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The frequency of reporting in the national schemes also vary
according to the criteria of reporting which are not similar everywhere (6
to 30 events/reactor year are typical).

Several international reporting schemes do exist whose aim is to
collect and compare the operational experience of various countries. The
Incident Reporting System (1RS) of OECD, managed with the assistance of the
JRC-CEC Ispra, collects typical examples of incidents from Western Europe,
Canada, USA and Japan. The rate of reporting is lower than the national
reporting frequency (about 1 event/reactor year) because of the typicality
of the events chosen; diffusion of information is restricted.

The IAEA-IRS is basically similar to the OECD/IRS but it includes
also reports from Eastern European Countries.

The Abnormal Occurrences Reporting System - AORS of JRC-Ispra
collects almost all the information contained in the national systems.
Furthermore the event description is structured in sequential time steps
allowing an event—tree type accident representation. At the moment AORS
contains 30,000 events, coded in the same format, from USA, France, Italy,
Sweden, Belgium, Holland. In principle the information will be, although
with some restrictions, publically available.

In Appendix 2 an example of the reporting criteria is shown. These
criteria are common to the two 1RS systems and to the AORS system mentioned
above.

Information on human error is more likely to be found under the
following criteria (see Appendix 2):

1. Release of, or exposure to, radioactive material
2. Degradation of safety-related systems
2.1 Fuel cladding failure
2.2 Degradation of primary coolant pressure boundary; relief and safety

valves (testing), too rapid temperature and pressure transients
2.3 Degradation of containment function; isolation valve (testing), main

steam valve (testing)
2.4 Degradation of systems required to control criticality

16



2.5 Degradation of systems required to control system pressure or
temperature

2.6 Degradation of essential support system
3. Deficiencies in operation with regard to safety (degradation of plant

capability to perform essential safety functions)
4. Generic problems of safety interest
5. Events requiring or leading to consequential actions (retraining,

relicensing of operators)
6. Events of potential safety significance (challenge of a safety system)
7. Effects of unusual external events (behaviour of workers)

The Institute for Nuclear Plant Operation INPO in USA also manages an
information system on safety related events. Again the information is
structured in sequential time steps and an analysis of the information is
assured by the help of plant operators. Indeed it has to be noticed that
INPO represents solely utilities and power plant vendors, therefore the
information is not readily available to others.

Finally, as mentioned above, several utilities organize in-depth
studios of some incidents with interviews of the crow involved or have
established dedicated information systems on human errors in NPPs; the
information in these casos is of proprietary nature.

2.2 Information content in relation to human actions

In this section an attempt is made to analyze the content of
information available from the above mentioned sources in relation to human
error modelling.

As a starting point for the analysis we have assumed the human error
taxonomy proposed by an OECD working group [2], knowing that other
taxonomies examples could have been taken as reference.

In Fig. 1 where a summary of this taxonomy is presented, one may see
that several classifications may describe the human behaviour.

If for instance, we focus on the "External mode of malfunction"
classification that is basically structured on the effect the human error
has had on the system (i.e. error of commission, of omission, wrong time

17



oo

FACTORS AFFECTING PERFORMANCE

— Subjectiv« poils and inttntions
— Mint«! load, resources
— Affective factor*

(Category T)

CAUSES OF HUMAN MALFUNCTION

— Extern»! events
(distraction, ate )

— Excessive task demand
(force, time, knowledge, etc )

— Operator incapacitated
(sickneM. etc )

— Intrinnc human variability

(Category R)

SITUATION FACTORS
— Task character ut ici
— Physical environment
— Work time characteristics

(Category P)

MECHANISMS OF HUMAN MALFUNCTION

— Discrimination
stereotype fixation
familiar short-cut

• stereotype take-over
• familiar pattern not recognized

— Input information processing
information not received
misinterpretation
assumption

— Recall
• forget isolated ect

mistake alternatives
• other slip of memory

— Inference
• condition or side effect not considered

— Physical coordination
• motor variability
• spatial misorientation

PERSONNELTASK

— Equipment design
— Procedure design
— Fabrication
— Installation
— Inspection
— Operation
— Test and calibration
— Maintenance, repair
— Logistics
— Administration
— Management

INTERNAL HUMAN MALFUNCTION
— Detection
— Identification
— Decision

select goal
• select target
• select task

— Action
task sequence
execution

• communication

(Category S)

(Category L)

EXTERNAL MODE OF MALFUNCTION
— Specified task not performed

•omission of act
• inaccurate performance
• wrong timing

— Commission of erroneous act
— Commission of extraneous act
— Sneak-path, accidental timing of

several events or faults

(Category M)

(Category Q)

Figure 1 Principal elements of the multifacetted classification scheme for describing and analysing events involving human malfunction
are not mutually exclusive, that is, more than one of them may well apply to an event 12)

The subeategories are not exhaustive Some subcategones



sequence etc.) we may recognize that this type of information is readily
available in almost all event reporting systems already mentioned. Such type
of information is the basis for the human reliability models nowadays used
in PSA. We have anyway to keep in mind that for evaluating the reliability
used in these models not only the failure information is important but also
the number of successes (this is not always an available datum!).

The type of model that is inferred from this information is however
incomplete because it does not take into account all those errors that are
dependent on some deliberate decision taken by the human, based on a
specific understanding of the plant, or more generally because it does not
attempt to describe decision processes that may lead to a multiplicity of
possible outcomes.

This deficiency has already been recognized by the PSA analysts who
have started to approach the problem exploiting also information related to
the "internal human malfunction" classification. This includes errors in
detection, identification and diagnosis, decision, action,etc.

Again this type of information can be found in national and
international reporting schemes. However, some essential information,
basically on the engineering of the particular plant (control system,
parameter setting, control room layout etc.) is not found in the event
report and it has to be acquired through the assistance of plant personnel.
Caution should also be taken in using this type of information directly for
model parameters evaluation. In most cases accidents and therefore human
involvement are very much dependent on the specificity of the plant so that
simple extrapolations can be misleading.

The importance of acquiring this vast and more detailed amount of
information lies in the creation of a wider population of examples of
system/ human malfunctions from which the analyst may then draw conclusions
and inspirations in relation to his particular plant. Eventually the
importance of performing also general type of analysis such as trend
analysis, correlation analysis and accident precursor studies should not bo
neglected [3].

Generally, the more comprehensive the reporting, that is the higher
the number of occurrences stored in the information system, the more useful
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will the analysis of the data be. In some specific cases and for major
incidents, deeper analysis is needed. The relative information that is not
usually framed into the existing information systems will have to be
acquired through ad-hoc investigations.

Finally a third step in the identification of human errors has to be
mentioned. According to Fig. 1, "mechanisms of human malfunctions" can be
investigated together with an identification of the root causes of errors.
Usually this type of information is limited to cognitive aspects of human
behaviour and to analysis of the precursor elements or direct causes of the
error. Thus the information directly influences design of control systems,
procedures, control room layout and also Basic aspects of the operator
training. This type of information is very much plant specific and can only
be retrieved by interviewing the crew and assessing the mechanisms of wrong
decisions. In this respect we have to account for the fact that decisions
are made by interactions among different groups (operation, maintenance
staff, inspection teams etc.). Furthermore the dynamic of the decision
making has to be analyzed in order to find clues for malfunctions.

Before abandoning the theme of the information analysis we have to
remember that many human errors involving unavailability of components (for
instance errors in maintenance, testing, etc.) are generally found in
information systems related to component failures. The human error appears
as cause of the component fault, pointing towards the great impact that
human action may have on reliability of equipments. Extraction of this
information could bo of help when assessing performance of test and
maintenance.

2.3 Identification of accident situations affected by human actions

In this section of the report an attempt is made to identify those
situations whether connected to accidents, systems or general design and
management issues that may favour human errors and that therefore can be the
object of special attention in the various national training programmes.
Such analysis has been done on the basis of personal experience and of a
limited literature search on available documentation [4, 5, 6, 7, 8]. A
systematic exploitation of the accident information systems mentioned in the
first section would have undoubtedly upgraded the significance of the
analysis.
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As several aspects have been tackled in this review we have
subdivided our insights in four categories: general, training, human error
causes, accident and systems.

General insights

Maintenance actions are a source of many errors that are
possibly disregarded, but that may impact severely on the
safety of the plant as they degrade the systems availability.
This information should be extracted from available sources and
training of maintenance staff should be improved.

Bad design from the point of view of system engineering control
room layout and simple ergonomie principles is one of the major
causes of human error.

Procedures for normal and for emergency operation are often
badly conceived, thus inducing man to fail.

Communication within the crew, between various groups active in
plant operation and during shift turn-over is a general cause
of error that has still to be effectively solved.

Not only the operational phase has to be scrutinized to
identify human errors; other periods are also very important in
this respect such as, for instance, refuelling, i.e. when
several workers have to act together.

lated

Training programmes have to address with the same strength not
only licensed operators but also non-licensed operators and
other people working in the plant.

Training must address with first priority those aspects that
are specific to the plant to be operated; or that are thought
to become the most frequent problems in the near future, for
instance, because of aging.

Retraining of plant personnel has to approach particularly the
problems most frequently encountered in plant operation. The

21



diminishing rate of human failures over the years support the
evidence of a learning process that could be even more enhanced
by proper retraining.

Human error causes

A general source of errors is to be found in activities such as
testing and inspection: a typical example is misalignment of
valves. Implementation of automatic procedures may alleviate
some of these problems.

Human errors are more frequent in systems of low availability,
low redundancy or not sufficiently automatized.

Human errors in incidental conditions are more frequent just
after alarms have been initiated (error of diagnosis, high
stress); frequency tends to increase again in the later stage
of accidents when safety functions of the reactor have to be
guaranteed for longer periods (communication problems).

Due care has to be given to identifying typical personnel
errors from errors due to conditions outside the control of the
worker. In this respect information on performance shaping
factors could be beneficial.

Accident and systems more sensitive to human errors

The following list of accidents and system apply:

- Loss of electrical supply/off-sito power
- Loss of feedwater system
- Total loss of heat sink
- Small leak in pressurizer (PWR)

Reactor heat removal system
- Instrumentation and control system

Containment spray system (PWR)
- Chemical and control volume system (PWR)

High pressure injection system (PWR)
- Contcjinment isolation system (PWR)
- High pressure coolant injection system (BWR)
- Reactor coolant injection system (BWR)

22



3. ROLE OF HUMAN ACTIONS IN NPP SAFETY FROM PSA INSIGHTS

This chapter is concerned with the relationship between probabilistic
safety assessment (PSA) and human performance associated with severe
accident sequences. First, a survey is presented of the results of ton
PSAs, particularly in regard to the impact of the human on the assessed
accident sequences. References to these studies are contained in the papers
presented by Adalioglu, Bari, and Polke and these are contained in the
Appendix to this report.

The human interactions are then discussed in terms of five general
types of interaction and the results of the PSAs surveyed are categorized
according to these types.

The second aspect of this chapter is a discussion of modelling of
human interaction in PSAs. In particular, discussions are presented of the
state—of—the—art, limitations and uncertainties, and potential improvements.

3.1 Survey of PSA Results

Browns Ferry Unit 1

Browns Ferry is a G.E. BWR 4 plant with a MARK-I containment. A
Level 1 PRA was performed by the U.S. Nuclear Regulatory Commission
contractors as part of the Interim Roliabiliy Evaluation Programme (IREP).

Six of the sequences identified as dominant are transients, while the
remaining two are the transient-induced LOCAs. Decay heat removal (DHR)
failures have the largest contribution to the core melt probability. The
rest comes from reactor subcriticality failures.

Miscalibration errors have important effects on system
unavailabilities. For example if reactor level switches are miscalibrated,
then coolant injection systems are directly affected.

The human error contributions to sequences related to DHR failures
come from:
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-the manual starting and valuing into service of additional pumps to
Emergency Equipment Cooling Water headers to provide required cooling.

-the control circuit faults of the Residual Heat Removal System and
the Residual Heat Removal Service Water system motor-operated valves.

Significant operator errors are grouped as miscalibration and
operational errors. Failure of manual depressurization of reactor has
relatively higher probability compared with the other operational errors.

The recovery actions are either to bypass the faulty control circuits
or to operate the valves manually by the operators. For the Reactor Scram
failures no recovery action had been considered since the time available to
manually initiate scram or a Recirculation Pump Trip is very short.

Millstone Point Unit 1

Millstone Point Unit 1 is a G.E. BWR 3 plant with a MARK-I
containment. A Level 2 PRA was performed by the U.S. Nuclear Regulatory
Commission contractors as part of the Reactor Safety Study Methodology
Applicators Programmes (RSSMAP).

The dominant accident sequences are mostly Loss of Offsite Power
transients; others are Loss of Offsite Power-induced LOCAs. As far as the
failed functions are concerned, the Decay Heat Removal and Emergency Coolant
Injection/Vessel Water Inventory failures are the largest two contributors
to core melt.

The types of human errors determined are:

-failure of operator to manually depressurize the reactor;

-operator failure to recover Isolation Condenser Make-up
System manually ;

-test and maintenance contribution to Isolation Condenser valves.

The first one is the only significant human error affecting accident
sequences. Over 40% of the total core melt probability comes from this type
of error. The other two have a 6% share each in total probability.
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Grand Gulf Unit 1

Grand Gulf is a G.E. designed BWR 5 plant with MARK-III containment.
A Level 1 PRA was performed by the U.S. Nuclear Regulatory Commission
contractors as part of IREP.

The dominant accident sequences can be grouped as transients,
transient-induced LOCAs and LOCAs, in that order. The Decay Heat Removal and
Reactor Subcriticality failures are the most important functions which
dictate the progression of sequences and core degradation.

Under LOCA conditions, the miscalibration of Automatic
Depressurization System (ADS) actuation dominates the failure of ADS control
circuits. However, under transient conditions ADS failure was assumed to be
caused mainly by operator error.

Dominant human errors associated with Grand Gulf system failures were
found to be inadvertent closure of normally open manual valves after
maintenance. Over 60% of core melt probability is affected by the failure
to restore test and maintenance faults within a certain time interval.
About 20% of total probability involves failure of the operator to manually
initiate ADS.

Limerick Generating Station 1

Limerick Generating Station 1 is a G.E. BWR A with a MARK-II
containment. A level 3 PRA including external accident initiating events
was performed by the utility, Philadelphia Electric Company (and its
contractors). The plant was in the final stages of construction when the
PRA was performed.

Over 90% of dominant accidents are the transients. Those sequences
involving loss of coolant make-up have about 90% contribution to core melt
probability. Transient initiators are grouped as anticipated transients and
manual shutdowns. The contribution of the latter to the total probability
is about 2X.

For the Loss of Power transients, the timely actuation of ADS by
operators is assumed to have low success probability. Forty four percent of
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the total core melt frequency involves timely actuation of ADS by the
operator.

Forsmark 3

Forsmark 3 is a Swedish BWR designed by ASEA, with a pressure
suppression pool containment. A Level 1 PSA was performed by ASEA on
request of SKI (Swedish Regulatory Authority).

The initial study was performed, before the plant went into
operation, using WASH 1400 identified sequences. Transients and LOCAs, in
that order, are the two groups of accidents considered as dominant. The
reactor subcriticality failure is the dominant functional contributor to
core melt.

The following three types of human errors have been identified:

-Reactor Protection System (RPS) logic equipment miscalibration

-Operator failure to initiate a safety function.

-Operator action inhibiting a safety function already actuated.

Because of the large scale automation of control of the plant the
last two human errors do not contribute significantly. The first one is the
dominant contributor due to the fact that RPS hardware failures have a very
small effect on sequence frequency in the presence of dual shutdown systems.

Millstone 3

Millstone 3 is a 4-loop Westinghouse PWR with a large dry
containment. The plant was in the final stages of construction when the PRA
(Level 3 with external events) was performed by Westinghouse.

The core damage frequency from internal events was assessed by
Westinghouse to be 5 x 10 /yr. Offsite consequences were dominated by
the interfacing systems LOCA (Event V) which accounted for more than 99% of
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the early fatalities. The core damage frequency was dominated by transients
and small LOCAs but the lead sequences contributed less than 9% to the total
value. The top ten sequences contributed less than 50% to the total value.

The five load accident sequences that also have human error
contributions are shown in Table 1 along with their per cent contribution to
the total core damage frequency and with the per cent contribution from the
human error failure mode to the total system failure probability. Note that
only the human error contributions to the dominant sequences were considered.

Table l

SEQUENCES IMPACTED BY HUMAN ERROR

IN HILLSTONE 3 PRft

ACCIDENT SEQUENCE X OF CDF X HUMflN

Medium LOCA: failure of 8.5 1.3

high pressure recirculation

Loop + failure of diesels > 6 hrs; 3.6 0.4

Failure of quench spray recovery

Stoamlino break outside containment: 3.4 1.2

Failure to isolate main steamlino

Failure of primary bleed through porvs

Small LOCA: Failure to control 3.1 3.1

Primary depress; Failure of

high pressure recirculation

Large LOCA: Failure of low pressure 3.0 0.8

recirculation

Table 2 gives the contributions to the core damage frequency from the

various systems which have human error contributions to their failure

probabilities. Also shown is the per cent human error contribution to the

system failure. Four systems appear most prominently in those results, but

the human error contribution is rather low in general.
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Tabla 2

MILLSTONE 3 PRfl

SYSTEM FftILURE flfJD HUMftN IMPflCT

CONTRIBUTION TO CORE DAMAGE FREQUENCY

SYSTEM X OF CDF X HUMAN

High pressure recirculation 20.4 1.8

Feed and Bleed 11.9 12

Primary deprcssurization 3.1 3.1

Low pressure recirculation 30 0.8

Seabrook

Scabrook is also a 4-loop Westinghouse PWR with a large dry
containment. The plant was in the final stages of construction when the PRA
(Level 3 with external events) was performed.

The core damage frequency from internal events was assessed to be
-42 x 10 /yr. Offsite consequences were dominated by the interfacing

systems LOCA (Event V) which accounted for 98% of the early fatalities. The
core damage frequency was dominated by transients (85%) and small LOCAs, but
the lead sequence contributed only MX to the total value. The top ten
sequences contributed less than 40% to the total value.

The three lead accident sequences that also have human error
contributions are shown in Table 3 along with their per cent contribution to
the total core damage frequency and with the percent contribution from the
human error failure mode to the total system failure probability.

Table 4 gives the contributions to the core damage frequency for the
two systems which have human error contributions to their failure
probabilities. Also shown is the percent of human error contribution to the
system failure. Again, these human error contributions were those contained
in the dominant core damage accident sequences and their contribution is
rather low in this PRA.
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Table 3

SEABROOK PRÄ
SEQUENCES IMPACTED BY HUMftN ERROR

ACCIDENT SEQUENCE X OF CDF X HUMAN

Loss of main feedwater: 3.5 2.5
Failure of solid state protection
system

Steamline break inside containment: 2.4 2.4
Failure of operator to establish
long-term heat removal

Reactor trip: Operator failure to 1.3 1.3
establish long-term heat removal

Table 4

SEABROOK PRA
SYSTEM FAILURE AND HUMAN IMPACT

CONTRIBUTION TO CORE DAMAGE FREQUENCY

SYSTEM X OF COF X HUMAN

Solid state protection 3.5 2.5

Long-term hoat removal 3.7 3.7

Shoreham

Shoreham is a G.E. BWR 4 plant with a Mark II suppression pool
containment. The plant was in the final stages of construction when the PRA
(Level 2 with internal events) was performed.

—5The core damage was assessed to be 6 x 10 /yr. The radiological
source term assessment was generally lower than the WASH-1400 BWR results
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because higher suppression pool decontamination factors were assumed and
accounted to specific aspects of the Mark II containment design. The core
damage frequency was dominated by transients which accounted for more than
95% of the total core damage frequency. However the lead accident sequence
contributed approximately 10% to the total core damage frequency and the
lead fifteen sequences together contributed less than 60%.

Unlike the Millstone 3 and Seabrook PRAs, the Shoreham PRA has found
human error contributions to system failures in eleven out of twelve of the
dominant core damage accidents. Some of these sequences involve multiple
system failures with human error contributions from more than one system per
sequence. Table 5 lists the systems which have human error contributions

Table 5

SHOREHAM PRfl
SYSTEM FAILURE AND HUMAN IMPACT

CONTRIBUTION TO CORE DAMAGE FREQUENCY

SYSTEM ft OF SEQUENCES X OF CDF X HUMAN

Standby liquid control 13.3 12.7

High pressure
coolant injection

28.9 3.9

Automatic depressurization
system

21.3 7.0

Feedwater 15.7 9.2

Low pressure core
spray

9.0 5.2

Low pressure
coolant injection

9.0 7.4

Reactor coro isolation
cooling in steam
condensing mode

2.7 1.0

Condensate 4.7 0.9
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for the dominant core damage accident sequences. Also listed are the number
of accident sequences that involve a particular system, the per cent
contribution to the total core damage frequency from each system, and the
per cent human error contribution to each system failure.

It is seen that, unlike the Millstone and Seabrook PRAs, the Shoreham
PRA contains a significant contribution to the core damage frequency from
human errors that impact key systems.

Oconoe 3

Oconeo 3 is a 2-loop Babcock and Wilcox PWR with a large dry
containment. The plant had a few years of operating experience when the PRA
(level 3 with external events) was performed.

The core damage frequency from internal events was assessed to be 5 x
—510 /yr. It is interesting to note that the external events contribution

-4is 2 x 10 /yr which is comprised mostly of a turbine building flood and
earthquakes.

Transient (65%) and LOCAs (30%) comprise most of the internal events
core damage frequency with the lead sequence contributing 24X to this
value. The lead twelve sequences together contribute 82% to the total core
damage frequency.

Table 6 lists the three lead accident sequences which also have human
error contributions to their systems failures. It can be seen that human
error is a major contribution to these sequences. Table 7 lists the systems
failures among the top twelve sequences that have human error contributions.

Also listed are the number of sequences that involve a particular
system, the per cent contribution to the core damage frequency for each
system, and the percent contribution from human error to each system failure.

Thus, unlike the Millstone 3 and Seabrook PRAs, human errors
contribute significantly to the system failure probability and to the total
core damage frequency.
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Table 6

OCONEE 3 PRÄ
ACCIDENT SEQUENCES IMPACTED BY HUMAN ERROR

ACCIDENT SEQUENCE X OF CDF X HUMAN

Small break LOCA : High
pressure rocirculation failure

8.2

Feedwater line break: High
pressure injection fails

8.8

Largo break LOCA: low
pressure recirculation fails

8.8

Table 7

OCONEE 3 PRA
SYSTEM FAILURES AND HUMAN IMPACT

ON CORE DAMAGE FREQUENCY

SYSTEM OF SEQUENCES X OF CDF X HUMAN

High pressure injection (HP1) 19

Safe shutdown facility (SSF) 27 27

High pressure recirculation

Low pressure recirculation 19

HP1: Failure to initiate in time for sequences where
auto initiation would not be counted upon

SSF: Failure of operator to initiate in time



German Risk Study

The reference plant for this study was the 1300 MWe 4-loop PWR of
Biblis 8 (KWU-type). Changes in the status of the plant, e.g. in
Instrumentation & Control, by expanding the scope of maintenance or by
updating written procedures, are taken into account up to 1978.

When considering human interactions, one has to keep in mind the
design principle of German NPP's safety systems namely: measures required
within 30 minutes of the beginning of an accident will take place
automatically without interference by the operating personnel.

The results of the analysis showed that about 2/3 of the total
calculated frequency of core melt is due to human error. But only 3% of the
result is comprised of common cause failures due to human error (incorrect
calibration of measurement channels). Two lead contributions arise from
small LOCA and loss of preferred normal power (96% if the small leak at the
pressurizer during loss of power is included - see Table 8).

Manual actions in the secondary circuit are responsible for the
following contributions: In the first case manual interference with
shutdown of the plant contributes to nearly 80% of the core damage
frequency. In the second case the establishment of a timoly and sufficient
supply of feedwater from the other unit following the common mode failure of
all diesel generators is the dominant contributor to the core damage
frequency.

In both cases manual actions had to be undertaken. The first case
requires reading of the downward gradient of main steam temperature of
100 C/h on a chart recorder and controlling the appropriate valves
accordingly. The second case involves opening the valves for the feedwater
supply. These interactions take the operators approximately a quarter of an
hour which causes high stress to the operators due to time constraints.

Meanwhile the impact of these dominant incidents is decreased due to
the installed backfittings and automatic controls; therefore either the
performance of the tasks has changed or the frequency of doing that error-
prone task is lowered by having a greater variety of counter measures.
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Table 8

CONTRIBUTIONS TO THE FREQUENCY OF POTENTIAL SEVERE
CORE DAMAGE ACCIDENTS

Initiating Event

Loss of main feedwater
(without small LOCA via pressurizer)

Loss of preferred power
(without small LOCA via pressurizer)

Loss of main heat sink,
without loss of main feedwater
Small leak in pressurizer
during loss of preferred power
Small leak in prr .surizer
during other transients
Small leak in pressurizer due to
.spurious opening of pressurizer valves
Small leak in a reactor coolant loop

ATWS

German Precursor
Study

2.0x!0"5/yr

1.5xlO~ 5/yr

xlO~8/yr

9 x!0"7/yr

2.4xlO~6/yr

1.6xlO~6/yr

German Risk
Study

3 xlO*6/yr

1.3xlo"5 /yr

3 x!0"8/yr

7 x!0"6/yr

2 xlO~6/yr

5.7xlO*5/yr
xlO*6/yr

Small reactor
coolant pipebreak
72 S

1 1

|n

—

Emergencypower case

24 SD

m

Accident
Contribution
to frequency
of coremel tdown

Fai lure modes

!:•:•;•:•&& UA+CMA
1 ——— 1 CMA
vzzz CMA+MF
E???3 UA+MF
C=DHF

Contribution of different failure modes
to frequency of core meltdown
UA: Independent failureCMA: Common-Mode-Failure
MF: Human error



The German Precursor Study (7) - a plant-specific PSA issued in 1985
- essentially confirmed the findings of the German Risk Study in general as
well as in respect to human interactions using actual incidents which
occurred in both Biblis NPPs over almost 16 years of operation. There is a
general decrease of precursors to severe core damage accidents with and
without human influence over the years of operation. This results from both
hardware improvements and also from a better understanding of the functional
dependencies of the systems by the personnel. For example, at the beginning
of commercial operation the dominant contribution was the loss of feedwater
and main heat sink due to triggering of the main steam line break signals.
This triggering was mostly due to human interaction. But since 1979, this
had not occurred again.

Types of human errors

The types of human interactions treated and modelled in PSA studies
may be grouped as follows (9):

Type 1. Prior to an initiating event, equipment is
inadvertently disabled and availability is
compromised by the personnel during normal
operation, or test and maintenance period of the plant.

Type 2. Plant personnel may erroneously initiate an accident.

Type 3. During the course of an accident, plant personnel can
actuate standby equipment or functions to terminate the
accident.

Type 4. Following procedures, a mistake committed by the personnel
aggravates the situation or fails to terminate the accident.

Type 5. Equipment which was unavailable initially can be restored
and operated by the plant personnel to terminate the
accident.

The categorization, however, is not strictly followed by the PRA
studies and their effects differ from study to study.
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T»ble ?

Type» of Human Interactions Treated in PSA

Flint Type* of
Human Inter.

Impact Systems affected nts

Brown» Ferry ECI and DAR systems

Millstone Point 1 4

Grand Gulf 1 1

high

low

low

high

Hiscalibration of reactor level
switches directly affects the
coolant injection and decay heat
rénovai systems

Depressurization of reactor Manual actuation

DHH system Bypass the faulty control
circuits of RHR system or to
operate the valves manually

high Depressurization of reactor Manual actuation

low Isolation condenser valves Test and maintenance faults

low Isolation condenser makeup Failure to recover ICH system
(ICH) system manually

Control circuits of ADS
actuation

ADS

Valves

Hiscalibration of ADS actuation
under LOCA condition«

Operator error for actuation of
ADS under transient conditions

Test and maintenance faults which
cause the closure of normally
open manual valves

Limerick low Level sensors

high ADS Timely actuation of ADS by
operator

low

low

RHR and scram systems

Scran system Manual shutdowns are considered
separately as accident initiators

ForsBtrk 3 high Reactor Protection System BPS logic equipment
mlscalibratlon

(RPS) scram system

low a safety function

low a safety function

Failure to initiât«
manually a safety function

Operator action
inhibiting an actuated
safety function
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Table 9 (cent.)

Pl«nt Types of
Human Inter.

Ml 11 f ton« 3 4
4
4
4

Seabrook 1
4

Shoreham 1 and 4
1 and 4
1 and 4

1 and 4
1 and 4
1 and 4

4

4

Impact

low
low

high
moderate

moderate/high
high

high
low

moderate

moderate/high
moderate
high
moderate

low

Systems affected

High pressure recirculation
Feed and Bleed
Primary system depressurization
Low pressure recirculation

Solid state protection
Long term heat removal

Standby liquid control
High pressure coolant injection
Automatic depressurization

Feedwater
Low pressure core spray
Low pressure coolant injection
Reactor core isolation system
in steam condensing mode
Condensatc

Comments

Switchover
Timely control

Failure to establish

Maintenance (1)
Hiscallbration (1)
Timely acutation and
maintenance (1)
Hiscalibratlon (1)
Miscalibration (1)
Hiscalibration (1)

Oconce moderate High pressure injection

high Safe shutdown facility
high High pressure recirculation
high Low pressure recirculation

Failure to initiate when
auto initiation is not
available in sequence
Timely actuation
Switchover
Switchover

German Risk
Study
(Biblis NPP)

low High pressure injection

Low pressure injection of
reflooding

Hiscalibration of measure-
ment channels for the
triggering signals of
the systems

high Emergency feedwater supply
and main steam relief

Failure to prepare and
control manual shutdown

4 (3) moderate-high Delayed feedwater supply and
main steam heat removal

moderato Long-term feedwater supply
and main steam heat removal

Failure to align feedwater
supply from other unit
after common mode failure
of all emergency diesel
generators
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We make use of that taxonomy as it considers human interactions prior
to or during accident propagation.

Another more cause-oriented classification of human malfunctions has
been attempted by using a multifacetted classification scheme (2).

There is no unique cross reference possible, but it may be said that
Types 1 and 5 correspond to Category L, Type 3 to Category Q, and Types to 2
and 4 to Category M (See Fig. Ij.

The types of human interactions that were assessed for the ten plants
considered above are shown in Table 9. It should be cautioned that, for
each system, this is a minimal list of types of interactions because only
the system failures that appear in the dominant accident sequences were
surveyed in the present study.

The column headings are self explanatory except for Column 3, Impact,
which denotes the contribution of human interactions to the particular
system failure. Where precise numbers were not available, a qualitative
assessment was performed. Where numbers were available, "High" means
greater than 75% contribution, "Moderate" means between 25 and 75% and "Low"
means less than 25%. Note that a high human contribution may not imply a
significant contribution to the core damage frequency because it may appear
in a system that is part of an accident sequence that has a small
contribution to the total core damage frequency.

3.2 Methodologies for incorporating human actions in PSfls

3.2.1 Discussion of State of the Art:

It is recognised that there is no strong concensus in the human
factors community on the best methods to perform human reliability analysis
(HRA) in the context of a PSA. One of the basic steps is to integrate the
human actions with the overall risk assessment in a thoroughly documented
way. There are many means of integration available; a good example is
discussed in reference (10).
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Four general classes of HRA methods have been identified:

1) Expert judgement - Methods for expert estimation of human
error or equipment failure probabili-
ties range from individual desk-top
judgements to highly structured and
sophisticated group estimation
techniques,
the elements of which should be well
documented.

2) Performance process evaluation -
It includes all models or simulations
which involve representation of the
psychological or physical processes
occurring for the human error under
consideration.

3) Performance data analysis -
It can provide useful information in
determining human error probabilities.

4) Dependence calculations -
Risk analysis generally takes the form
of predicting conditional failure proba-
balities for redundant components in a
safety system assuming that one has
already failed. These conditional pro-
babilities are then used to cal-
culate the probability of a complete
system failure.

There are many different HRA methods which have been either used in
currently available PSAs, developed and evaluated for use in PSAs, or both.
It must be recognized that many of these methods contain elements of two or
more of the classes of methods described previously.

A brief description of ten such methods is given:

-Confusion Matrix (11). It is a method that identifies
potential operator errors stemming from incorrect diagnosis of
an event.
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-Direct Numerical Estimation (12). It is a structured expert
group judgement technique (i.e. psychological scaling).

-Influence Diagrams (13). It is a structured expert group
technique in which a graphical representation of the possible
dependence between various outcomes is used to derive
probabilistic estimates of those outcomes.

-LER-HEP Methodology (14). It is a means of analysing field
data to estimate human error probabilities.

-Maintenance Personnel Performance Simulation (MAPPS) Model
(15). It is a task-oriented, computer-based model for
simulating actual processes in maintenance activities.

-Multiple Sequential Failure (MSF) Model (16). It is
principally used to determine the level of dependency
introduced by maintenance, testing, and calibration activities
on safety systems which incorporate redundancy.

-Operation Action Tree (OAT). Time Reliability Correlation
(17). It is specifically designed to estimate human errors for
actions which require decision making on the part of the plant
operator.

-Paired Comparisons (12). It is a structured group expert
judgement method in which a list of human errors under
considerations are systematically compared in pairs.

-Success Likelihood Index Method/Multi-Attribute Utility
Decomposition (SLIM-MAUD) (18). It is a structured group
expert judgement method that is facilitated using a computer
terminal to classify, rate, and weigh human error probabilities.

-Technique for Human Error Rate Prediction (THERP) (19). It is
a method which is used to estimate human error probabilities
for each error in a risk assessment.

Other Human Factors Modelling Techniques can be found in the
following conference proceedings (8, 20, 21).
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3.2.2 Limitations and uncertainties on human reliability analysis in the
context of

Somo of the difficulties that have been recognized as current
limitations to the application and interpretation of human interaction
analysis in PSA studies are the following:

1. Human behaviour is a complex subject that does not lend itself
to simple models like those for component and system reliability.
This makes the analysis of human interactions more dependent on the
judgement of the analyst. The complexity increases in analyzing
human performance under off-normal conditions. There are many
factors (social, cultural and internal to human beings called
Performance Shaping Factors) that influence human behaviour and these
are difficult to take into account.

2. The operators have to behave in many cases in a "cognitive"
mode, and in this field our knowledge is still insufficient.

3. Human aspects have been described as binary success and failure
states to match the logic used for equipment failures. This method
does not account for the full range of human interactions.

4. Generic human-error probabilities have been applied on a
judgemental basis, because a simplified model of the various
parameters that affect human performance has not yet been fully
developed .

5. There is presently a general lack of data on human behaviour
and the available generic data may not be applicable in different
countries .

The methodologies applied in PSA studies were subject to many
critical evaluations. The particular modelling of human error during
accident conditions were examined. In the majority of PSA studies it is
found that increasing the level of effort for modelling human action
concerning maintenance, calibration etc. does not change significantly the
ordering of dominant sequences.
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Increasing the effort level for modelling the human action during an
accident in general impacts the ordering of dominant versus non-dominant
sequences. Therefore the perception of the plant vulnerabilities is
considerably changed. However, it may not be a rule for all PSA studies
(22).

3.2.3 Potential Improvements

The analysis of human interactions in PSA is clearly a developing
art. Improved areas for the analysis of human-system interactions in future
PSAs are likely to include:

-Development of interim methods for considering the importance of
operator decision-making under accident conditions.

-Development of certain representations of the time dependent impact
of human interactions on the success or failure of a system or safety
function.

-Use of a more structured technique for developing data from expert
opinion.

-Development of more systematic approaches for incorporating human
interactions into the PSA framework and better integration of the systems
and human reliability analysis.

-Collection of training simulator data to verify some of the
judgemental data and support the development of simple models of human
behaviour.

Improved consideration of these factors in PSA should lead to
substantially greater understanding of possible human behaviour under
accident conditions. However, limitations in the detailed description of
human interactions will still exist and they should be recognized. Both the
qualitative description of the human/plant interaction logic and the
quantitative assessment of those actions relies upon virtually untested
judgements of experts.
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One area which needs additional work is the development of simple
mathematical human-effect models that are adequate for PSAs. Current
correlations arc simple to apply, but give little improved information about
tho behaviour characteristics of the operation. Factors which lead to
reservations in the results should be identified from the information in
the simulator studies.

The critical review of PSAs by experts in the area of human
interactions has generated advances. However, the depth of the techniques
must bo expanded so that the impact of changes in design, procedures,
operations and training, etc. can be measured in terms of a change in a risk
parameter such as the core-melt frequency. Then trade-offs or options for
changing the risk profile can be identified. To do this the following must
be strengthened: the methods for identifying the key human interactions for
developing logic structures to integrate human interactions with the
system-failure logic; and collection of data suitable for their
quantification.

3 . 3 Insights and Applications

3.3.1 Summary of Insights

The miscalibration errors are found to be the first type of human
error contributing significantly to the core melt probability for the BWR of
the reactors considered. For the operational type errors the most common
and important one is the manual depressurization failure of the reactor.
Failures to open normally open manual valves after test and maintenance are
also another type of human failures contributing significantly to the
sequence frequencies for most BWRs.

For the PWRs examined, the PSAs indicated that human errors during
the course of an accident were important for many of the dominant accident
sequences. However, unlike the BWRs, for the PWRs the human interactions
only appeared in a limited subset of the dominant accident sequences.

The PSA as a systematic method of decomposing sequences and
mitigating actions to severe plant damages can give answers to the following
questions :
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-from what system of the plant, dominant human interaction may arise;

-is it possible to aggregate these human interactions in terms of
similar tasks or common causes.

These insights could be helpful inputs to questions on how to
overcome the human error-prone situations.

-Better training:

.either in the sense of better understanding of the plant status, its
change and the functional dependencies of systems ("diagnosis") -
sharpening the human's capability of knowledge-based behaviour, in
situations before and shortly after the occurrence of abnormal
conditions.

. or in the sense of preparing him for potential situations so he is
confident with the counter-measures. This refers to the mitigating
actions during the course of transients, trying to lower the
possibility of human errors in the rule and skill-based behaviour.

-Unburdening of human beings by installing automatic protection or
control systems which lower the stress for implementing timely and
"fail-safe" actions (i.e. in the correct direction). These are conditions
shortly after the occurrence of an abnormal situation - tho chance of doing
a critical status analysis or making a sound diagnosis is increased.

The first mentioned approach could be allocated to the strategy
"adapt the man to tho machine" whereas the latter approach tries the
opposite. Both approaches have their natural limitations which is evident
especially under severe abnormal conditions. In such cases the human being
is no longer the weakest part in the long list of mitigating actions but the
strongest as the predefined actions of the systems have not fulfilled the
tasks as they should.

Also in that case the capability of the human mind must match the
complexity of the systems and automatic controls which are limited in their
range and interdependences.
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3.3.2 Accident Management

The evolution of a severe accident may involve extended time periods
and this would likely require the intervention of the human element at
various stages and in various capacities. Current methods and insights
would be useful in the development of effective approaches to accident
management.

Human factors research in accident management is in the conceptual
stage of development (23, 24). The models being developed provide both a
conceptual structure systematically describing operator response in accident
management and a method for standardized development of technical guidance
supporting operation decision-making and response.

Guidance is necessary because accident conditions may exceed the
scope of existing emergency procedures. Technical guidance may be developed
through integration of data from PSA and SASA-type (Severe Accident Sequence
Analysis) studies and expertise compiled from operations, engineering and
human factors personnel. Such guidance may be central for extending
emergency procedures and systematic operator training.

Newly developed accident management procedures should be accounted
for in PSA studies as they may change significantly the set of dominant
sequences and therefore the insight into vulnerabilities of the plant.
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4. ROLE OF SIMULATORS IN VIEW OF TRAINING FOR ACCIDENT
CONDITIONS

4.1. Introduction

Human errors contributing negatively to the availability and safety
of nuclear power plants can bo found in the stages of: design, component
manufacture, construction and operation, Our considerations will focus on
human errors of the operating stage only. These will be classified
according to their functions into:

Management error
Maintenance error
Operator error

To simplify the problem, let us consider the operator error. The
operator errors may bo interpreted as the function of the following factors

Operator error - F (f , f , f , f )1 2 3 4

f : Operator capabilities
f : Operating procedure
f : Man—machine interface3
f : System characteristics

The factors f and f are mainly reflecting the human element in
the framework of operator's activities, the factor f represents the4
machine clement and refers to errors in the design, component manufacture
and construction stages whereas factor f depends on both, the human and
machine element.

Any theoretical analysis to solve human error problems has, however,
limitations.

Usable data or information could be derived from operational
experience. However, at present, data on human errors in actual NPP
operation are not sufficient to have statistical meaning. Thus, data from
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full scope training simulators and engineering simulators can bo used as the
substitution of real operational experience. The simulator can be used
effectively for research on human error problems, operator training,
development of operating procedures, man-machine interface development, and
production of feedback data for system development.

Human failure when operating a NPP can be expected if the plant is
not optimally designed, which means, that human capacities and limits have
not been sufficiently taken into account. The difference between what human
beings do and what is expected of them, does create problems (25).

To analyse human failures the following scheme can be used:

analysis of Human Failure

__ ____«.... „______
Definition of
required behaviour

Human Failure

Description of
the deviation

Deficiencies in
Man-Machine-interface

Ï
Deficiencies in
operator
capabilities

Definition of
actual behaviour

Deficiencies in
operating procedures

Improvement of the
work conditions
Improvements of the hard-
ware
Improvements of the
software

- on the job training
- simulator training
- interactive group

training

Minimization of
Human Failure

- correction of operat-
ing procedures

- improving readability
of operating
procedures
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4.2. The Use of Simulators

Simulators are here considered as particular tools that can be
constructed for designing complex technical systems, for studying their
behaviour and for training the persons that are responsible for the
operation of those systems. The specific form of and implemented capacities
of the simulators depend on the particular aim of their use. Still it might
be possible to define the general role of the simulator (or simulation as
certain type of activity) as a new tool in mastering complex production, in
this case, nuclear power production. The role of simulators could be
schematized in the following way:

Problem
Definition

Plant
Operation

Analysis

Defining measures Simulation
for training and design

Next, the questions of what the simulation utilization would require
as input, how it could be optimally used, and what kind of measures could be
suggested on simulator studies will be addressed.

4.2.1 flnalysis of the problems_to be tested in simulations

Two approaches for analyzing the safety significant problems of power
generation will be addressed.

First, there is a possibility to start from the general physical and
technical representations of the process and human activity models and then
gradually derive lower level algorithmic models to represent the behaviour
of the safety relevant process. Using this approach an attempt is made to
problems on the basis of structural knowledge of the man-machine system.
There are different established methodologies to use, such as the
probabilistic risk or safety analysis (see chapter 3).
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From the point of view of simulations, a very positive feature of
probabilistic safety analysis is that relatively well developed systematic
means to carry them out have been established. They are based on expert
knowledge about the physical and technical features of the process.
However, the methods required for deriving human performance data are still
in a development stage. Particularly here it is important to note that also
the operative knowledge of the systems is used in the analysis. The result
of the analysis are probabilities of the occurrence of certain undesirable
sequences and also an estimation of the contribution of the human activity
to that risk. As such these data are well defined hypotheses of what might
happen and what might be the significance of the human failures in the
situation.

The information that comes from PSA has to be evaluated before using
it in training simulators. In fact it is possible to get, especially for
abnormal or off-normal transients, conditions that cannot be reproduced on
simulator or that can give misleading ideas to the operators during training.

The expected results fall into the following three classes:

(a) simulator ability
(b) partial simulator ability
(c) simulator unability

In the first case simulator ability is not limited and the new
transients can be implemented in the training or retraining programme.
Unfortunately there are major difficulties when applied to already existing
simulators, especially if they have been designed to cover only conditions
with lower severity than the Design Basis Accidents (DBA).

In the second case it is frequently possible to use the transient
sequence at least in the first part of the simulation to provide the
operator with the symptoms that are expected during such transients.

In the third case there are two possibilities available:

develop new models to handle the situation
provide the training for the operators in a different way.
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The development of more sophisticated models would solve the problem
in a radical way keeping in mind that a big effort would be required to
achieve such a goal.

The second principal approach to analyze safety significant problems
is the possibility to start the analysis from the existing experience.
Several methods have been developed to deal with actual operating
experiences and data banks compiling the experiences have been established
(see chapter 2). However, the methodologically oriented analyses of
operating experience is loss developed. The statistical information
available cannot be used effectively without a systematic conceptualization
of its message. This applies to both the statistical data collected
internationally and also to the plant specific analysis of operational
experience. The particular feature of using existing data in simulation
tests is that they must be formulated into testable problems. The possible
biases and validity problems that are connected with the use of data from
different systems was pointed out previously, and apply also here.

An important factor for enhacing the analysis of the plant
operational experience is the participation of the operators. This kind of
activity should become an essential part of the operators' regular on-site
training. Such orientation is in the long run a prerequisite for
maintaining the qualifications and adequate motivation of the operators.

Like in the case of risk assessment the analysis should result in
well defined problems in the form of:

(a) generalized operational situations which are found critical,
such as :

- physically complicated transients with potentially
misleading information

- beyond design base accidents
- performance during a longer period of time than is usually

envisaged at present

(b) generalized assumptions of the critical activity, which demand:

- knowledge based actions such as deriving a diagnosis based
on novel hypotheses
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conflicting goals of activities
- problems in communication which inhibit a collective

strategy for facing the problem situation

4.2.2 Requirements on simulators

It is important from the simulation point of view that the models
implemented in the simulator meet the requirement of fidelity. Fidelity
means that such models are expected to behave as much as possible like the
real equipment. Models should behave on the knowledge of the physical
phenomena and should be able to handle situations which can arise in a NPP.

Generally speaking it can be assumed that a more complex model allows
to analyze a larger spectrum of situations. Another way to handle different
situations can bo to build up more than one model, each one devoted to some
particular condition. However this approach has the disadvantage that the
transition between two different situations can require the use of two
models and in this case problems can arise for interfacing.

We can fundamentally distinguish three types of simulations:

(a) off-line simulation
(b) real-time simulation
(c) predictive simulation

The off-line simulation is performed by using qualified computer
codes. The aim is to get detailed information on the behaviour of the NPP
by using complex models. The real-time simulation has to provide an
observer with the same feel he could have if he were looking at the real
phenomenon. Predictive simulation should go faster than real—time so that
it gives an anticipated indication of what will be the final outcome of the
phenomenon.

In the last years the design of the real-time simulators imposed
simplifications on the models to satisfy the real-time requirement. Now
improvement of the computer's performance and speed makes it possible to
develop more sophisticated models capable to handle in real-time a wide
variety of normal and accident conditions with a fidelity comparable with
the one of the off-line codes. We can distinguish four kinds of real-time
simulators :
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- basic simulator (plant analyzer)
- function simulator
- training simulator
- engineering simulator

Tho basic simulator provides the indication of the physical phenomena
that take place in NPP. Only few actions can be performed on such a
simulator. The function simulator is devoted to simulate systems that are
used in NPP. Tho aim of such simulator is to provide the plant personnel
with a tool to understand how the system behaves. All the actions that can
be performed on such a system should be available on the simulator console.
The training simulator ir> a full scope simulator, that means that the
operator has available all the capabilities of the real plant control room.
Therefore he has all the information available in the control room and can
perform any action he would do in the real plant. The engineering simulator
differs from the previous type of simulator for the fact that the control
room is built in a more compact way maintaining, however, the same
capabilities of the control room. The role of the engineering simulator is
to provide during the plant design a tool that has among others the
following purposes: verification of the operational and emergency
procedures; definition and optimization of the control room design.

4.3 On ca_rrjQf>g out_simujlator training and experiments

4.3.1 General Remarks

When talking about the use of simulators, one has to consider the
different objectives, the different types of simulators and the different
users of simulators. The following chart will give a survey.
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Objective Type of
Simulator

Users of
Simulator

Knowledge in plant behaviour
process procedures
interaction man-machine

Reactor physics
Heat transfer

Engineering

Plant
Analyzer

System training Function

Validation of procedures

Manual

Training

Human factors research

full scope

Designer
Authority

Designer
Authority
Utility
Experts

Utility

Utility (especially
control room
operators)

Exports for human
factors

The training of control room operators is carried out on 3 levels

- Training in real plant condition (e.g. theoretical basic
knowledge, general systems behaviour, behaviour under abnormal
conditions, internal organizational structures, manuals and
procedures)

- Training in simulator condition (e.g. basic training,
re-training, updating of knowledge on incidents and operations
which have occurred)

class-room training

The training on the simulator provides a possibility to analyze human
behaviour of the operating crews - either individually or as a group.
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The training of operator personnel on the simulator includes:

- normal conditions (e.g. start-up and shut—down, exchange of
components)

- abnormal conditions (e.g. loss-of-coolant accidents, system and
component failures)

In training, emphasis is given on the confrontation with and
management of abnormal conditions. For this purpose usually the operating
manual of the real plant is utilized. The topics of the training programme
are established by the training officer whereby incidents which have
actually occurred are included. It is desirable that a training officer
would have experience on operating the plant and possibly oven being a
licenced operator. This approach provides for:

- training of all operating crews on actually experienced
incidents
analyzing these incidents during the training with regard to
their physical and technical background

- updating of the operating manual (procedures)
- hardware improvements in the plant after simulation of the

incident on the simulator
- analysing failures of the operating personnel during the

incident
backfitting of the simulator

Apart from incidents which have occurred in the own plant, those
having occurred in other plants can also be treated.

In addition to the direct training purposes the simulators can also
be used for enhancing PSA-data of human factors. In many cases the plants
differ so much from each other that operating experience from other plants
are difficult to be utilized directly to yield operator error probability
estimates. Each real accident or transient has particular individual
characteristics which makes the estimation of operator error rates or
probabilities more difficult. In this respect the training simulators can
be used in a controlled way because the simulator runs can be repeated and
the factors affecting the accident sequences can be kept fixed. These fixed
factors (i.e. failures of some components or systems, leaking pipes etc.)
must be selected according to system reliability considerations.
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The operator error probabilities can be estimated from simulated
experiments straightforwardly by dividing the number of errors by the number
of simulated demands. However, the operator error probabilities may be so
small that this kind of estimation would require a large number of simulator
runs. In practice it is impossible to carry out large simulator experiment
series which would be needed for statistically reliable estimates. Further,
the simulators are not perfectly equal to the real plants which causes bias
to estimates. On the other hand, operators learn to respond to the
simulated accidents during the series of experiments. This learning does
not necessarily lead to improved ability to operate the plant in real
accidents but does reduce the error probability in simulated accidents. If
the simulators are used to yield direct error probability estimates the
above facts must be taken into account in planning the series of simulator
experiments. Some of the effects of learning and simulator bias may be
studied and controlled by use of Bayesian statistical methods with
subjective judgements and operating experience from real transients (26).

In addition to the direct estimation of error probabilities the
simulators can be utilized for construction of cognitive operator error
models (27). Those models take into account diagnosis of the plant state,
possible recovery from errors and the effect of operation time on the
recovery and error probabilities. The simulators can be used both, for
construction of plant specific models and for measuring the model parameters
(for example the time of recovery). The recent probabilistic cognitive
models are not yet validated and their parameters (for example the time of
recovery) are not necessarily the best ones. However, these models seem
rather promising. For construction and quantification of these models the
simulator bias and learning effects must be taken into account.

4.3.2 Methodological problems of carrying out simulator experiments

From its essence simulation should be considered as a method of
testing the hypotheses concerning the process and its operation. In the use
of simulators for direct research purposes this is intuitively clear. The
fact that it also applies to the training function should be specifically
stressed. There are at least two large problem areas that need to be
considered in planning the training or experiments on simulators:

(1) Structure of the experimental or learning sessions.
(2) Methods of collecting data of the operator performance.

56



(l) Structure of the Sessions
To master accident conditions it is not sufficient to teach the
crew to perform certain actions, instead the aim should be that
operators acquire means of analyzing abnormal situations and
finding ways to recover from them. One could assume that those
highly set aspirations concerning tho resulting qualifications
also prorequire a fully developed learning activity, which is
essentially of experimental form. It should comprise the
following components:

- consciousness of the previously developed hypothesis
- practical test performance, possibly under varying conditions
- analysis of the performance
- definition of the results

In this type of learning activity the operators are
experimenting on themselves. It evidently brings the role of
the trainee close to that of the experimentator. It could be
said that tho trainees are part of the experimenting activity
instead being a research object. In this role they learn those
qualifications that are aimed at in the training.
Simulators can also be used in less extended and demanding ways
in training. It is the task of the experts on didactics to
define the precise forms of the learning processes under
different conditions and training demands. At present it is
possible to anticipate that the concrete structure of the
learning activity might be modified at least according to:

- different learning phases of the trainee
- the nature of the problems that are under analysis in

simulator training (e.g. validating PSA results and
examining transients known from operating experience)

- the prioritization between training and experimenting

It is interesting to note that for some purposes it is
important to make the tests as realistic as possible in the
sense of imitating real operating situations. From the point
of view of "experimental learning" it is justified to
consciously reproduce reality in an abstracted and highlighted
form.
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(2) Methods of Collecting Data
In simulator training and experimenting there is the
possibility and necessity to collect in depth data of the
structure of operator activity and of the mechanisms and causes
of failures. Thus, general classifications that are used in
analysing operation experiences are not enough here. A good
review of the methods used in simulator data collection is
given by Langberg (28). There is a need to collect data about
the following aspects (see also chapter 2):

performance, i.e. what is actually done by the operators
- thinking, i.e. the models the operators have of the process

and its dynamical state
- explaining the activity, i.e. how the operator evaluates his

own activity

To a certain extent data on these aspects are being collected.
It should also be emphasized that intercomparisons between
these data are necessary to detect eventual discrepancies
between them. We assume e.g. that performance might sometimes
be based on inadequate models of the conditions which can
create problems in critical situations.

Data on the behaviour of the physical parameters and on
operation of technical systems are naturally the background for
the interpretation of the behavioural data. There are
undoubtedly needs to develop physical objective criteria for
the successfullness of operation performance but these problems
cannot be touched here (29).
A particular problem in developing methods of performance
measurement is that the operators should not only be considered
individually, but the crew should be studied as a collective.

4.4. Conclusion

The application of simulator training for NPP operating personnel was
identified as a major component of effective education. An important
feature of simulator training and experimenting should be that the operators
are understood as active participants in the learning process rather than
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potential objects of research. Apart from utilization of simulators as a
device to train for repetitive operations, its capacity also provides for
preparing human beings to identify, analyze and cope with anticipated
situations, including transients, incidents and accidents.

The following areas were found important for enhancing the use of
simulators in training for accident conditions:

(1) Improvement of methodologies and methods of simulator training
better use of didactic knowledge in training

- development of group activities

(2) Improvement of simulators to meet the requirements put on thorn
- enhanced capability to analyze severe accidents
- enhanced capability to follow accident sequences for

extended time periods (e.g. more than 20 hours)

(3) Development of methods of human performance analysis and
evaluation during simulator training.
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5. CONCLUSIONS AND FUTURE TRENDS

Sections 2, 3 and 4 have addressed separately the role of human
actions in NPP safety from the operating experience insights, from the PSAs
insights and from simulators. In fact many conclusions can be drawn by
bringing the three aspects together. It is perhaps of interest hero to
recall why human performance under severe accident conditions is difficult
to assess:

- accident conditions are rare events and can only be addressed
through simulations

- all possible combined failures, either technical or/and human
cannot be determined nor covered by specific plant procedures

- the human behaviour is influenced by various performance
shaping factors (environmental, internal etc.)

- the human operators most of the times would have to shift from
rule based behaviour to skill and knowledge based behaviour,
and the cognitive behaviour knowledge is still at an infantile
stage.

In this report, the measure of importance of human interactions that
are assessed in PSA accident sequences is the core damage frequency. It is
well known from various PSA studies that the accident sequences that
dominate the core damage frequency are not necessarily the same ones that
dominate the expected early or latent fatalities. Thus different inferences
and conclusions could be obtained by examining human interactions that
appear in the sequences that dominate the core damage frequency rather than
e.g. the expected early fatalities. (For example, see Millstone 3 and
Seabrook PSAs which are discussed in this report.)

Furthermore, analysis of dominant core damage sequences alone may not
provide insights on human interactions related to the preservation of the
containment integrity during a severe accident. For example, operator
actions related to -venting of the wetwell in a BWR Mark I is currently
receiving much attention in severe accident studies in the U.S.
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This limited survey has also not focused on non-dominant accident
sequences. Analysis of these sequences could suggest positive aspects of
current human interactions in power plants which may play a role in
assuring low risk contributions from non-dominant accident sequences.

The analysis of event reports gives a good indication on where the
operational problems are. Indeed event reports collected in the various
national and international data bases represent a wide and important
population of examples of system/human interactions of which the analyst
may then draw conclusions and recommendations in relation to his
particular plant. In fact the best use of event reports should be at the
plant level since from there, the human factor problems which deserve
corrective actions or further analysis can be deduced. This analysis can
identify those problems which should be taken care of in the training and
retraining. There is a strong feeling that the learning process could be
enhanced if operators themselves could participate in the analysis of the
training sessions and the preparation of the lessons learned.

Although limited to major incidents, the in-depth analysis is an
interesting source of information for identifying those portions of
sequences which should be incorporated in the training for accident
conditions. It has in particular the merit of showing the performance
and environmental factors that have influenced the human behaviour during
the cause of the incident and of highlighting the system/human
interactions in both operation and maintenance.

From the information gained in operating experience, some
important points can be emphasized:

the training should address the complete incident management
until a safe state of the plant is reached, since the long
term incident management gives more flexibility for the
operators decisions.

- the training must address aspects particularly specific to
the plant to be operated.

- operating procedures still have to be improved, especially
for those accidents beyond design basis.
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The PSAs insights are a most valid and important source of
information for identifying some of the human interactions and for
appraising their plant impact. The training programmes should take
advantage of it. There is no obvious discrepancy between the
sequences/systems important for the plant safety which have been
identified through the operating experience or through the PSAs. The
comparison of the two approaches should anyway be investigated in more
detail. The two approaches have to be combined: PSAs must be "living
documents" and updated against the operating experience. The
sequence/systems sensitive to human errors identified in this way are
those on which retraining should be centered. This means it is an
iterative and learning process.

The more rectnt PSAs also have demonstrated the importance of
error recovery during the accident courses. Training should emphasize
this positive aspect of the human/systems interactions.

Also emphasized are the immediate gains that can be derived from
the qualitative human reliability analysis necessary for the PSAs. In
particular it shows the influence of pre-existing conditions on the
accident scenarios such as maintenance and testing errors.

The PSA limitations, listed below have to be kept in mind and they
should be compensated for by enhanced training under accident conditions.

- Identification of human errors in PSAs is certainly not
exhaustive, therefore the updating of it through operating
experience must be emphasized.

PSAs up to now do not address errors in longer term actions
necessary for managing the severe accident sequences.

PSAs only identify those accident sequences which arise from
full power conditions. Therefore investigations are
necessary for training the operators in other sequences
arising from any plant state.
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A main area where the PSAs arc thought to be still weak is the
field of cognitive errors (such as diagnosis, decision making ...)• The
training and retraining on simulators are desirable to enhance operators
knowledge as well as to validate simple and global human reliability
models proposed for incorporation into PSAs. There is a need to come to
an agreed classification and taxonomy of human errors in order to
categorize them in the same way either from operating experience or from
PSAs or from observation tests on simulators.

Concerning the uses of simulators in the field of human factors,
the interest is certainly obvious for training and retraining. Various
kinds of simulators are now available and further investigation is needed
in order to better appraise what additional help they can bring to this
field.

More and more beyond design basis accidents should be played on
full scope simulators for preparing the operators to cope with sneaky
accident sequences where their ability of "thinking persons" is of major
importance. The simulation tests are considered in this case to provide
an evaluation of operator performances as well as a learning and
iterative process for better accident management. For training and
retraining in the field of severe accidents, the structure of the
simulator tests must be as realistic as possible including some
performance shaping factors that may influence human reaction (e.g.
fatigue, stress). The emphasis should also be put on training real
crews, (and not only individuals) on training for longer term actions and
shift change. Replaying the accident scenario, after the test, to the
operators seems also beneficial for enhancing operators' performance and
active participation.

The simulator tests provide also a very important source of
information for improving human factor specialists knowledge. Therefore,
as much as possible, observers representing both technical and human
factors aspects, should bo present during the simulator training tests as
they will then be part of the continuous learning process. They may
later give recommendations for improving the trainings from human
performance point of view. It should nevertheless be kept in mind that
limitations to simulators include:
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- the validity of models
- the representativity of simulator test versus real life
- the impossibility to deal with complete accident management

as concerns the containment and the off-site consequences.

In order to demonstrate the practicality of matching the three
approaches described in this report, an exercise would be of great
interest.

The exercise should attempt to build up a beyond design basis
accident scenario from an in-depth analysis of a given real incident or
from a PSA derived sequence and to define the best conditions for playing
it to a crew of operators. With the scenario predetermined, the analysis
and observation of information retrieval would be useful to both the
operators and to human factor specialists.

Finally, aiming at enhancing the possibility of extracting valid
information on human errors from operational experience it is necessary
to:

underline the need for regular accident reporting to
national authorities in each country

stress the importance of enlarging the reporting scope of
the international information systems in order to allow the
widest comparison of system/operator malfunctions and in the
meantime underline the need for additional detailed
information in respect to major accidents

expand the exchange of experience in the design and
management of training courses.
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Appendix 1
IAEA ACTIVITIES IN THE AREA OF HUMAN ELEMENT

(Consultants Reports)

1. BACKGROUND

How human factor considerations haue become important in the field of
reliability is an interesting question to answer, since it explains the
present focus on human reliability in many industrial fields.

The first consideration has for a long time come from the.analysis of
incidents, accidents or near-misses: they highlight how human beings may
defeat the equipments.

A second one originated from the need for quantifying human actions and
errors for systems reliability analysis and for accident sequences
probabilistic assessments. A big effort has been dedicated to improving
equipment and system reliability from a technical point of view and this has
led to enhance the importance of the man where he has to intervene on the
process. This is the way the nuclear industry came to human factors
considerations.

A third consideration is the improvement of the working conditions and
the development of the ergonomics science, and of accident prevention in the
security field.

This very brief view on how human factors became a major preoccupation
shows the importance of the man-machine interface.

However, the present trend is still to adapt the man to the machine.
But now, a step forward should be to adapt the machine to the man - which
means a better knowledge on human behaviour and its performance shaping
factors, models for prediction, psychological and physiological data, etc.
This is how the safety and availability of all industrial installations will
be enhanced, for the men and by the men. Otherwise full automation will have
to replace the human operators.
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Human factors considerations should be addressed during the whole life

of an installation: design phase, fabrication and construction phase,

licensing phase and operation phase.

Errors of design, of quality assurance or control should also be

analysed as they may induct? later operation errors.

2. OBJECTIVE

2.1. General Objective

TO IMPROVE HUMAN PERFORMANCE IN NPPs UNDER OFF-NORMAL CONDITIONS OF
OPERATION

The objective includes two important notions:

- off-normal conditions, and
- human performance under these circumstances,

which deserve some explanations.

2.1.1. Off-normal Conditions

The operation modes of a NPP can be characterized by

- normal operation

- transients, which means a deviation from normal operation which can
be taken care of by the installation itself (regulations), by
operator actions, or they represent a transitory stage. Such
situations occur quite frequently.

- off-normal conditions of operation, which are initiated by
perturbations, and may lead to accidents and consequences inside and
outside the installation. These situations are rare events, which
the operators should, in principle, never have to face. But these
off-normal conditions, if not handled in a proper way, may lead to
severe accidents.
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During the design and commissioning of the NPP the safety philosophy
leads to analysing design basis accidents ("envelop" worst conditions)
in order to design the safety systems for mitigating the consequences
of such accidents. In fact, looking at the most safety significant
incidents demonstrates that the conditions met are different. They
include systems and component failures, human errors, etc. These
conditions are essentially "beyond design" since they may defeat the
functioning of the safety systems and barriers. This fact is
illustrated by the Probabilistic Safety Assessments. These accident
sequences are those that the operators might have to face. Therefore
the human performance is a major element in the situation management in
order to prevent severe accidents.

2.1.2. Human performance under off-normal conditions of operation

Why is human performance under these conditions so difficult to predict:
- These conditions are considered as rare events: the operators are

not used to face them. Simulators are the only tool where these
circumstances can be exercised.

- It is not possible to include all the possible conditions of
failures, either technical and/or human in procedures, since that
would load to such an enormous collection of procedures that they
could not be used quickly and efficiently.

Many factors (environmental or internal to human beings)
influence the human behaviour in both ways, positively or
negatively.

- The operators will have to behave under a "cognitive mode" and
our knowledge in this domaine is still at an "infantile" stage.

It is not a single operator who is facing the situation but in
fact it is a crew, in this area, too, our knowledge is still poor.

There is a general lack of data up to now on human behaviour
under these conditions and, therefore, the quantification of
human errors in PSAs should only be considered as indicators of
potential human problems and not as prediction of human
behaviour.
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The accident record in the whole field of industry is there to show how
man can defeat the best designed systems.

2.2. Specific objectives

Improving human performance in NPPs under off-normal conditions is
certainly a very broad area when taking into account the complexity of the
task as described above. This is especially true due to the fact that we
hope, of course, the feedback of the improvements will never be measured by
real case accidents.

Nevertheless the following three specific objectives will help
achieving the general objective:

1) to train operators for accident conditions (severe accidents),
especially by means of simulators

2) to use operator computer aids for managing the envisaged
s ituations

3) to develop human performance requirements for plant operating
staff, especially with regard to accident conditions.

2.2.1. To train operators for accident conditions

As said previously these conditions are rare, therefore, the use of
simulators should be emphasized. The activity should be conducted in the
fol lowing way :

a) Analysis of safety significant event reports worldwide in order
to identify some of the problems met by the operators in handling
these situations and the most likely human errors to be
encountered.

b) Analysis of the accident sequences identified in PSAs as very
sensitive to human elements.

c) Assessment of the possibilities of the models used on full scope
simulators in order to meet the accident conditions derived from
a) and b).
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d) "To develop recommendations on how to conduct simulator tests for
training the operators in accident management with as realistic
as possible conditions (reflecting the arguments developed in
2.1.2) and with use of emergency procedures.

e) To derive lessons for training from the simulator tests run in
the way prescribed in d) when these tests have shown operator
difficulties or errors in accident and post accident management.

2.2.2. To use operator computer aids

This activity should only consider for the time being the aids provided
for existing (or under construction) plants. It should be conducted through a
survey of the developed computer aids or computer aids under development,
which are aimed at helping for diagnosis, plant status monitofing procedure
display, accident and post accident management information, alarms and
annunciators retrieval systems, etc. The survey should include a technical
description, the validation and implementation plan, the associated training
programme and the drawbacks; - some assessment of the efficiency of these aids
might be obtained through the above mentioned simulator tests for accident
conditions if they can be performed without, and later on with the computer
aids .

2.2 3. To develop human performance requirements for plant
operating staff jjnder accident conditions

It is certainly difficult now to determine the human performance
requirements under accident conditions. There is, as said before, a lack of
knowledge in the cognitive behaviour area and especially about performance
shaping factors. But research is underway in this field, and in 2 years from
now results should be available as well as data coming from operating
experience analysis and from simulator runs as described in 2.1.2 so that
human performance requirements will be determinable. Nevertheless the area of
crew organization and relationship with plant staff can be addressed now in
connection with the emergency procedures.

Taking into account the necessity of accident management until a safe
shutdown is reached it might be of interest to address the problem of human
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resources and working relations needed to perform this management (crisis
teams inside the plant and their response to the accident management).

In order to prepare for the human performance requirements under
accident conditions, it would be useful to have indications on general human
behaviour in plant's operation by means of human performance plant safety
indicators.

3. SCOPE

3 . 1 Train operators for severe accident conditions

For conducting this activity and producing a final technical report
including recommendations , the following steps should be accomplished:

3.1.1 derive accident conditions which operators may find difficult to handle
on the basis of their operating experience

* prepare a compilation of incident reports already analysed
worldwide from the various available sources (listed below as an
example) and for which human factors have playod an important
role either as initiator or as influencing the course of the
scenario .

Suggestions of sources:

- WAGH-1400

- German Precursor Study
- ORNL Precursor Study
- NRC Report on Davis Besse June 85 incident
- NSAC reports supporting their work on Safety Issues
- INPO Program "SEE-IN"
- IRS/OECD data bank and reports from PWG no. 1
- Sessions at the IEEE rtonterey Meeting (June 65) on human

factors in nuclear power plants
- NUREG (human factors)
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Suggestion of one topic to start with:

- Losses of electrical supply

* convene an expert or consultant meeting whose task would be to
screen the analysed events selected by the IAEA staff and to
prepare a document on the resulting accident sequences of
interest for the scope of the activity.

* this document should be updated on a regular basis from
accumulated operating experience

3.1.2 derive from PSA type of analysis those sequences which are sensitive to
the human element

* convene a technical expert meeting in order to prepare a report
on the sequences identified.

Suggestions for support documentation:

- EPRI/NUS document on comparison of 5 PRAs and the follow-up of
this study

- Sensitivity studies extracted from existing PRAs or
probabilistic studies

- Reports on importance factors from PRA results
(W. Vesely, H. Lambert)

- A. Villemeur papers on H procedures (EdF)

* have a consultant meeting to check the above document for finding
the accident sequences of interest for the scope of the activity.

3.1.3 prepare from final reports of 3.1.1 and 3.1.2 a recommended list of
severe accidents on which operators should be trained. A consultant
meeting should analyse the list and make recommendations. The accident
scenarios should be considered until a safe shutdown is reached.
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3.1.4 conduct a survey of training programmes and available full scope
simulators including their software possibilities regarding the
accident scenarios determined in 3.1.3.

This can be achieved by literature review and questionnaires sent to
owners and/or builders of full scope simulators

Suggested documents:

- ISPRA report on the state of the art in training programmes and
s imulators.

- Report from Nordic Cooperation Project B. Wahlströni, Finland

- 1NPO Accreditation Programme

Countries having full scope simulators:

USA, Jap^n, Krance, Sweden, ^KG. Finland, Switzerland, Spain, Belgium,
Canada, UK.

3.1.5 Conduct a Seminar on Emergency Operating Procedures (EOPs) in order to
know the LOPs to be used by the operators under severe accident
conditions and on simulator training

- philosophy - content - presentation — validation process if any.

3.1.6 Convene an expert meeting with experts experienced in conducting
simulator tests from a human factor point of view:

accident scenarios played, preparation of the tests, way of conducting
the tests, information collected and means of collecting it, operators
trained, information retrieval, lessons learned and, if any, evaluation
of operator aids.

Consultant meeting would be necessary to prepare a technical document
on recommendations on how to conduct these tests.

74



Suggested persons as experts in the field:

EPRI: J. O'Brian, SANDIA: A. Swain, ORNL: P. Haas, General Physics: E.
Kozinsky, W: D. Woods, G.E.: L. Pugh, EdF: A. Villemeur.

3.1.7 Convene an expert meeting to prepare the report on this activity from
documents issued at 3.1.3, 3.1.4, 3.1.5, 3.1.6, and make
recommendations for training for severe accident management.

Hold a review committee on the final documents.

3.2 Computer aids to operators

Prepare a compilation of computer aids developed in IAEA Member
States. The basis should be a literature survey (conference
proceedings) .

3.2.1 Categorize the identified computer aids in the way they can help at
handling accidents:

- alarm and annunciator retrieval systems
- plant status monitoring (including maintenance activities)
- diagnosis aids
- procedures display
- accident and post accident management information display.

3.2.2 Convene an expert meeting in order to check the categorization and to
prepare a questionnaire for obtaining the information related to:

- technical description
- development stage
- implementation programme
- training programme to be associated with evaluation

and validation programme drawbacks.

3.2.3 Send the questionnaire to appropriately identified people.
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3.2.4 Issue a report "catalogue style" on the available computer aids
following the categorization in 3.2.1 and indicating the
characteristics in 3.2.2.

Suggested contact on US SPDS evaluations at FPRI/J. O'Brian, Germany,

3 . 3 Develop human performance requirements under accident conditions

This problem cannot be approached now. The only areas which can be
addressed are:

- the crew organization including communication problems, operator
aids, in response to the EOPs.
This information can bo compiled from point 3.1.5

the role assigned to Senior Technical Advisors or Safety
Engineers in various utilities

the human resources necessary to perform accident management from
the crisis teams point of view inside the plant.
This information can be compiled from the proceedings of the IAEA
Conference, Rome, Nov. 65 on Emergency Planning.

- some general human behaviour indicators could be assessed through
the OSART programme and the safety plant performance indicators
programme.
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Appendix 2
EXAMPLES OF AORS CATEGORIES

1. Release of, or Exposure to, Radioactive Material

Examples include:

- an event that results in release of radioactive materials to
the environment;
an event that results in a member of the public receiving a
radiation dose;
an event that results in facility personnel receiving a
radiation dose.

2• Degradation of Safety-related Systems

2 . 1 Eyj?!__C.Is?dd ijQ£L_fa_\ lure

Examples include:

- fuel cladding failures
- cladding failures in spent fuel in the storage pond.

2.2 Degradation of the primary coolant pressure boundary, main steam line
or feeduiater lino_________________________________________

Examples include:

- cracks and breaks in the piping or the components of the
primary coolant circuit;

- welding defects or material defects in the primary coolant
circuit;

- rapid temperature or pressure transient exceeding the
authorised limits;

- degradation of relief and/or safety value function during tests
or operation.
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2.3 Degradation of containment function or integrity

Examples include:

- containment leakage rated exceeding the authorised limits;
- degradation of containment isolation value functions during

tests or operation;
- degradation of main steam isolation valve functions during

tests or operation;
- degradation of containment cooling capability.

2.4 Degradation of systems required to control criticality

Examples include:

failures in the Control Rod System;
accidental criticality;

- failures in the Boron Injection System.

2.5 Degradation of systems required to control the system pressure or
temperature__________________________ __________ ________ _

Examples include:

failures in the Emergency Core Cooling Systems such as the
High/Low Pressure Core Injection System and the Core Spray
System;
degradation of core cooling ability including failures in the
Residual Heat Removal System;

- degradation of Auxiliary Feedwater Systems.

2 .6 Degradation of essential support system

Examples include:

- degradation of AC/OC power;
- failures of the Emergency Generator System;

degradation of service water, air, gas, etc.
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3. Deficiencies in Design, Construction, Operation or Evaluation with
regard to Safety________________________________________

Examples include:

- deficiencies in design or construction which if incorrected
could result in the degradation of a required safety function;
personnel errors or procedural deficiencies which result in
degradation of plant capability to perform essential safety
functions ;
discovery of a major condition not specifically considered in
the authorised limits or previously analysed.

4. Generic Problems of Safety Interest

Examples include:

- series of events where individual events are not of significant
importance;

- recurring events;
events with implications for similar facilities.

5• Events requiring or leading to consequential actions

Consequential actions resulting from reported events in the plant or
elsewhere, taken by the competent safety authority on licensing,
design or operation.

6. Events of Potential Safety Significance

Events which have no direct consequences but may be considered as
approaching "near-misses". Examples include:

- challenge of a safety system, everything works correctly;
- spurious activation of a safety system.
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7. Effects of Unusual External Events Either of Man-made or Natural
Origin__________________ ___________________________ _

Examples include:

- an earthquake approaching or exceeding the safe shutdown
earthquake;
a flood approaching or exceeding the safe shutdown flood;
an aircraft crash on or near a nuclear facility;

- explosions near a nuclear facility.
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PAPERS PRESENTED

SURVEY OF HUMAN ERROR CONTRIBUTIONS IN
SOME RECENT PROBABILISTIC RISK ASSESSMENTS*

R.A. BARI
Brookhaven National Laboratory,
Upton, New York,
United States of America

Abstract

The human error contributions to the dominant accident sequences in
some recent PRAs are surveyed. The plants considered are Millstone 3,
Seabrook, Shoreham, and Oconee 3. The dominant accident sequences that
contain human error contributions are diplayed along with the per cent
contribution to the total core damage frequency from each accident sequence
and from the human error portion of each sequence. The survey shows that
human error contributions appear in most of the dominant accident sequences
for Shoreham, a BWR, but that only a few of the dominant accident sequences
for the other plants, all PWRs, contain human error contributions.

Introduction

The purpose of this paper is to present the results and insights
gained from a limited survey of the human error contributions to the
dominant (to the core damage frequency) accident sequences in some recent
PRAs.

This work is based on the information contained in
NUREG.CR-4405 . The results of this survey are presented in the next
section. The final section summarizes the findings and insights of the
survey.

* This work was performed under the auspices of the US Nuclear Regulatory Commission.
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Results of Survey

1. Millstone 3

Millstone 3 is a 4-loop Westinghouse PWR with a large dry
containment. The plant was in the final stages of construction when the PRA
(Level 3 with external events) was performed by Westinghouse. A review of
the Level 1 aspects of the PRA was performed by Lawrence Livermore National
Laboratory.

The core damage frequency from internal events was assessed by
Westinghouse to be 5 x 10 /yr. Offsite consequences were dominated by
the interfacing systems LOCA (Event V) which accounted for more than 99% of
the early fatalities. The core damage frequency was dominated by transients
and small LOCAs but the lead sequences contributed less than 9% to the total
value. The top ten sequences contributed less than 50% to the total value.

The five lead accident sequences that also have human error
contributions are shown in Tables 1 and 2 along with their per cent
contribution to the total core damage frequency and with the per cent
contribution from the human error failure mode to the total system failure
probability. Note that only the human error contributions for the dominant
sequences were considered.

TABLE 1

SEQUENCES IMPACTED BY HUMAN ERROR
IN MILLSTONE 3 PRA

ACCIDENT SEQUENCE__________________% OF CDF % HUMAN
MEDIUM LOCA FAILURE OF 85 13
HIGH PRESSURE RECIRCULATION
LOOP + FAILURE OF DIESELS > 6 HRS. 3 6 0.4
FAILURE OF QUENCH SPRAY RECOVERY
STEAMLINE BREAK OUTSIDE CONTAINMENT 3.4 12
FAILURE TO ISOLATE MAIN STEAMLINE
FAILURE OF PRIMARY BLEED THROUGH PORVS
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TABLE 2

SEQUENCES IMPACTED BY HUMAN ERROR
IN MILLSTONE 3 PRÄ (CONT.)

ACCIDENT SEQUENCE___________________% OF CD F % HUMAN
SMALL LOCA FAILURE TO CONTROL 31 31
PRIMARY DEPRESS . FAILURE OF
HIGH PRESSURE RECIRC
LARGE LOCA- FAILURE OF LOW PRESSURE 30 08
RECIRCULATION

Table 3 gives the contributions to the core damage frequency from the
various systems which have human error contributions to their failure
probabilities. Also shown is the per cent human error contribution to the
system failure.

It is seen that four systems appear most prominently in these
results, but that the human error contribution is rather low in general.

2. Seabrook

Seabrook is also a A-loop Westinghouse PWR with a large dry
containment. The plant was in the final stages of construction when the PRA
(Level 3 with external events) was performed by Pickard, Löwe, and Garrick,
Inc. A review of the Level 1 aspects at the PRA was initiated by the
U.S.N.R.C. but not completed.

TABLE 3

PF
SYSTEM FAILURE AND HUMAN IMPACT

CONTRIBUTION TO CORE DAMAGE FREQUENCY

SYSTEM

HIGH PRESSURE RECIRCULATION

FEED AND BLEED

PRIMARY DEPRESSURIZATION

LOW PRESSURE RECIRCULATION

% CD F

20 4

11 9

3. 1

3 0

% HUMAN

1 .8

1.2

3 1

0 8
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The core damage frequency from internal events was assessed by PLG to
-4be 2 x 10 /yr. Offsite consequences were dominated by the interfacing

systems LOCA (Event V) which accounted for 98% of the early fatalities. The
core damage frequency was dominated by transients (85%) and small LOCAs, but
the lead sequence contributed only 14% to the total value. The top ten
sequences contributed less than 40% to the total value.

The three lead accident sequences that also have human error
contributions are shown in Table 4 along with their per cent contribution to
the total core damage frequency and with the percent contribution from the
human error failure mode to the total system failure probability.

Table 5 gives the contributions to the core damage frequency for the
two systems which have human error contributions to their failure
probabilities. Also shown is the percent human error contribution to the
system failure. Again, these human error contributions were those contained
in the dominant core damage accident sequences. Again it is seen that the
human error contribution is rather low in this PRA.

2. Shoreham

Shoreham is a BWR-4 General Electric plant with a Mark II suppression
pool containment. The plant was in the final stages of construction when
the PRA (Level 2 with internal events) was performed by Science Application,
Inc. A review of the Level 1 aspects of the PRA was performed by Brookhaven
National Laboratory.

TABLE 4

SEQUENCES IMPACTED BY HUMAN ERROR
IN SEABROOK PRA

ACCIDENT SEQUENCE___________________% OF CDF % HUXVVN

LOSS OF MAIN FEECWVTER 35 25
FAILURE OF SOLID STATE PROTECTION
SYSTEM

STEAMLINE BREAK INSIDE CONTAINMENT 24 24
FAILURE OF OPERATOR TO ESTABLISH
LONG-TERM HEAT REMOVAL
REACTOR TRIP OPERATOR FAILURE TO 13 13
ESTABLISH LONG-TERM HEAT REMOVAL
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TABLE 5

SEABROOK PRÄ
SYSTEM FAILURE AND HUMAN IMPACT

CONTRIBUTION TO CORE DAMAGE FREQUENCY

SYSTEM______________% CD F_________% HUMAN

SOLID STATE
PROTECTION
LONG-TERM HEAT

3 5

3.7

2.5

3.7
REMOVAL

The core damage was assessed by SAI to be 6 x 10 /yr. The
radiological source term assessment was generally lower than the WASH-1400
BWR results because SAI assumed higher suppression pool decontamination
factors and accounted to specific aspects of the Mark II containment
design. The core damage frequency was dominated by transient which
accounted for more than 95% of the total core damage frequency. However the
lead accident sequence contributed approximately 10% to the total core
damage frequency and the lead fifteen sequences contributed less than 60%.

Unlike the Millstone 3 and Seabrook PRAs, the Shoreham PRA has found
human error contributions to system failures in eleven out of twelve of the
dominant core damage accidents. Some of these sequences involve multiple
system failures with human error contributions from more than one system per
sequence. Tables 6 and 7 list the systems which have human error
contributions for the dominant core damage accident sequences. Also listed
are the number of accident sequences that involve a particular system, the
per cent contribution to the total core damage frequency from each system,
and the per cent human error contribution to each system failure.

It is seen that, unlike the Millstone and Seabrook PRAs, the Shoreham
PRA contains a significant contribution to the core damage frequency from
human errors that impact key systems.

3. Oconee 3

Oconee 3 is a 2-loop Babcock and Wilcox PWR with a large dry
containment. The plant had a few years of operating experience when the PRA
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TABLE 6

SHOREHAM PRÄ
SYSTEM FAILURE AND HUMAN IMPACT

CONTRIBUTION TO CORE DAMAGE FREQUENCY

SYSTEM___________#_OF SEQUENCES % CDF % HLMAN
STANDBY LIQUID 2 133 127
CONTROL
HIGH PRESSURE 9 28 9 39
COOLANT INJECTION
AUTOMATIC 6 213 70
DEPRESSURIZATION
SYSTEM
FEEOWTER 5 15 7 92

TABLE 7

SHOREHAM PRA
SYSTEM FAILURE AND HUMAN IMPACT

CONTRIBUTION TO CORE DAMAGE FREQUENCY

SYSTEM____________# OF SEQUENCES % CDF % HLMfrN
LCW PRESSURE 3 90 52
CORE SPRAY
LCW PRESSURE 3 90 74
COOLANT INJECTION
REACTOR CORE ISOLATION 1 27 10
COOLING IN STEAM
CONDENSING MODE
CONDENSATE 2 47 09

(level 3 with external events) was performed by the utility, Duke Power, and
NSAC/EPRI. A review of the Level 1 aspects of the PRA was performed by
Brookhaven National Laboratory.

The core damage frequency from internal events was assessed by Duke
to be 5 x 10 /yr. It is interesting to note that the external events

-Acontribution is 2 x 10 /yr which is comprised mostly of a turbine
building flood and earthquakes.

Transient (65%) and LOCAs (30%) comprise most of the internal events
core damage frequency with the lead sequence contributing 24% to this
value. The lead twelve sequences contribute 82% to the total core damage
frequency.

90



Table 8 lists the three lead accident sequences which also have human
error contributions to their systems failures. It is seen that most of
these contributions from these three sequences come from human error. Table
9 lists the systems failure among the top twelve sequences that have human
error contributions. Also listed are the number of sequences that involve a
particular system, the per cent contribution to the core damage frequency
for each system, and the percent contribution from human error to each
system failure.

Thus, unlike the Millstone 3 and Seabrook PRAs, human errors
contributes significantly to the system failure probability and to the total
core damage frequency.

TABLE 8

OCONEE 3 PRA
ACCIDENT SEQUENCES IMPACTED BY HUMAN ERROR

:iDENT SEQUENCE_______________54_Cfif___ % HUMAN
SMALL BREAK LOCA- HIGH 9 82
PRESSURE RECIRCULATION FAILURE
FEEDlMHTEfi LINE BREAK' HIGH 9 88
PRESSURE INJECTION FAILS
LARGE BREAK LOCA LCW 9 88
PRESSURE RECIRCULATION FAILS

TABLE 9

OCONEE 3 PRA
SYSTEM FAILURES AND HUMAN IMPACT

ON CORE DAMAGE FREQUENCY

SYSTEM_____________NO. OF SËQ_____% CDF % HUMAN
HIGH PRESSURE INJECTION
SAFE SHUTOOAN FACILITY
HIGH PRESSURE RECIRCULATION
LOW PRESSURE RECIRCULATION
HPI FAILURE TO INITIATE IN TIME

AUTO INITIATION WOULD NOT BE

6
1
1
4
FOR SEQUENCES
COUNTED UPON

51
27
9

19
\AHERE

19
27
8
14

SSF FAILURE OF OPERATOR TO INITIATE IN TIME
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Summary of Finding and Insights

Tables 10-13 summarize the overall findings of each PRA and, where
indicated, the results of the corresponding NRC-sponsored review. The total
core damage frequency from internal events ranges from 5 x 10 to

-42 x 10 /yr among the studies. The lead accident sequence contributes
between 9 and 24 per cent to the total core damage frequency from internal
events among the studies. It is also a general conclusion that on the order
of 10-15 accident sequences must be summed in order to obtain an appreciable
per cent (40 - 80) of the total core damage frequency from internal events.

Human errors appeared in 11 out of 12 of the lead accident sequences
for Shoreham (a BWR), but it did not appear as prominently in the lead
accident sequences for the PWRs. In some cases, human errors contributed
significantly to system failures even though the systems appeared in
sequences that were a small fraction of the total core damage frequency.

Human error contributions related to operator actions required during
an accident appeared in most of the sequences surveyed. The impact on
system failure of these human errors varied significantly, depending on the
accident sequence. Error related to miscalibration and maintenance were
also found in some of the dominant sequences.

It should be noted that the methods and assumptions vary among the
four PRAs and thus the inferences drawn from these results should be treated
with caution.

In conclusion, this papaer presents results that may be helpful, when
regarded in the light of current PRA limitations and supplemented by other
approaches to the analysis of the human element in plant safety and
operation, in evaluating the significance of the human element in nuclear
power plant safety.
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TABLE 10

MILLSTONE 3 PRÄ:
RNDINGS AND INSIGHTS

• CORE DAMAGE FREQUENCY
INTERNAL EVENTS' 5 x 10'6/yr (W)

1 x 10'4/yr (LLNL)
EXTERNAL EVENTS' 1 x 10' 6/yr (W)

• OFFSITE CONSEQUENCES
~ -£ WASH-1400 RESULTS
(EVENT V CONTRIBUTES > 99% EARLY FATALITIES)

• TRANSIENTS AND SMALL LOCAS DOMINATE CDF

• LEAD CDF SEQUENCE < 9%

• TEN LEAD CDF SEQUENCES < 50%

TABLE 11

SEABROOK PRA:
FINDINGS AND INSIGHTS

. CORE DAMAGE FREQUENCY- 19 x 10'Vyr
INTERNAL EVENTS 80%
EXTERNAL EVENTS 20%

• OFFSITE CONSEQUENCES
~ •£ WASH-1400 RESULTS
(EVENT V CONTRIBUTES 98% EARLY FATALITIES)

• TRANSIENTS (85%) AND SMALL LOCAS DOMINATE CDF

• LEAD CDF SEQUENCE = 14%

• TEN LEAD CDF SEQUENCES < 40%

TABLE 12

SHOREHAM PRA:
RNDINGS AND INSIGHTS

• CORE DAMAGE FREQUENCY
6 x 1 0 - 6 / y r ( S A I )

1 4 x 1 0 - * / y r (BNL)

• RADIOLOGICAL SOURCE TERMS REDUCED
FROM WASH-1400 BECAUSE OF SUPPRESSION
POOL SCRUBBING AND CONTAINMENT DESIGN

• TRANSIENTS DOMINATE CDF (> 95%) (IN BOTH STUDES)

• LEAD CDF SEQUENCE 12% ( S A I ) 7% (BNL)

• F IFTEEN LEAD CDF SEQUENCES: 55% ( S A I ) 60% (BNL)
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TABLE 13

OCONEE 3 PRÄ:
FINDINGS AND INSIGHTS

• CORE DAMAGE FREQUENCY
INTERNAL EVENTS 5 x 10' 6/yr
EXTERNAL EVENTS 2 x 10''/yr

• OFFSITE CONSEQUENCES
COMPARABLE TO SEABROOK AND MILLSTONE

• TRANSIENTS (65%) DOMINATE LOCAS (30%)

• LEAD SEQUENCE CONTRIBUTES 24% (INT EVENTS)

• LEAD TWELVE SEQUENCES CONTRIBUTE 82% (INT EVENTS)

Reference

R. Fitzpatr ick et al . , "Probabilistic Risk Assessment (PRA) Insights",

NUREG/CR-4405, Brookhaven National Laboratory, December 1985.
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RESULTS OF GERMAN RISK STUDY AND GERMAN
PRECURSOR STUDY IN RESPECT TO HUMAN ERROR

H. POLKE
Gesellschaft für Reaktorsicherheit mbH,
Garching, Federal Republic of Germany

Abstract

The paper reports the results of a survey of I\IPP operational experience

conducted in the course of the analyses for the German Precursor Study (GPS),

prepared by the Gesellschaft für Reaktorsicherheit by contract of the Federal

Minister of Interior. The study aimed at getting a deeper understanding of

tho safety—related importance of events reported in reactor operation and on

the identification of possible weak points including human interactions.

Additionally, a limited comparison of tho results for severe core damage

frequency is performed with those of the German Risk Study (GRS).

1. Introduction

A survey of NPP operational experience has been conducted in the course

of the analyses for the German Precursor Study (GPS) /I/, prepared by

the Gesellschaft für Reaktorsicherheit by contract of the Federal Minister

of Interior. This study aimed at getting a deeper understanding of the

safety-related importance of events reported in reactor operation and on

the identification of possible weak points including human interactions.

Additionally, a comparison of the results for severe core damage

frequency should be performed with those of the German Risk Study

(GRS) /2/ as far as possible. This was facilitated by choosing the Biblis

NPP as reference plant for the studies: for the GRS the 1300 MWe-PWR of

unit B was selected, for the GPS the operational experience of both units

A + B was taken into account as they are very similar in design and

technical lay-out (especially for the safety systems). Therefore the

operating experience for these systems is generally transferable. Both

units together comprise the longest operating experience of all German

NPPs and failures in the safety systems could be extracted from our own

reliability data collection system for unit B.
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2. Results of the German Risk Study (GRS)

Initiating events which contribute significantly or at least notably to the

assessed core melt frequency are

0 Small Leak in a reactor coolant loop
0 Loss of preferred power (emergency power case)
0 Transients leading to a demand of the pressurizer relief valves
0 Loss of main feedwater

The results are shown in table 1 together with a bar graph of the

different failure modes for the two leading initiating events. In the sequel

human interactions of these initiating events are discussed.

a) Small leaks

The dominant accident sequences and their relative contribution to the

core melt frequency are

failure of auxilliary feedwater supply and main steam heat removal

(90 %)

- failure of high pressure injection (5 %)

Almost 80 % of the first mentioned sequence arise from the incorrect

manual effort to prepare shutdown with 100 °K/h within 30 minutes after

the occurence of a small LOCA. Additionally manual interactions are of

subordinate significance by comparison. Common mode failures due to

incorrect calibrations of measurement channels amounts to only 3 %.

As to the dominant human error the situation is stress-proned: For the

shutdown the downward temperature gradient had to be checked on a

chart recorder and controlled manually by opening and closing either the

turbine bypass valve or the main steam relief valve. If the shutdown is to

fast, the signal for leak recognition in the main steam system would be

triggered and would close the relief mechanisms as well as the main

steam quick-closing isolation valve. The relief mechanism, however, could

be reopened after 15 minutes and the shutdown continued.
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Table 1: Results of GRS /!/ and GPS /2/

CONTRIBUTIONS TO THE FREQUENCY OF POTENTIAL SEVERE
CORE DAMAGE ACCIDENTS

Initiating Event

Loss of main feedwater
(without small LOCA via pressurizer)
Loss of preferred power
(without small LOCA via pressurizer)
Loss of main heat sink,
without loss of main feedwater
Small leak in pressurizer
during loss of preferred power
Small leak in pressurizer
during other transients
Small leak in pressurizer due to
spurious opening of pressurizer valves
Small leak in a reactor coolant loop
ATWS

German Precursor German Risk
Study Study

2.0x!0"5/yr

1.5xlo"5/yr

xlO~8/yr

9 x!0"7/yr

2.4xlO~6/yr

1.6xlo"6/yr

3 x!0"6/yr

1.3xlO~5/yr

3 xlo"8/yr

7 x!0"6/yr

2 x!0"6/yr

5.7xlO~5/yr
x!0"6/yr

Small reactor
coolant pipe

break
72 %

1 1

—

Emergency
power case

24 %
D

Bl p/n

Accident
Contribution
to frequency
of core
mel tdown

Failure modes
BBB UA
t.v.v.v.-.i llA-i-rMA

1 ——— 1 CMA
V77À CMA+MF
C\V\S3 UA+MF
1 ——— 1 MF

Contribution of different failure modes
to frequency of core meltdown
UA: Independent failure
CMA: Common-Mode-Failure
MF: Human error



Meanwhile, these measures are controlled automatically. The only

preparation the operator has to do is to adjust the predefined temperature

gradient and to start the shutdown - after recognition that a gradient of

100 °K/h is required, i.e. after having diagnosed the abnormal

conditions. The unavailability of the turbine bypass system is now

checked by the l&C-system which initiates an automatic partial shutdown

if the main steam pressure increases above a fixed set point. If this

shutdown was triggered and a plant shutdown should be started then

there is a clear statement in the operating handbook which tells the

operator to reset the signal for the partial shutdown. This kind of

automatic control is standard in newer German NPPs.

b) Emergency power case

Human errors alone play no role in case of a power failure since all

measures are implemented automatically. However, common mode failures of

emergency diesel generators together with human errors contributes

significantly to failures of system functions required in case of a power

failure. If the emergency feedwater supply fails due to failures of the

emergency diesel generators then a so-called emergency system, which is

a feedwater supply from the other unit, has to be aligned. Incidents

demanding this system could be classified as stress-proned ; especially in

the first hour after the occurence of the power failure.

The situation is more relaxed in the case of a small leak in the

pressurizer resulting from a power failure due to the heat transfer

through the leak; therefore the emergency system has to be brought into

operation 2 or 3 hours after the incident happened. But at that time the

plant shutdown must also be initiated. As to human interactions during

shutdown the same holds true as with small LOCAs. Common mode failures

due to human errors like miscalibrations are of only minor influence on

the core melt frequency.

In the meantime the probability for an emergency power case could be

decreased by the installation of a further grid connection and the mutual

support of the auxilliary power transformers of both units.
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c) Loss of main feedwater supply

Compared to the power failure the emergency system has to be aligned

earlier which brings more work load and stress to the operators. The
modes of human errors are therefore quite simular. The availability of the

auxilliary power, however, decreases the core melt frequency, but has no

remarkable impact on the human interactions.

The results of the GRS in respect to human interactions could be

summarized as follows:

The main contributions to the dominant accident sequences arises from

actions which are omitted or committed during the propagation of the

abnormal conditions and concern either the shutdown of the plant or

the alignment of a timely adequate feedwater supply to the steam-

generators.

The I&C concept plays a relevant role in the management of abnormal

conditions. The German concept demands that after the occurence of

upset conditions automatic preventive measures of the safety systems

keep the plant in a safe and stable status for at least 30 minutes. This

facilitates the diagnosis of the plant status which is a prerequisite for

initiating the adequate countermeasures in case of severe abnormal

conditions.

3. Results of the German Precursor Study (GPS)

As precursors to potential severe core damage accidents, the following

types of events were selected

0 initiating events leading either to reactor scrams or to a demand of

safety-related systems
0 events where a total loss of a system function or a multiple or at least

potentially multiple failure occurred.

The GPS restricts itself on initiating events, failures within systems and

manual interventions after occurence of an initiating event known from
plant-specific experience. This is a different approach to the GRS, where

not observed events was considered, too. Therefore, no comparison could

be made for a small LOCA or for ATWS between both studies.
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The results of the GPS are also given in table 1 (2n column).

Human error has influenced almost 50 % of the events selected as

precursors. However, this impact is not constant over the observation

time, but shows a general decrease in dependency with the year of

commercial operation (fig. 1) and developes in parallel to the behaviour of

the total precursors. This decrease is the result of improvements of the

plant behaviour during the observation time.

h (I/a)a;

10-

9-

8-

7-

6-

5-

4.-

3-

2-

1-

n.

i

__
1 (all

———— olle
precursors)
" Vor lauf er"

__ —— —— "Vor laufer" mit Beteiligung
menschl Fehtverhaltens
(precursors with
human er rors)

1 ——— 1

-J i
1 ___ __,

1
l

L._^-
L

I _____ _^
i _n

75 76 77 78 79 80 81 82 83 Betriebsjahr

Fig. 1: Frequency of precursors vs. operating year

(total vs. human error contribution)

At the beginning of commercial operation the dominant contribution was

given by the "loss of main feedwater and main heat sink" due to a

actuation of the main steam line break-signals mostly activated by human

interactions. This initiating event was only observed in the first half time

interval (till end of 1979) and can be interpreted as an initial problem,

leading to improvements of the actuation devices, of the control of the

main steam by-pass valves and of the operator manual. As to the "loss of

main feedwater" the transients are influenced by human errors from

maintenance personnel, too (miscalibration, false activation).
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In the second half time period (1980-1983) the most Important

contributions came from the potential multiple failure of three residual

heat removal pumps (in 1983) and from the "loss of preferred power".

Human interactions occured during tests for the emergency power case

and also during the search for faults. Meanwhile, the electric power

supply of Biblis-NPP was improved by the installation of a second

independent grid connection to each unit. Therefore, the expected

contribution of this initiating event will be much lower now.

The frequency for the opening of the first pressurizer relief valve

decreased by almost a factor of 2 between both time intervals, whereas

the frequency for the opening of both pressurizer relief valves remained

constant. A considerable reduction of the contribution of a "small leak in

pressurizer" to the frequency of potential severe core damage nearly

exclusively results from several improvements of the pressurizer system,

especially of the control devices for the pilot valves and block valves.

Almost half of of the human errors are due to a wiring fault in the rod

insertion control, which shows the difficulty to allocate errors to

operators or designers etc, respectively.

The GPS considered human errors from the maintenance personnel as well

as from the control room personnel leading either to the initiation of an

abnormal condition or a failure of an operational system or to the

unavailability of system functions demanded in the course of the transient

to control or manage the abnormal situation. (The present situation of

documentation of the operating experience limits the possibilities of a

a more detailed cause-oriented evaluation of human errors.) As fig. 1
shows, the trend of precursors with human error is quite similar to
that of all precursors.

For a deeper understanding of the human error this gross classification

into initiation or control of an abnormal condition is not sufficient.

Therefore, an approach to a more cause-oriented classification of human

error was made on approval. The usual classification of Swain /3/ did

not seem to be appropriate in terms of information handling, inadequate

working conditions or scope of training which must also be considered

as causes for human malfunctions. Under these aspects the classifica-

tion scheme of Hacker /4/ was applied structuring human error due to
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0 lack of information
0 missing or faulty utilization of existing information, like

- overlooking

- forgetting

- faulty identification

- faulty judgement

- faulty decision

From the analysis it can be concluded that a faulty utilization or

conversion of objectively existing information was the dominant error

class for both groups, control room and maintenance personnel. In

comparison to that, errors due to lack of information play no role.

References:

/1/ GRS: Deutsche Risikostudie Kernkraftwerke,

Hauptband und Fachbände, Verlag TÜV Rheinland 1979
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/3/ A.D. Swain et al, NUREG/CR-1278, 1983
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ON THE HUMAN ERROR CONTRIBUTIONS
TO BWR ACCIDENT SEQUENCES*

U. ADALIOGLU, B.C. GÖKTEPE
Çekmece Nuclear Research and

Training Center,
Istanbul, Turkey

Abstract

Safety s t u d i e s of i n d u s t r i a l f a c i l i t i e s have been increasingly
main concern of the p u b l i c and the o r g a n i z a t i o n s which
operates them. The c o n d i t i o n s and needs specif i c to a c e r t a i n
country affects the s a f e t y p o l i c y and emergency planning.

Developed c o u n t r i e s , in general, concern for the emergency
preparedness in case of an accident, whereas the prevention
of c a t a s t r o p h i c accidents would be the safety goal for a
d e v e l o p i n g country since the economic burden of a f a c i l i t y
lost is too heavy. The high rate of accidents caused by human
neg l i g e n c e and m a i n t e n a n c e f a u l t s in these countries is a
well-known issue in non-nuclear f i e l d s .

Bearing in mind these i d e a s f i v e B W R s with d i f f e r e n t d e s i g n
and containment s t r u c t u r e (i.e. Browns Ferry U n i t 1, M i l l s t o n e
Point Unit 1, Grand Gulf Unit 1, L i m e r i c k Generating S t a t i o n
and Forsmark 3) have been chosen for reviewing w i t h r e s p e c t to
dominant accident sequences, i n i t i a t o r s , human errors, recovery
etc. in order to gain some i n s i g h t for the use of PRA t e c h n i q u e
in the i n t e r e s t of a d e v e l o p i n g country.

The dominant accident sequences c o n t r i b u t i n g to core m e l t
f r e q u e n c y were i d e n t i f i e d and grouped according to the
i n i t i a t o r s and lost m i t i g a t i n g functions.

Major human error types were shown for each reactor. The t y p e s
of errors which have dominant c o n t r i b u t i o n s to core m e l t
p r o b a b i l i t y , in general, are found as manual d e p r e s s u r i z a t i o n
of reactor system, and mi sca l ibra t i o n of sensors.

A general picture of current situation on accidents and human
error contribution is given for Turkey.

1 - Int roduct ion

Safety studies conducted so far by various organizations in
many countries aimed to obtain the risk posed by nuclear
reactors and Lo prepare emergency planning for nuclear
accidents. However, there are conditions and needs s p e c i f i c
to each country which should affect the safety philosophy
for choosing the safety goals with respect to safety
measures and emergency preparedness.

* This paper is based on the work supported by the International Atomic Energy Agency under Contract
No. 3421/RB.
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If one considers the limited financial resources and large
energy needs of a developing country, a nuclear power plant
appears to be an indispensible power source. The economic
burden of the capital cost of a nuclear plant for the
country is usually so high that the loss of its share in
the total energy supply can not be afforded. In a d d i t i o n ,
in case of an accident, neither the replacement of an
nuclear power plant by other means nor the costly cleaning-
up process could be possible. By looking at the high rate
of non-nuclear accidents mainly caused by human negligence
and maintenance faults, it appears that all the causes and
factors, that might influence the risk, needs to be
analysed separately under the conditions of a d e v e l o p i n g
country.
Bearing in mind the needs and conditions of a developing
country to gain a general insight of the methodology, P R A
studies of some BWRs with different designs and containment
structures (i.e. Browns Ferry Unit 1(1), Millstone Point
Unit 1(2), Grand Gulf Unit 1(3), Limerick Generating
Station(4), and Forsmark 3(5)) have been chosen to obtain
information about the accident sequences and the major
factors contributing to them, such as initiators, human
errors, recovery actions etc.

In this paper primarily the failed functions contributing
most to dominant accident sequences and HEs together with
recovery actions, and finally the situation related to the
human errors in a developing country will be discussed.

2- Dominant Accident Sequences
Eight dominant sequences with frequencies greater than
lxlO~° per year are found for Browns Ferry plant with the
inclusion of recovery. Six of them are transients and the
remaining two are transient-induced LOCAs. Six sequences
involve long term DHR failures, while rest are dominated
by subcri ticalit y failures.
The Millstone Point IREP study identifies twelve sequences
with frequencies greater than 9xlO~" per year as dominant
by taking into consideration the recoveries of off-site
power and isolation condenser systems. Eight of these
sequences are LOSP; others are LOSP-induced LOCAs.

Nine dominant sequences are determined for Grand Gulf 1
Plant. One sequence is small LOCA, four are transient -
induced LOCAs, and the rest are transients.

In Limerick analysis those Class I sequences involving
loss of coolant make up have the largest contribution to
core melt frequency. Class II sequences are due to loss
of longterm heat removal, such as failure of PCS, DHR
system etc. while Classes III and IV comes from A T W S s.

The Forsmark analysis uses the same dominant sequences
given in WASH-1400 for Peach Bottom plant. Three of the
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six dominant sequences are transient-induced, the
remaining three being large LOCA, small I,OCA and RPV
rupture, respectively.

Percent contributions to core melt are summarized in
Table 1.

Table 1- Percentage of Contributions to Core Melt Frequencies

Accident Initiators Failed Functions
Transient-induced DHR

Plants Transients LOCA LOCA Failures
Browns Ferry 1
Millstone Point 1
Grand Gul f 1

Limerick O.S.

Forsmark 3

94
52
70
93
89

6 73
48 - 48
17 13 78
4 3 4

1 1 1

RS
Fai lures

27
7

15
7

81

ECI / VWI
Fai lures

-
45
7

39
18

3- Effects of Human Errors to Dominant Sequences

Mi sealibrat ion errors were found to have important effects
on system unavailabilities in Browns Ferry 1REP analysis.
If reactor level switches were m i s c a l i b r a t e d , co o l a n t
injection systems (i.e. HPCI, RCIC, CS) and decay heat
removal system were directly affected. It was assumed
that there is a low dependence among level switches for
the common maintenance error.

The human error contributions to dominant sequences
related to DHR function failures can be summarized as
fol lows :

- One of the dominant contributors to RHR system
unavailability is the EECW system faults which are
related to the cooling of diesel generators. The
recovery of these faults is for the operator to manu-
ally start and valve into the service a d d i t i o n a l RHRSW
pumps to the EECW headers to provide required cooling.

- Both torus cooling and shutdown cooling modes of RHR
system must fail for the DHR failure. The shutdown
cooling mode unavailability is dominated by control
circuit faults of suction valves. Torus cooling un-
availability is mainly coming from the operator failure
to initiate the system and the combination of control
circuit faults of RHR and RHRSW system motor-operated
valves. Hence the recovery actions are either to bypass
the faulty control circuits or to operate the valves
manually for the operators.

For the dominant sequences related to Reactor Subcriti-
cality failures the dominant contributor is a reactor
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protection system failure which prevents a reactor scram,
or a re circulation pump trip. Since the time a v a i l a b l e for
the operator is very short to i n i t i a t e these actions, no
recovery credit had been considered in the final q u a n t i f i -
cation of sequences.

Significant operator errors are grouped into two catego-
ries as m i s c a l i b r a t i o n and o p e r a t i o n a l errors. Among the
operational errors failure for manual depres sur izat ion of
reactor has r e l a t i v e l y h i g her p r o b a b i l i t y compared with
the others.

The IREP analysis of Millstone Point 1 plant has found the
fai l u r e to manually d e p r e s s u r i z e the system as being the
only human error s i g n i f i c a n t l y c o n t r i b u t i n g to the core
melt p r o b a b i l i t y .

The types of human errors d e t e r m i n e d are

- f a i l u r e of operator to m a n u a l l y depressurize reactor
- operator fa i l u r e to recover I C M system m a n u a l l y
- test and maintenance c o n t r i b u t i o n of 1C valves

Over 40% of the total core m e l t f r e q u e n c y i n v o l v e s m a n u a l
d e p r e s s u r i z a t i o n failures. Each of the other two a f f e c t s
a 6 % portion of the t o t a l frequency.

In Grand Gulf 1 analysis the f a i l u r e of ADS control
c i r c u i t s was found to be d o m i n a t e d by the m i s c a l i b r a t i o n
of ADS actuation under LOCA conditions. Under t r a n s i e n t
conditions automatic a c t u a t i o n of ADS was not e x p e c t e d and
ADS f a i l u r e was assumed to be d o m i n a t e d by operator error.

Dominant human errors a s s o c i a t e d w i t h Grand Gulf system
f a i l u r e s were d e t e r m i n e d to be inadvertent closure of
normally open manual valves after maintenance.

Over 60% of core melt f r e q u e n c y is affected by the f a i l u r e
to restore test and m a i n t e n a n c e f a u l t s w i t h i n a c e r t a i n
time interval (such as 30 hours). About 2% of total
frequency involves failure of the operator to manually
initiate ADS.

Although Limerick G e n e r a t i n g Station analysis in general
followed the g u i d e l i n e s and used the values for human
failures given in WASH-1400, some of the human error
p r o b a b i l i t i e s , such as m i s c a l i b r a t i o n of level sensors,
failure to manually i n i t i a t e s a f e t y systems, fail LI re to
open manual valves, etc. are c a l c u l a t e d according to the
methods given in the Human R e l i a b i l i t y Analysis Hand-
book ( 6) .

The transient initiators in Limerick analysis are grouped
into two categories as a n t i c i p a t e d transients and manual
shutdowns since manual shutdowns are slow, power is reduced
in a controlled fashion, the loads on heat removal systems
can generally be guessed and necessary precautions can be
taken. The contribution of manual shutdown a n t i c i p a t e d
transients to total core melt probability is about 2%.
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The timely ADS actuation as a m i t i g a t i n g function is
included in to the event tree analysis for manual i n i t i a -
tion of depressur izat ion system by the operator. A c t u a l l y
ADS failures can also be due to failure of the low pres-
sure injection pumps (which is connected to ADS logic) to
start or hardware failure in ADS itself.

The probability that operator will succeed to adequate
depressurization of the reactor within 30 minutes is
accepted as high since there is abundant time and
indicators of problem for diagnosis. For the loss of off-
site power transients this timely actuation of ADS has
lower success probability due to potential reluctance of
operators to depend on the d i e s e l powered low pressure
injection pumps, or failures of some parts of diesels to
start and run on full load. 44% of total core melt
frequency involves timely ADS actuation by operator.

The probability of successful accident m i t i g a t i o n for the
inadvertent open relief valve ATWS initiators is signi-
ficantly affected by the human errors since they require
manual initiation of scram and RHR system.

Forsmark 3 analysis has identified the following three
types of human errors:

- RPS logic equipment mi sealibrat ion resulting in the
failure of safety functions,

- Operator failure to initiate a safety function,

- Operator action inhibiting automatically initiated
safety function.

In order to reduce human contributions to failures, the
reactors are supposed to be designed according to the
"30-minute rule" which requires that all m i t i g a t i n g
functions to be actuated within the first 30 minutes of
accident are automated.

Therefore the last two humnn errors given above do not
contribute significantly to core melt frequency. The
first type of human error, t lint is RPS e q u i p m e n t m i s -
calibration is the dominant c o n t r i b u t o r s i n c e K PS h.ird-
ware failure contribution is smnll because of the pre-
sence of dual shutdown systems.

4- Conclusion

By reviewing five BWR type power pi.T n t.s with d i f f e r e n t
design and origine, n gener n l p i c t u r e n h nu t t h r d n m i n n n t
accident sequences and the IIP, s i n v o l v e d has been o b t a i n e d .

The transients or t ransient-induced LOCAs nre the dominant
accident initiators. As far n s f «T i l cd m i t i p, a t i n p, func-
tions are concerned, the dec.ny heat removal f n i l u r e s arc
the domin.n nt contributors. If the plant has n fön ture (o
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reduce the overpressure in t lie containment, as it is t IIP
case for Limerick GS, DUR f a i l u r e s 'lose t h e i r importance,
but ECI/VWI failures become most crucial functions amon;»,
the mitigating systems. Due to redundancy of RI1R systems
the For smark plant has the DUR failures to be unimp o r t a n t
On the contrary, failures of shutdown systems have a
dominant share in the core m e l t p r o b a b i l i t y .

Table 2 summarizes most important human errors common for
the plants considered.

Table 2- Types of HEs Effected Systems for the BWRs Considered

Plants Considered
ivpes or nus

Miscalibracion

Operational errors

Test and
maintenance

Accident initiators

Browns Ferry

Level svitchs
(ECI and DHR
systems
effected)
tlanual depres-
surization

_

-

Millstone Poinc
_

Manual depres-
surization, fail.
of recovery of
ICM system

1C valves are
kept closed

-

Grand Gulf

Control circuits
(ACS actuation
effected)

Manual initia-
tion of ADS

Inadvertent
closure of
normally open
manual valves

-

Limerick GS

Level sensors

Timely manual
initiation of
depressuriza-
tion, and scram
and RHR
Failure to open
manual valves

Manual shutdowns

Forsmark 3

RPS logic
equipment
(Scram system
effected)
Initiate a
safety func-
tion

-

-

The m i s c a l i b r a t i o n of switches, c i r c u i t s , ctr. is the fi r s t
type of human error that contributes s i g n i f i c a n t l y to the
core melt. For the operational type, of 11 Es, Lite most common
and t lie important one is the manual, de p r r s su r i z a t i on
failures of the reactors. F a i l u r e s of manual v a l v e s due to
test and maintenance are another type II F, s contributing
significantly to the sequence frequencies.

The high rate of accidents and their human
tion in developing countries is not a w e l l
mat ter yet.

error contribu-
understood

In Turkey, a search has been carried out to find out works
related to accident occurances and the role of human
elements in them. It is found that the approach to the
problem in different institutes, such as u n i v e r s i t i e s or
government agencies is just to collect s t a t i s t i c a l d ata
about accidents or take simple accident p r e v e n t i v e actions
in the factories. The research activities done by some
university depart ment s(7) are mainly concerned about
occupational accidents in industry and their p s y c h o l o g i c a l
reasons. Here the legal d e f i n i t i o n of occupa t ionn I accidents
is given as those accidents which cause physical and
psychological damage to the workers during or after
accidents. The data is analyzed to give the degree of
human element in the cause of accidents. There is no
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analysis and categorization of events and the human
factors in them in the sense of methodology used in
PRA studies.

In future, it is our main intention to include Human
Reliability analysis in the application of PSAs in
Turkey. A conventional power plant is chosen for the
actual modelling in limited scale.
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ABBREVIATIONS:
ADS
CS
DHR
ECI
EECW
HPCI
RCIC
RHR
RHRSW
RPS
RS
VWI

Automatic Depressurizat ion System
Core Spray
Decay Heat Removal
Emergency Coolant Injection
Emergency Equipment Cooling Water
High Pressure Coolant Injection
Reactor Core Isolation Cooling
Residual Heat Removal
Residual Heat Removal Service Water
Reactor Protection System
Reactor Subcri ticali t y
Vessel Water Inventory
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STUDIES OF SEVERE TRANSIENTS IN NUCLEAR
POWER PLANTS BY USING THE ENEA
ENGINEERING SIMULATOR

A. MATTUCCI, E. NEGRENTI
ENEA, CRE Casaccia,
Rome, Italy

Abstract

In the last years the use of the Simulator had only the aim to train the
nuclear power plant operators; the limited performances of the computer
systems imposed often the need to model the plant systems in a rough way
to keep the capability to respect the real-time constraint.

Now the improvement of the computer performances makes possible the
development of more sophisticated models capable for instance to handle in
real . time a wide variety of accident conditions with an accuracy
comparable with the one of the off-line codes.

It has become attractive the idea to develop a new real time tool: the
Engineering Simulator. In particular such a tool can be used for:

test and verification of operational and emergency procedures
optimization of plant efficiency
design and verification of control systems
study of man-machine interface

Therefore ENEA, that is involved through the Industrial Promotion Program
in the design and construction of the new nuclear power plant PWR-PUN has
decided to acquire such a tool, that has been developed by Westinghouse

h the participation of ENEA personnel.

The Engineering Simulator has all of the plant models and the full
capabilities of a full-replica Simulator, except the physical control
board, which is replaced by a compact one, based on CRT'S. The adoption of
advanced models for the Reactor Core, Reactor Coolant System and the Steam
Generators makes the Engineering Simulator able to analyze all the PWR's
severe transients with particular emphasis on the ones where two-phase
conditions in the Reactor Coolant System can be expected.

During the Factory Acceptance Testing 10 severe transients, that are used
as a reference for the new Westinghouse Emergency Procedure, have been
tested. To allow a quantitative judgement on the Engineering Simulator
performances, four of them have been analyzed by ENEA by using the RELAP
5/mod. 1 code. The selected transients are:
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1 - Loss of all A/C power with natural circulation cooldown (only D/C
buses and instrument A/C buses remain energized).

2 - Inadequate Core Cooling (3" Loss of Coolant Accident with no Safety
Injection flow).

3 - Loss of All Feedwater (trip of Main Feedwater and no Auxiliary
Feedwater intervention; feed and bleed procedure for cooling RCS).

4 - Unisolable Steam Line Break outside containment with Steam Generator
Tube Rupture in Faoulted .Steam Generator.

In the paper, together with a brief description of the CNEA Engineering
Simulator and the advanced models, the results of the selected transient
are analyzed. The comparison has shown the adequacy of the Engineering
Simulator to simulate severe transients in nuclear power plants.

1. Introduction

In the last years the use of the Simulator had only the aim to train
the nuclear power plant operators; the limited performances of the
computer systems imposed often the need to model the plant systems in
a rough way to keep the capability to respect the real-time
constraint.

Now the improvement of the computer performances makes possible the
development of more sophisticated models capable for instance to
handle in real time a wide variety of accident conditions with an
accuracy comparable with the one of the off-line codes.

It has become attractive the idea to develop a new real time tool:
the Engineering Simulator. In particular such a tool can be used for:

test and verification of operational and emergency procedures
optimization of plant efficiency

- design and verification of control systems
- study of man-machine interface

Therefore ENEA, that is involved through the Industrial Promotion
Program in the design and construction of the new nuclear power
plants PWR-PUN has decided to acquire such a tool, that has been
developed by Westinghouse with the partecipation of ENEA personnel.

The Engineering Simulator has all of the plant models and the full
capabilities of a full-replica Simulator, except the physical control
board, which is replaced by a compact one, based on CRT'S. The
adoption of advanced models for the Reactor Core, Reactor Coolant
System and the Steam Generators makes the Engineering Simulator able
to analyze all the PWR's severe transients with particular emphasis
on the ones where two-phase conditions in the Reactor Coolant System
can be expected.

During the Factory Acceptance Testing 10 severe transients, that are
used as a reference for the new Westinghouse Emergency Procedures,

112



have been tested. To allow a quantitative judgement on the
Engineering Simulator performances, four of them have been analyzed
by ENEA by using the RELAP 5/mod. 1 code. The selected transients
are:
1 - Loss of all A/C power with natural circulation cooldown (only

D/C buses and instrument A/C buses remain emergized).
2 - Inadequate Core Cooling (3" Loss of Coolant Accident with no

Safety Injection flow).
3 - Loss of All Feedwater (trip of Main Feedwater and no Auxiliary

Feedwater intervention; feed and bleed procedure for cooling
RCS).

4 - Unisolable Steam Line Break outside containment with Steam
Generator Tube Rupture in Faulted Steam Generator.

In the paper, together with a brief description of the ENEA
Engineering Simulator and the advanced models, the results of the
selected transient are analyzed. The comparison has shown the
adequacy of the Engineering Simulator to simulate severe transients
in nuclear power plants.

2. ENGINEERING SIMULATOR HARDWARE DESCRIPTION

The Engineering Simulator is a compact tool that has all the
capabilities of a full replica simulator, i.e., all the information
available to a plant operator and the actions performed during
operational or abnormal transients can be reproduced.
It is composed of:

- computer system: a SEL Gould 32-8750 minicomputer with 4 MB main
memory, 300 MB disk, magnetic tape, line
printer, etc

- simulator console

The main simulator console items are:
- 8 CRT'S (two of them with touchscreens)
- 2 keyboards, provided of about 50 special function keys
- 2 track-balls

a set of selectable elementary components (pushbuttons,
controllers, etc) to simulate the same operator actions
performed in a plant control room.

In fig. 2.1 the simulator console is shown.

In a normal configuration the simulator console is organized in two
stations, one for NSSS and the other for BOP operation.

The alarm messages are displayed through the CRT's on the top. The
plant operation is allowed by about 200 plant system displays where
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Fig. 2.1 - Engineering Simulator Console.



all the indications and the plant components operated from control
room are shown. The component operation can be performed by
positioning the cursor in the CRT over the selected components and
then depressing a special key on the keyboard or by touching the
component in the touchscreen CRT's.

3. ENGINEERING SIMULATOR ADVANCED MODEL DESCRIPTION

Even if all the plant systems are simulated in the Engineering
simulator, the major improvement, from the point of view of the
capability to handle nuclear power plant severe transients, comes
from the adoption of new models for Reactor Core, Reactor Coolant
System (RCS) and Steam Generator simulation. Therefore some details
about such models are given below.

- Reactor Core

The Reactor Core neutronic model includes the reactivity effects of
the moderator coefficient, Doppler coefficient, soluble poison,
control rod poison, and xenon, that are computed for each of the 18
nodes being provided (16 for fuel, 2 for axial reflector) (1).

The neutron flux is determined by solving the diffusion equations
written node by node and considering 6 delayed neutron groups for
each node. The flux model, together with the decay heat model, is
interfaced to the thermal model (fig. 3.1), that determines the heat
transferred to the RCS. The thermal model is based on 5 radial nodes
from fuel centerline to cladding outer surface; the calculation is
performed for 4 axial segments and takes into account the coolant
condition: single-phase, two phase flow, core uncovering.

- Reactor Coolant System

The advanced two-phase model for the RCS includes five basic
equations, one for momentum plus separate equation for the mass and
the energy in both the liquid and gaseous phase of each node.

The RCS model ( 2 ) has been developed to satisfy the following
requirements :

a) single and two-phase flow conditions;
b) forced and natural circulation;
c) phase separation;

by using the following assumptions:
1) non-equilibrium stratified fluid nodes;
2) drift flux flow model;
3) global compressibility.
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The model consists of a network of fluid nodes connected by one-
dimensional flow links and is built by using 4 classes of components:
interior fluid nodes, boundary fluid nodes, non-critical flow link
and critical flow link.

An interior fluid node is defined as a fixed control volume
containing some mass and energy of fluid. No flow (only mass and
energy inventories) is associated with a fluid node. An interior
fluid node is connected with other fluid nodes by flow links.

A boundary fluid node is defined as a control volume containing fluid
at a specified pressure and enthalpy. A boundary fluid node has no
volume or mass associated with it and is connected with interior
fluid nodes only by critical flow links. These particular nodes are
used to interface the RCS with auxiliary systems such as safety
injection, CVCS, etc.

A non-critical flow link connects two interior nodes and is defined
by a momentum conservation equation for the net rate of change of the
link mass flow rate. No mass and energy inventories (only flow) are
associated with a flow link.

A critical flow link is defined as a path for fluid flow where the
net mass flow rate is a specified function. A critical flow link
always connects an interior and a boundary fluid node. In fig. 3.2 it
is shown an example of connection between two internal fluid nodes
and in fig. 3.3 the way used to model the RCS for a 3-loop PWR.

The mass conservation equations for the mixture and gas regions of
each interior fluid node are integrated explicitly first. The energy
conservation equations (written in terms of enthalpies rather than
internal energies) for the two regions of each interior fluid node
are then integrated implicitly.
The effects of evaporation and condensation on mass and heat transfer
rates across each interface and wall boundary are modeled.

Before the momentum conservation equation integration, the RCS
pressure is calculated by using the global compressibility assumption
(3). This assumption implies that in each node the local pressure has
not a large difference from the global RCS pressure. This assumption,
by using the non-linear algebraic RCS volume conservation equation
with fluid properties evaluated at the global pressure and local
enthalpies, allows the calculation of the global pressure through the
Newton method.

After that the momentum equations are integrated and the flow rates
are decomposed in liquid and vapor flow rates by using the drift flux
assumption.
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Fig. 3.3 - A 3-loop PWR RCS equivalent model.



- Steam Generator

Each Steam Generator is modeled separately. The primary side is an
integral part of the RCS model; the secondary side consists of 8
fluid nodes (downcomer, 5 tube bundles, riser, steam dome) as shown
in fig. 3.4.
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Fig. 3.4 - Steam Generator schematic.
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4. RESULTS

A synthetic and qualitative description of the results obtained in
the analysis of the selected transients is below inserted.

This description is subdivided into time intervals determined by the
main events of the transient.

Furthermore, the time instants when these events took place in the
two analyses (Simulator and Code) are indicated.

4.1 Loss of all AC Power

In the first transient it is assumed that, following a turbine trip,
a complete loss of alternate electric power happens (DC trains and AC
trains for instrumentation remain energized).
This loss is followed by the failure of the seals of the reactor
coolant pumps that results in a primary fluid leak. The RCS is then
cooled and depressurized up to accumulator injection pressure through
a rapid steam generator depressurization obtained by manual opening
of PORV's. After 40 minutes, eletric power to one emergency bus is
restored and safety injection can start, allowing primary inventory
recovery.

Ti»e (s) Events
C. S.

0 0 Loss of electric power
Scram, turbine and RCP trip, MFW stop, MSIV closing,
turbine driven pump, AFW start.

30 30 RCP seals failure
Stabilization of RCS temperature following automatic
SG safety valves opening (see fig. 4.1.2, 4.1.3)

600 600 SG PORV manual opening
Rapid SG depressurization (see fig. 4.1.4, 4.1.5)
with RCS cooldown and depressurization (see fig.
4.1.1, 4.1.2, 4.1.3). Accumulators injection.

1400 1400 Manual atmospheric dump reduction
End of SG depressurizzation (see fig. 4.1.4, 4.1.5).

2400 2400 Electric supply restoration
One SI train starts. Further primary temperature
reduction (see fig. 4.1.2, 4.1.3). Fast primary
inventory recovery.

3100 3100 PZR level 6%
The transient is terminated.
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As it can be easily seen by the figures shown in the paper, all the
phases of the transient were analyzed by the Simulator quite
similarly to the Relap Code.

4.2. Inadequate Core Cooling

In the second transient a cold leg 3" break without initial Safety
Injection intervention is assumed. Reactor coolant pumps are tripped
at reactor trip time. On these conditions, reactor core uncovering
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happens in a few minutes and a rapid core exit temperature increase
is observed. As soon as this temperature exceeds 650eC, reactor
coolant pumps are restarted. Primary fluid is then cooled down
through SG depressurization and SI pumps start.

Ti«e (s)
C. S.

Events

0 0 Cold leg 3" break
RCS depressurization and reactor trip. RCP trip. Loss
of primary inventory and core exit temperature
increase (see fig. 4.2.1, 4.2.3).

1370 1080 Core Exit Temperature> 650°C
RCP restart and rapid core temperature reduction (see
fig. 4.2.1, 4.2.3).

1410 1110 SG PORV manual opening
RCS depressurization and accumulator injection (see
fig. 4.2.2, 4.2.3).

1560 1230 End of atmospheric dump
SI pumps start. Primary inventory recovery and
further cooldown of RCS.

The core exit temperature increase was simulated by the Code and the
Simulator in a similar way.

The RCP restart response is, however, different.

e. i
I •

124



RELAPS

I C.

0 1 O « 0 6 O Q I d 1 2 1 - 1 I f c I * 1 0

r* i c. A. e. 3

V'

?•••

70

eo

FO

»f.

'•(•

i* -

10 f:-

.1

i
|

1

i
1
UX

CORE E X I T lerne.

RCS-WR Prtss.

A-

/

~-
*..i ri/§ >H

SIMULATOR

K
/^f*
"% ^

0 ne*» »TAUT

(p i
J î
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In both cases the temperature has an initial drop due to the passage
through the core of the water remained in the RCS. While, yet, this
cooldown is lasting according to the Code (see fig. 4.2.1) the
Simulator shows a second, more violent, temperature rise at about
1250 s (see fig. 4.2.3).

Primary pressure profiles following RCP restart, SG depressurization
and accumulator injection are quite similar (see fig. 4.2.2, 4.2.3).
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4.3 Loss of all feedwater

The third transient begins with the MFW pumps trip. There is no AFS
intervention and the "loss of heat sink" condition is approached in a
few minutes.

Decay heat is initially removed through "bleed and feed" procedure,
then condensate flow to one SG is established.

Tiae (B) Events
C. S.

0 0 MFW pumps trip
Loss of secondary inventory.

650 650 RCP manual trip

800 800 "Bleed and Feed" start
RCS depressurization and PZR level increase (see fig.
4.3.3, 4.3.4).

1250 1250 Steam dump from SG 'A'

1280 1280 End of "Bleed and Feed"
SG 'A1 depressurization up to 3000 KPA* and
condensate flow to SG 'A'. Slow cooldown of RCS and
SG 'B' and 'C'. Refilling of SG 'A1 (see fig. 4.3.1,
4.3.2, 4.3.5, 4.3.6).

5400 4770 SG 'A' NR level 6%
End of the transient.

As shown by the pictures, the main features of the transient were
predicted in the same manner by the two calculation tools.

4.4 SGTR with steam leak in faulted SG

In the fourth transient a steam line break, upstream the MSIV, and
subsequent SGTR in the tube bundle of the same SG take place.

Faulted SG depressurization and approach to a dynamic equilibrium
condition between RCS and faulted SG, based on the stabilization of
SI, SGTR and SLB flows, are observed.
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Ti»e (s) Events
C. S.

0 0 Steam line break in SG 'A'
SG 'A1 and RCS depressurization. Scram and turbine
trip. SG pressure recovery (see fig. 4.4.1, 4.4.2,
4.4.3, 4.4.4). AFS and SI interventions.

150 100 Main Steam Isolation

150 106 SGTR in SG 'A'
SG 'A1 depressurization rate increase (see fig.
4.4.1, 4.4.2). Strong loop 'A' cold leg cooldown, PZR
goes empty and RCS depressurization rate increases
(see fig. 4.4.3, 4.4.4).

170 145 RCP trip
Natural circulation.

240 240 SG 'A' AFW stop
Progressive stabilization of SG 'A' pressure towards
a value of 600 KPa (see fig. 4.4.1, 4.4.2).
Stabilization of SLB, SGTR and SI flow rates.

720 850 End of the transient

As shown in the figures, the essential aspects of the transient, as
the system response to the SLB, the SGTR and the MSI and the final
stabilization in natural circulation, were analyzed by the code and
the Simulator quite similarly.

5. CONCLUSIONS

By means of the study of the transients examined, the response of the
Simulator in a wide range of particularly critical plant conditions
was tested.

The results given by the Simulator appear in substantial agreement
with those furnished by the Code. The only differences are often the
effect of small discrepancies in the input data to the two
computation systems, or of the difficulty to reproduce on the
Simulator the same sequences assumed with the Code.

In a very few cases (e.g. the core response to RCP restart in the
Inadeguate Core Cooling transient) the reason of the differences must
be searched in the exceptional severity of the examined plant
scenario.
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NOMENCLATURE

AFS
AFW
C.
CL
DL
HL
HPSI
MFW
MSIV
NH
PORV
PZR
RCP
RCS
SG
SGTR
SI
SL
SLB
WR

Auxiliary Feedwater System
Auxiliary Feed Water
RELAP 5 Computer Code
Cold Leg
Double Loop
Hot Leg
High Pressure Safety Injection
Main Feed Water
Main Steam Isolation Valves
Narrow Range
Power Operated Relief Valves
Pressurizer
Reactor Coolant Pump
Reactor Coolant System
Steam Generator
Steam Generator Tube Rupture
Safety Injection
Single Loop
Steam Line Break
Wide Range
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DEVELOPMENT AND APPLICATIONS OF
A METHODOLOGY FOR THE ANALYSIS OF
SIGND7ICANT HUMAN RELATED EVENT TRENDS
IN NUCLEAR POWER PLANTS

H.Y. CHO, S.H. LEE, I.Y. PARK
Nuclear Safety Center,
Korea Advanced Energy Research Institute,
Daeduk, Republic of Korea

Abstract

A methodology is developed to identify and flag significant trends related
to the safety and availability of commercial nuclear power plants. The
development is intended to aid in reducing likelihood of human errors. To
assure that the methodology can be easily adapted to various types of classi-
fication schemes of operation data, a data bank classified by the Transient
Analysis Classification and Evaluation (TRACE) scheme is selected for the
methodology. The significance criteria for human-initiated events affecting
the systems and for events caused by human deficiencies were developed.
Clustering analysis was used to verify the learning trend in multidimensional
histograms. A computer code is developed based on the K-Means algorithm and
applied to find the learning period in which error rates are monotonously
decreasing with plant age. The Freeman-Tukey (F-T) deviates are used to select
generic problems identified by a large positive value (here approximately
over 2.0) for the deviate. The identified generic problems are: decision
errors which are highly associated with reactor startup operations in the
learning period of PWR plants (PWRs), response errors which are highly
associated with Secondary Non-Nuclear Systems (SNS) in PWRs. Those are
corresponding to inconsistencies in the pattern of associated data. The
program P3F for the analysis of multiway frequency tables in Biomédical
Computer Programs may provide incorrect estimates for the expected frequencies
if structural zeros, where the frequency is constrained to be zero, occur.
Therefore, to get reasonable results, efforts to eliminate structural zero
entries in multiway tables should be made. This may be accomplished by
redefining the multiway tables or by using a more general computer program
for the multiway tables.

1. INTRODUCTION

The objective of this study is to develop a methodology for the
identification and flagging of significant trends related to the safety
and availability of commercial nuclear power plants with emphasis on
human factors contributions. The development is to assist in reducing
the likelihood of operator errors and to help reduce the frequency of
significant human errors.

The following steps are used for the methodology development:
(a) Significance Criteria

Use is made of developed criteria by the Nuclear Safety Analysis
Center (NSAC)(1) and other work (WASH-1314)(2). The following
factors are considered: loss of safety function (LOSF), abnormal
or unexpected transient (A/U), loss of indication (LOI), overriding
engineered safety features (OESF), and operation degradation (OD).
Three degrees of significance were classified:
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(1) Significant (S): Any event that results in LOSF, A/U, LOI,
OESF, and OD.

(2) Potentially Significant (P): Any event that could have led to
LOSF, A/U, LOI, OESF, and OD.

(3) Insignificant (I): Any event that leads to no potential effect
on plant safety/availability but which consititute a literal
violation of the technical specifications.

(b) Classification Scheme
The Transient Analysis Classification and Evaluation (TRACE) scheme
developed by Sabri et al (^) was used to extract numerically coded
data from the Licensee Event Reports (LERs). It was designed to
provide appropriate means of encoding arid quantification of human
errors.
Data Collation
The classified data are collated to identify possible types of
problems and to find means for statistical analysis using tabula-
ting, plotting, and histograms. In addition, the human error
rates are estimated and tabulated. The learning period of the
human in nuclear plants is found by checking the slopes of intensity
error rate curves.

(d) Statistical Analysis
Methodologies for statistical analysis are reviewed and a methodology
is developed for trend analysis. K-means algorithm for cluster
analysis and log-linear model for multiway contingency table analysis
are used for this purpose.

Fig. 1 shows an approach paradigm. OBJECTIVES

SIGNIFICANCE CRITERIA

CLASSIFICATION SCHEME
I

N S A C ( l ) ,
WASH-13U(2)

TRACb. (3)

DEVELOPMENT
OF K-MEANS
CLUSTERING
PROGRAM

USE OF
RMDP3F
PROGRAM

L_ DATA COLLATION

DATA CLUSTERING

H" ANALYSIS OF EVENTS
«Y PATTERN RECOGNITION

ANALYSIS OF CROSS-
CMSSTFIED

CATFGORICAI DATA

PREPARATION
OF MULTIWAY
CONTINGENCY
TABLES

FUGGING SIGNIFICANT
TRENDS OR PROBLEM

AREAS

RECOMMENDATIONS FOR
PROBLEM M I T I G A T I O N

Fig. 1. Approach paradigm
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K-MEANS ALGORITHM FOR CLUSTER ANALYSIS

The objective of cluster analysis is to separate a set of objects
into constituent groups so that the members of any one group differ from
one another as little as possible, according to a chosen criterion. The
input data to K-means algorithm^ and 5) is represented by arranging
measurements in the form of a matrix: X = (X^k) where X ̂ denotes the
value of the Kth variable (k - 1, ....,£) of the ith object (i = 1 , . . . ,m)
A partition of n groups (0 < n <m) of the set M = [ 1, ...,m} of the m
objects is a set of index sets P, , Pj, •••• , I' C M where each of the n
groups is assigned to one and only one of the j groups. The minimum
variance criterion is described by

j = 1 ifcp .
3

where X - -

_ 2
„ - X-Jik jk

JR l p l: 3
Thus, the sum of the sum of the squared Euclidean distances of the cluster
members from their centroids is minimized by using an algorithm to assign
cases to clusters. The K-means algorithm searches for a partition with
small e by moving cases from one cluster to another. The search ends when
no such movement reduces e. Data clustering is used to provide reduced
data for the analysis of multiway contingency tables by grouping of the
plants of similar age groups. The computer program for the K-Means
algorithm, developed here, is used to distinguish an age group between
learning and stationary periods considering important factors in Table I;
initiator (2), reactor mode (7), initiating action (5), event consequence
(3), and human deficiency (3) where the numbers in the parentheses are
the number of variables used as an input data for the program.

3. LOG-LINEAR MODEL FOR MULTIWAY CONTINGENCY TABLE ANALYSIS

The analysis of multiway frequency tables is performed to describe the
relationship between the human factors in the tables by forming a model
for the data and by testing and ordering the importance of the interactions
between the factors. The analysis is based on fitting a log-linear model
(6) to the cell frequencies.

Namely:
Log mijk = u * u 1(i)+ u 2(i)+ u 3(k)

N N

N = X . . . = total number of counts in the sample set
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Table I. TRACE (3)

NO. ITEM DESCRIPTION

Reference Number

Facility
Reactor Type
Vendor
A-E
Event Date
Report Date
Rpartor Mode

1
2
3
4
5
6

Initiator

Initiating Evenl

NSIC event accession number.
Plant name.
BWR/PWH
NSSS supplier.
Fir« name

Example: Pilgrim 1
BWR
GE
Bechtel

Initiating Action

Hardware Involved

System
Component
Component ID
Number

Status of System

Hardware Affe< In!'

System
Component ID
(name plate
date)

Component Fail
ure Mode

Number of
Components

Date of event occurrence.
Date of reporting the event.
Status of reactor system prior to event.
Steady state
Startup
Hot standby
Hot shutdown
Cold
Refuelling
Direct root cause of event

Example : operator error
maintenance fault
procedure
etc

Action that resulted in the occurrence of
the event

Example Did not start
Failure to open
Inadvertent actuation
Improper assembly

Nature of human deficiencies
Example perception

cognition
decision
response
beha\lor
unknown

Systems/components involved with the
initiating event.

Name plate data including manufacturer
and identification number.
Number of components involved.

Example: RPS
Switch
Yarway Model 4320

Conditions cf Ihr System involved in the
initiation of the event.

Example Standby
Test
Normal operation

Systc«is/( omponenls affected by the
initiating event and which may act as
a source/outlet of rnrlioactivity release.
The lettei R is used to identify system/
component involved in release of radio-
activity A code R preceding the system/
component affected refers to a source
(outlet)

Example 1 ADS depressurization
Pressure relief valve
B21-F013E
Failure to close properly
1
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Table I. (continued)

NO ITEM DESCRIPTION

10

11

12

n

1 fi

17

POWPI Level

Event Duration

Abnormal/Unexpert ed
Transient (A/U)

Operation Degradation
(ÖD)

Loss of indication
(LOI)
Symptom«!ic

Oven ide Engineered
Safety Featuies

loss of Safety
Function (LOSF)

Significance
(consequence
human deficiency)

Event Description

Example 2 R-RCS
PORV
Failure to close
1

Example 3 Gaseous waste processinJ-R
Vent
Unknown
Unknown
Unknown

Percentage of full power

Duration of event in hours including
line of detection
X Event led to A/U
Y Event could have led to A/U
Operation in a degraded »ode which »ay
or Bay not be permitted by limiting
conditions of operation (LCD).
X Event led to OD
Y Event could have led to OD
X Event led to LOI.
Y Event could have led to LOI
Fvi-nt is ti symptom of a behavior or
attitudinal pattern
X Event is symptomatic
Y Event »oy be symptomatic

X Event caused by override of ESF
Y Fvent may have been caused by
override of ESF
Total LOSF or severely degraded safety
function
X Event led to LOSF
Y Event could have led to LOSF.
Preliminary identification of the
event consequence or human deficiency
as significant, potentially signifi-
cant, or insignificant. This deter-
mination is to flag events for further
retrospective analysis

Example S significant
P ~ potentially significant
I insignificant

The upper spac«- is reserved for level
of significance of event consequence.
The significance of human deficiency is
identified in the lower space.

Description of the event in a clear,
concise mnnnet The history of the
event and any corrective action pro-
vided or recommended will be noted
If possible, any indication of stress
of human performance will be indicated.
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J K
X ++ ~ 53 53 X j-^ = row total number

j-1 k-1 J

I K
X ' 53 53 ^ nk ~ column total number

J i=l k-1
I J

X ++. -5. 53 ^nk = laver total number
i^l j 1

For the goodness of fit of the model the Pearson chi-square statistic(6)

X2 - 53 53 53 (x m ) * /m
! -, k 13k ^k

or the likelihood r n l i o statistic

G 2 - 2 53 £ 53 x an (
! j k X3k

can be used.

Tf we consider small samples such ns data in the sparse contingency
tables, it is not v(»ry useful that the distrihution of the test satistic
is known for large samples. Thus some authors (7 and 8) have suggested
to use transformations to make the standardized deviations in each cell
closer to normal deviates with zoro mean and unit variance. The Freeman-
Tukey transformation (8) with a Poisson üistiibution was used. Individual
deviates was examined to detect important patterns in the data. A large
positive deviate ( ovt-r '2} or residual suggests that controlling variables
have a significant association. The Freeman-Tukey residual in a four-
dimensional table is defined by:

where x - observed frequency in a four -dimensional table

m n ~ expected frequencyijkV.
The sum of these s<juai ed deviates,

R 2 i3 53 53 51 r Q is asymptotically distributed as chi-square.
i k i 1Dkl

•1. DEVELOPMENT OF THE METHODOLOGY

The methodology developed involved the following steps:

(I) Review of the classified LERs to find out meaningful combinations
of the variables including plant age, reactor mode, initiator,
and other items in the classification scheme (See Table I).
It includes data collation and preliminary data clustering and
provides ide tification of generic factors among the above
variables.
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12} filent if icat ion of transient periods in learning trends for humanrelated events using clustering analysis. It provides table with
a large numbct of frequencies by grouping of the data during
learning phase and the data for stationary status.

(3) Construction of multiway rout ingency tables for cross-classified
categorical data to describe: the relationships among the factors.
Factors considered included plant age, reactor type, and other
variables in the classification scheme such as event consequences,
and human definancies.

t'1) Modeling of t lie cross-classified categorical data(fi).
'T»; Identification of inconsistencies in the pattern of associated data

using the large Freeman -Tukey (F-T) deviates.

i (>} Recommendation of changes or means as necessary to mitigate those
incons i s tenc ies.

APPLICATION OF TUE METHODOLOGY

Three hundred sixty eight events in TRACE (Fig. 2) were used for data
collation. Out of 2L'7 events reviewed for PWRs, 22.9% and 16.3 were found
to be significant for' Human Deficiency (HD) and event consequence (EC),
respectively, and 30. Q*i and 18.9% were potentially significant.

About 71.U of the significant events for HD of PWHs involved
operators, 21.2"i involved maintenance personnel and the rest involved
other personnel. About fJH.8\ of the potentially significant events for
HD of PWRs involved operators and 3f>.3\ involved maintenance personnel.
In nWRs, operator and maintenance errors occupied 26.9% and 65.4% of the
significant events for HD respectively. Fifty one percent nnd 38.8% of
I hi- potentially significant events for- HD corresponded to operator and
maintenance personnel errors, respectively. For EC approximately the
same rat io was appl led. Syuiptouiat it: human déficiences seemed to be
the major- cause of human initiated events. Most of the significant events
caused by operators resulted in abnormal or unexpected transients while
the most of the significant events which involved maintenance personnel
resulted in operation degradation. Errors caused by operator and main-
tenance personnel dm ing steady stale dominated significant events.
Response and behaviuial errors were major contributors to the significant
events.
Error rates (error/plant-year operation) for different initiator
(operator, maintenance, and technical groups) for PWRs and BWRs were
«alculated and tabulated according to plant age.
To apply the methodology for the analysis of significant human related
event trends clustering analysis was used Io verify the learning trend
in multidimensional histograms. A computer code was developed based
on the K Means algorithm and applied to determine the learning period in
which error rates are monotonously decreasing with plant age. Reduced
data for multiway contingency tables were obtained by conglomerating
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Fig. 2 (con t inued)
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A drop in outside ambiant température
rnused n drop in romponont cooling water
temper« t uro serving the containment recir-
culation fnns. The containment temperature
wns less than 100 ° F during a power escala-
tion. This violated the order for license
modi firnt ion. The fans were secured and
service wnter to the component cooling heat
exchangers was throttled back to raise
component cooling water temperature.

After n 2-hour shutdown, the reactor was
operated in n restricted region (negative
imbalance) for 8.25 hours and in another
restricted region (rod index limit) for 5.5
hours exceeding the 2-hour time limit. The
operators felt that reducing power would
aggravate the situation and result in a
trip. The plant superintendent issued a
directive that Tech. Specs, must be com-
plied with.

During an investigation of noise on tur-
bine pressure channel 447, a technician
did not deenergize the power supply to the
feedwater heater bypass valve. High steam
flow bistables were placed in a trip con-
dition. Tn about 30 minutes indication in
control room showed the feedwater heater
bypass valve being opened. This resulted
in low steam-generator feedwater pump suc-
tion pressure. A. safety injection occurred
when the bistables tripped. A manual reac-
tor trip was performed.
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similar plant age p.roups on human performance data. The first three years
of the commercial operation of reactors art- identified as the learning
period (gent-rally high i-rror rates with over 0.5 error/plant-year) and
stationary status ('low constant error rates in the range of 0.3 to 0.5
error/plant -year ; follows for over three year experience.

Table IT provides nuinlii-r of i n i t i n t i n y human actions (Table III) for the
period between 1977 and 1978. Out of the 3GH events, there were 227
events for FWTÎs an.I Ml events for BWÏÎs. Out of the 227 events for PWRs,

T.-il.le II. NIMDER OF INITIATING HUMAN ACTIONS >'OR THE PERIOD BETWEEN 1977
AND 1078

l(e;u:lnr
Type

TOH

11hl/

Plunl
AIÎ«.'

Uiuli-r :i

Ove.i 3

Under 3

Over n

UoilCjt Ol

Mode

Sleiidy slate

St art-up

Cold shutdown

Stejidy vint u

SI, tri -up

Ci. Id shutdown

Slf<nlv st. -île

Slsirl-up

(°i>lil .sliutilown

Sli-aily state

SI tirt-up

t ' i itd sliuttluwu

Initiating Action

Response

30

7

9

44

7

7

10

1

1

27

7

3

Kehavior

20

1

4

20

4

4

7

0

1

14

5

4

Cognition

5

1

0

5

2

0

3

0

1

4

0

1

Decision

1

4

2

2

0

l

2

0

0

0

1

0

Table III. inJMAN ERHO« CATEGORIZATION ACCORDINO TO THE NATURE OF HUMAN
DEFICIENCIES (3)

Errur Category Errors

Pei «-»-pt iun

Hit is ion

Response

Heli:ivin| .il

f.iilurc to note leak, cruck, dirt
r.ulure to detect signal, read gauges,

teail tut!, imitation level
fui lui e to noli- warning light, slam
detection of wrong signal, false alarm
in<-orre<-l interpretation of instrument,

•«ter reading»
failure to Milate signal to stute of

system

ni sunders I mi<l nit; of prurcdures
• isuiidcisl:in<ling of tech. specs.
•i launders I rinding of ulurm

inferiui tlion-e fron several alternate
urlions

failure to •ul in appropriate lime
t!ivi-n .ill m-ii'SSHry infornalion, poor

sti-ate«y srleulion

Incorrerl ndjustnr:iil
iiKidvi-i (flit ntiinpulut ion of a vulve
failuie lu ciiMplele u checklist in

ini'orieit i .1] ]l)r Jit j on

Use of ill! oil i -I I proi'edui C
disiegiinl of pr'K'edurc
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I hei c wore 44 Ovents for response errors during steady state over three-
yrar experience. Mu H iway contingency tables on the observed value, the
fitted value and the Freeman Tukey (F T) deviates are provided by using
i« roaiputiM- rod«»; PffF' in the Biomédical Computer Programs (BMDP) (9)
which is c-Offline r c.-ially available. Fig. 3 gives the estimated expected
values for the model (I, M, AT) indicates that there is one two-factor
interaction: AT, where T, M, A, and T are the abbreviations for initiating
action, reactor mode, plant age, and reactor type, respectively. To
select the proper model (I, M, AT) tests (9) were used. To test if some
categories of initiating action are highly associated with particular
reactor modes in the learning period and stationary status for the
reactor type (e.g., PWR and BWR), the observed values in Table I were
inputed for P3F in BMDP and the estimated values (Fig. 3) and the Freeman-
Tukey (FT) deviates {Fig. 4) are obtained. The decision errors are
highly asscM-ialed w i t h start-up im»df in I In- learning period for the PWRs
•'K T deviates 2.1'»«).
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0.2G7

-0.2!H
-O.IUJÜ
0.1:12
0.25M
O.S47

-1.012

It HIM VI ON

0.-1IV1
1 . KM
0.22:»

O.O'.M
O . I 2 Ü
O.OM7

0.401
-0.77'J

O. l f . l

O.OSO
0.5W«
O.M1

COGNITION

-0.029
0.2.r>2

-0.577

0.3M
0.758

-0.7KI

0.940
0.2IO
I . I O H

0.040
-0.3«i
O.SIR

DECISION

•I. 289
2.288
1. 309

-0.892
-0.359
0.554

0.882
0.405
0.423

-I. 758
0.806

-0.036

K i K . 4. Thr* Frroann Tiihoy d<-vi:<tr-x for thr- •mlrl (l, M, AT)

Several uiulliway contingency tablos wore constructed to investigate
l he impacts of man-machine interfaces, factors such HS reactor type (T),
plant age (A), reactor mode IM), system (S), component (C), initiating
net ion (I), event <-onse«iu«»r)Ce (R), mid Immun deficiency (H) are ronsidnrod.
Interrelations among factors Are fllso investigated and selected for

145



model ing the (l;it a in it mult i way table. The I'HK program in the Biomédical
I'omput IT I'rograms ihMIH') (0) vv;is used t ci provide mure accurate estimates
lor UK- probabilities of the events by forming a parsimonious model to
fil UK? i l i i t ; i well. Then, the largest F T deviates in each selected model
;ire summar i /ed HI»! probable generic association (moderate and high) among
some combinations of factors (T, A, M, S, C, 1, K, and H) are shown in
Table IV.

Table IV. PROBABLE GENERIC ASSOCIATION AMONG FACTORS

No. Model

1 d.M.AT)
I (AT.EMT)
3 (At.HMA.

IWT)

1 (I, ST.AT:

5 (J.C.
A,T)

C (I.S.
A.T)

7 OM.F.H
VD

8 MAT)

n t I,C,T^
10 (I.S.TÎ
11 (E,I,M.

T^

R«ictor
Typ«
(T)
PWR

PVffl

BTO

BWR

BWRBwn
BWR

PWR

PWI(

PWR
BWR

RWR

PWR

UHR

PWR

A<*
(A)

Under 3
Under 3

Over 3

under 3
Under 3
Under 3
Under 3

Under 3

Und. T ,1

Reactor
Hod«
(M)

Start-up
Start-up

Start-up

Shutdown

Steady
State
Slurt-up

5y*tea
(S)

CS
I.MS
IMS

SNS

MRCS
IMS

SNS

Component
(C)

Control 1er,
Pri*isuro
or flow

Donr/Hntch

Initiating
Action

(I)
Decision

Behavior
Rehavior
Cogni t ion

Behavior

Response

Response

Behavior
Cognition
Brhnviur
Response
Behavior
Response

Event
Consequence
(E)

SI«.

Insif.

Pot. Si«.

Si«.

HuBan De-
ficiency
(H)

Sir

r-T De-
viates

2.288
1'.707

1.163

1.504
1.591
1.538
1.428

1.505

l. 5M

1.511
1.442
1.417
1.008
1.655
1.832

Cooaent on
Association

Hijh
Moderate
Not

Moderate
Moderate
Moderate
Moderate

Moderate

Koderate

Moderate
Moderate
Moderate
High
Moderate
High

(i. CONCI.I'SIONS

The Freeman-Tukey (K T) deviates are used to select generic problems
by a large positive value (here approximately over 2.0) for the deviate
because the F-T transformation is a variance stabilizing transformation
and perform well for t he model f i t t i n g to sparse frequency tables. The
identified generic problems (Table TV) are: decision errors which are
highly associated w i t h startup reactor mode in the learning period of
I'WF/s, response errors which are highly associated with Secondary Non-
Nuclear Systems (SNS) in PWHs, and significant errors affecting systems
and which are caused l>y response action are highly associated with start-
up mode in BWPs. Those are corresponding to inconsistencies if structural
xeros (where the frequency is constrained to be zero) occur. To get"
around this problem it is required to eliminate zero entries in multiway
tables.
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IDENTIFICATION OF FAILURE SEQUENCES
SENSITIVE TO HUMAN ERROR IN
HUNGARIAN NUCLEAR POWER PLANTS

J. BAJSZ
Nuclear Power Station Paks,
Paks, Hungary

Abstract

Brief presentation some of the most significant human errors
with their consequences that have been detected at the Hungarian
Nuclear Power Plant from March 1985.
Systems and processes of NPP which are sensitive to human errors.
PSA methods for discovery of factors which can involve severe
accident sequences in case of human error.
Lessons of human errors and feedback of experience for operator
training.

Before giving some examples of human error in Paks NPP I would like
to categorize the incorrect human actions.
The two main categories are as follows:
- Errors of omission
The cperafor omits the whole task or a step in the task.

- Errors of comission
The operator makes a wrong action
- selects a wrong control,
- mispositions a control,
- makes changes in the seguence of the actions,
- performes the actions too late or too early, etc.

In our plant we have had reactor trips due to both types of the
human error.

The first type of error I would like to show is a so called
selection error /the operator selects a wrong control or sensor/
without stress during normal operation of the plant.
A good example for this type is the reactor trip that took place on
18. may 1985, during an ongoing test of the safety systems. The
person who was supposed to imitate the signal, selected the wrong
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sensor and instead of giving the required signal gave an other one
which meant that the pressure in the primary circuit was lower than
the set point, what consequently actuated one of the ECC systems.
/As a consequence of the false start of safety systems and
hermetization of the contaiment the main circulating pumps were left
without oil cooling, what led to the reactor trip./
There was no risk for safety and cooling of reactor core. But at the
same time the main circulation pipe and reactor inlet nozzle were
exposed to a thermal shock.
The high pressure injection pumps injected approx. 2-2,5 m3 of boron
water into the primary circuit.
There were two main reasons of human error:
- the labelling of the equipment was correct, but was not good

enaugn from point of veiw of ergonomie aspects,
- the person performing the task had no facilitative stress,
- althongh the test signals were imitiated by two persons, the

independent control of the action by the second person was
appearantly not executed. But in any case the systems must be
protected against such situations.

The next type of error is an error of omission or a late comission
of a task under an extremely high stress, when in an emergency
situation an operator action is needed to avoid a more severe
acciddent.
In such cases the operator has to make the correct decision in a
very short time what is very difficult under an extremely high
stress. He may be frightened, threatened of the severity of the
situation and may very easily make wrong decision.
This case concerns in the first place our feedwater system where in
case of failure of feedwater pumps an operator action is needed to
avoid failures in other systems or the trip of the whole plant. For
example we have had already two cases, when the failure /trip/ of
the feedwater pumps led to such a decrease of the water level in the
steam generators which initiated the emergency feedwater system. In
both cases the operator omitted or comitted late the task -trip the
turbines -- and consequently the safety action was initiated, what
caused high, undesirable shock to the steam generators /injection of
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feed water into the SG with temperature 30-40 C/. We should keep in
mind, that such unpleasent situation could be avoided if we had an
automation for decreasing the turbine power according to the number
of the feedwater pumps in operation.
For these reasons we have to pay special attention to the feedwater
supply of the steam generators from the point of veiw of human
error. After the above mentioned incidents we started activities in
two directions.
On one hand we are looking for the possibility of installation of an
automation for decreasing the turbine power /such kind of automation
we have already for decrearing the reactor power according to the
number of main circulating pumps in operation/.
On the other hand we have to look for the weak points in the
feedwater system and increase its availability. In this activity we
consider the necessity of application of PSA methods.

Feed back of experience

The feedback provides a person with objective information on what he
is supposed to do and whether he does it correctly and with detailed
information on when and how he failed to do it correctly.
In our plant after each accident we make a detailed analysis of the
case with special emphasis on the human actions and inform the shift
personal about it. A special analysis of the accident takes place
with the person who made the mistake. Depending on the severety of
the human error the operator may be obliged to take an additional
training and examination /relicencing/.
However we do not impose fines to people comitting operational
errors because we are strongly intrested in maintaining the
atmosphere in which the person is operned to give all information
during the case investigation.The most important thing is however to
find the cause of the human error which can be as follows:
- incorrect evaluation of the situation,
- lack of information,
- lack of knowledge,
- inproper written procedure,
- psychological and physiological conditions of the operator.
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Very important is the training of the operators. The best way for
training is the simulator training where real normal operations and
emergency situations can be simulated. The only disadvantage of the
traning simulators is, that it is very difficult to simulate the
stress in emergency situations. A full-scale real time simulator is
under design and construction in Paks which will be put into
operation approx. in 1988.
But while we dont have it, 4-5 times a year for each shift team we
organise so colled talk-throughs and walk-throughs of emergencies
and unusual events /what if/ during which the operators may be
trained concerning the emergencies and other hypothetical cases.
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HUMAN FAILURES AND THEIR INVESTIGATION
USING TRAINING SIMULATORS

L. NORROS, U. PULKKINEN, P. PYY, B. WAHLSTRÖM
Technical Research Centre of Finland,
Espoo, Finland

Abstract

The need to consider the reliability concept has become quite evident
in discussing the problem of human errors in PSA. Both the validity
of probabilistic modelling of human operator activity and the concrete
means of estimating the error probabilities have been critically
discussed recently.
Analysis of reliability of complex man-machine-systems can be
initiated through asking what is the motive of having operators in the
control room. The reason is the fact that human operator is not only
able to act as supposed and prescribed but also, if necessary when no
prescriptions are available, to act constructively according to the
demands of the concrete situation. In the first case the reliability
could be modelled in probabilistic terms, whereas in the second case
the reliability might be more difficult to quantify.
How well operators actually mastered disturbances and what kind of
reliability their performance shows was studied in a series of
simulator experiments at Loviisa power plant. A classification of
operation errors was carried out during the yearly re-training period
on the full-scale training simulator. The study consisted of two
experiments in which 8 and 12 runs were carried out.
The total number of errors in the first experiment was 57, and in the
second one 155. The number of errors per run (crew) varied from 3 to
9 in the first and 9 to 19 in the second experiment. In this
connection it should be noted that the errors committed in the
experiments were in general of minor significance for the plant
safety. The distribution of errors regarding the decision making
function was first analyzed. In both experiments the majority of
errors concentrated on decision and execution functions and the
distributions were statistically equal.
However, the distributions differed significantly in regard with error
cause. In experiment I deficiencies in knowledge and action control
(34.4%) and problems related to procedures (31.5%) were the major
causes of errors. In the more difficult transient knowledge and
action control problems increased considerably accounting for 55.5% of
the total error causes. The significance of procedure caused errors
decreased to 17.4% whereas problems in cooperation within the crew
increased from 13.7% to 16.2%.
In experiment II a comparison of the distributions of high and low
error groups was carried out. It turned out that the high error group
had a much higher rate of procedure and cooperation errors.
We can conclude that it is not only more process knowledge and better
instructions that the operators need. Before all there is a clear
necessity of collectively formed strategic plans for organizing the
group and individual activity in a novel and complicated situation.
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The ability to communicate in an explicite, precise and commonly
agreed form during the transient becomes more critical the higher the
complexity of demands. Our interpretation is that these results show
typical difficulties in maintaining reliability the content of which
is the mastery of constructive judgement demands.

Along with further psychological studies of the nature of judgement
activity we also seek valid ways to relate data from simulator studies
to quantitative safety analysis. We see two possible approaches in
the quantification: First there is the possibility of direct
estimation of error probabilities, i.e. number of errors per number
of simulated demands. The second way would be to use the results of
experiments to construct a probabilistic cognitive human error model
and to use that model to quantify the error probabilities.

A totally other type of an approach would be to use traditional PSA
methods to estimate error probabilities for identifying critical
accident sequencies. These could be further studied in simulator
experiments.

The advantage of simulator studies in estimating reliability of
systems is based on the possibility to create events that are
otherwise extremely rare and impossible to study in action. It is,
however, evident that the operators act differently in simulator
situations than in real operation situations. Hence, the bias in
results must be analyzed and taken into account in the
generalizations.

1 INTRODUCTION

At the Technica l R e s e a r c h Cent re of Finland we have been
studying problems of p rocess operat ion for some y e a r s .
Th is research has, for the most par t , been coord inated
through the Nordic p r o j e c t s on design and operat ion of
comp lex energy s y s t e m s . For organiz ing and direct ing our
own wo rk we have found it necessa ry to try to define a
comprehens ive resea rch plan or programme which we call
"Enhancing the m a s t e r y of work in p rocess operat ion" . In
this approach human reliability has certainly been
considered as one cri teria of of well mastered work but it
has not been eva lua ted in probabil ist ic terms. Thus, our
intention in this paper is , f i rst , to present some of our
empi r ica l resul ts of opera t ing work and, then, br ief ly to
discuss the use of such da ta for probabi l ist ic risk
ana lys i s .

For consc ious develop ing of p r o c e s s opera t ion i t is
n e c e s s a r y to unders tand how the present situation has
e v o l v e d in a historical pe rspec t i ve . Thus , we have made
an e f f o r t to outl ine the h is tor ica l phases of power
p roduc t ion . Th is we h a v e made , f i r s t l y , f rom the point o f
v i e w of the development of the technical means of
mas te r i ng d i f ferent energy convers ion processes (wh ich
i tsel f has become longer and more compl ica ted) . Second ly ,
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we have defined the corresponding activities of process
operation. Thirdly,we have found it necessary to analyze
also the phases in development of theories that have been
formulated in order to consciously develop process
operation. These we have tried to connect to the
development at the process and its man-machine interfaces
As a result of these analyses we are defining the area of
problems in the automation concept, the process operation
activities and the corresponding theories that would most
probably represent the next developmental phase.
The developmental analysis is then concretized through an
empirical analysis of the pow«r plant operation. We have
started this with a preanalysis based on selected
empirical studies reported in the literature.
Particularly we have tried to find works in which the
problems of process operation have been formulated as
certain paradoxes or internally conflicting tendencies in
the demands of this work.

SOME RESULTS OF OPERATION PROBLEMS ON SIMULATED
TRANSIENTS

Our starting point in trying to derive sp-ecific hypotheses
for this study was the fact that the general level of the
operators' process knowledge and operating skill is high.
Two things show this. The qualifications of the operators
are regularity tested by the liscencing authorities.
Furthermore, the availability in both Loviisa plants is
very high also in an international comparison.
On the above basis it would be reasonable to think that
possible operator errors would occur in carrying out well
mastered action programmes,i.e. such errors that have
been called slips (Norman 1985). From much evidence of
the problems in operating complex systems it is ,however,
to assume that in a disturbed situation operators also
commit errors of intention, or mistakes as Norman calls
them.

1. Our first hypothesis is that failures of orientation
or in general knowledge are central in disturbance
situations. Leaning particularly on the results of
Broadbent and Aston (1978) the operators' knowledge
is demanded in the form of activity systems, not
knowledge as such. Thus there would appear also
deficiencies in the high level action planning and
integration of actions.

2. Action planning must inevitably be collectively
performed which requires common explicit conceptual
means and methods to act as a group. These demands
might not be adequately mastered and this would
become observable in performance deficiencies.
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3. We suppose,furthermore ,that these tendencies would
become stronger the higher the complexity of
the t ask.

4. If these problems are tied with the critical demands
of this work they should differentiate between
crews of different level of mastery.(See Norros and
Sammatti ,in press.)

In the study operators performed two different simulated
disturbances (experiment I and II) and defined afterwards,
during discussions with the instructor, the nature of the
possible failures in their performance. A failure was
thus a deviation of an optimal action sequence. The
classifications were made in terms of the failing decision
function and the cause of the error following a method
developed at Risö by Hollnagel and Rasmussen (1981).When
we, next, show some of the results of these experiments,
it is to note th-at the method does ndt include an
evaluation of -the fatality of the committed errors. Thus,
the scope is rather the failure mechanisms than th'"e
effects of the failures. The method also reveals all
errors i.e. it does not take into account that the crew
might have corrected them in a real situation.
2.1 Results

In the analysis of our results following steps are taken:
First the total distributions of the errors of both
experiments are presented. Then, a comparison between
experiment I an II regarding the error distribution is
made. Task complexity is the interesting independent
variable in this comparison.
In the second step the occurance of errors in the action
sequence and characteristic differences between the crews'
error profiles are analyzed.
In the third step the groups of low and high error crews
are formed and their error distributions compared. Also
the consistency of the crews' performance in the two
experiments are analyzed.
In experiment I (leak in the live steam manifold) 57
errors were identified. As in some cases more than one
classification seemed necessary, and because no
identification of their priority was made, a total number
of 73 classifications is tested in the analysis. The
number of errors per crew varied from 3 to 9. In
experiment II ( break of the primary manifold of the steam
generator) 155 errors were identified varying from 9 to 19
per c rew.
The error distributions classified by failing decision
function and error type are given in appendices 1 and 2.
The distribution of errors along the decison function was
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first analyzed. In both experiments the majority of
errors concentrated on the decision and execution
functions. In first experiment the corresponding
percentages being 31. 5Ä and 485» and in the second 40.6%
and 36.8Ä. The distributions were not statistiscally
di fferent.
Then the distributions along error causes were analyzed
using broader error categories ( see appendices 1 and 2)
The comparison between the distributions of the two
experiments is shown in table 1.

Table 1. Comparison of the error distributions of
experiment I and II regarding the error cause
categories. Distributions differ significantly
(p < 0.01).

Error categories

1 .
2.
3.
4.
5.
6.

Control room layout
Procedures
Cooperation
Knowledge and action
control
Action disturbance
Simulator effect

Experiment I
n %

4
22
10
25
4
8

73

5
30
13
34
5

11
100

.5

.1

.7

.3

.5

.0

.0

Experiment II
h %

5
27
25
86
0
12

155

3
17
16
55
0
7

100

.2

.4

.2

.5

.7

.0

Our results show that deficiencies in process and system
knowledge are an important failure cause in disturbance
situations. As can be read in the table 1 the proportion
of these failures grows with the complexity of the
disturbance ( experiment I transient is more
straightforward and physically transparent than experiment
11 transient ).
The second important result shown in the table is that in
a complex situation deficiencies in communication and
cooperation cause proportionally more failures. The
growth is small and its significance has to be studied
further.
The proportion of procedure caused failures is high in the
first experiment and strongly reduced in the second
experiment. Also this result needs further explanation.
It is also to note that the "simulator effect" is
approximately 10S in these experiments.
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In the second step of the data analysis we tried to gain
closer contextual knowledge of the failures than the
distributions could give. Thus, it was studied where in
the expected action sequence the errors occurred. These
data are given for both experiments in appendices 3 and 4.
Two things can be found out of these charts. First, there
are certain phases of the transients in which errors seem
to concentrate.
As an example ;in experiment.11, which was a LOCA-transient,
a concentration of errors could be f.bund, as is shown in
appendix 4. In the stabilization phase , particularly
after initiating an additional failure, many errors are
committed. Critical tasks in this part of the sequence
were decreasing of the primary pressure and simultaneously
keeping the boiling margin.
E.g step 17 can be considered as the key action in
attempting to reduce primary pressure. Seven errors were
committed there. The causes of not adequately starting
the use of normal makeup water system were communicationa1
and strategic (E,G,I) and in other cases problems of
procedure and knowledge deficiencies (H,K).
The frequency of errors in step 18 was even higher. This
step can also be considered important in reducing primary
pressure. Crews A,B and L performed the required measures
but they were delayed. Crews C,D,E,G omitted the measures
eventually because they were not included in the
procedure. The procedures that were valid at the time of
the experiment were rather general including only 12
steps .

The steps from (22) 23-26 are the last of the
stabilization phase. As to its physical nature it is
perhaps the most complicated phase in the whole
t r ansient.The main goal here is to keep the boling margin,
i.e. the pressure and temperature should be lowered in
synchronization as to avoid the water to start boiling.
In this phase the so called TMI-phenomenon appeared. In
it the pressurizer fills up with water because of heavy
evaporation of water in the reactor and formation of a
steam bubble.This phenomenon caused problems, which are
reflected through the errors in the steps 23-26. All but
one crew (L) committed errors in these four steps. Their
causes are distributed in the following manner: action
control ( 1 1 = 50%,par ticu1 arly delays and lack of
supervision), cooperation (7 = 31.8«,par ticu larly lack of
common strategy), procedures (3=13.6%) and layout
(1=4.6%). Thus, we notice a high rate of action control
deficiencies and a rise in the rate of cooperative
problems in this difficult and critical point of the
transient.
The second important observation in this analytical step
was that there are clear differences between the error
profiles of the crews. As a starting point we analyzed
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the crews' performance in the initial diagnostic phase of
the transient of experiment I. There appears typical
differences in the way the crews judge the situation and
its needs.These differences can be used as a basis for
grouping the crews into three types.
The first group was identified as one having had problems
in diagnosing the situation (see appendix 3). This was
the case in three crews (E,F,G). These crews were using
instructions but at least in the beginning there occurred
problems in their selection.

The second group comprised those crews that made a right
diagnosis and also used inst ruct ions(A,B , C , D ) .

There was also the case in which the crew during the
second,initia1 diagnosis phase of the transient made the
decision not to use instrue t ions.This crew (H) was
considered as a third group.

Typical for the first group of crews was that diagnostical
problems occurred also in the later phase of the transient
as appendix 3 shows. Characteristic to these crews were
also errors caused by deficiencies in procedures. The
second group of crews had some problems related to
deficiencies in knowledge of the processes and
systems.Even though they also used instructions, they
hardly had errors caused by deficiencies in them. The
third group of crews was represented by only one crew,H.
As said typical of this crew was the conscious neglectance
of the instructions.

The performance of the second group of crews was better
than that of the the other two groups according to the
overall error rate.
In the case of experiment II the success in the initial
diagnostic activity did not predict later success in the
performance. This might be due to the nature of the
transient. Instead of having the preciseness of the
diagnosis as the starting point we split the crews of the
second experiment in two groups according to their
performance measured through weighted error rate. This
was our third analytical step. The result of comparison
between the low and high error crews according to the
error cause is presented in table 2.
Interesting in this comparison is that the procedure
caused errors and cooperation errors are proportionally
higher by the high error crews. This causes eventually
the significant difference between the distributions.

Finally, it is interesting to see how those crews that
suceeded well in the first transient would do in the
second one, and how those who were less successful in the
first would manage in the second. A consistency in the
crews' placement in the two groups (low and high error)
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would be needed for formulation of a hypothesis that there
were some habitual factors that would explain the
differences in the crews' performance. A comparison of
the crews placement into the different groups is given in
table 3.

Table 2. Comparison of the error distributions of the
low error and high error groups in experiment II
regarding the error categories ( p < 0.05 )
(Low error = 5 crews, high error = 7 crews).

Error category

1 .
2.
3.
4.
5.
6.

Con.trol room layout
Procedures
Coopéra t ion
Knowlwedge and action
control
Action disturbance
Simulator effect

Low
n
1
5
5

37
0
7

55

error

1
9
9

67
0

12
100

%

.8

.1

.1

.3

.7

.0

High error
n
4
22
20
49
0
5

100

4
22
20

49
0
5

100

v/o

.0.

.0

.0

.0

.0

.0

Table 3. Crews' placement in low and high error
groups in experiment I and II (crews
J,L,I,K were included only in experiment II.

Low error

High error

Exp. I

A
B
C
D

E
F
G
H

Exp .

A
B
C

D
E
F
G
H

II

J
L

I
K

2.2 Conclusions

Ou data and the instructor's notes during the experiments
show that the deficiencies in process and system knowledge
are important failure causes in disturbance situation.
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The proportion of these failures grow with the complexity
of the disturbance. Moreover, the crews seemed to have
difficulties to formulate a common strategic plan of
managing the situation which would have helped to
coordinate the crews activity.
The crews have tools to use in disturbance and emergency
situations. But, our results show that objective
deficiencies in procedures cause failures in handling the
situation. These are more typical of those crews who,
according to the overall failure rate, seem to perform
less optimally ,as is shown in table 2. The table also
shows that the high error crews have a higher rate of
cooperation errors. This reflects problems in forming and
communicating a common strategic plan, which could be
considered the crucial tool in the more complex situation.
The cooperation problems were by all crews most frequent
in the critical and difficult phases of the transient.
Hence, there are indications of knowledge deficiencies
although the operators are well qualified. There are
communicational lacks tied with cooperation problems
although the crews have worked together a long time.
Means that the operators have are not adequately mastered
and problems arise in creating new collective means,
strategic plans. Problems concentrate to the same crews
and they are in general more frequent in a more complex
situation.
Our hypothesis i-3 that all-the potentials in the presently
prevailing empirically mastered. judgement -have' been used
and there is a need to a qualitatively higher level of
mastering the demands. Unfortunately the data do not
allow us to test this hypothesis. The method itself finds
its limits here: no contextual data of the thinking
processes or orientation basis of the operators are
collected. Moreover, the scope of analysis is incomplete.
In terms of A .N.Leontjew's hier archivât ion of activity
(1979) the method considers process operation merely on
the action level, e.g. as fulfilling tasks or solving
problems. It excludes the level of activity, which is
defined through the motives of actions and is needed for
deriving the actions. .Thus, it is impossible to
investigate to what extent motives and the grounds of
actions have become conscious and actual determining
factors of operators' performance control.
2.3 A Developmental Intervention
The next step we found necessary was a training
intervention study. This we realized in form of a case
study with one crew. In this we aimed, first, to acquire
knowledge of the operators' actual models of the process.
This was realized through training sessions which included
modelling tasks as test tasks. Secondly, through
analyzing the crews' video taped performances in three
disturbances we acquired data of actual performance.
Thirdly, by allowing the operators to comment about their
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own performance we could get data of the explanative or
reflective side of the activity. Through analyzing these
levels of knowing, doing and explaining and through
contrasting them with each other, we think we are able to
identify contradictions and deficiencies which form
barriers in activity. These should be removed. These
data are presently under analysis.

3 USE OF SIMULATOR EXPERIMENTS IN PRA/PSA

3.1 Identification Of Accident Sequences

Training simulators can be used in PRA/PSA-studies for
different purposes. First, they can be utilized in
identification of operator errors occuring after
initiating event. The most obvious operator errors (such
as "failure to start an emergency system") may be
identified directly from emergency operating procedures.
The simulator is here actually used as a tool for
verification of the correctness of procedures. However,
there are errors which ca.nnot.be found in this way because
they .are connected with'component :and '.instrumentation
f ai lures' .in" e v e r y complex manner . This kind o.f errors
are very dépendent on operators ability to diagnose the
event sequence under accident circumstances.
In order to identify the most relevant operator errors or
possibilities to bring the plant to safe state, the use of
training simulators -is valuable. However, the simulated
sequences must be selected and planned carefully and
connected with traditional identification methods (for
example failure mode and effects analysis or hazard and
operability study). The results of combined traditional
identification and simulator studies may be presented in
form of confusion matrix (see Hannaman et al,1984).
The operator errors occuring during simulator experiments
are usually rather insignificant in respect of total
accident risk. However, the carefull study of these
errors may reveal general features of operator beheavior
at accident situations. This helps to identify the- more
significant errors by using traditional methods.
3.2 Evaluation Of Operator Error Probabilities Using

Simulators

In real life the nuclear power plant accidents or serious
transients occur very rarely. In many cases the plants
differ so much from each other that operating experience
from other plants cannot be utilized directly to yield
operator error probability estimates. Each real accident
or transient has particular individual characteristics
which makes the estimation of operator error rates or
probabilities more difficult. In this respect the
training simulators can be used in controlled way because
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the simulator runs can be repeated and the factors
effecting on the accident sequences can be kept fixed.
The fixed factors (ie. failures of some components or
systems, leaking pipes etc.) must be selected according to
some system reliability considerations.
The operator error probabilities can be estimated from
simulated experiments straightforwardly by dividing the
number of errors by the number of simulated demands.
However, the operator error probabilities may be so small
that this ÄAkind of estimation would require large number
of simulator runs. In practise it is impossible to carry
out large simulator experiment series which leads to
statistically unreliable estimates. Further, the
simulators are not perfectly equal to the real plants
which causes bias to estimates. On the other hand,
operators learn to respond to the simulated accidents
during aeries o'f- experiments. .. This learning dcres not
necessarily lead to ability to operate 'the plant in real
accidents but reduces the error probability' in simulated
accidents. If the simulators are used to yield direct
error probability estimates the above facts must be taken
into account in planning the series of simulator
experiments. Some of the effects of learning and
simulator bias may be studied and controlled by use of
bayesian statistical methods with subjective judgements
and operating experience from real transients.
In addition to the direct estimation of error
probabilities the simulators can be utilized in
construction of cognitive operator error models (see Lukic
et al, 1986). These models take into account diagnosis of
the plant state, possible recovery from errors and the
effect of operation time on the recovery and error
probabilities. The simulators can be used both in
construction of plant specific models and in measuring the
model parameters (for example thé time of recovery). The
recent probabilistic cognitive models are not yet accurate
enough and their explaining parameters (for example the
time of recovery) are not necessarily the best ones. The
models will also be restricted to qualitative assesments
because it seems very unlikely that it will be possible to
really estimate the parameters and to build models of how
the parameters are dependent of different situational
factors. However, these models models seem rather
promising. In constructing and quantification of these
models with the training simulators the simulator bias and
learning effects must be taken into account.
As mentioned before, the simulators can be utilized for
PRA/PSA purposes in estimation of error probabilities. On
the other hand the results of PRA/PSA may be usefull in
planning the operator training. PRA/PSA helps to find the
most important accident sequences which are emphasised in
the training program.
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CONCLUSIONS

It is d e f i n i t e l y necessary to consider the possibility of
human errors in PRA/PSA studies. Many different
approaches have been proposed which however all suffer
from the drawback that they cover only a small part of the
different errors which are possible. The methods are also
to a large extent subjective which means that there is no
assurance that two analysts will a r r i v e at the same result
for a given situation. This means that it even is likely
that present methods w i l l assign erroneous weights to
poss.ible human errors. Possible actions .to correct
defi-cienci'es in control -room layout, procedures',- operator
-training or work organizations may -thus be given incorrect
priorities.
Considering present possibilities to include human errors
ins PRA/PSA studies one has to relax some of the ambitions
set by the researchers in the field. This means that the
PRA/PSA study actually should be carried out largely as
for purely technical systems. Critical operator actions
should , however, be defined and their possible
consequences evaluated. This should include also test and
maintenance activities on critical safety systems. When
possible human errors have been identified their
likelyhood should be judged qualitatively , e.g. as
likely, possible or unlikely. A sensitivity analysis
would then indicate the relative importance of the error
considered. The likelihood of important human errors may
then be decreased by building in special considerations in
the control room lay out, the procedures, the operator
training or the work organization. Finally, it is
important to build in the PRA/PSA dtudy a systematic
feedback of experience.
Training simulators have been proposed to be used for a
systematic collection of human error data. Some proposals
have contained automated systems for the evaluation of
operator performance. Although such suggestions have a
theoretical appeal it seems difficult to find models of
operator behaviour such data could support. This is even
more true considering the problem of coping with the
errors of intention which seems more important than the
slips. The training simulator has , however, shown to be
important for more qualitatively oriented studies in human
errors.
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APPENDIX 1. Distribution of errors in experiment I.

Decision function obs dia dec exe fb n %
Error categories
1. Control 'room lay out 1 1
11 separated displays and controls
12 unclear lay out of panels
13 displays difficult to understand
14 information missing 3 3

4 4 5.5
2. Procedures
21 error in procedures
22 deficiencies in procedures 6 2 8 11.0
23 contradictions in procedures 51 6 8.2
24 procedures not used 2 6 8 11.0

13 9 22 30.1
3. Cooperation
31 insufficient concentration 1 1
32 insufficient communication 3 21 6 8.2
33 unclear division of tasks
34 lack of operational strategy 3 3

3 5 2 1 0 13.7
4. Knowledge and action control
41 insufficient process knowledge 1 53 9 12.3
42 inaccurate diagnosis 13 1 5
43 incorrect action
44 omission 1 8 9 12.3
45 delay in decision or action 2 2

3 3 5 14 25 34.3
5. Action disturbances
5 1 external disturbance 2 1 3
52 stress
53 operator incapacitated 1 1

3 1 4 5.5
6. Simulator effect
61 differences btw. cr and simulator 516
62 attitude towards simulator 2 2

7 1 8 11.0

7 6 23 35 2 73 100
9.6 8.2 31.5 48.0 2.7 100
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APPENDIX 2. Distribution of errors in experiment II.
Decision function obs dia dec exe

Error categories
1. Conrtol room layout
11 separated -displays and controls
12 unclear layout of panels
13 displays difficult to understand
14 information missing

2. Procedures
21 errors in procedures
22 deficiencies in procedures
23 contradictions in procedures
24 procedures not used

3. Cooperation
31 insufficient concentration
32 insufficient communication
33 unclear division of tasks
34 lack of operational strategy

4. Knowledge and action control
41 insufficient process knowledge
42 deficiencies in processing inf
43 inaccurate diagnosis
44 incorrect action
45 omission
46 delay in decision or action
47 significance not understood
48 lack of supervision

5. Action disturbance
51 external disturbance
52 stress
53 operator incapacitated

6. Simulator effect
61 differences btw. cr and simulator
62 attitudes toward simulator

2
13

1

1

1

6

1

8

5
1
6

12

1
7

11
19

11
1
1

4
14
1

32

9
1
2

12

4

4

6

12
6

6
30

63

6
4
10
57

fb

1
2

2
1

13

n

2
2
1
5

3
11

23
5
7

20
20
3
8

3.2

17 11.0
2
8 5.2
27 17.4

7.1
11 7.1
25 16.2

14.9

12.9
12.9
5.2

86 55.5

0 0

8
4
12 7.7

155 100
8.4 5.8 40.6 36.8 8.4 100
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Appendix 3. Occurrence of errors in action sequence in experiment I
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Appendix 4. Occureence of errors in action sequence in experiment II
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AUTOMATED ON-LINE SURVEILLANCE AND
MONITORING SYSTEMS FOR EARLY
IDENTIFICATION OF INCIPIENT FAILURES
IN NUCLEAR POWER PLANTS

A.G. FEDERICO, R. RAGONA
ENEA,
Rome, Italy

Abstract

The parallel growth of technologies in transducers, measure-
ment methods, digital signal processing and computing devices
is the framework for the actual trend toward the development of
built-in surveillance and monitoring systems that, from the in-
coming operational data, can infer the status of a plant and
indicate significant deviations from normality.

This paper presents an outline of the stages necessary to
develop a complete real time on-line surveillance system.

The prototype here described was developed for an operating
BWR Nuclear Power Plant.

A special attention is devoted to the principles of the sys-
tem design, to the models that are to be implemented and to the
use of techniques in decision making. The role of human opera-
tor is quoted versus the increasing amount of tasks performed
by the digital computers and by advanced instrumentation.

Some consideration are given about the results obtained from
a system for Stability Monitoring of the BWR core and on design
criteria of a Pattern Recognition based Surveillance System im-
plemented by ENEA for an operating BWR plant.

0. - INTRODUCTION

We are strongly convinced that there is a possible unitary point
of view on the design of systems for monitoring, surveillance and
diagnostics of plants or machinery.

A proper choice of the goals that the designers is intended to
pursue should define the class and the economical impact of the
system. An increasingly wider spectrum of solutions is available
for the systems hardware as a byproduct of the great progress in
electronics for measuring signals, for data handling and
transmission and for digital processing and large dataset storage.

The opportunity to have, at limited costs, the systems suited for
any special application is now at hand because of microprocessors
teciinology diffusion, the progressive decrease of the distributed
electronic costs and the availability of reliable software handling
systems for computer networks.
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In our opinion, when approaching the surveillance system design,
we have to solve a series of problems:

- Select the proper number, location and type of transducers to
install. A number of constraints must be considered at this
stage. In some cases the transducers set is completely
defined a priori and no improvement is allowed.

- Individuate the best choice for electronics, signals
conditioners, A/D converters and the network of digital computers
for data gathering and storage.

- Implement the algorithms for digital signal processing (DSP)
taking into account the requirement for on-line and real-time
performances.

- Choose the necessary amount of mass storage for actual and
reference data.

- Define, depending on a right definition of the system finality,
how much and what kind of intelligence is needed for decision
making. Then select the proper methodology, ranging from
simple data scoring to pattern analysis and recognition to
machine reasoning and artificial intelligence.

- Plan the experimental sessions for the machine training when the
decision model has to be learned from real data.

The final implementation of hardware and software of every system
will require a suitable percentage of contribution from each of the
preceding stages. Therefore we will examine all these arguments
in the present paper. Applications will be referenced to
enforce our line of reasoning.

1. - TRANSDUCERS, SIGNALS AND DIGITAL DATA

If the monitoring of a physical phenomenon on a plant or on a
machine is the design objective, the choice of the transducers is of
primary concern. However the transducers set design requires not
only the specification of the physical and electrical
characteristics, but even the accounting of the installation
constraints.

In many cases the variable to be monitored is an indirect
function of the observable data and an appropriate elaboration
algorithm has to be found and a suitable real-time implementation
has to be programmed.

Several times the survel Llance system designer must deal with the
just available instrumentation, to avoid operational troubles or
even the safety nonn violation on the target machine. Severe
limitations will be undertaken when the electronic or the
acquisition systems are not specifically designed for surveillance
and do not meet the dynamical and/or bandwidth requirements for data
processing.
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A digital data acquisition system sometimes is not available.
There could be advisable to duplicate the entire electronic

chains, looking for a derivation of the signal lines as close as
possible to the transducers. This way the overall signals
degradation may be limited, but the transducers inadequacy, if any,
cannot be overcome.

A concrete example of application of these design criteria is the
data acquisition system developed by ENEA for an operating BWR
Nuclear Power Plant [ l] . Fig. 1 is the drawing of a single channel,
while fig. 2 shows the general layout of the surveillance system.
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Fig. 1 - Single channel microprocessed data
acquisition unit.

ETHERNET
LINE

Fig. 2 - General layout of diagnostic system hardware
for an operating BWR Nuclear Power Plant.
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It features: galvanic insulation from inputs; programmable pre
and post amplification of the signals; differential input; automatic
d.c. level compensation and storage even if much greater than the
fluctuating component; high frequency A/D conversion followed by
microprocessed digital filtering and decimation; private bus dc/ac
data transmission; self diagnosis of the channels. All the
operations are locally driven by the microcomputer so allowing to
the higher levels computer of the network (microVAX and VAX) larger
spaces for data processing and storage.

In some cases the designer may specialize the signal conversion
devices to perform a preliminary data reduction. This is the
case when some measurable characteristics of each signal is what he
needs. Microcoded or hardware devices, commercially available,
can today produce streams of Fourier (FFT) or Autoregressive model
coefficients (LPC) in real-time. The channel transmission speed or
the global data throughput could be the bottlenecks in some high
frequency applications, like acoustic emission or loose part
monitoring. Only some synthetic parameters as waveforms group
delays could be evaluated by the local electronic and then sent to
processors.

Nevertheless a very large data flow goes forward to the computers
in the modem data acquisition system. For surveillance
purposes, as well as for on-line diagnostic, the question now is how
to manage that large and still raw information supply to achieve
safe and reliable decision making processes. This is indeed a
matter of capability of digital signal processing.

2. - DIGITAL SIGNAL PROCESSING (DSP)

Strictly speaking, all the procedures that, operating on sampled
raw data, give rise to transformed versions of the data, are DSP
techniques. The main features of any DSP procedure are:
- The data reduction factor;
- The information loss factor;
- The algorithms speed and efficiency;
- The real-time performance.

The DSP generally implies some parameter estimation. In this
task the attention moves to the algorithms properties and to the
statistical goodness of the estimates [ 2 J .

We can distinguish a first level, or basic DSP, from an high
level or advanced DSP. The former class gathers all the
transformation tecniques, the digital filtering, the Fourier and
spectrum analyses, AR, ARMA models and so on. Sometimes this
algorithms are assigned to hardware or to local microprocessors .

The latter class, continuously enriched by new contributions,
includes the multivariate DSP for complex systems, the systems
dynamical relationships identification, the adaptive signal
processing, that self-adjusts itself with experience, the nonlinear
algorithms, the parameter estimation strategies.

174



ICPSOl

The definition of the DSP procedure at this stage, generally has
several degrees of freedom but if at the meanti/ne advanced DSP and
real-time performances are requested, the software design could be
awkward. Real-time could be questioned by nonlinear algorithms
and by the variable strategy procedures because the computing time
is sometimes undefined.

On the other hand the use of very conventional, first level DSP,
even if generally allows a first guess of the phenomena, may result
merely in a slight reduction of data flow without any real
contribution to the final decision making process.

Therefore, if some price has to be paid to the economical
constraints, the designers must carefully evaluate that any saving
in the DSP stage increases the risk of the decision and charges the
machine operator of additional worries.

Unfortunately it cannot
be said for the advanced DSP
that there is a tendency of
a decrease of the costs as
happens for the hardware and
the low level DSP. At a
final account the impact of
this part of the system
could be even the highest.

Often it happens that a
well assessed technique
fails when real signals are
to be processed. This is
the case of correlation
method for delay estimation
used for the voids transport
characterization in BWR
channels.

It is seen that the low
frequency content of the
neutron signal overwhelms
all the information related
to the delayed components.

The evidence is the cross
power spectral density
(CPSD) module of two coaxial
neutron detectors (LPRM).

Furthermore the high
frequency signal shows a
doubling of the propagation

phenomenon and two distinct CPSD phase slopes (fig. 3.a).
Therefore an on-line pix>cedure for delay estimation cannot be a

conventional cross correlation. A real-time multiple delay
estimation system based on generalized correlation was developed by
the authors [ll] . The block diagram is in fig. 3.b .
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Fig. 3. a - CPSD for two coaxial neu-
tron signals (C and D le-
vels).
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3. - THE SYSTEMS DESIGN PRINCIPLES

Could be quite a matter of subjective judgement to define a
system as monitoring, surveillance or diagnostic tool.

Really it is agréable to consider that in all the cases the
ultimate goal is to assume a decision of some kind, therefore the
whole process is always diagnostic, i.e. it should find the origins
of the present status of the observed machine, no matter if normal
or pathologic. In the process a more or less large amount of the
job is performed by the human mind. The automated systems would
be, in this vision, a more or less sophisticated aid for a
necessarily skilled operator.

Fig. 3.b - Procedure for delay times estimation.

A realistic statement could be that it is possible to Implement a
complete automation of the process only if the diagnostic domains
are well defined and limited, that is only if the number of
independent decision domains, or of the diagnostic alternatives,
constitute a finite and simplified set. The elimination of human
contribution, because the decision domain set is, on the contrary,
almost always open and infinite, is in the present unconceivable.

Neverthless we are interested here in classifying that part of
the process that is executed by automatic systems. Monitoring,
surveillance and diagnostics differ in the amount of "intelligence"
they require for decision making.

A monitor plus an expert monitor watcher is a system good for
decision as well as a complete diagnostic device that prompts the
things that manteinance people has to do.

In other words a progressive integration of intelligence in the
computing machines allows the designer to climb from a simple
instrumental observation of the facts to their automated
interpretation and finally to their modification.

But what is intelligence? And what is machine intelligence?
Because we need oversemplifications, we say that intelligence is

equivalent to memory plus a model of observed world plus one or more
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reasoning facility. Of course the quality of reasoning that we
can implement on machine defines today the differences between human
and artificial intelligence.

Going to the interpretative models consider that any target
machine, after the installation of the transducers, of the data
acquisition and DSP processor, can be thought as a stochastic
evolutionary system, generating random messages. They can be
signals, alarms or any logic or analytics function of them.

In the above vision of the things we can say that:
- A monitoring system is a display of one or more of plant messages
without memory, models or reasoning attitudes. The messages
processing needed to deliver the required measures can be as
complicated as one wants.

- A surveillance system is a diagnostic single domain machine.
That domain is the so called "normality" status as opposed to
all possible abnormalities. A model is needed for this
decision and has to be learned from experimental data or from
some other knowledge source. The system therefore needs for
memory and for that simple reasoning called classification
capability, so as to recognize the current status of the machine
as belonging or not to the unique domain the system knows.

- A diagnostic system is a multi-domain model machine. More memory
than before is needed. The reasoning facilities are to be
improved to deal with multiple decision tasks. Any
malfunction class defines one domain. So will be for
normality and also for "unknowns", that should generate a machine
option to invoke the human intervention.

4. - MONITORINO THE STABILITY OF BWR NUCLEAR POWER PLANTS

As we introduced in the above discussion, the monitor of a plant
does not involve computer intelligence in the sense that it does not
implies decision making by the machine. Nevertheless a monitor
sometimes displays a great deal of science in signal processing.

This is the case of the stability monitor of a BWR NPP developed
by ENEA [6J . It will be concisely presented here. The
question to solve is to monitor the stability margins of the boiling
channels from normal operating data all around the core section
(fig. 4), because in large BWRs some decoupling of dynamical
responses in different fuel channels has to be accounted for.

The stability margin is a quite involved variable and its
extraction from the plant signals is not an obvious task. Not
even the operational use of this measure is trivial. The
operator may simply watch that it does not exceed some given range,
but may also decide to change the configuration of the control rods.

The significance of, these two options is completely different in
terms of plant operation knowledge involved.

But we saw, not by chance, that the monitoring machine does not
give any assistance to the decision process, therefore only the
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Fig. 4 - Typical cross view and instrumented channel in BW? core.

precision of the measures and the clearness of the results
presentation is requested to a well done design of the stability
monitor. Referring to fig. 2 only the first node of the computers
hierarchy will be engaged in the monitoring operation. This is
because the DSP algorithms were developed on an adaptive basis.

Therefore the microprocessor (rnicroVAX II), during the dead
period of the acquisition, provides to advance the algorithmic
processes.

The monitor output device is to be chosen to ensure a comfortable
interface to the operator and a very quick and easy command of the
system. It is a wide, high resolution colour CRT.

Going inside the problem, the stability margin can be associated
to the so called Decay Ratio of the system impulse response, that is
the ratio between two following peaks. The D.R. is an indicator
of the reactor capability to damp out power or flow disturbances
without thermal stresses to the fuel.

It is very easy to define and measure the D.R.
second order system, but this is not the case,
established [3J that neutron signals contain,
0.2 -j- 0.6 Hz, all the informations about this
response. A second order model has to be fitted to the transfer
function estimated from real data, and the D.R. computed. The
procedure has to be snort enough to allow the monitor to follow even
fast transients.

in a linear
It was well

in the range
reactor dynamic
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Recently this short time identification problem was
satisfactorily solved by the autoregressive models (AR). The
core of our method is to define by AR modeling a dynamic transfer
function H(z) suitable to furnish, by two different estimation
procedures, a weighted value of the D.R. (fig. 5).

The convenience for a twin, or multiple, estimation line is
understandable. It ensures the continuity and the reliability of
the monitored variable when one computation branch fails or yields
results that are inconsistent with the recent time history of the
measure.

NEUTRON
NOISE AR

MODELING H(z)

MODULUS
PROCEDURE

PHASE
PROCEDURE

DR.

Fig. S - Procedure for a two-branches D.R. estimation.

Proper procedures have been detailed for the two lines: the
former involves a least squares fitting on the H(z) modulus with an
adjustable choice of the frequency range; the latter involves the
H(z) phase slope calculation, by means of a linear least squares
regression algorithm on suitable frequency interval.

Fig. 6 and fig. 7 show an estimation case for the two methods.
There the dashed lines belong to the fitted models.
The computer is requested to repeat the estimation on all the

channels of the BWR plant, picking up the results and sending them
to the display unit for an easy presentation on chromatic scales.

The stability monitor for the BWR NPP is now ready for the field
test on an operating NPP [?] [&] .

5. - PATTERN RECOGNITION BASED DIAGNOSTIC SYSTEMS

Representations or patterns of the state of a machine or of a
plant are obtained collecting any set of measurements (vector) that
the data acquisition system makes available.

These vectors, random in nature, are not in biunivocal
corrispondence with the machine status; therefore the pattern
structure is a matter of choice by the designer.

Some fundamental hypothesis are to be met. The first is that
all the probability functions of the random patterns are invariant
for at least the time needed to have all the measures
(stationärity). So the target system can be viewed as an ergodic
random process generator. Its statistical properties can be
estimated after a suitable collection of a number of observations,
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Fig. 6 - Fitting the transfer function
modulus.

Fig. 7 - Fitting the transfer function
phase slope.

called "process realizations". From each of these data set a
parameter vector, or pattern, will be extracted.

The second one is that there is no unique way to select the
patterns. Infinite possible sets of these variables are
derivable from even a limited number of signals. Completeness
and economy of description are the two struggling requirements at
this stage of "feature extraction". By no means a biunivocal
machine descriptor set is achievable, but a reasonable hierarchical
definition of the diagnostic domains can be valuable help in the a
priori identification of parameter significance.

The way of performing the "feature extraction" from the process
is therefore more a matter of heuristics than the outcome of
rigorous selection criteria.
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The convenience is for a two pass strategy. At first a large
number of features is estimated. The only constraint is that the
number of the realizations needed to define or to update the
available statistical model has to be much greater than the pattern
vector dimensionality.

Secondly a procedure for the variables decimation may indicate
the optimal subset of parameters, given the final allowed vector
size.

To implement this "features selection" the optimal m out of M
variables set is to be chosen following some suitable quality
criterion. Tree search algorithms, such as "Branch and Bound",
work very efficiently in these time consuming tasks.

The reduced pattern will result more tractable by the computers
without any loss of physical significance for the selected
variables.

Consider further that the measured parameters are generally
correlated in statistical sense. This means that a quote of the
same information is carried by different variables. A procedure
of linear rotation that eliminates the statistical dépendance of the
pattern features is available (Loeve-Karhounen) [9] . The
procedure is impressive in the sense that allows the designer to
retain only the information carrying descriptors.

This "features extraction" procedure, based on covariance
matrices eigenanalysis, has the drawback that the residual variables
have no more physical meaning and that the transformation matrix
depends on the statistical estimated model of current data.

Either by selection or by extraction the residual pattern defines
the events hyperspace. Here the statistical model for each
diagnostic domain has to be given. This step may be accomplished
either by the complete probabilistic description of the process
(parametric models) or by estimation, from the experimental data, of
a reference pattern or pattern set for each possible diagnostic
domain (non parametric models). The latter method gives the so
called "reference template" or template set.

Notwithstanding some current confusion on this argument, the
"baseline" or the "signature" of a machine can be given only after
the definition of the statistical model.

Moreover the model is the unavoidable premise for the classifier
implementation. As we saw, the model is rarely known a
priori. Either its parameters, if it belongs to some defined model
class, or its complete shape has to be learned from experience.

Any pattern recognition based diagnostic system has therefore two
operating modes. In "training mode" the machine is to be supplied
with a set of experimental data (training set) whose size depends on
the accuracy requested for the model. In "operating mode" the
system watches the incoming signals and tries to classify the
patterns of the current target machine status in one of its learned
diagnostic domains. The "unknown" status is the response when all
the classifications fails.
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As we see the system performs surveillance or diagnostic
depending on its model domain multeplicity. All that is not
recognized as normal pattern is an unknown and then a potential
threat for the surveillance system.

This happens in large size or high risk machinery, where only the
model of normal operating conditions is attainable. For these
systems, as for Nuclear Power Plants, only surveillance systems are
inplementable; no training session is planned even for the simplest
malfunctions.

In a Pattern Recognition based diagnostic machine the classifier,
the "intelligence" of the system, depends only on the statistical
models, no matter if they are shared by one or more diagnostic
domains.

When a complete statistical modelization is attainable the Bayes
minimum risk classifier [lo] was shown to be the optimal
solution. Otherwise, for incomplete models, some suboptimal
classifier may be in some case quoted.

For parametric template models a pattern matching in the class of
"nearest neighbor" classifiers, is the commonly adopted solution.
The simplest is the 1-NN or "distance classifier" that assign any
pattern to the nearest template.

In chapt. 4 we emphasized that the monitor for the BWR stability
does not require any "intelligence", because no decision at all
relies on the machine. Even if it is a zero domain or zero
decision device, the complexity of its DSP and data acquisition
procedures allowed us to design a surveillance system for BWR
without any need to modify the hardware.

What more did we need ?
The answer was : "A model of the Plant normal operating status

either stochastic or knowledge based. Then a classifier".
That is what we have done to implement a Surveillance System for

an operating BWR NPP. The BWR is probably one of the most complex
systems as far as the dynamical relationships are concerned. A
lot of more or less significant phenomena occurs in a BWR and could
be parametrized. A reasonable complexity reduction is necessary
and is firstly addressed by the user. He is interested in
stability monitoring, because of its significance for plant
operation. We found that the stability margin is indeed a good
synthetic indicator of the BWR core dynamics.

Then we assumed as features all the available local and global
measures of the decay ratio. The information message will be
built up with some internal correlation, but its descriptive
capability is quite satisfactory.

As it is well known in literature [3] , a successful BWR core
model distinguishes between global and local effects on the neutron
flux. The former are well accounted for by the stability
parameters, the latter depend on local void transport in the boiling
channels and influence the higher side of the neutron signals
spectra.
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Therefore we can guess that a more exaustive pattern for the BWR
core description could be provided by featuring in addition the
channel transit times. The authors developed a special
processing algorithm for them [ll] .

The modelization of the reactor on-line data identified the
statistical model of the patterns in the Multivariate Normal
(Gaussian) class. Then the optimal Maximum Likelihood (M.L.)
estimate of the model parameters was feasible as well as the optimum
Bayes classifier for reactor pattern recognition [l2J

In fig. 8 an overall block diagram of the system is shown. The
hardware is that of fig. 2. The pattern recognition system was
implemented inside the ENEA MEGA SYSTEM [5] where a module,
ASTRID, operates as a software subsystem generating environment
[10] .

I'LANT

A KJI i c\r.

MO

A / D

MONITORING SYSTEM

PLANT CONDITION SUPERVISOR

SURVEILLANCE AND DIAGNOSTIC

DIAGNOSTIC
I D E N T I F I C A T I O N

Fig. 8 - General structure of a Pattern Recognition
based diagnostic system.
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A trace of the plant evolution in almost three years of life is
presented in fig. 9 by means of a three dimensional scatter diagram
of the former principal components.

The pattern of descriptors alignes 9 variables, 5 for local and
global stability margins, and 4 for the first and second transit
times in the core location.

<CNCA>UECA Sjr«l«m mod ASTRID

COMDITlOtlS.
O re8-80. 36X power, 98X flow
o FEB-80. 7SX power. 67X flow
O NOU-82. 7SX power. 6SX flow

7.00

TC

0.00

FOUURESi 3 f l r« t and I «ocond u-anstt t ing . 4 CPRfl local D . R . . I flPRfl D.R.

FIG 9 Three dimensional scatter diagram of the NPP patterns

7. - CONCLUSIONS AND FUTURE TRENDS

The monitoring and surveillance systems design criteria are quite
well established. The paper presents a state of the art, unitary
point of view on these systems. They are characterized by the
model they use for the decision making and by the amount of the
human intervention in this process.

In all the design models before exposed we saw that human beings
and computers share the diagnostic job, cooperating to perform
complementary functions in the decision path. It is not a
difficult guess that in the next future the computer could occupy
all the spaces now reserved to humans in the decision process even
in hazardous systems at the only condition, before introduced, that
the diagnostic domains are not open, indefinite set.
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