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FOREWORD

Increasing interest in using Probabilistic Safety Assessment (PSA) methods
for research reactor safety is being observed in many countries throughout the
world. This is mainly because of the great ability of this approach in
achieving safe and reliable operation of research reactors.

There is also a need to assist developing countries to apply Probabilistic
Safety Assessment to existing nuclear facilities which are simpler and therefore
less complicated to analyse than a large Nuclear Power Plant. It may be important,
therefore, to develop PSA for research reactors. This might also help to
understand better the safety characteristics of the reactor and to base any
backfitting on a cost-benefit analysis which would ensure that only necessary
changes are made.

For these reasons, the IAEA decided to form a working group on probabilistic
safety assessment for research reactors. This document, prepared by the
working group, touches on all the key aspects of PSA but placed greater emphasis
on so-called systems analysis aspects rather than the in-plant or ex-plant
consequences.

Although the document is primarily concerned with risk to the public
beyond the site fence, it is recognised that plant operating personnel and
other staff on the site will also be exposed to risk in the event of the
reactor accident. The risks to operator and other site staff will differ both
in timescale and extent in comparison with the risk to the public.
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1. INTRODUCTION

1.1. Background

At the present time there are over 300 research reactors in existence
all over the world. They include TRI6A reactors, of which there are more
than SO, light water swimming pool reactors and high powered heavy water
reactors with forced circulation and thermal powers at 10MW or above. Some
of these research reactors are under IAEA-assisted projects and therefore
the Agency is directly involved in assessments of their safety.

Many of those reactors have a long operating life and have a variety
of experimental and other (e.g., isotope production) facilities, associated
with them during their lifetime. They experience ageing and obsolescence
effects which, in turn, require consideration of refurbishment at reasonable
costs. In the case of new reactors and/or new experimental facilities,
undue burden can be placed by introducing unnecessary safety requirements.

Next to an explicit quantification of risk to the public through
evaluation of accident consequences and frequencies, the identification of
specific safety concerns and the evaluation of possible solutions to
implement risk management are probably the best recognized and most
widely-used applications of probabilistic safety assessment (PSA) for power
reactors. Performance of a PSA naturally leads to significant improvements
in the understanding of the design and operation of the various systems and
the role of operators under accident conditions. This understanding, in
turn, often reveals design or procedural modifications and training
requirements that can enhance safety. Safety enhancements can be of
retrospective or prospective nature.

PSA methodology can not only be instrumental in aiding the
identification of safety issues but can also identify cost effective
solutions to safety problems on operating research reactors as well as
problems which arise during the design of a reactor or experiment. It can
also provide valuable guidance to the areas in which additional funds
available for improvement of the overall safety of an existing research
reactor can most effectively be spent.



There is a general intuitive feeling that the PSA techniques which
have worked well for the power reactors can serve very well the safety
assessment needs of research reactors. In addition, there is a perceived
need to assist developing countries to apply PSA to real nuclear facilities
which at first sight are much simpler and therefore less challenging to
analyse than a large nuclear power plant. However, it is important to
recognize that the experimental aspects of research reactors add a further
dimension to the application of PSA. Such experiments may not only
contribute directly to radioactive releases to the atmosphere but may also,
in some cases increase the risk of damaging the reactor core.

1.2. Purpose of this Document

The main purpose of this document is to introduce research reactor
operators and designers to the uses and benefits of PSA methodology. In
particular, the document aims at introducing a systematic approach to
improve understanding of the design and operation of research reactors,
through analyses of a range of postulated accident sequences, in order to
more rationally deploy limited resources on safety issues.

The document is also intended to serve as a guide for the next stage
of IAEA-proposed developments on PSA studies for research reactors. It is
not intended to be used in connection with licensing processes. However,
the insights to be gained by those studies are expected to provide a more
balanced overall assessment of the safety of a research reactor (and its
associated experimental and other facilities) and as such may be of
significant benefit in terms of the quality of the information on which to
base safety-related decisions.

A complete PSA study for any reactor requires a substantial
investment of skilled effort. While the potential benefits may readily be
seen to justify the costs in the case of a power reactor, particularly when
several similar installations may be largely covered by the same PSA study,
this may not always be the case for a single, unique type research reactor.
In this case, PSA studies of limited scope and directed to specific issues
may be adequately effective in meeting required aims, while demanding only a
level of effort much more commensurate with the benefits likely to be
available.



2. HISTORICAL ASPECTS

2.1. Power Reactors

Early pioneering, and in some cases academic, applications of PSA can
be traced back to the mid-to-late sixties. They were the early applications
to the gas-cooled reactors (GCR's) and steam generating heavy water reactor
(SGHWR) in the UK (2.1 - 2.4) and to the light water reactors (LWR's) in the
US (2.5 - 2.7).

The traditional approach to reactor safety was to postulate various
"credible" accidents. The most severe of these credible accidents, the
maximum credible accident (MCA), was studied in great detail to establish
siting and engineered safety systems criteria. However, the United Kingdom,
faced with a need to consider bringing reactors closer to large populations,
was beginning to move away from the vague idea of "safe" power plants to a
more realistic quantified study of risk to the public. The arbitrary nature
of deterministic safety criteria was first pointed out by F.R. Farmer (2.1,
2.2) in the United Kingdom who proposed a new approach to the assessment of
reactor safety based on the assessment of accident consequences and their
associated predicted frequencies of occurrence.

Probabilistic safety analysis admits that all accidents are possible
and that any number of simultaneous failures may occur. Component failure
distributions are determined; equipment reliability is calculated; and
finally, the probability of any accident with any number of safety system
failures can be calculated along with the associated release of radioactive
material. Cave (2.3) and Joksimovich (2.4) in the United Kingdom, employing
different approaches, applied those concepts to the Dungeness "B" advanced
gas-cooled reactor.

Meanwhile, in the United States, a series of studies sponsored by the
US Atomic Energy Commission were undertaken to probe the merits of using
reliability techniques in the safety analysis of specific types of US
nuclear power plants (2.S - 2.7). These studies identified the need for
special data and analytical tools such as fault tree analysis to perform
meaningful quantitative risk analysis. Analysis techniques were borrowed
from statisticians and reliability engineers and developed into tools
suitable for predicting failure frequencies for large, complex nuclear power



plant systems. The benefits in terms of safety, control and understanding
were documented in Reference 2.6 in which a methodology for attacking the
problem of probabilistic risk assessment of complex plants was developed.
As these tools evolved, people began to believe that it was possible to
estimate the likelihood of low frequency, high consequence accidents at
nuclear plants. In 1972, the US Atomic Energy Commission undertook the
Reactor Safety Study under the direction of Professor N.C. Rasmussen of MIT
and Saul Levine of the NRC.

Early GCR applications were instrumental in formulating the
methodology for a probabilistic safety assessment of High-Temperature
Gas-cooled Reactors (HTGR's) in the AIPA (Accident Initiation and
Progression Analysis) study. This methodology, as first reported in
Reference 2.8 and subsequently greatly improved was in substantial agreement
with the methods reported in Reference 2.9. The initial primary objective
of the AIPA study was to make recommendations for the HTGR safety research
and development program. In order that the relative priorities could be
made as objectively as possible, the specific recommendations were derived
quantitatively, on the basis of the results of Phase I study (2.10). The
second phase of the study (2.11) was viewed as a comprehensive risk
assessment of the HTGR.

The publication of the Reactor Safety Study (RSS), known as the
Rasmussen Report in 1975 (2.9), however, was a landmark event in the
development and application of risk assessment techniques to complex
industrial facilities. Subsequent to the RSS, comprehensive risk assessment
techniques have been applied to a number of nuclear and non-nuclear
technologies to assess risk.

The largest fraction of the RSS addressed the risk associated with
two representative light water reactor plants; one pressurized water reactor
(PWR) and one boiling water reactor (BWR). These results and the process of
developing supporting systems reliability analysis, human interaction
analysis data, and consequence analyses, provided significant insights into
the safety of light-water reactors. In addition to being the first
full-scale PSA of large nuclear plants, the Reactor Safety Study is also the
first comprehensive, quantitative comparison of the risks of various hazards
.to residents of the United States. That study included estimates of risk
for man-made and natural hazards.
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Following the publication of the RSS, the West German Federal
Ministry for Research and Technology (BMFT) sponsored the German Risk Study
(Deutsche Risikostudie Kernkraftwerke) (2.12). In DRS the methodology from
the RSS was applied to German reactor technology and siting. Nineteen sites
with a total of 25 plants were considered with Biblis "B" serving as the PWR
reference plant. The conclusion of RSS that accident-caused risks from
nuclear power plants are relatively small was corroborated.

PSA methods undoubtedly received a major boost from the RSS.
However, PSA was not widely used until after the accident at TMI (Three Mile
Island) in 1979. This accident had a profound impact on the nuclear
industry and on the concept of risk assessment. After a while it became
evident that the accident at TMI did fit the RSS sequences, albeit not
exactly and certain areas of the methodology had to be enhanced for PSA to
be less misunderstood. The first post-RSS study to capture many of these
additional features was the "OPSA Oyster Creek Probabilistic Safety
Analysis", a draft report which was completed in 1979 (2.13). The Zion and
Indian Point probabilistic safety studies (2.14, 2.15) built on the Oyster
Creek PSA methods and added the important new dimension of a comprehensive
treatment of core melt phenomena and containment response.

In the five years since TMI, numerous plant-specific PSAs and generic
studies using PSA techniques have been undertaken both in the US and
elsewhere. As of early 1984, twelve full-scope PSAs had been completed for
15 US light-water reactors (2.16).

2.2. Research Reactors

In the area of research reactors the application of probabilistic
safety assessment methods is already underway in some countries, such as
Austria, Australia, Argentina, Czechoslovakia, Peru, Switzerland (2.17),
United Kingdom. Such studies are usually concerned primarily with the
reactor and secondarily with the experimental and other facilities, such as
isotope production, which are often associated with a research reactor and
which need to be included in an overall. Sufficient experience is now
available to suggest that current PSA methodology is a valuable tool for
application to research reactors and their associated experimental and other
facilities.
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2.3. Safety Goals

The whole area of risk acceptance criteria and safety goals has been
the subject of much discussion and research in recent years. Much work has
yet to be done to identify clearly the aims, objectives and formulation of
safety criteria and safety goals for both nuclear and non-nuclear industrial
plants (2.19, 2.20, 2.21, 2.22).

Acceptable, quantitative definition of safety goals would be of
immense benefit in limiting the resource and cost commitment of PSA studies;
in the absence of such criteria it is often difficult to determine when an
analysis is sufficiently complete and detailed to be terminated.

2.4. Some Examples of the Application of PSA to Research Reactors

Probabilistic safety assessments have been applied, in varying
degrees, to UKAEA research and prototype power reactors since the late
I960's. This approach is considered to have not only resulted in more
sensible deployment of scarce safety resources but is also seen as an
integral part of the general approach by Farmer (2.1) to risk evaluation and
acceptance criteria for any potentially hazardous plant.

Valuable insights into the design and operation of such research and
prototype reactors have resulted, and continue to result, from the
application of PSA methods and they have led to modified designs and
operating procedures in a number of areas. They include refurbishment of
reactor systems, the development of new instrumentation and revised
operating procedures for fuel handling operations, the development of new
fuel elements and improved perceptions of the role of the operator in the
safe operation and maintenance of research reactors.

In Switzerland a plant specific PSA for a 10 MW thermal swimming pool
reactor has been carried out. This study was part of an investigation of
all institute research facilities containing radioactive material with
respect to their hazard potential (2.18). It served as a decision tool for
the licensing authorities whether to introduce emergency planning for the
institute or not.
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In Czechoslovakia PSA now forms part of the national research
programme on nuclear safety and is being applied to research reactors and
nuclear power plants.

Another example of the application of PSA methods is the risk
assessment calculation for airplane crash for the Austrian research reactor
ASTRA at Seibersdorf. Evaluation of the geographic situation, statistics
from the Vienna airport, international air-traffic data on frequency and
distribution of airplane accidents were used to demonstrate that the risk
was acceptable. By applying fault tree analysis to the protection system of
the same reactor it was also possible to identify and improve two
safety-related electronic units which otherwise would have limited the
quality of the safety system.

In Australia, probabilistic techniques have for a number of years now
been preferred for assessing the suitability of new safety-related
subsystems being proposed for installation on the research reactor HIFAR. A
partial PSA study of HIFAR, restricted to event sequences initiated by
within plant failures (including operational errors) and having potential
for abnormal exposure to radiation of members of general population around
the reactor site, is nearing completion.

3. PROBABILISTIC SAFETY ASSESSMENT (PSA) METHODOLOGY
OVERVIEW

PSA quantifies the probabilities and consequences associated with
accidents and malfunctions by applying probability and statistical
techniques as well as consequence evaluation methods deemed acceptable by
the practitioners. A compendium of acceptable methods is contained in the
PRA Procedures Guide (3.1). PSA* examines all the pertinent information
available and widens the historical basis by using data from actuarial
events in combination with logic models to predict the frequencies and

* PSA (Probabilistic Safety Assessment) and PRA (Probabilistic Risk
Assessment or Analysis) are considered to be essentially interchangeable
terminology for the type of studies discussed in this document. 'PSA' is
the preferred IAEA terminology, and is adopted throughout, except when use
of 'PRA' is necessary in relation to referenced publications.
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consequences of events which have not happened but which could cause
accidents. One of the most important features of PSA is the taxonomy and
comprehensiveness with which potential accidents are analysed.

Modern PSA embraces the event/fault tree analysis tools, computer
models, reliability theory, systems analysis, human interaction analysis,
probability theory and statistics. These, and the traditional engineering
disciplines (mechanical, electrical, structural, chemical, nuclear) are
integrated into a formal process that addresses the two components of risk:
likelihood and consequences.

One can think in terms of a basic four element process as displayed
in Figure 3.1.

2. HOW FREQUENTLY DOES IT HAPPEN (LIKELIHOOD)?

RELIABILITY
(SYSTEMS)
ANALYSIS

1. WHAT CAN GO WRONG?
(ACCIDENT SEQUENCES)

INITIATING
EVENT

SELECTION

EVENT
TREE

CONSTRUCTION

SEQUENCE
QUANTIFICATION

PLANT RESPONSE

4. RISK STATEMENT

HAZARDOUS MATERIAL
RELEASE & TRANSPORT

3. WHAT ARE THE CONSEQUENCES?

Figure 3.1. Basic Elements of PSA Methodology

The first three elements provide answers (3.2) to the most
fundamental safety questions, i.e.

1. What could happen (what can go wrong), i.e. what accident sequences
or scenarios are conceivable?
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2. What is the likelihood of these scenarios (how frequently is it
expected to happen"?

3. What would be their consequences?

The fourth element termed risk statement, provides displays of
results in a form suitable for decision making process.

3.1. Accident Sequences

The first question is essentially a "what if" question: "What if"
some piece of equipment fails; "What if" some error is made; "What if" there
is an external event such as earthquake, flood, aircraft crach or a fire?
The systematic and comprehensive nature of PSA requires a spectrum of
technical experts and the application of logic models to answer this
question. The key elements are:

Identify the boundary of the system to be analysed, and
essential cross-boundary linkages (e.g. services).

Develop detailed understanding of the equipment, systems and
structures to be analysed. In addition, knowledge of
procedures, maintenance and other aspects must be integrated
into a model.

- Establish detailed understanding of all operations and
procedures (including maintenance and repair) in which human
error, either directly or by adverse interaction with
performance of installed equipment, may significantly influence
plant safety. Appropriate modelling for such influences must
be incorporated in the event and fault tree analyses developed.

Identify "initiating events", that is, those events that could
initiate an accident scenario. While numerous initiating
events are considered, they could be discussed as two major
classes: "internal" and "external". Internal events are those
which originate with malfunctions or failures of plant
equipment or systems including those caused by an operator
errors. External events originate from other causes and may
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include earthquakes, fires, high winds and floods; their
significance in most cases lies in a high "common cause"
probability of producing both a serious initiating event
considered the "internal event" category, together with
simultaneously failing the safety features provided for
protection against, or mitigation of the consequences of that
internal event. Owing to the importance of proper event
selection, a systematic selection procedure is necessarily a
part of the process.

Analyze the possible responses of the plant to the initiating
events. This process entails construction of logic models
and/or diagrams (usually event trees), which display responses
of the plant in terms of the possible variations in the
progression of the event from initiation to termination. The
progression of the event is defined as the sequence of events
following the initiating event; it encompasses the transient
response of key plant parameters, as well as specific actions
performed by the plant systems including the human
interactions. A particular event sequence may include events
that are certain to occur as well events that may or may not
occur; for events of the latter type, probabilities need to be
evaluated. The construction of event trees can be deemed the
most fundamental aspect of PSA since that is where the stage is
set for the quantitative aspect of the assessment. Following
is an example of a simple event tree:

INITIATING
EVENT

Frequency

DOES
EVENT 1
OCCUR?
Pi

DOES SEQUENCE
EVENT 2 IDENTIFI-
OCCUR? CATION
P2

0 ——————— t* ——————————————————————— A
(YES) (YES)

B
(NO) (YES)

C
(NO)

Figure 3.2. Example Event Tree
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3.2. Likelihood

Answering the second question, "What is the likelihood of these
accident scenarios?" requires careful analysis of how failures can occur and
how likely it is that a given system might fail.

In an event tree the branch points are stated in terms of the success
or failure of the plant systems or functions. The application of
probabilistic analysis to the study of system success (or failure) is known
as system reliability analysis and is the basis for evaluating the branch
point probabilities.

Various methods and models have been developed for system reliability
analysis each having its own merits for specific applications. The method
which is most frequently used for practical application within the framework
of PSA is known as fault tree analysis (3.3).

This method has been used extensively in nuclear, aircraft, chemical,
aerospace and defense industries. The fault tree is a logic model of the
various parallel and sequential combination of faults that could result in
the occurrence of the pre-defined undesired event, e.g., the "top event" of
the fault tree. The faults can be events that are associated with
infrequent hardware failures, human interactions or other pertinent events
leading to the undesired event. A fault tree thus depicts the logical
inter-relationship of basic events that leads to the undesired top event.
It is a complex of entities known as "gates" which serve to permit or
inhibit the passage of fault logic up the tree. The fault tree enables
system failure probability (or unreliability) to be derived in terms of the
component failure probabilities. The nodes of an event tree can be
evaluated using fault trees to assess associated probabilities. A simple
fault tree example is displayed in Figure 3.3.:
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1. FOR THE TOP EVENT TO OCCUR. BASIC FAULT EVENT A
AND FAILURE EVENTS B AND C MUST ALL OCCUR.

2. FOR EVENT C TO OCCUR. BASIC FAULT EVENT 0 OR E
MUST OCCUR,

Figure 3.3. Simple Fault Tree Example

oo
ÛÛ

BASIC ELEMENTS OF A FAULT TREE
Fault Tree Symbols

Primary Event Symbols
BASIC EVENT - A basic initiating fault requiring no further
development
UNDEVELOPED EVENT - An event which is not further developed
either because it is of insufficient consequence or because
information is unavailable

Intermediate Event Symbols
Intermediate Event - A fault event that occurs because of one
or more antecedent causes acting through logic gates

Gate Symbols
AND - Output fault occurs if all of the input faults occur
OR - Output fault occurs if at least one of the input faults
occurs

Transfer Symbols
TRANSFER IN - Indicates that the tree is developed further at
the occurrence of the corresponding TRANSFER OUT (e.g. on
another page)
TRANSFER OUT - Indicates that this portion of the tree must be
attached at the corresponding TRANSFER IN

18



Within the system reliability analysis two particularly difficult
problem areas have to be considered, common mode or dependent failure
phenomena and the influence of human interactions.

The potential for common-cause or dependent failures (that is,
simultaneous failures of more than one component or system or multiple
failures due to a common-cause) needs to be carefully evaluated. In fact,
much of the effort that is required to perform a systems analysis is devoted
to the identification and quantification of "common-causes". If faults are
assumed to be independent when combined in the analysis, although they may
in fact occur simultanteously due to a common cause, the evaluated risk may
be seriously underestimated, sometimes by as much as several orders of
magnitude.

A number of authors have developed extensive lists of categories of
common-cause or dependent failures. One of the more comprehensive
classifications is that by Edwards and Watson (3.5). In Reference 3.1, one
can find a simplified classification scheme which defines dependent failure
types in order to enable one to select methods for their analyses.

Completely satisfactory coverage of common cause failure effects is
one of the most difficult areas of PSA; this arises both from the scarcity
of appropriate base data, and the problem of assurance that all important
modes have been identified. Although a variety of methods and models (e.g.
3.1 - 3.6) have been proposed for the formal treatment of common cause
failures, in practice, their satisfactory inclusion and treatment is very
dependent on the experience and engineering judgement of the analysts making
the PSA study.

In any industrial activity, human interactions with equipment have
been recognised as important contributors to the reliability and safety of
the plant. PSA provides an excellent means of evaluating overall
reliability in situations where human interaction with equipment is
important. These interactions may arise in implementation of inspection,
maintenance and repair procedures, or by inappropriate operator intervention
in event sequences.

A spectrum of techniques has been developed, leading to significant
variations in the way in which human interactions are treated in PSA
studies. In the USA, the Electric Power Research Institute (EPRI) has

19



recognised the need to make the process for incorporating the human
interactions into PSA studies more systematic, comprehensive, and
scrutable. This has led to the SHARP (Systematic Human Action Reliability
Procedure) project (3.7). The basic method for evaluating human
interactions stems from the human reliability analysis technique called
THERP (Technique for Human Reliability Error Rate Prediction). The Handbook
of human reliability analysis (3.8) contains human performance models and
data needed for estimating human error probabilities.

While developing SHARP, a need was identified to attempt to define a
model or correlation for helping PSA analysts quantify the reliability of
control room crew responses to accident sequences. Such a correlation (3.9,
3.10) named HCR (Human Cognitive Reliability) provides the time-dependent
human non-response probability in terms of key engineering and operational
input parameters.

In quantifying the likelihood of component failure for PSA studies,
both the frequency of failure - how often on average the component can be
expected to fail - and the precision with which that frequency can be
estimated - its uncertainty - are important parameters.

Estimates of the frequency of failures are based on information about
the past operation of components, systems and structures. For each
component or system, a range of failure rates is considered and a confidence
level for each failure rate is determined.

Quantification and representation of uncertainty is an integral part
of PSA. The importance of displaying uncertainty lies in the ability to
express the state of knowledge about the system being analysed in
quantitative terms.

Quantifying the state of knowledge at each step of the PSA process
facilitates logical and consistent analysis of both frequent and rare
events. The amount of data available affects the confidence that can be
expressed in frequency estimates. If there is a large amount of data
available about a given system, a high degree of confidence can be
associated with the frequency estimates. Conversely, if historical data are
scarce, sketchy or not fully relevant, then the level of confidence in the
estimate will be low.
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3.3. Consequences

Before the consequences of any accident sequence can be quantified,
it is necessary to define what is meant by "consequences" in this context.
Assessment of consequences is not a fully deterministic process, and
depending on the definition adopted, may provide results subject to very
large uncertainties. For example, in an aircraft crash, casualties may
range from none to a very large number. Similarly, a release of fission
products from a reactor accident, may give rise to no, or a large number of,
latent cancers in the surrounding population.

For these reasons, a more closely quantifiable definition of
consequences, such as the potential committed radiation dose to an
individual exposed at some specified distance from the reactor, is usually
adopted for PSA studies of research reactors. Some quantity of this general
type is implied when the term "consequences" is used in this document.

The consequences of a research reactor accident are dependent on many
complex physical and chemical phenomena. Their realistic evaluation in any
situation will normally require very careful analysis, with the setting up
of models for several stages of the accident development, and a variety of
usually complex calculations.

In contrast with deterministic (maximum credible accident) approaches
to reactor safety assessment in which very pessimistic assumptions and data
are normally used for consequence evaluation, PSA studies should aim to make
realistic (usually "most probable") estimates of consequences. It is then
important to assess the effects of uncertainties in data, etc., on the
estimated consequences so that their limits or error bands can be defined.

3.4. Risk

Risk as analysed in a PSA is composed of the two components,
likelihood and consequences of accidents. Explicitly stated, risk consists
of the four elements:

- frequency of the considered events
- consequences of these events

distribution of consequences and their probabilities within the
population or environment affected
uncertainties in these estimates
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Upper bound

est estimate

Consequence, C
Figure 3.4. CCDF for the Consequence, C

In order to have a simple picture, and for the purpose of comparison,
these results from PSA are usually condensed to a small number of risk
curves in the form of CCDFs (Complementary Cumulative Distribution
Functions).

In calculating a CCDF, the consequence under consideration (e.g.
health effects in the affected population) is predicted for each combination
of a weather sequence and an accident sequence. A frequency, the product of
the frequency of occurrence assessed for the accident sequence and the
probability of occurrence for the weather conditions can be associated with
this combination. The sum of such combinations for the whole spectrum of
accidents gives a probability distribution for the consequence considered
which can be readily presented in the form of a CCDF (Figure 3.4).

The uncertainties in the assessment of the afore-mentioned elements
can be considered in a similar manner; this results in upper and lower
bounds for the CCDF as also shown in Figure 3.4.

4. SAFETY FUNCTIONS

The primary safety issue for all reactors is that exposure of any
persons to radiation should be kept within acceptable limits. In the
context of research reactor safety, this makes control of reactivity and
maintaining a balance between heat removal and generation in the core very
important safety functions. This requires the provision of systems to
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ensure that safe conditions are maintained under both normal and abnormal
operating conditions, including accident conditions, such that fuel damage
resulting in a release of fission products is prevented. In research
reactors the failure of the engineered safety systems may result in a
release of radioactive fission products from the reactor core to the
immediate reactor environment. It is usual to provide a containment or
confinement envelope to mitigate the release of radionuclides to the
atmosphere and the consequent exposure to radiation of the public beyond the
reactor boundary. Associated with the containment envelope are engineered
safety and safety-related systems to maintain its functional integrity (4.1).

The method of approach used in this guideline document is based on
the above identification of primary safety function requirements and the
associated required safety and safety-related systems, and is summarized in
Table 4.1.

Table 4.1, Safety Function Requirements

Function Systems Purpose

1. Reactor
subcriticality

2.

3.

Reactor heat removal
under accident
conditions

Containment or
confinement of radio-
nuclides released
from the reactor

Shut-down systems

Heat Removal System
a. Primary and

secondary cooling
systems

b. Emergency core cooling
systems

Containment/confinement
structure with associated
cleanup and control
systems

Shutdown to achieve
subcriticality and
to avoid fuel
element overheating
a. Remove heat from

reactor under
normal operating
and shut-down
conditions

b. Remove heat
during accident
and post-accident
conditions

Prevent or reduce
the release of
radionuclides to the
environment

Identification of Safety Systems and Safety-related Systems

Safety and safety-related systems are those systems designed to
detect, control or mitigate the effects of postulated initiating events.
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Following the functional reactor analysis approach, the safety functions and
the associated safety and safety-related systems are identified and depicted
in Table 4.1.

Safety and safety-related systems are:

- Reactor shutdown system;
Heat removal systems;
Containment/confinement, cleanup and control systems

Reactor Shutdown

The reactor shutdown system is intended to terminate rapidly the
neutron chain reaction whenever reactor safety limits are exceeded. The
system encompasses the neutron absorbers (control and safety rods) and
related instrumentation. The safety action of absorber rods is usually
dependent upon the force of gravity and can be initiated automatically by
the reactor protection system or manually by the operators. In some
reactors additional back-up shut-down systems (e.g. insertion of poison) are
provided.

Intrinsic safety is provided in some reactors by a strong negative
temperature reactivity coefficient which provides a primary mechanism for
reactor control.

Heat removal

The primary reactor cooling system is intended to remove the heat
generated in the core region during normal operating conditions and during
reactor shutdown. Forced circulation primary cooling is normally provided
by the electrically driven pumps, heat exchangers, valves and associated
piping. A secondary cooling water system extracts heat from the heat
exchangers and discharges it into the surface water or atmosphere.

If forced primary cooling circulation is interrupted emergency pumps
connected to emergency power supplies are actuated.

In many cases if emergency pumps fail to start core cooling
circulation is maintained after the reactor shutdown by the inertia of
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primary pumps fly wheels or pressure differentials between reactor core and
holdup tank.

For some research reactors, cooling of the reactor core by natural
circulation is possible. In these cases natural convection is established
by special design features (e.g. flappers).

For research reactors of higher power, loss of primary cooling water
inventory could lead to a serious core damage by decay heat. To prevent
this, specially designed safety systems (e.g. construction of a U-pipe at
the core coolant outlet) are provided in some reactors.

If a situation arises where primary cooling water inventory is lost
means for emergency cooling are normally provided to remove decay heat in
order to prevent fuel overheating.

The system operation depends on the availability of an independent
water supply (e.g. tanks), valves, piping, spray nozzles and pumps for
recirculation cooling. Pumps for recirculation cooling are connected to
emergency power supplies.

Containment/Confinement Cleanup and Control

In case radioactive products are dispersed inside of the containment,
engineered safety systems are usually provided to prevent or reduce the
release of radionuclides to the environment. These systems include fans,
filters, valves, ducts, alarms and related instrumentation in addition to
the containment/confinement structure.

5. RESEARCH REACTOR ACCIDENTS

The special hazard of reactor operation which does not arise in the
normal spectrum of other industrial activities, is the potential for
exposure of persons to large quantities of radioactivity. In normal
operation of research reactors, such exposures are small and relatively
easily controlled. Only accident situations which might result in
significant exposure to radiation of staff members or in a significant
release of fission products from irradiated fuel to the environment are
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considered in the present document. The latter type of event may result in
radiation doses to members of the general public.

There are three groups of research reactor accidents which can be
caused - either alone or in connection with one another - by malfunctioning
of equipment or personnel errors:

a) release of radioactivity from the irradiated fuel, coolant or
activated structures

b) release of radioactivity from irradiation samples, experiments and
experimental facilities

c) direct irradiation of persons due to inadequate shielding under
normal or abnormal operating conditions.

The release of activity from the irradiated fuel may be caused by any
of the following faults:

. heating up of the core or part thereof due to insufficient cooling

, power excursion due to a reactivity insertion too large to be handled
by the reactor control system or malfunctioning of the reactor
control system

• damage to fuel element cladding or structure due to corrosion or
improper handling or inadequate design. Such damage may occur in the
reactor itself, in storage, or during fuel transport.

The release of activity from other sources than the irradiated fuel
may be caused by deterioriation or destruction of boundaries against
radioactivity release due to corrosion, malfunctioning or mishandling by the
operating personnel or by errors in the experimental set-up and the handling
of the experiment.

Direct irradiation of operating personnel may be caused by several
factors:

Reduction or loss of shielding by accident or human error
Access of personnel to restricted areas
Excess power level giving a too high radiation level which the
Shielding structure has not been planned for.
Malfunction of radiation instruments.
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The probability and severity of these accidents will greatly depend
on several reactor specific features such as fission product inventory,
reactor power, and reactivity coefficients as well as the various engineered
protective systems.

With very low or zero power facilities the fission product inventory
is very low and thus any release of activity from the fuel will be of little
or no consequence. For this type of facilities also the production of
activation products will be very low and thereby any release of
radioactivity from irradiation samples or experimental set-ups will be
negligible. On the other hand accidental irradiation of personnel due to
excess power excursions and insufficient shielding can be a major hazard.

With reactors having a power level below the megawatt-range, full or
partial exposure of the core to air after shutdown is not likely to lead to
fuel melting. For such reactors there is usually no need for sophisticated
precautions against a possible melt-down in case of, say, a loss-of-coolant
accident, but each reactor has to be considered on its own merits.

An accidental addition of ramp reactivity by erroneous withdrawal of
control rods, by accidental changes in the moderator or reflector, or by
adding to or withdrawing from the core irradiation samples with large
reactivity influence will, however, be of great importance with these
reactors. There is also a possibility of accidental release of fission
products due to mishandling of fuel (dropping, etc.), to corrosion of fuel
and possible fuel channel blockage. With increasing power level and fission
product inventory the magnitude of these hazards increases and emphasizes
the need for the application of PSA techniques.

Because of the possibility of producing rather large amounts of
activation products, initiating events leading to a possible release of
radioactivity from irradiation samples, experiments and experimental
facilities also pose a hazard in these types of reactors.

A large number of research reactors (for example TRIGA-reactors)
incorporate a special moderator (zirconium hydride) giving rise to a very
large negative temperature coefficient. This tends to make these reactors
inherently safe against accidental reactivity transient and therefore these
reactors accomodate the possibility of even deliberately adding a large
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reactivity worth to the core. For these types of reactors no measures
against accidental reactivity insertions are required.

Research reactors with power levels in the megawatt-range are exposed
to a risk of core-melt if the core is completely or even partially
(depending on the operating power (5.1)) exposed to the atmosphere during,
say, a loss-of-coolant accident. In combination with the larger fission
product inventory of these reactors this type of accident poses a
significant hazard due to fission product release to the reactor building
and to the environment.

Because of the higher neutron flux density these reactors may also
cause a higher risk of release of fission products and activation products
caused by failure or mishandling of experiments and experimental facilities
and it should be stressed that a careful evaluation of a planned experiment,
including the application of PSA, should be carried out before the
experiment is installed. The evaluation should include both the immediate
hazards of the experiment (activity release, accidental irradiation of
personnel, etc) and possible influences on the core (reactivity influences,
coolant blockage, etc.)

With increasing power level, even a minor breach of clad integrity
may result in a significant release of fission products for fuel element
designs in which the clad is not metallurgically bonded to the fuel
material. For reactors using MTR type elements, however, the bonded clad
structure ensures that only relatively small quantities of fission products
can be released in the event of localised clad damage; this is because the
release can occur only from that volume of fuel material which is in the
immediate vicinity of the clad damage.

The various hazards of each reactor type should be thoroughly
reviewed at a very early stage in the planning phase and the design of the
various systems and components should be carried out in such a way as to
minimize these hazards. Inherent safety features are in that respect always
preferable to automatic engineered features; the latter, on the other hand,
are usually preferable to human interventions. PSA at an early design stage
is a great help in evaluating the inherent safety features and the required
automatic actions, as well as identifying the influence and extent of
necessary human intervention.
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As pointed out before, inherent safety features can greatly reduce
the necessity of automatic engineered features. Some examples of these
inherent safety features have been given before, such as a large negative
temperature coefficient of reactivity or limited power level. Others may be
special design of beam tubes and coolant inlet and outlet in pool type
reactors in order to make a LOCA extremely unlikely, or forced post-shutdown
cooling by inertia (e.g. flywheel on pump shaft to extend pump run-down
time) in case of primary pump trip (5.2). The list may easily be extended
and great emphasis should be given to a careful review of possible inherent
safety features in the reactor type considered. The application of PSA will
highlight the areas where further work needs to be done to improve the
design and operational safety of research reactors.

6. CLASSIFICATION OF ACCIDENT INITIATING EVENTS

Accident initiating events are those events that could initiate an
accident scenario. They could originate from component failures, system
malfunctions, human errors or external events [6.1].

For PSA applications, initiating events may be grouped according to
similarity of their impact on the integrity of the reactor core or other
components as well as regarding performance of the set of protective actions
designed to deal with occurrence of the events such as:

(1) Loss of electrical power supplies
(2) Insertion of to much excess reactivity
(3) Loss-of-flow
(4) Loss-of-coolant
(5) Erroneous handling or failure of equipment and components
(6) Special internal initiating events
(7) External initiating events
(8) Reactor experiments

It should be emphasized that not every group of initiating events
would be applicable to every type of reactor. On the contrary, with many
types of research reactor one or more groups of above listed initiating
events will not be applicable, e.g., unbalanced heat removal with low power
reactors or excess reactivity insertions with reactors having very large
negative temperature coefficients of reactivity.
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Only for those initiating events which could lead to significant
exposure to radiation of operating personnel, or a significant release of
radioactive material to the environment, need the ensuing event trees be
fully developed. Other initiating events need to be discussed only
sufficiently to demonstrate that they require no further consideration.

Operator errors may initiate or be involved in a number of these
events and therefore are not identified explicitly as a separate group.

Another major cause for the malfunction of systems or components is
the mishandling or improper re-installation of systems or components during
maintenance or repair work. It is not explicitly mentioned among the
initiating events since it may be the cause of any of the listed initiating
events.

6.1. Categories of Initiating Events

6.1.1. Loss of Electrical Power Supplies

6.1.2. Insertion of Excess Reactivity

Critical!ty during fuel handling (fuel insertion error);
Start-up accident;
Control rod and drive failure;
Control system failure;
Failure of additional reactivity control devices (moderator,
reflector, etc.);
Unbalanced rod positions;
Failure or collapse of structural components;
Cold water insertion;
Moderator changes (e.g. voids, D 0-leakage into H 0-systems,
etc.);
Influence from experiments and experimental facilities (e.g.,
flooding or voiding, temperature effects, insertion of fissile or
absorber materials, etc.)
Insufficient shutdown reactivity.
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6.1.3. Loss-of-Flow-Accidents

6.1.3.1. Forced circulation unavailable

Primary pump failure;
Primary coolant flow reduction due to valve failure, blockage in
piping or heat exchanger;
Influence of experiment failure or mishandling;

6.1.3.2. Forced circulation flow available

- Fuel channel blockage;
Improper power distribution due, for example, to unbalanced rod
positions, in-core experiments, fuel loading;

- Coolant reduction due to core bypass;
Malfunctioning of reactor power control;
System pressure deviations from normal limits;

- Loss of heat sink

6.1.4. Loss-of-Coolant-Accidents

Primary coolant boundary rupture (pipe break, damage to beam tube,
etc).

6.1.5. Erroneous Handling or Failure of Equipment or Components

Fuel element cladding failure
Mechanical damage of fuel element (e.g., handling of fuel, dropping
of transfer cask on fuel, etc.);
Criticality in fuel storage;
Containment or ventilation system failure

- Loss of coolant to fuel in transfer or storage
- Loss or reduction of proper shielding

Access to restricted areas

6.1.6. Special Internal Initiating Events
- Internal fires

Internal explosions
- Internal flooding

Loss of support systems
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6.1.7. External Events

- Earthquake
Flood

- Storming and lightning
- Explosions (external and internal)

Aircraft crash
Fire

6.1.8. Research Reactor Experiments

All research reactors have a range of experimental facilities
associated with them, in some cases ranging from, say, relatively simple
material irradiation systems to high pressure fluid loops carrying out fuel
irradiations in support of nuclear power programmes. Some of the
experiments not only have a potential for releasing radionuclides to the
environment but also are a potential source of damage to the reactor core
and its associated systems. Such experimental facilities therefore have, to
a varying extent, their own safety functions and safety systems to protect
not only the experiment but also to protect the reactor. The influence of
all such experiments, including their own safety features, must be fully
considered in the context of overall reactor safety.

7. EVENT TREES
7.1. Event Tree Construction

Event trees are inductive logic models which display possible
accident sequences from a given specific accident initiating event.

Upon classification of the initiating events, the safety and safety
related systems as well as operator actions intended to terminate or to
mitigate the progression of an accident need to be addressed. These aspects
then constitute headings for the event trees.

Event trees are constructed for each class of initiating events.
This process implies that the reactor response to all accident initiating
events grouped into one category can be described in terms of the same tree
structure.
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Once the headings for a given initiating event class have been
identified, the set of possible failure and success states for each system
are defined. This process involves to a large extent the need for transient
analysis to define the relevant success criteria for the different systems.
When the systems failure and success states have been defined, the states
are then combined through the decision-tree branching logic to obtain the
various accident sequences associated with a given initiating event.

For illustration a simple functional event tree is depicted in
Figure 7.1. This tree contains as headings the safety and safety related
functions identified in Chapter 4, and displays possible accident sequences
for a given accident initiating event.

Event trees for some selected accident initiating events are
described next.

INITIATING
EVENT

REACTOR
SHUTDOWN

REACTOR HEAT REMOVAL
NORMAL EMERGENCY

CONTAINMENT/CONFINEMENT
OF RADIONUCLIDE

... — .,, — ..... • —— . ——— . ———————————————————— .

NO

7.1. SIMPLE FUNCTIONAL EVENT TREE
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LOCA

For the development of this event tree it is assumed that shutdown
occurs naturally by lack of adequate moderation regardless of the shutdown
system actuation. Loss of core cooling capability due to various break
sizes is analysed to define time to core uncover.

An emergency core cooling system (e.g. core spray system) may prevent
core overheating, and so terminate the accident without core damage.

If there is insufficient heat removal from the core, this may,
depending on the reactor type and reactor power, lead to core damage and
release of fission products from the fuel.

Release of radionuclides from reactor building to the environment
depends on the failure/success states of the various protective systems and
the building integrity.

Estimation of the fraction of the core inventory released in each
case depends on considerations such as time of shutdown, plate out,
effectiveness of containment clean up and control. Chapter 12 deals with
some of these items. Accident sequences are quantified using the fault tree
methodology described in Chapter 8.

Reactivity Insertion

This event tree would depict sequences where the reactivity transient
requires automatic shutdown for safe termination. Normal or emergency
forced coolant circulation is necessary for heat removal. Failure to
shutdown is assumed to lead to core damage. For reactors with high negative
temperature coefficients, of reactivity, reactor subcriticality may be
achieved independently of the reactor shutdown system; however, core damage
could still occur in some cases. In each accident, radioactivity releases
will depend on the specific sequence considered.

Loss of Electric Power Supplies

For this initiating event, the safety functions identified previously
are also available, with the exception of the normal primary coolant system
which usually depends on normal power supply. Emergency core cooling
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depends on the availability of the emergency power supply. Recovery of
offsite power should be taken into consideration.

Unbalance between heat production and removal

Two event trees could be derived to consider the specific cases where
forced primary coolant circulation is or is not available. The latter case
differs from the first in that forced circulation exists but is ineffective
in cooling the core; emergency coolant circulation would therefore be
equally ineffective. Fuel channel blockage is a typical example of this
situation.

Appendix A illustrates specific event trees for the four categories
of initiating events (LOCAs, excess reactivity insertions, loss of electric
power supplies, imbalance between heat production and removal).

8. FAULT TREES

Upon identifying the accident initiating events and developing the
event trees, the potential accident scenarios are clearly identified. The
next step in the process of accident sequence quantification is the
determination of the probabilities of failures of the functions or systems
which appear as headings in the event trees.

8.1. Fault Tree Construction

Fault tree analysis is an example of deductive logic analysis. In
this technique a specific state which is generally chosen as a failure state
is postulated and analysed in a systematic way in terms of more basic faults
which contribute to an undesired event. Fundamental elements in a fault
tree are designated basic events and are combined using logic gates and
Boolean algebra.

The analyst must acquire a very detailed knowledge and understanding
of the system if a satisfactory and complete scheme of fault trees is to be
constructed. However, such a scheme is not unique, and different analysts
are likely to produce different, but equally acceptable, fault tree schemes
for any given system.
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Human error contributions to the system's failure and failures due to
common cause events are specifically considered and incorporated in the
analysis. Contributions due to test and maintenance of the system are also
normally considered in fault tree construction.

When fault trees of several systems are combined, special attention
must be given to events which occur in more than one tree. Typical cases
arise in consideration of failures of support systems such as electrical
power, compressed air supply etc. It is usual in these cases to ensure that
the same symbols are used for the same event in all the systems concerned.
This helps to ensure that inadvertent multiple counting of the same event is
avoided.

Fault trees can be used in a broader way to represent the overall
evaluation of an undesired event. If this undesired event is chosen to be a
radiological hazard to the public, the corresponding fault tree can be
constructed in terms of the combination of system failures and accident
initiators which would lead to the top event occurrence. An illustrative
example is shown in Figure 8.1.

8.2. Fault Tree Quantification

The next step in the process of determining the probability of
failure of a given system is the determination of the reliability of the
basic components and the probabilities of the human induced events which
appear in a fault tree. Relevant failure rate data could be obtained from
various Reliability Data Banks, where upper and lower bounds and mean values
are presented, or from plant records if they exist.

Essentially three types of component failure data are available from
practical experience. For components of a standby system, the data base
gives a standby failure rate which can be used to estimate the
unavailability of the component. The data base also provides operating
failure rates for operating devices such as pumps or motors, given that the
device has successfully started. The failure probability for a required
mission time can be calculated from the operating failure rate. In addition
to standby or operating failure rates, there is a third type of failure data
in the data base which is a probability per demand, such as the probability
that a pump will fail to start when it is required.
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In general failure rates and demand probabilities can vary with time
and with demand. Within the scenario of periodic testing, checking and
maintenance as required, it is standard to disregard the situations of
burn-in or wear-out, and to assume as a simplification that these rates and
demand probabilities are constant in time. For systems where redundancy is
applied to improve reliability, dependent (common-cause) failures must also
be considered (8.1).

The final step in the analysis of a Fault Tree is the determination
of the top event probability. Basically, this analysis consists of
assigning failure probabilities to each fault and combining them as
prescribed by the logic structure of the tree to obtain the probability of
the top event.

In order to perform this evaluation in a straightforward manner, a
commonly used procedure is to reformulate the logic structure of the Fault
Tree in terms of minimal cut sets. A minimal cut set is the smallest
combination (intersection) of component failures which, if they all occur,
will cause the top event to occur. Any Fault Tree can be represented by a
finite collection of minimal cut sets, which are unique for the top event.
Minimal cut sets consisting of only one failure (if there are any) represent
those single failures which will cause the top event to occur. The
two-component minimal cut sets represent the double failures which together
will cause the top event to occur. For an n-component minimal cut set, all
n components in the cut set must fail in order for the top event to occur.

For other than relatively simple Fault Trees, computer codes are
usually used to perform the analysis. These programs can handle a large
number of gates and basic events and compute minimum cut sets and the top
event unavailability. Identification of possible common cause failure
contributions to systems failure can also be performed by some of the
codes. Input information is normally given in terms of the fault tree logic
description and basic event failure probabilities. A comprehensive survey
of computer codes can be found in the PRA procedures guide (8.2).

8.3. Accident Sequence Quantification and Core Damage Frequency

Having derived accident sequences for each category of initiating
events, quantified the failure probability of each of the systems involved
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and the frequency of the initiating events, the final step to quantify each
accident sequence is to combine these values.

At this point it is necessary to re-examine the fault trees of the
systems included in a particular accident sequence, to determine whether
they contain any basic events which are common to two or more trees.

If they do not, then the systems can be considered as independent,
and the combination process required only that the individual system failure
probabilities be multiplied together.

More usually, however, common basic events are present, showing that
system inter-dependencies must be considered. Some examples are one system
function being dependent on correct operation of a preceding one, or two or
more systems sharing and being dependent upon a common support system. In
these cases, more complex combination procedures are necessary, and the
usual approach is to recast the fault trees containing common events into a
single tree, so that the dependencies can be properly taken into account.

The appropriate combination procedures must be repeated for each
accident sequence and all initiating events.

Results can be also grouped to distinguish the core damage frequency
for each category of initiating events. For consequence evaluation,
accident sequences leading to core damage are normally grouped into
categories for which reactor conditions, the inventory released and the
timing and conditions of the release are similar.

9. DEPENDENT FAILURES

9.1. Types

Type 1. Major Common-cause initiating events: external and internal events
that have the potential for initiating a plant transient and also causing
failure of systems provided for protection against that transient. These
events usually, but not always, cause severe environmental stresses on
components and structures such as the containment. Examples include fires,
floods, earthquakes, losses of off-site power, aircraft crashes, and vapor
cloud explosions.
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Type 2. Intersystem dependencies: events or failure causes that create
interdependences among the probabilities of failure for individual
systems. Stated another way, inter-system dependencies cause the
conditional probability of failure for a given system in an accident
sequence to be dependent on the performance of systems that precede it in
the sequence. There are several subtypes of interest in risk analyses.

Dependencies among systems that follow from the plant design
philosophy, system capabilities and limitations, and design bases.
One example is a system that is not used or needed unless other
systems have failed; another is a system that is designed to function
only in conjunction with the successful operation of other systems.

Dependencies of multiple systems on common components, subsystems, or
auxiliary equipment. Examples are (1) a collection of pumps and
valves that provide both a coolant-injection and
coolant-recirculation function when the functions appear as different
events in the event tree and (2) components in different systems fed
from the same electrical bus.

Failure mechanisms, similar to those in common-cause initiating
events, that while not necessarily causing an initiating event,
nevertheless increase the probability that multiple system failures
will occur. Often they are associated with extreme environmental
stresses created by the failure of one or more systems after an
initiating event. For example, the failure of a set of sensors in
one system can be caused by the excessive temperature resulting from
the failure of a second system to provide cooling.

Type 3. Intercomponent dependencies; events or failure causes that result
in dependencies among the probabilities of failure for multiple components
or subsystems. An example would be the multiple use of similar components,
all susceptible to failure from a common environmental problem such as fire
or corrosion damage. The multiple failures of interest in risk analyses are
usually within the same system or the same minimal cut set that has been
identified for a system or an entire accident sequence.

9.2. Available Methods

Dependent failures must be taken into account in (1) the selection of
initiating events, including external events; (2) the definition of
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accident sequences (event-tree construction); (3) system modelling
(fault-tree construction); and (4) the quantification tasks. Their analysis
is therefore performed by using a combination of separate methods.

The available methods for dependent-failure analysis can be
categorised as either explicit, parametric, or computer aided. Explicit
methods involve the identification of specific causes of dependent failures
in the event- and fault-tree logic. Included in this category are the
event-specific models, which treat event frequencies and damage in the
dependencies (fragilities) in terms uniquely appropriate to each event;
these techniques can for example be applied to analysis of sequences
following Major Common Cause Initiating Events (MCCIE).

In general, the procedure to assess significance of a MCCIE may be
divided into three major steps. First, a best estimate of the frequency of
the MCCIE as a function of its severity (e.g., ground acceleration for
earthquakes, windspeed for windstorms) is derived. The uncertainty in these
estimates is also assessed. This is called the hazard analysis or function.

Second, the probability of damaging reactor structures and equipment
for each level of severity is assessed, again with an associated
uncertainty. For example, the probability of an earthquake causing failure
of a pump is developed as a function of the earthquake acceleration.
Similarly, the probability of a fire damaging one or more electrical power
divisions is assessed as a function of the size and location of the fire.
This is called fragility (or damage) analysis or function.

Third, the conditional probability of core damage sequences (this
applies only to those research reactors for which the potential of core
melting exists) and the given damage is estimated and combined with the
frequency of the MCCIE. This is done by utilization of a plant model (i.e.
event trees and fault trees) developed (as described in Chapters 7 and 8)
and supplemented by development of other event trees and fault trees
specifically for representation of MCCIE accident sequences.

The MCCIEs of earthquakes and fires may require application of all
three steps described above to determine their significance. The other
MCCIEs (wind storms, aircraft crashes, explosions) may require only a
bounding assessment to assess that they would not significantly contribute
to the core damage frequency. This usually constitutes a hazard analysis to
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obtain the frequency of the initiating event and semi-quantitative "worst
case" assessments of the potential for damaging the plant and inducing core
damage sequences.

The second category of methods, termed parametric, includes
techniques such as the beta factor model (Ref 9.1). In these methods, new
reliability parameters are added to the usual list to account for dependent
failures. The optimal application of the beta-factor technique is in
estimating the values for one and two dependent-failure parameters,
respectively, from dependent-failure experience data.

10. HUMAN INTERACTIONS

10.1. Importance and Types

As a general concept, most types of failure can ultimately be traced
back and ascribed to an earlier human error - for example, design errors not
eliminated by subsequent checking procedures. The human interactions
considered in the present section, however, are of the more direct type
which arise at the interface with equipment, primarily in the areas of plant
inspection, maintenance and repair, operational errors, and operator
intervention in event sequences.

As stated in chapter 3, actuarial records of industrial experience
show that human interactions are extremely important to safety. It is
estimated that 80% to 90% of the accidents in the chemical industry involve
the human element. Likewise, data from the airline industry, from the late
fifties to the present, indicate that 60% to 80% of the airplane crashes
were attributable to human elements. The experience of the nuclear industry
also shows the importance of human interactions. Assessments made in
various PSA studies provide further corroboration for the importance of
human interactions (e.g., in the DRS (10.1), human errors were reported to
contribute 63% to core melt frequency; EPRI NP-3265, (10.2) which reviewed
five PRA studies, reported that human error contributions to the core melt
frequency varied between 10% and 87%).

It has to be expected that the influence of human interactions will
be even more important for research reactors than for nuclear power plants.
This is because the operation of research reactors is usually less automated
in order to allow sufficient flexibility for conducting experiments. Thus,
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with regard to keeping operational parameters within safe limits and with
respect to the control of safety systems, a research reactor may depend to a
greater extent than nuclear power plants on operational procedures and
administrative controls.

One of the conclusions of reference 10.2 was that PSA studies should
treat a variety of human interaction types such as: 1) testing and
maintenance actions prior to an initiating event; 2) actions which might
cause initiating events; 3) actions taken to ameliorate situations that
developed; 4) actions which exacerbate the situation; and 5) recovery
actions. These types of human interactions can be distinguished in PSA
studies by the approach and data used for incorporating them into the
studies. However, even within each type, it was found that a wide variation
in the assignment of human reliability parameters stemmed from the use of
different analysis methods and assumptions, as well as difficulty in
interpreting such data as exist. Further, many assumptions were made; some
were explicitly recognised, but others often went unstated. It is these
unstated assumptions that can have a dominant influence on the results of a
PSA study (10.3).

10.2. Quantification

Figure 10.1 illustrates how different Human Reliability Analysis
(HRA) approaches observed from the review of past PSA studies might
contribute to variability in the results. The various pathways that an
analyst can select in quantifying specific human interactions are shown as
lines connecting blocks that represent an analysis technique. All the
blocks, with the exception of the mathematical model, have been used in
varying degrees in published PSA studies. With regard to correlation
models, their development is advancing rapidly, e.g. Work reported in
reference 10.4.

The first stage in Figure 10.1 is selection of approach e.g. SHARP
steps (reference 10.5). The second stage is selection of representation,
which is defined as unquantified descriptions of how the operator might
respond to an accident sequence. These descriptions provide the framework
for subsequent quantification with judgement, data or models. Typical
representations employed in PSA studies include the Operator-Action Tree
(OAT) (10.5), the HRA tree of THERP (10.6), the Confusion Matrix (10.7), and
the Influence Diagram (10.8). However, the rationale or assumptions
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ANALYSIS PATHWAY - - -

REPRESENTATION - - -

MODEL/DATA - -

SELECTION OF APPROACH
(e.g.. SHARP STEPS)

REPRESENTATION
(e.g.. OAT. HRA TREE. CONFUSION

MATRIX. INFLUENCE DIAGRAM)

HUMAN
RELIABILITY
DATA BASE

(e.g.. NUREG 1278)

THE -«LIABILITY
CORRELATIONS

(e.g.. SIMULATOR
RESPONSE TINES)

MATHEMATICAL
MODEL OR
CORRELATION

(e.g.. HCR WOO.)

EXPERT OPINION
TO ESTIMATE

HUMAN RELIABILITY
(e.g.. PAIRED COMPARISONS)

QUANTIFICATION

Figure 10.1. Pathways Leading to quantification of Human Interactions in PSA
Studies

associated with choosing a particular representation may be unstated. If no
representation is explicitly chosen, then there is an implicit choice of a
two-state success-or-failure representation.

In Figure 10.1, the models and data for quantification include data
and information from which an analyst can extract the probability for a
specific human interaction. The prime example of a human reliability data
base is Chapter 20 of the Handbook (10.6). Time-reliability correlations
(TRC) relate the probability of human error in a given task to the time
available to perform the task (10.5). They are being applied in PSAs to
Type 3 and Type 5 human interactions. Some TRCs are based on expert
opinion; others are based on collections of response times from training
simulators. A model differs from a TRC in being a mathematical relationship
that enables the user to predict quantitatively the response of a system or
crew rather than judgmentally applying a TRC. The mathematical relationship
defines how the data collected in one situation might apply in another.
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11. UNCERTAINTY AND SENSITIVITY ANALYSIS

11.1. Uncertainty Analysis

An uncertainty is associated with the result of any analysis. It
arises from the propagation through the analysis of uncertainties both in
the values of data and parameters used, and from necessary approximations in
the models adopted to describe the physical and other processes involved.
In an uncertainty analysis, these basic contributing uncertainties are
suitably combined, using a model of the propagation process, to provide an
estimate of the uncertainty in the overall result. Such analyses provide a
deeper insight into the results of risk analyses, add to the credibility of
the results, and aid the decision-making process.

Historically, in the context of PSAs, the term "uncertainty" has been
used to describe two different concepts:

1. Random variability in some parameter or measurable quantity.

2. Imprecision in the analyser's knowledge about models, their
parameters, or their predictions.

The uncertainties that arise in risk assessments can be of three
types [11.1]:

- uncertainties in parameter values

- uncertainties in modelling

uncertainties in the degree of completeness

Parameter uncertainties arise from the need to estimate parameter
values from data. Such uncertainties are inherent because the available
data are usually incomplete, and the analyst must make inferences from a
state of incomplete knowledge. Modelling uncertainties stem from
inadequacies in the various models used to evaluate accident probabilities
and consequences, and from the deficiencies of the models in representing
reality. Uncertainties due to completeness are related to inability of the
analyst to evaluate exhaustively all contributions to risk. They refer to
the problem of assessing what has been omitted and might be regarded as a
special case of modelling uncertainty.
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To date, PSAs have given more attention to parameter uncertainties,
than to modeling and completeness uncertainties because parameter
uncertainties can be treated more straightforwardly.

The uncertainties from each of the different parts of the PSA, namely:

system model
accident sequences
evaluation of radionuclide release
consequence analysis

must be combined to provide an overall quantitative measure of the
uncertainty of risk.

A concise method of displaying the uncertainties in the overall
results of a PSA is to present a family of risk curves forming the "risk
band", representing for instance the best estimate, the upper and lower
bounds or a whole distribution of curves.

It is recognised that an uncertainty analysis is a difficult task to
carry out, as the proposed models and methods are complex and still in a
developing stage.

Adequate information, of broadly comparable nature to that which
would result from uncertainty analysis can, however, often be obtained using
the simple "sensitivity analysis" approach (Section 11.2).

11.2. Sensitivity Analysis

Sensitivity analysis entails the determination of how rapidly the
output of an analysis changes with respect to variation in the input.
Sensitivity studies do not usually incorporate the error range or
uncertainty of the input. This distinguishes sensitivity analysis from
uncertainty analysis since the latter incorporates the input uncertainties
and their propagation into output uncertainties. Sensitivity studies are
particularly useful for assessing the influence of different models and data
on the analysis.
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12. RADIOACTIVE INVENTORIES, ACTIVITY RETENTION AND RELEASES

The signficance of any possible release of activity to the reactor
building (hazard to the staff) or to the environment (hazard to population
around the reactor) will depend on the following factors:

1) fission product inventory depending on power level and operating
history;

2) possibility of partial or complete core-melt;
3) special design features with regard to reactivity transients;
4) activity release from fuel;
5) retention of fission products in pool water;
6) retention of fission products in the containment building, including

deposition of volatiles and aerosols on surfaces in the building;
7) retention of fission products on filters in the exhaust system
8) additional air cleaning features (e.g. recirculation via filters);
9) set-up of experiments and experimental facilities with possible

release of radionuclides.

An example of the fission product inventory for a 10 HW MTR - type
reactor core is given in Table 12.1. It should be noted, however, that
additional radioactive isotopes may be contained in reactor experiments.

In order not to impede the operating schedule, reactors are usually
licensed for continuous operation at a given maximum power level. One
should bear in mind, however, that in case of less operating hours, say for
instance with only daytime operation, the fission product inventory is much
lower than that tabulated particularly in respect of the medium and
long-lived fission products.

A procedure to determine the amount of radioactivity being released
to the atmosphere is the following:

Each of the nuclides given in table 12.1 (the original core
inventory) is followed through the accident sequence, taking into
consideration its retention in the fuel and in the coolant; absorption in
filters, and deposition on surfaces; ventilation exhaust rates have to be
considered as well as radioactive decay during this process.
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Table 12.1.
Fission Product Inventory at Time of Shutdown for a 10 HW-type Reactor Core

tuclide

33mKr
B5mKrj5
Kr

i?Kr
Î8Kr
Î9Kr
»0Kr
L29mXe
13 1mXe
L33mXe
L33Xe
L35mXe
L35Xe
L37X̂e
100LJOXe
L39Xe

S3r,Br
L29I
L31I
L32m
L32I
L33I
L34mI
L34I
135I
L36I

Half Life

1.83 h
4.48 h
10.76 y
76.3 min
2.80 h
3.18 min
32.3 s
8.89 d
12.0 d
2.2 d
5.29 d
15.3 min
9.17 h
3.83 min
14.1 min
39.7 s

,

2.4 h y
1.57.10 y
8.04 d
84 min
2.38 h
20.8 h
3.5 min
52.0 min
6.59 h
38 s

Activity in core at time
of shut-down*
[Ci]

4,50 . 104
1,11 . 105

2
7,83 . 10

c
2,00 . 10

5
3,05 . 1053,88 . 105
4,07 . 10_31,19 . 103
1,94 . 10

A
1,37 . 10

5
5,68 . 10

A
8,86 . 105
4,62 . 10 **55,01 . 10

c
5,46 . 105
4,50 . 10

4,50 . 104
—31,19 . 105

2,38 . 10
1,13 . 103

c
3,54 . 10

c
5,69 . 10

A
7,10 . 10
6,45 . 1055
5,37 . 10c
3,39 . 10

[GBq]

1.67 . 106
4.10 . 106

A
2.90 . 10

£
7.40 . 107
1.13 . 1071.44 . 107
1.5. . 10_2
4.40 . 10

47.18 . 105
5.07 . 107
2.10 . 10&
3.28 . 107
1.71 . 107
1.85 . 107
2.02 . 107
1.67 . 10

1.67 . 106
—24.40 . 10&

8.81 . 10
4.18 . 1047
1.31 . 107
2.11 . 10g
2.63 . 10
2.39 . 107

71.99 . 107
1.25 . 10
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Nuclide

Sr
90oSr
91oSr
99Mo
99mTc
103Ru
105Ru
106Ru
L27mTe
L27Te
L 2 9mTe
L29Te
132Te
127Sb
129OKSb
L37Cs
140Ba

Half Life

50.5 d
28.5 y
9.5 h
66.0 h
6.0 h
39.35 d
4.44 h
368 d
109 d
9.35 h
33.6 d
69.6 min
78 h
3.85 d
4.32 h
30.1 y
12.79 d

Activity in core at time
of shut-down*
teil

3,71 . 1053
5,92 . 105
4,94 . 10

c
5,13 . 105
5,17 . 105
2,52 . 1057,82 . 103
9,46 . 103
2.01 . 10

A
1,05 . 10
2,88 . 104
5,48 . 104

c
3,54 . 10

A
1,05 . 10

A
5,48 . 103
5,96 . 105
5,35 . 10

tGBq]

1.37 . 107
e

2.19 . 10
•j

1.83 . 10
j

1.90 . 10•7
1.91 . 10t.
9.32 . 101
2.90 . 105
3.50 . 10

A
7.44 . 10

c
3.89 . 10
1.07 . 106
2.03 . 106•j
1.31 . 10

c
3.89 . 10

t.
2.03 . 10

c
2.21 . 10f
1.98 . 10

* Assumption: Continuous operation at a power level of 10 MW throughout
180 days, fission yield and absorption cross section were
taken from (12.1, 12.2, 12.3, 12.4, 12.5, 12.6, 12,7)

** The equilibrium value for 135 104 CiXe at time of shutdown is 7,62
due to Xe-burnup. After shut-down, however, I decays into Xe
yielding an additional 3,86 . 10 Ci resulting in a total inventory of
4,62 . 10 Ci of Xe over the whole accident sequence (Similar
processes for several other nuclides such as Xe, Xe, Xe
among others, were, however, neglected as the contribution of those nuclides
to the overall activity inventory is small).
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The procedure is facilitated by grouping the nuclides into:

- noble gases
- iodine isotopes
- other volatile fission products (aerosols)

The fraction of the original fission product inventory finally
released from the containment together with the time characteristics of the
release, may now be used as the source term for determining off-site
consequences.

The fraction of activity released from the fuel will depend on the
maximum temperature reached by the fuel under accident conditions, on the
temperature distribution along the fuel element and across the core and on
special fuel characteristics such as cladding material, fuel material and
any bonding between fuel and cladding. The maximum temperature reached
under accident conditions will depend on the surface structure of the fuel,
on the transient conditions, on the amount of fuel which may be exposed to
air under LOCA conditions, and on the engineered safety features for
decay-heat removal.

The temperature distribution along the fuel element and across the
core will depend on the amount of fuel covered by water, heat conduction
along the fuel element, etc. Special design features, such as primary
coolant piping exit and entrance arranged above the upper core level, or the
positioning of beam tubes with regard to the core, will greatly influence,
in the case pool type reactors, the amount of fuel covered by water even
under LOCA conditions; this in turn will greatly influence the amount of
fuel which can be expected to melt.

The cladding structure will also influence the activity release.
While with a non bonded cladding around a porous fuel, a crack in the
cladding will result in the release of a large fraction (up to 100%) of the
noble gases present and considerable fraction of the volatiles (in
particular iodine). The release from bonded-clad fuel elements (e.g.
U-Al-alloy MTR-fuel) will be far less in case of crack damage of cladding
since activity is released only from a small region of fuel around the crack.

The quantity of a fission product released will depend on its
chemical nature. Noble gases are most readily released from the fuel,
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followed by volatiles, such as iodine. The fractions released depend
strongly on the temperatures reached and the fuel material.

The retention of fission products in water is of particular
importance with regard to the eventual fission product release under
accident conditions. In this respect it is of great importance whether the
fission product releases occur into air (LOCA) or into water (reactivity
insertion accident, fuel channel blockage). Examples of empirically
determined retention factors in water may be found in the literature (e.g.
12.8, 12.9, 12.10). However, much new experimental work has been carried
out in recent years, directed to improving understanding of the physical and
chemical processes involved.

With the activity being released into the containment atmosphere, the
eventual release to the environment will depend on the time available for
decay within the containment, any deposition on surfaces in the containment,
and the performance of any specially engineered air cleaning features and
off-gas cleaning filters in the exhaust air system.

The change in the amount of activity airborne in the containment
atmosphere after release into the confinement atmosphere is given by the
equation:

d t
rad.
decay

release
from
containment

deposition
on
surfaces

suspen-
sion

f .R

air cleaning production
by term
recircul-
ation

_3q - airborne amount of a specific radionuclide [m ]a -2q - amount of radionuclide on surfaces [m ]5 and dq8 3-1 _Ë.L - exhaust rate [m sec ] dcr _]_V. - deposition velocity [m sec 1
d 2S - area of surfaces in the confinement [m ]

V - volume of confinement [m ]
. . . -1 -1.r - resuspension rate [m sec ]

3 -1R - recirculation rate [m sec ]
- filter retention factor of recirculation filterf

Q -3 -1- production term from precursor nuclides [m s ]

^ I
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Most analyses of radionuclide behaviour within the containment do not
account for a production term from precursor nuclides. However, given
special conditions regarding initial composition of the nuclide mixture and
transport conditions for the single nuclides in the containment, it has to
be assessed whether production or transformation phenomena could be
important and accordingly need to be considered.

With noble gases, only the first term (radioactive decay) and second
term (release) will be of importance with regard to radionuclide release to
the environment. The contribution of deposition and engineered air cleaning
features will be negligible. The activity actually released to the
environment will depend on the reduced air exhaust-rate applying under
accident conditions.

For iodine, deposition on the surfaces in the containment is of
considerable importance as has been demonstrated in various experiments and
actual accidents (12.10, 12.11, 12.12, 12.13, 12.14). Therefore, in
addition to radioactive decay the third and fourth term in the above
equation must be considered. Deposition velocity and resuspension rate for
various surfaces are reported in literature, (12.10, 12.11, 12.12, 12.13,
12.14). For reactors with additional air cleaning features (e.g.
recirculation of containment via a charcoal filter) the penultimate term in
the above equation will also contribute to reduction of the release to the
environment.

For reactors having a charcoal filter in the off-gas system the
retention on this filter may be taken into account by using the retention
factors given in (12.15). The retention factor depends on the quality of
the charcoal and its impregnation as well as the retention time, i.e. the
volume of the charcoal and the flow rate of the air across the filter. The
performance of the charcoal bed is also a function of the water vapour
content of the gas, and therefore dependent on the type of accident.

Any release of aerosols will depend very much on the maximum
temperature of the fuel, the type of fuel, on whether the release from the
fuel occurs into the pool water or directly into the containment air and on
air cleaning features both within the containment (recirculation via
HEPA-fliters) and in the exhaust air-duct. A release to the containment air
of less than 10 of volatiles contained in the molten part of the fuel
has been measured in the case of a fuel channel blockage with fuel plate
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melting (12.9). With the rather low aerosol release into the containment
atmosphere to be expected for most research reactors, the coagulation,
sedimentation and deposition of the aerosols on containment surfaces will
contribute little to the retention and usually may be neglected.

Air cleaning features such as recirculation of the containment air
via HEPA-filters and HEPA-filters in the exhaust airduct will contribute
significantly to a reduction in release of aerosols to the environment.
Retention factors of 99,97% are typical for HEPA-filters while the
recirculation via HEPA-filters results in retention factors of 90% to 99,9%
depending on the relation between exhaust rate and recirculation rate.

13. OFF-SITE CONSEQUENCES

Off-site consequences will depend on the actual release according to
chapter 12 and on the meteorological conditions prevailing during the
accident. Usually the meteorological diffusion characteristics are taken as
constant throughout the accident sequence. With a sufficiently low release
rate and a sufficiently large confinement volume, however, the release will
typically last for weeks. An assumption of constant wind speed and
direction and diffusion characteristics will therefore usually grossly
overestimate committed doses. More realistic representations of
meteorological conditions are to be prefered for PSA studies (13.1).

As pointed out in Chapter 12, the activity actually released in a
severe accident will depend on many characteristics specific to each type of
reactor. No general results valid for all types of research reactors can be
given. For most pool-type research reactors, however, grouping into four
different accident sequences is reasonable:

o release of fission products from the fuel with complete
coverage of the core by the pool water (e.g. fuel channel
blockage, cladding failure,...)
Typical final release factors of core inventory may range

according to the safety systems:-
-5 -3 88 135from 10 to 10 for the noble gases Kr and Xe.

from 10~9 to 10~6 for 131I
-10below 10 for long lived aerosols.

53



o high reactivity insertion accident resulting in a sufficiently
short reactor period to cause partial damage to the core (not
applicable to reactors with large negative temperature
coefficient such as TRIGA)

Typical release factors of core inventory may range, according to the
safety systems :-

—5 —3 88 135from 10 to 10 for the noble gases Kr and Xe

from 10 to 10 for I

-10 -4from 10 to 10 for long lived aerosols.

o LOCA with meltdown of a large fraction of the core (only
possible with power level of the order of MW and possibility of
complete loss of pool water) .

Typical release factors of core inventory may range according to the
safety systems :-

-2 -1 88 135from 10 to 10 for the noble gases Kr and Xe

from 10 to 10~ for I

-5 -2from 10 to 10 for long lived aerosols.

o release from any other sources, e.g. irradiation samples,
experiments and experimental facilities.

In these release factors, no filters in the exhaust stack (HEPA or
charcoal) have been assumed. An additional decrease in activity actually

-4released of approximately 10 for aerosols may be assumed if HEPA-filters
-2are installed in the exhaust system. For iodine a decrease of 10

-410 may be assumed if iodine retention systems (e.g. charcoal) are
installed in the exhaust system. The actual retention factor depends on
humidity and residence time of the exhaust air in the charcoal bed (13.2).
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Appendix A

PROBABILISTIC SAFETY ASSESSMENT (PSA) CASE STUDY OF A
REFERENCE 10 M W PLATE TYPE FUEL RESEARCH REACTOR

1. INTRODUCTION

As an illustration of the application of probabilistic methodology to
evaluate research reactor safety a case study is presented. The example
deals with a 10 MW research reactor identified here as the "reference
reactor". It uses Al clad UA1 alloy plate type fuel.

The objective of this exercise is to provide managers and/or reactor
operators with an overall view of the probabilistic methodology. To achieve
this goal the effort is mainly concentrated on illustrating the actual steps
to be followed in the conduct of a PSA. Therefore, the system described as
the reference reactor is not representative of any particular design. A
simplified treatment of electric power includes the calculation of the
probability of recovery within two hours, assuming that offsite power
recovery which can be approximated by a log normal distribution.

Section 2 gives a general description of the reference reactor and
its principal safety systems including the containment systems designed to
mitigate radionuclide releases in the case of a severe accident; success
criteria for the operation of the safety systems are discussed. Section 3
gives a brief review of the steps to be followed in the conduct of a PSA;
accident initiating events (IE) are identified and grouped into categories.
Event trees for each category of IE are described in Section 5. They are
quantified by means of fault trees derived for each event tree heading
discussed in Section 6.

Finally, a quantification of the complete accident sequences is
discussed in Section 7.

Categories of radioactive releases are defined in Section 8, based on
the fraction of core damaged and operability of containment systems, for the
sequences depicted in the event trees. Water retention and plate out of
radionuclides are considered.
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All data referring to the fraction of core damage, water retention
factors and plate out factors for actual application of this methodology
must be based on specific neutronic and thermo-hydraulic calculations for
the particular reactor under study.

It is hoped that this document will be of value to those wishing to
apply the probabilistic methodology to evaluate safety of a particular
research reactor.

2. GENERAL DESCRIPTION OF THE REFERENCE RESEARCH REACTOR
2.1. Cooling System

The reactor is cooled by light water which is circulated from the
reactor pool through a decay-tank, heat exchangers and back to the reactor
pool. A simplified diagram of the circuit is shown in Figure 2.1.

A_£=i

SUMP

HEAT
EXCHANGERS

Fig. 2.1. REFERENCE REACTOR COOLING SYSTEM

64



Water is drawn from the bottom of the reactor into the decay-tank and
through the suction header. Prom there it is pumped by one main pump Pi
through a manually operated valve V01 a motor operated valve MV01 and a
check valve (non return valve) CV1 to the common discharge header. It is
then pumped through one heat exchanger back to the reactor pool. The second
main pump and heat exchanger are in standby. Reverse flow is prevented by
check valves (non return valves).

During reactor shutdown due to normal power supply failure the main
pumps are unavailable and circulation is maintained by the emergency pump
EP1 to dissipate decay heat.

Valves in the two heat exchangers are operated manually. The heat
exchanger outlet valve MV09 is motorised to enable remote automatic
operation.

Flappers under the reactor core enable natural convection in the case
of emergency forced flow failure.

During the LOCA reactor cooling is maintained by the water sprayed
from the water tank through the valves EMV-1 and EV-1. Valve EMV-1 is
opened by the level indicator in the reactor pool. After certain time when
the water tank is emptied, emergency pump ESP-1 and valve EMV-2 supplied
from the emergency power are automatically switched on and the pump
recirculates the water from the sump back into the reactor through the spray
nozzles to maintain emergency cooling.

The pump ESP-1 and the valve EMV-2 are switched on from the level
indicator in the water tank and also from second step low level signal in
the reactor pool.

It is assumed that in the case of the reactor pool leakage water can
be collected only in the sump.

In the event that the water tank delivers water to the reactor core
and check valve ECV-1 fails and EMV-2 is found open the spray water will
by-pass the core. However, failure was not considered because of its
anticipated low probability of occurrence.
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2.2. Confinement Air Recirculation and Iodine Removal

The ventilation system of the reference reactor is taken from
Appendix B2[1J. A schematic diagram of the system is shown in Figure 2.2.

FILTER

AIR
INPUT

V.ooo

A2 AI

„CHARCOAL
ABSORBER ^ 'CLEAN* RETURN

ADDITIONAL
EXTRACT
•7. ooo

ACCIDENT CONDITION 300m /hr
DISCHARGE

REACTOR
HALL

TO ATMOSPHERE
1̂ 1̂

FIG.2.25CHEMATIC LAYOUT OF VENTILATION SYSTEM

0 tXl/MANUALLY OPERATED
Q M POWER - OPERATED

The system normally maintains a depression of 13 mm HO in the
reactor hall.

The inlet system delivers about 11.000 m /h of air to the reactor3hall and is extracted by the two extract systems of 4000 m /h capacity3through the extract filters to the stack and additional 7,000 m /h direct
to the stack.

For emergency conditions of activity release within the hall the mode
of operation changes to seal the building, decontaminate the extract air and
return it to the reactor hall instead of discharging it up the stack.

When an activity release is detected by the gamma monitors on the
extract filters, the inlet (A,, A ) and additional extract (A . A )1 2 3 4
lines are isolated and air is recirculated via charcoal beds (valve C open)
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to reduce contamination in the reactor hall. Only a flow of air equal to
the building leakage is discharged to the stack and the depression is
maintained at 63 mm H 0 by a flap valve (A) in the decontaminated air
return line to the reactor hall. The system would then be required to
operate for a period of perhaps up to a week to adequately decontaminate the
reactor hall air.

The operator can manually operate these valves to the emergency state
if automatic initiation fails.

Reliability of the building seal valves system can be expressed in
terms of its probability of failure on demand.

Failure to initiate and maintain a seal could lead to an unacceptable
activity release.

An unacceptable release could occur if valve B4 or valve A does not
open on demand so causing all extract air to be discharged to the stack and
the building depression to be high.

Failure of valve Bl, fans, dampers or filter blockage will cause the
containment depression to tend to zero or be negative. This condition
combined with the charcoal beds unavailability will make the system

VI * -r131 1incapable of I removal.

Main components such as the fans, dampers and seal valves have been
duplicated for the system to be able to tolerate single independent failures.

The quantified reliability of the sytem has been derived on the fault
tree based on Appendix B2, which is equivalent to the probability of failure
on demand.

2.3. Protection System (Shutdown system)

The reactor protection system was based on Appendix Bl as an example
of a modern research reactor. The trip parameters are: excess rate of
neutron flux, activity in the core outlet flow, and stack off-gas activity
high. Shutdown is achieved if 4 of the 6 rods insert.
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Protection system consists of flux channels, gamma monitors, guard
lines, rod system and associated logic.

Common mode failures are combined with random failures in a total
analysis.

2.4. Electric Power Supply

The emergency electric power supply of the reactor is equipped with
batteries and a diesel generator. Battery enables electric power supply for
emergency pump, fans, valves and control instruments to be maintained for
two hours after reactor shutdown. Within this time the diesel generator is
expected to start and take over electric power supply if normal off site
power is not recovered. Diesel generator is equiped with a small
independent start-up battery.

2.5. Success Criteria

As it was said before for normal cooling of the reactor only one main
pump and one heat exchanger are required.

After normal shutdown one main pump and one heat exchanger are needed
to remove the residual heat for a given period of time. For the purpose of
following caluclations a period of 4 hours was assumed for conservative
reasons supposing the natural circulation cooling mode fails to function*.

If the main pumps are not available and natural circulation fails,
the emergency pump EP-1 and one heat exchanger should operate during 4 hours
to prevent fuel overheating if natural circulation fails.

In the case of a LOCA, after the water tank is emptied the spray
recirculation system shall be maintained for a given period of time. This
study is concerned only with a period of 4 hours following an accident
initiating event [2]. It means that Emergency Power Supply (EPS) should be
available 4 hours to allow emergency pump ESP-1 operation.

* For most types of research reactors to avoid core overheating
post-shutdown forced circulation is required for a very short time before
natural circulation starts. This post-shutdown forced circulation can even
be achieved by inherent safety features (decay tank, pump inertia etc) in
case electric pumps are not available.
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There are two success criteria for the EPS:

1) To prevent fuel overheating in a LOCA (4 hours);
2) To maintain proper ventilation conditions within 4 hours in the

reactor hall after fuel has overheated and the hall
contaminated.

The iodine removal and containment air recirculation systems would be
required to operate for a period of 7 days after an accidental situation in
order to adequately decontaminate the reactor hall air (Appendix B2).

However, these systems in the case of off site power failure are
supplied from the Emergency Power Supply (EPS). It is considered that after
4 hours residual activity existing in the reactor hall will escape by any
unavoidable path in the reactor hall containment building. This release
represents the building leakage when containment air recirculation is
stopped and is treated as ground release (not from the stack). This
situation is however not represented in the event trees.

For the purpose of estimating maintenance intervals the reactor is
assumed to operate in cycles of 100 hrs per week.

3. PSA METHODOLOGY APPLICATION

The probabilistic methodology reviewed in Chapter 3 of the main
report was applied to identify and quantify possible accident scenarios for
the reference research reactor described in section 2.

The first step was to group into categories the initiating events
(IE) listed in Chapter 6 of the main report. The criterion used for the
grouping was to define IE categories for which the response of the safety
systems could be represented in a single event tree for all accident
initiators included in each particular category. Six categories of internal
initiating events have been defined. However, for the catastrophic
earthquake, all safety systems were considered as being unavailable and no
event tree was developed. Next the six event trees were developed.
Accident sequences leading to core damage were identified based on the
operability of the reactor safety systems. The system success criteria
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indicated in section 2 was used for this purpose. Having the event trees
developed, the following step is to calculate the probability of failure of
each one of the event tree headings. For that purpose fault trees were
developed. As no dependence was considered between the event tree headings
the quantification of the accident sequences can be done merely by
multiplying the unavailability of the systems included in each particular
accident sequence. Human errors during maintenance and during operation
have been also included in the trees.

Aiming at the evaluation of consequences the accident sequences
leading to core damage have to be classified. At this point another
grouping was necessary. The criterion in this case was that, the effect in
the environment of a given category of release should be the same
independently of the particular accident sequence which led to that release
category. Release categories need to be identified based on the fraction of
the core damaged, operability of iodine removal system and of the
containment air recirculation.

Table 3.1 summarises the main steps to be followed in carrying out
PSA for research reactors. In this, case study, however, attention has been
limited to some steps as indicated.

Table 3.1

PSA METHODOLOGY USED IM THE CASE STUDY

SELECTION OF ACCIDENT INITIATING EVENTS

DEVELOPMENT OF EVENT TREES

DEVELOPMENT OF FAULT TREES

QUANTIFICATION OF FAULT TREES

QUANTIFICATION OF ACCIDENT SEQUENCES

EVALUATION OF CORE DAMAGE PROBABILITY

EVALUATION OF RADIOACTIVE RELEASES PROBABILITIES

ESTIMATION OF SOURCE TERMS FOR DIFFERENT RELEASE CATEGORIES
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4. ACCIDENT INITIATING EVENTS

As described in Chapter 6 of the main report initiating events were
grouped according to the similarity of their impact on the integrity of the
reactor core as well as the performance of the set of protective actions
designed to deal with the occurrence of such events.

Based on the above mentioned considerations and examining the events
identified in Chapter 6.1, six categories of accident initiators have been
chosen to conveniently demonstrate the possible ways of initiation of
accident scenarios.

The accidents considered:

LOCA
Excess Reactivity Insertion
Excess Reactivity Leading to Super Prompt Criticality
Loss of Normal Electric Power
Loss of Flow Accidents (LOFA) - pump failure
Loss of Flow Accidents (LOFA) - blockage.

5. DEVELOPMENT OF EVENT TREES

Event trees have been derived for each one of the accident initiating
events given in section 4.

The simple functional event tree of the main report (figure 7.1) was
specialised at the systems level for each one of the six initiating events
as described next. As it will be noted the operability of the containment
systems do not influence the outcome of any particular sequence in as far as
core damage is concerned. It would, however, set the conditions for the
release of radionuclides.

5.1. LOCA

The headings appearing in this tree, (figure 5.1), indicates that
given a LOCA the emergency core spray system is the only safety system
capable of cooling the reactor core. Shutdown is assumed by loss of
moderation and eventual recriticality seems not to be feasible.
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Fig. 5.1. Event Tree - LOCA

A total failure of electric power, i.e. normal and emergency feeds
renders reactor and containment systems unavailable and leads directly to a
core damage sequence. Six accident sequences have been identified.
Sequence one is the only one which would not .lead to core damage. Sequences
two through six are assumed to lead to severe core damage.

5.2. Excess Reactivity Insertion

Given this initiator, core damage occurs if the primary cooling
system, the emergency cooling flow system and the natural circulation are
simultaneously unavailable.

Total electric power failure (Fig. 5.2) would fail the primary
cooling system, the emergency cooling flow system and the containment
systems. A total of fourteen sequences have been identified. Sequences 1,
2, 3 and 8 do not lead to core damage. Sequences 4 through 7 and 9 involve
the success of the reactor shutdown system and are therefore assumed to lead
only to minor clad damage. However, power control system will mitigate
reactivity excursion up to a certain level.

Sequences 10 through 14 involve the failure of the reactor shutdown
system and are assumed to lead to a partial core damage regardless of the
availability of the reactor cooling system. In reality one can expect three
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Figure 5.2.- EVENT TREE - EXCESS REACTIVITY INSERTION

different situations (namely: forced circulation is available, forced
circulation not available but natural circulation available, and forced
circulation and natural circulation not available) which obviously leads to
different conditions for core damage.

5.3. Excess Reactivity Leading to Super Prompt Critical Condition

This accident initiator leads to a fast power excursion which is
terminated by loss of moderation due to water expulsion. The only safety
system capable of mitigating the consequences are iodine removal and
containment air recirculation systems. The five sequences 2 through 6
(figure 5.3) lead to a partial core damage. Failure of electric power
systems would directly lead to failure of containment systems.

5.A. Loss of Electrical Power Supply

This accident initiator involves the failure of normal electric
power. Core damage occurs if both the emergency cooling flow system and
natural circulation fail. Emergency electric power failure, in this tree,
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Figure 5.3.- EVENT TREE - EXCESS REACTIVITY LEADING TO
SUPER PROMPT CRITICAL CONDITION

means the failure within 2 hours of batteries and diesel generator or the
failure after two hours of the diesel generator and normal electric power
not recovered within 4 hours. If emergency power fails, core cooling can be
achieved only by natural circulation. Given this initiator shutdown is
assumed to be achieved by the fail safe characteristic of the shutdown
system.

Eight sequences hr.ve been identified (Figure 5.4). Sequences 1, 2
and 7 do not lead to core damage. In sequences 3 through 6 and 8 only a
minor core damage is assumed.
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Figure 5.4. EVENT TREE - LOSS OF ELECTRICAL POWER SUPPLY
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5.5. Loss-of-Flow Accidents Forced Circulation Unavailable

This accident initiator led to the development of the 14 sequences
(Figure 5.5). The basic characteristic of these scenarios is the
unavailability of the normal reactor cooling system. Therefore core damage
would occur if both, the emergency cooling flow system and natural
circulation fail. Electric power failure, in this tree, means the failure
of normal and emergency electric power supplies and renders the emergency
cooling flow system and the containment systems unavailable.
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Figure 5.5. EVENT TREE-LOSS-OF-FLOW ACCIDENT, FORCED CIRCULATION UNAVAILABLE

Sequences 1, 2, 7 and 9 do not lead to core damage. Sequences 3
through 6 and 8 are scenarios following a reactor shutdown and are assumed
to lead only to minor clad damage.

Sequences 10 through 14 depict cases when automatic and shutdown
systems have failed and are assumed to lead to a partial core damage.
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5.6. Loss-of-Flow Accidents Forced Circulation Available (Blockage)

This tree illustrates a typical case of cooling channel blockage.
The situations leading to this event could arise for example: foreign
material in the pool, removal of irradiation sample, flappers open etc.
Shutdown can be achieved only by operator action, as automatic actuation of
the reactor protection system is not designed for these cases.

There are identified seven accident sequences in this tree (figure
5.6). Sequence 2 involves a successful manual shutdown of the reactor
within about 1 minute and is expected to lead only to a minor core damage.

Sequences 3 through 6 are cases when manual shutdown is not achieved
and therefore a partial core damage is assumed.
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Figure 5.6. EVENT TREE-LOSS-OF-FLOW ACCIDENT, FORCED CIRCULATION
AVAILABLE (BLOCKAGE)

6. FAULT TREES

6.1. Fault Tree Construction

To quantify the accident sequences depicted in the event trees, fault
trees have been derived for the following systems:

Primary cooling system
Emergency cooling flow system

(Fig 6.1)
(Fig 6.2)
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Emergency spray cooling system
Iodine removal
Containment recirculation
Electric Power
Reactor Shutdown

(Fig 6.3)
<*)
<*>
(Fig 6.4)
(*)

* See Reference [1]

Human errors during maintenance and during operation have been
included in the trees. No maintenance actions during operation were
considered.

Primary Cooling System
The primary cooling system is unavailable if the primary pumps fail

or the primary flow is blocked (Fig. 6.1) or check valve of the standby pump
fails.

1 1
PRIMARY
COOL PUMPS
FAILURE

FLOW
BLOCKAGE

4
MVOl CLOSED
DUE TO
OPERATOR
ERROR

À

PUMP 1
FAIL

1

PUMP 2
FAIL

PUMP 2 PUMP 2 OPERATOR
FAI1BTO FAILS TO FAILS TO
START RUN GIVEN START

START PUMP 2

VALVE VALVE
V02 LEFT MV02 FAILS
CLOSED TO OPEN OR

TO REMAIN OPEN

Fig. 6.1. FAULT TREE FOR NORMAL PRIMARY COOLING CIRCULATION

77



MV09 VALVE
FAILS TO REMAIN
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NO RECOVERY ACTION
FROM OPERATOR

MV09 VALVE
CLOSED DUE
TO OPERATOR
ERROR

Fig. 6.L Continued

The primary cooling pumps fail if the running pump P-l fails to run
or motorised valve MV01 due to operator error is closed and standby pump P-2
fails to start or fails to run if given start or operator fails to start the
pump or check valve CV1 fails. The primary cooling is also unavailable in
case of P-l failure and the manual operated valve V02 is left closed or
motorised valve MV02 fails to open or to remain open and operator fails to
correct.

The primary flow is blocked if the strainer is blocked or motorised
valve MV09 fails to remain open or valve MV09 is closed due to operator
error and no recovery action from operator is undertaken.

Emergency Cooling Flow System

Emergency cooling flow is unavailable if the emergency pump EP-1
fails or the flow is blocked (Fig. 6.2). The emergency pump fails if the
pump fails to start or to run after start.

Emergency flow is blocked or by-passed if the motorised valve MV03 is
closed by operator error or fails to remain open or valve V03 is left closed
and no operator action to open V03 is undertaken or check valve CV1 or CV2
fails to remain closed.
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Fig. 6.2. FAULT TREE FOR EMERGENCY COOLING FLOW SYSTEM

Emergency Spray Cooling System

Emergency spray cooling is unavailable if the coolant supply fails or
spray nozzles are plugged or a major leak in common piping is existing (Fig.
6.3).

Coolant supply is unavailable if gravity feed system fails or
recriculation system fails.

Gravity feed system fails if water supply fails or delivery system
fails.

Water supply is unavailable if the water tank is empty and alarm
device (level detectors) fails or water tank outlet pipe is plugged and
additional water supply fails.

Delivery system fails if valve EV-1 is left closed and no operator
action is undertaken to open EV-1, or valve EMV-1 fails to open or to remain
open or EMV-1 control system fails.

79



EMERGENCY
SPRAY COOLING
SYSTEM FAILURE

1 J f E3 2 ] COOLANT SUPPLY
FAILURE

SPRAY
NOZZLE
PLUGGED

MAJOR
LEAK
IN COMMON
PIPING «

GRAVITY FEED
SYSTEM FAILUR

RECIRCULATION
SYSTEM FAILUR

GRAVITY FEED
SYSTEM FAILURE

FAILURE OF
WATER SUPPLY DELIVERY

SYSTEM
FAILURE

ADDITIONAL
WATER SOURCES
UNAVAILABLE

WATER
TANK OUTLET
PIPE
PLUGGED

ALARM
DEVICE (LEVEL DETECTORS)
FAILURE

EV-1
LEFT
CLOSED
(HUMAN
ERROR)

NO OPERATOR
ACTION
TO OPEN
EV-1

Fig. 6.3. FAULT TREE FOR EMERGENCY SPRAY COOLING SYSTEM
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Fig. 6.3. Continued

Recirculation system is unavailable if receiculation emergency pump
ESP-1 fails or valve EMV-2 fails, or check valve ECV-1 fails or sump or pipe
is plugged.

Pump ESP-1 fails if pump ESP-1 fails to start or pump ESP-1 fails to
run given start or control system for the pumps ESP-1 fails and no operator
action is undertaken to statt the pump manually.

Valve EMV-2 fails if valve EMV-2 fails to open or to remain open or
control system of valve EMV-2 fails and no operator action is undertaken to
open EMV-2.

Electric Power

The fault tree depicted in Figure 6.4 describes the possible failure
combinations leading to the failure of the emergency electric power.

Considering the cooling requirements for the initial 24 hours and
that the battery system can only supply power for a period of 2 hours, the
analysis was-divided into two periods, namely: 0-2 hours and 2-24 hours.
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Fig. 6.4. FAULT TREE FOR ELECTRIC POWER
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•4 HRS GIVEN
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Fig.6.4. EMERGENCY POWER FAULT TREE FOR LOSS OF OFFSITE POWER CASE - Continued
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Failure of emergency electric power in the initial 2 hours will occur
if the diesel fails to start or fails to run for the initial 2 hours and the
battery fails and offsite power is not recovered. Recovery of the diesel
was not considered because operational experience indicates that recovery
times are normally much longer than two hours.

Failure of emergency electric power after 2 hours will occur if the
diesel fails between 2 and 4 hours and the battery also fails, or if the
diesel had failed to start or run in the initial 2 hours (the battery is
considered unavailable because it had been partially used in the initial 2
hours) concomitant with offsite power not being restored between 2 and 24
hours.

6.2. Fault Tree Quantification

To calculate the probability of the top events, average failure
probabilities need to be assessed for all basic components in the trees.

The probability of failure (P) of an item during a specific mission
time (T) was calculated as:

-XTP = (1 - e ) for XT« 1

P * \T X is the failure rate
P failure probability

For items on standby with failures unrevealed during a period T,
the unavailability (U) can be expressed as:

U = X T/2

Another type of mode for describing component failures is the demand
model. It is used to describe the failure of a component at the time of a
demand for its use (e.g. Diesels failing to start).

Within the scope of this case study the mission time was assumed to
be 4 hours and the period of unrevealed failures was the reactor cycle of
one week (100 hours, see Section 2.5):

So: T = 4h
T = 100 h
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The failure rates need to be estimated for all basic components. (See
reference [2.9], [2.12] of the main report and relevant data banks) and the
unavailabilities calculated.

The simple observation of the fault tree structure can bring
substantial insights for system analysis.

For example, in the fault tree of figure 6.1 the "strainer blockage"
failure would render reactor cooling unavailable.

It is however, important to notice that an improvement in the
system's reliability does not necessarily imply any significant reduction of
the core damage frequency. If such a reduction is the goal, the overall
picture of the PSA should be considered and this includes the determination
of the dominant accident sequences and its consequences.

6.2.1. Recovery Probability for the Offsite Electric Power

To determine the probability of failure for the emergency
electric power the probability of recovering offsite power has to be
estimated as a function of time. This value is, however, dependent upon
local electric grid conditions and is therefore site dependent, for this
reason whenever available actuarial data should be used.

To demonstrate a numerical procedure, the recovery times of a
hypothetical grid were assumed to be log normally distributed with a known
mean value H and error factor EF. The probability of failure to recover
offsite power (P) up to time T was then expressed as:

1z
PCx1) = 1 - / (Standard normal distribution) dx

-oo

where :
x » In T - y.

Vi « In M -o* and
~2~

EF = exp (1.6450*)
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Considering for example that the batteries could only last for two
hours, the probability of failure to recover offsite power within the
initial two hours following an accident was determined using the above
expressions.

Using:

M = 0.5 hours
-2T = 2 hours P <x) = 5x10

EF = 10
T = 4 hours P(x) = 2.3xlO~

From above the probability P(x) of failure to recover offsite power
_2within the first 2 hours is 5 x 10 and the probability of failure to_2recover offsite power in 4 hours is 2.3 x 10

6.2.2. Probability of Failure of Natural Circulation

Natural circulation of water in the reactor core region was assumed
to depend on the mechanical actuation of the flappers located at the bottom
of the reactor core.

Assuming a failure rate (X) of 7x10 Xhr for the flapper system
and that the system is tested weekly (T = 100 hrs), the probability of not
achieving natural circulation would be:

Ü = X x T
2

-6 -4U = 7x10 x 100 = 3.5x10

It should be noted that many research reactors operate on a four week
cycle and cannot therefore test flap valves weekly. In this case:

U = 7 x 10~6 x 672 = 2 x 10~3

Therefore, the probability of the failure of the flapper system is_3estimated as 2 x 10
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7. ACCIDENT SEQUENCES QUANTIFICATIOM

The final step to obtain the frequency of occurrence of the accident
sequences identified in section 5, needs to be done combining the
probabilities of failure of the systems appearing in each particular
accident sequence, as described in section 8.3, of the main report.

For this particular example the only common support system treated
was the electrical power. Because it was considered at the event tree level
no dependencies among the fault trees have been taken into account.
Therefore, in this simplified way the probabilities of failure of the
systems can be simply multiplied to obtain the frequency of each accident
sequence.

8. IDENTIFICATION OF RELEASE CATEGORIES

Categories of radioactive releases are defined for calculating the
consequences of the accident scenarios depicted by the event trees in
section 5.

The release categories define the conditions for radioactive
releases and are the basis for the consequence evaluation.

Twenty release categories have been identified according to the
expected fraction of core melt, the release fraction of noble gases and
iodines, the duration of release the effectiveness of iodine removal the
water retention factor and the fraction of plate out on surfaces inside the
containment.

Release categories RC1 - RC4; RC1' - RC4' and RC1" - RC4" would lead
to different core melt fractions. Release categories RC1"1 - RC41"
involve only minor clad damage. Noble gases escape completely in all cases.

• « «
Release categories RC-5 to RC-5 represent the building leakage

when containment air recirculation is stopped in the initial 4 hours and is
treated as ground release. For failures occurring after 4 hours the
situation would be as described in section 2.-5.

Iodine removal effectiveness must be assessed for sequences
involving the success of the filter system. Water retention factor needs to
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be assessed for sequences where the damaged core is still immersed under
water. The surface area inside the containment needs to be considered and a
plate-out fraction assessed for all release categories.

The duration of the releases could be for example assumed to be 4
hours for sequences involving the success of the containment recirculation
system. If this system fails (clean return failure) or the containment is
breached a duration of release of about 1 hour needs to be assumed.

Table 8.1 illustrates the major elements to be considered in
grouping possible release categories. In practice an attempt should be made
to reduce the number of categories.

Table 8.1.

RELEASE CATEGORIES

RC-l
RC-2
RC-3
RC-4
RC-5
RC-l1
RC-21
RC-3'
RC-4'
RC-5'
RC-l"
HC-2"
RC-3"
RC-4"
RC-5"
RC-l1"
RC-2"1
RC-3"1
RC-4" '
RC-51'1

CORE
DAMAGE

X

RELEASES FROM
FUEL ELEMENT

NOBLE
GASES

X

IODINES

X

SOLIDS

1

DURATION
OF RELEASE

hr

NOBLE
GASES
WATER
RELEASE
COEFFICIENT

IODINE
REMOVAL
IN CHARCOAL
FILTER

—— 2 ————

_______ j

IODINE WATER
RELEASE
COEFFICIENT

-

IODINE
PLATE
OUT

——— I ———

HEIGHT
OF
RELEASE

Stack
Stack
Stack
Stack
Ground
Stack
Stack
Stack
Stack
Ground
Stack
Stack
Stack
Stack
Ground

Stack
Stack
Stack
Stack
Ground
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Appendix B. l

ACCIDENT ANALYSIS
GEC Energy Systems Ltd.

Accident Analysis
Probabilistic Methods

1. Introduction

A reactor presents a vhole spectrum of risks ranging from normal
operation activity releases through anticipated transients up to major
accidents. An assessment of only the worst accident that night occur does
not give a proper measure of the real risk. Nor does it necessarily give

. an upper limit for this risk since the frequency of the accident is as important
as its consequences.

The probability method seeks to quantify the frequency as well
as the consequences of the whole spectrum of accidents.

The starting point is to assume a plant failure or ma loperation,
the so called initiating event. This event can set up an accident
sequence that can follow several paths dependent on the subsequent
performance of several items of plant and the operator.

The full safety evaluation then comprises a spectrum of events vith
associated probabilities and consequences. A probability/consequence diagran
can then be drawn, as in Fig. 1 in which the probability is given as
reactor years between releases and the consequence is given as dose to the
public in units of dose limit. Dose limit is the annual dose licit
recomoended by the 1CRP for members of the public ie. 0.5 rem/year.
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It is then necessary to compare these results with some safety
criterion. Farmer (1) in the 1960s proposed the use of the lime AB in
Fig. 1 which joins points of equal risk in terms of dose per year; or soice
modification of such a lime to bias it against large releases. The
British licensing authority, the Nil, now applies a criterion based
on the above and shown in Fig. 2, again the consequences are given in
terms of dose limit and ERL. ERL is the emergency reference level AS
defined by the British Medical Research Council ie. 10 rem whole body.

-l

^̂  •»V i<f2

G 10
I

ëG
<

-3

10.-6

~3 ~210~ 10~
PUBLIC DOSE (ERL)

FIG. 2.

ACCIDENT CRITERIA

C1TRREKTLY ADOPTED IM UNITED
KINGDOM BY Nil

2. Case Considered
As an example of the method we have applied it to a flow blockage

accident in a downflow pool reactor. Since the reference reactors
of the guide book do not specify a protection system we have based
the protection system for this example on a modern installation at
a European research reactor..

The first trip parameter for this accident is excess rate of flux
decrease, the second parameter is high coolant activity in the core
outlet flow. Containment isolation is activated by the came sensors
as well as stack off-5»« activity high.

3. Accident Sequences
Following the initiating event partial or total failures of the

protection system, shutdown system, containment isolation system, etc
lead to the set of alternative routes shown on Fig. 3. The design
intent is the top patK «nd the worst combination is the
lower path. Each route has a different probability and a different
consequence. It would of course be possible to extend this event
tree to cover variations in weather, wind direction etc.

90



INITIATING

EVENT
REACTOR

TRIP

CONTAINMENT
ISOLATION

HI TRIP

COOLANT
ACTIVITY TRIP

NO TRIP

AUTO CI

MANUAL CI

HO CI

AUTO CI

MANUAL CI

NO CI

AUTO CI

MANUAL CI

NO CI
FIG. 3.

EVENT TREE

Probability of the Initiating Event.
There are two approaches to this problem.
Firstly the considerable operating experience of reactors could be

examined for the event in question and a global frequency determined.
The difficulties with this approach are: for rare events the historical
record is fairly short, no tvo reactors are identical and the experience
for cone reactors is poorly reported.

Secondly by considering the frequency of operations that could produce
the event and probabilities of component failures that could produce the
event an event probability may be synthesised. The difficulty here is
asigning probabilities to human error.

Both approaches will be applied to our example.
NSIC publish abnormal reactor operating experiences for US reactors.

In a survey of experiences for the years 1966 - 1974 (2) it was found that 2 flow
blockages had occured. In one other case part of the primary circuit
internals had broken away giving a potential flow blockage. The
experiences reported cover about 700 reactor years. Thus an estimate
for the frequency of flow blockage would be 3/700 per reactor year.

Operations which could introduce foreign bodies into the primary
circuit are:

primary circuit maintenance ,1/year,bridge and control rod
mechs. maintenance.. 1 /year.

fuel h andling ..I/month.
crane operations above core.I/week
foil irradiations,I/week.
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Clearly most of the above are done shutdown and foreign bodies
on the cere should be seen on a pre scare up visual check. Such &
check could be skimped say once in « hundred times. It would not
reveal transparent objects, or loose parts in the flow circuit.

The former «re common enough » gloves, tape, poly sheet etc, say
1 in 10 bodies introduced are transparent «nd the rate of introduction from
the careful above-core operations is 1 in 1000. The latter could be introduced
by the maintenance operation at say 1 in 100.

In-service failures of strainers, pumps, control rod mechs etc.
could produce foreign bodies during power operation. Such failures
vill have probabilities in the range 10~ - 10

Using this data one could assess the proability of flow blockage
as:

maintenance introduced.
body in circuit / I/year x 1 "\ • 1 ,

1 100 / 100 years
transparent object (I/year + .I/month + 2/weel:) 1 x 1 •_! years

1000 10 100
opaque object missed.
by visual check (I/year •*• I/month + 2/week) x 1 x 1 "_}__ years

1000 100 1000
In service failure (4 items of plant) x 1 » 4__ year

1000 1000

Total 2.5 year
100

Conclusions
The probability of the initiating event for the reactor under

consideration is between 3/700 and 3/100. We will adopt a valve of
1/100.

5. Protection System Reliability

The classic approach is to consider random component failure and use the
laws of probability to calculate the system reliability.
It has long been recognized that the assumptions on which such an analysis
is based cannot be entirely true and vill begin to invalidate the results
•s thé failure probability becomes very small. In particular the assertions
that all failures are independent, «11 testing is perfect and the system
contains no design errors are suspect. Such effects vill be common to
several redundant channels and are usually referred to as common mode (CM)
failures.
In recent years however so much emphasis has been placed on CM failure that,
for example, the NRC will not accept random failure calculations for
reactor trip reliability (3). Where system failure from randoir faults
is several orders of magnitude lower than CM system failure such a position
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is justified; but not all protection systems are as highly redundant as
those considered by NP,C and the use of fail safe designs and diversity can
do much to reduce CM failure.
There are several ways of dealing with CM failures. The simplest is to
regard them as a degradation of a redundant system which places an upper
limit on the claimable reliability of the system. The Nil for example
will pot accept that a protection system could have a failure per demand of
<10 without diversity of equipment, initiation and action.

A more satisfying approach is to identify coirjuon node failures, establish
failure rates and combine ther. with random failures in a total analysis.
NCSR have used such an approach (A).
The failure probability of the system is given by
F - F (1 -Jp ) + P.F,+ P Ft o *• rn 11 an
where:
F * failure probability of system for no CM faults.o
P - probability of the Nth CM fault.D
F " failure probability of system when Nth CÎ fault is present,n
The probability of a random component failure is
P - 1 -
where 0 • failure rate

T - test interval
The relevant failure rate is the unrevealed fail to danger rate; other
failures either announce themselves or produce a spurious trip.

Figures U and 5 show a simplified version of the relevant part of the
protection system for our example. Shut down is achieved if 4 of the 6
rods insert.

SENSORS GUARD LINES ACTUATING CIRCUITS

ION CHAMBER ____

CONTROL ROD
•S —— •—• — MAGNETS

CAMHA MONITORO—s
Q_/ _^_ -̂ _̂ _O

VENTILATION VALVE
SOLENOID

FIG. 4. PROTECTIOH SYSTEM
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GAMMA
MONITOR

GUARD LINE
2/3 END RELAYS

CONTACTORS
P,

RODS

FIG. 5. PROTECTION STSTEM LOGIC

Random failure rates, obtained from a reliability data bank, and test
intervals for the various equipments are shown in table 1.

TABLE 1

EQUIPMENT FAILURE RATE
(UNREVEALED DANGER)
PER 106 hrs.

TEST INTERVAL FAILURE PROBABILITY

ion chambers
S. D. A. 's
Relays

control rods
J monitor
ventilation
valve

0.1
14
0.1

10
14

10

continuous
1 week
1 week

1 month
1 week

1 mon th

0
Pj 2.4 x 10~3

_2^ negligable

PA 6.7 x 10~3

P5 2.4 x IO"3

P, 6.7 x 10~3D

Typical common node failures to danger, i.e. neglecting those which are
covered by fail safe design such as shorts, power loss etc. are shown in
table 2.
Several studies (5, 6, 7) of CM failures suggest that the CM failure rate
is A» 0.01 per sub system year and that design and maintenance are the
dominating causes. Most of the failures were fail to danger but most were
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TABLE 2

EQUIPMENT CM FAILURES

sensors niscalibrationèloss of sensitivity,
logic sticking relays , faulty repair/test.
rods external hazards t maintenancet corrosion.

partial i.e. the complete sub system was not invalidated. Vie will use this
rate for each of the sub systems:
flux channels
guard lines
CI valve
and 0.005 for the rod system.
We then have, using the nomenclature on Fig. 5:
A. Failure of HI d0 trip

__________dt
Random PO - 3Pj2 * T^ + P^ +20P43

substituting the component failure probabilities from table 1.
P. - 2.3 x 10~5d

-The sun of the sub system CM failure probabilities is 7.5 x 10
-4Total failure probability - 7.7 x 10

B. Failure of auto C.I.
Random failure.
Pe - ?a + P5 * P2A+ P3* * P 6

- 3Pj2 * P5 + P/ * P/ * P6

• 9.1 x 10~3

CM failure - 4 x 10~A

Total failure probability - 9.5 x 1O~
Thus the final overall probability for the worst event on the fault tree is
initiating event x trip failure x CI failure.

10"2 x 7.7 x 10~^ 9.5 x 10~3

i.e. 7.3 x 10 , and the probability of an untripped flow blockage accident
is 7.7 x 10~°.
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6. Activity Release
In the two flow blockage accidents reported the melting in the blocked
assembly vas extensive. It would therefore be prudent to assuice complete
melting of all the elements vhich are blocked. The isotopic fractions
available for release from the building may be taken from ANSI/AKS 15-7.
The release rate from the building should be the leak rate incorporated
in the technical specifications or that plus the ventilation flow depending
on the success or failure of containment isolation.

7. Consequences
The radiological consequences can be assessed from atmospheric diffusion of
the contaminated containment atmosphere making assumptions about weather
conditions. The dose commitments should be assessed in the 3 zones
specified in ANSI/ANS 15-7 i.e. within the site boundary, the rural zone
and the urban zone.
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Appendix B. 2

APPLICATION OF PROBABILISTIC ANALYSIS TECHNIQUES TO A
TYPICAL 10MWMTR

Contributed by Safety and Reliability Directorate, UKAEA

1. Introduction
This document presents an example of the way in which probability analysis

techniques may be applied to a typical 10 MW MTR. It outlines the steps
necessary to enable an assessment to be made of the probability and consequences
of an accident sequence. Some detailed examples are given of the ways in which
probabilities for particular accidental occurrences may be assessed from an
analysis of the components of a system and a knowledge of their individual
failure characteristics.
2. Outline of the Fault Sequence Analysed

The fault sequence analysed is that of loss of reactor coolant due to
a pipework failure in the reactor coolant circuit. The reactor is cooled by
the D20 moderator which is circulated through the core in an essentially un-
pressurised circuit. Loss of this D2^ could lead to fuel overheating and
melting giving fission product release. To prevent this, various safeguards
are provided. If the fuel did melt, the activity would not be released
directly to the environment, but would have to cross various barriers, the
most significant of these being the containment building with its extract
clean-up system which, if operating correctly, will reduce the activity re-
leased to an acceptable level.

The fault sequence may be summarised as below.
Fault No Fault Result of Fault Chain

1 Pipework failure leading to Potential for loss of core
loss of D-0 from circuit. cooling.

2 Failure of engineered safe- Actual loss of core cooling,
guards designed to protect Release of fission products
against loss of coolant within reactor containment,
accidents.

3 Failure of containment extract Release of activity to the
system to contain the activity environment,
released by 1 + 2.

The various steps in this fault sequence are considered in detail in the
following sections. Section 3 deals with the probability of pipework failure
and the probability of failure of the engineered safeguards designed to pre-
vent loss of coolant. Section 4 deals with the containment extract and clean-
up system, and assesses the probability of failure of this system to trap the
activity. Finally, Section 5 considers briefly the amount of activity which
would be released in the various circumstances considered, and compares this
with the Farmer criterion for acceptable risks.
3. Analysis of Pipework Failure and Engineered Safeguards against Loss of

Coolant
3.1. Introduction

The reactor is cooled by D.O which is circulated from the Reactor Aluminium
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Tank (RAT) through heat exchangers and back to the tank. The D,0 in the RAT
is doubly contained, but leakage from the external circuit spills into the
Plant Room and is lost to the circuit except for the action of sump pumps
which can return D.O from the Plant Room back to the tank.

Leaks in excess of the sump pump capacity could empty the RAT and cause
the fuel elements to dry out. Even if the reactor is shut down, decay heat
in the fuel elements could result in their melting unless the fuel plates are
kept covered by D~0. In extreme emergency HoO can be introduced into the RAT,
but an assessment of the 1^0 system is outside the scope of this study, which
is to assess the probability of occurrence of a Ü2U leak which will dry out
the fuel elements.

3.2. Description of System
A simplified diagram of the Ü20 circuit is shown in Figure 1. The cir-

cuit is completely contained in the Plant Room which is situated directly
below the RAT.

PIPES TO AND FROM REACTOR TANK Bellows Assemblies
Make-up Via
Antf- Syphon
Loop-i

.

n u M O D n \ /
-t*-Non-Re t urn Volves
-txJ-Volves Open
-M-Volves Closed

Insl.

i Heooer______________|———• L?- L?n
Instrument
Pipes not
shown

FIG. 1. D20 CIRCUIT AS ASSESSED

The four downcomers protrude into the RAT, level with the top of the fuel
plates. D£0 is drawn from the upper levels of the RAT into a common suction
header. From there it is drawn by three main pumps in parallel through non-
return valves to the common discharge header from where it is pumped through
three heat exchangers in parallel into the fuel element header box in the
RAT by way of the risers. From the fuel element header box the D20 passesthrough the centre of the fuel elements to the top levels of the RAT. The
three heat exchanger outlet valves are motorised to enable remote, automatic
operation.
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During reactor operation the Emergency Shutdown (ESD) pumps are not in
operation, reverse flow being prevented by their non-return valves. During
reactor shutdown, the main pumps are switched off and circulation is main-
tained by the ESD pumps to dissipate decay heat.

A small proportion of the circulated D2Û by-passes the fuel elements
through the ion-exchange loop to maintain water quality.

The U2Û level is maintained by the liquid level pumps from the storage
tank into the suction header, the overspill returning to the storage tank by
way of a weir pipe. D£0 cannot leak back to the make-up tank because of the
anti-syphon loop. The RAT can be drained through the drain line direct to
the tank.

3.3. Protection
A certain amount of leakage can be returned to the RAT by the sump pumps.

It is assumed in this assessment that the capacity of a single small pump is
20 gal/min, (90 l/min), and from tests it has been calculated that the com-
bined output of both is 34 gal/min (150 1/min). Leaks up to this size can be
accommodated by these pumps. The pumps are manually started.

In addition there is a 100 gal/min (450 1/min) pump which increases the
leak rate which can be accommodated by the sump pumps» thereby reducing the
number of leak sources with leak rates exceeding sump pump capacity. It also
provides additional pump redundancy for leaks less than 34 gal/min. This pump
is started automatically when a significant leak from the reactor tank to the
sump is detected. Make-up from the make-up tank affords a small measure of
protection in the case of small leaks in that it will slightly extend the
time available for remedial action to be taken. The motorised heat exchanger
valves enable that part of the system upstream of the valves to be isolated
from the risers. These are closed automatically when a significant leak from
the reactor tank is detected. Detection is by a set of probes which trip
when the level of D.O in the tank falls by 10 cm.

3.4. Reliability of Protection System
3.4.1. Sump Pumps

The probability of failure of a sump pump is the probability of its
failing to start and run for sufficient time to repair the leak or remove the
fuel from the reactor. The SRS Data Bank (2) gives the failure rate for typical
pumps as 0.4 per year. Assuming the fuel can be removed in 4 days, the proba-
bility of a pump failing to operate satisfactorily for 4 days is:-

PpR - 0.4 x 4/365 - 4.4 x 10~3

„aand with the probability of failure to start when demanded of 5 x 10 , the
probability of pump failure is:

Pp - (4.4 * 5) x 10"3 - 9.4 x 10~3

(see also section 3.7)

3.4.2. Motorised Valves
The motor driven valves require power both to open and close. The generic

failure^) rate for all faults is about 0.2 f/y. It is not unreasonable, and
is possibly pessimistic, to assume that half the failures are failure to close.
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The failure rate for the valves is therefore 0.1 f/y. This does not include
failure of the power supplies to the valves, which make a negligible contri-
bution to the total failure probability.

It is assumed that the valves will be tested for operation at each shut-
down. The probability of failure on demand for the three valves is therefore:

I -2DH - 3 x 0.1 x 12 x 0.5 - 1.3 x 10 *

3.4.3. Automatic Operation of Valves and Pump
The largest potential leaks in the system will drain the RAT to a

dangerous level in about 2 minutes. For the motorised valves to give adequate
protection their closure must be automatically initiated. Similarly, to
obtain full benefit of the additional pump, it too should be started automa-
tically. The pump will be capable of 100 gal/min (450 l/min) delivery, which
will protect against leaks which will drain the RAT to « dangerous level in
about 5 minutes.

The automatic system is designed to good reactor practice, such as using
majority vote systems, and is adequately maintained and tested. A probability
of failure on demand of 5 x 10~3, is assumed in this assessment.

3.5. Sources of Dangerous Leaks
3.5.1. Large Pipework

The D20 circuit consists of 7, 9 and 10 in (175, 228, 254 mm) nominal-
bore pipework connecting the heat exchangers and main pumps to the RAT through
bellows. The emergency shutdown pumps are connected into the main circuit by
6 in and 4 in (152 and 102 mm) pipes, and the partial-dump pipe is also 6 in
(152 mm) nominal-bore. Except for a drain in the discharge header and the
liquid-level make-up into the suction header, which are of 2 in (51 mm) n.b.,
the ancillary pipe connections into the main circuit for ion exchanger, drain
points etc are Ij in, 1 in, J in and \ in (38, 25, 19 and 13 mm) n.b., with
i in (13 mm) connections being most numerous.

For a leak of greater than the sump pump's capacity to occur would re-
quire a catastrophic failure of a pipe with no forewarning such as minor
leakage. The maximum internal pressure is about 36 Ib/in (250 KN/zn̂ ) in the
discharge header, producing a stress in the pipe wall of about 600 Ib/in^
(4.1 KN/nr). The weight of the valves will also contribute to stress in the
pipework. With the low stresses in the pipework it is difficult to visualise
any mechanism which could cause catastrophic failure under normal loading.
Furthermore, with short lengths of pipe rigidly supported, if a failure should
occur the pipes would remain in position, limiting the size of leak unless
the supporting structure failed. This is considered to be of negligible
probability. In this assessment it is assumed that weld failure in the large
pipework would result in a leak not exceeding 20 gal/min (90 l/min).
3.5.2. Small Pipework

The smaller pipework, 2 in (51 mm) diameter and below, is subjected to
less stress due to internal pressure than the larger pipes, but, owing to
the lower stiffness of the pipe runs, is more likely to be subjected to
cyclic stresses due to vibration. The greatest stress concentration would
occur at the positions where the pipe is rigidly fixed, e.g. where it is
welded into the main circuit.
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For the joints of 2 in (51 mm) diameter pipes to the main circuit, the
2 in pipe is welded directly to the large bore pipe. For joints for 1 in,
I in and i in (25, 19 and 13 mm) n.b. pipe a boss is welded into the larger
pipe forming a socket into which the smaller pipe is welded. Thus there are
two welds associated with each boss. If, as in most joints, the smaller
pipe is a short stub terminating in a valve, there is a third weld between
the stub and the flange to which the valve is attached. The flow restriction
due to the short stub is negligible, and in the assessment the leak rate due
to the flange weld failure is considered to be the same as for the pipe to
boss weld failure. The leak rates from these weld failures are:-

Size of Branch
Inches n.b.

2
1
1
i
1

Orifice
Size (ins)
Pipe dia. 2.13
Outer dia. 2.13
Pipe bore 1.22
Outer dia. 1.88
Pipe bore 0.97
Outer dia. 1.63
Pipe bore 0.72

Leak Rate, gal/min
SuctionDischarge

Header
240
240
79
187
50
140
27

Header
187
187
61
145
39
109
21

A summary of leak sources has been compiled and an example is given in
Table 1. They have been classified according to their positions in the circuit
for the convenience of the later part of the assessment.

Table 1
Sources of Leaks Dovnstreaa of H««t Exchanger Valve»

Tart of Circuit

Heat exchanger* to
risers'

RAT Drain

Bellows

Leak Source

1 in (2. SOB) boss
outer weld
i in (2.5«n)pipe weld
Instrument pad weld
Circumferential veld

1 in (2.5m) nb pip«
1 in (2.5BB) nb pipe
Instrument pipe

Bellows and (land in
•cries

Qty

1
2
4
18

1.5 ft
1.5 ft
IS ft

3

Leaklate Per
Source
gal/ain

20
61
32
<20

38
27
7

<20

Total Failure
•ate tlj

Higher

3.3 I 10~*
6.6 x 10"6

1.3 x 10"5

6 x 1(T5

6.6 x 10~7

6.6 x 10~7

6.6 x 10"6

1.1 x 10~4

Lower

1 x 10"6

2 x 10"6

4 x 10"6

1.8 x 10~*

1.5 x 10"7

1.5 x 10~7

1.5 x icf6

0

3.6. Failure Rates
The D2° pipework differs from most of the power reactor systems for which

failure data have been collected in that it sustains only low pressure. Further-
more, in the main circuit there are a large number of welds in relation to the
length of pipe run, and in the event of fracture there is negligible disruptive
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force to separate the components. The major pipework is more akin to a series
of lightly stressed low-pressure vessels. The failure rate of the large pipe-
vork is therefore based on veld-failure data.

In the smaller pipework the weld/pipe run relationship is more represen-
tative of the normal systems, and pipework-failure data are used.

Owing to the paucity of data on low-pressure systems failure rates for
this assessment are obtained from systems operating at higher pressures.
Economics dictate that pressure equipment is usually designed to be no more
than adequate, with sufficient safety margin, for its duty, with the result
that failure rates are not greatly dependent on operating pressure. In the
D£0 pipework it is probable that factors other than internal pressure, such
as general robustness, dictated the thickness of material, and it would be
expected that in consequence the safety margin is higher and that the failure
rates used in this assessment tend to be pessimistic.
3.6.1. Welds

(2)Two sources give failurerates for welds. Two entries in the Data Bank
quote failure rates of 2 x 10 and 6.6 x 10"-* faults/year per weld for all
modes of failure. WASH lAOO^3) quotes 2.6 x 10~5 faults/year per weld for
serious leaks in low-pressure containment. "Serious" is not defined, but
complete rupture is not implied.

(A)Gibbons and Hackney in a survey of piping failures show that of 399
failures reported 19 were complete severance, none of which were preceded by
known leakage. In all only 25 failures occurred without detected leakage.
About 38% of all failures and 42% of severance failures were associated with
welds.

In Smith's and Warwick's survey of pressure vessels, out of a total
of 69 failures in service of unfired components, 8 were disruptive, presumably
with no known prior leakage, 24 faults were detected by leakage and the re-
mainder were disclosed by visual inspection or non-destructive testing. It
is not known, of course, whether the faults disclosed by inspection would
have developed into leaks or disruptions. About 85Z of all faults and 50%
of disruptive faults were associated with welds.

On the U2Û main circuit, with its low internal pressure, only complete
severance would cause a dangerous leak. From Ref 4 only about 5% and from
Ref 1 only about 11% of all failures caused severance. Both of these surveys
were from general commercial plant, in which constant monitoring for leaks
would not be expected. It does not seem unreasonable to assume that on the
D£0 circuit, where continuous sensitive leak monitoring is carried out, the
failure rate for disruptive failures for welds is at most 5% of all failure
modes, and even this would be a pessimistic assumption.

From the data sources the failure rates for all modes for velds lie bet-
ween 2 x 10~5 and 6.6 x 10"̂  f/yr per weld. In this assessment the failure
rate for severance failures is assessed to be between

6w - 2 x 10~5 x .05 - 1 x 10~6 f/yr per veld

and 6 - 6.6 x lo"5 x .05 - 3.3 x lo"6 f/yr per weld

3.6.2. Pipework
As mentioned previously pipework failure rates as distinct from veld

failure rates are used in this assessment for the smaller pipework. NASH
1400(3) gives a failure rate of 8.8 x 10~̂  faults per year per section for
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ruptures in pipes less than 3 in (76 m) diameter where a section is defined
as the average length (between 1.0 and 10.0 ft, or 0.3 to 3 m) of pipe bet-
ween discontinuities such as valves and pumps. Each section can include
several welds and flanges. The "sections" involved in the ̂ 0 circuit are
about 20 ft (6 m) long, which would result in a failure rate of 4.4 x 10~7
f/y ft (1.5 x 10-6 f/y m).

(A)Gibbons and Hackney do not give the population over which their sur-
vey was made, but Rudham^) has deduced, by making certain assumptions, a
failure rate of 1 x KT? f/y ft.

(2)The Data Bank, from a source concerning pipelines, gives a failure
rate for all failures of 1.4 x 10~7 f/y ft for pipes of 5 to 10 in (127-254 mm)
dia, operating over a wide pressure range of 20 to 1080 Ib/in^ (138 KN/m^ to
7.4 MN/m3). WASH 1400 gives data which suggest that the failure rate of
pipe over 6 in (153 mm) dia is about one tenth of pipes from j to 2 in
(13 to 51 mm) dia. Applying this ratio, and also that for the relationship
between total failure and rupture, to the failure rate given by the Data
Bank, gives

1.4 x 10~7 x 10 x 0.05 - 7 x 10~8 f/y ft
which does not differ widely from the failure rate deduced by Rudham. For
this assessment the failure rate for rupture of small pipework is assumed to
lie between Rudham1s deduced value and that derived from WASH 1400, ie bet-
ween

6 - 1 x 10~7 faults/y ft

and 6 - 4.4 x 10~7 faults/y ftP
3.7. Failure Probabilities

It is assumed in this assessment that failures occur randomly in time,
ie the failure rate is constant. The reactors are past the early-life failure
state, and it is assumed that components are operating in their constant useful
life phase. This is true for plant where items have been in service for a long
period, provided that a good standard of repair and maintenance has been adhered
to.

With a constant failure rate the probability of failure in time t is
given by:

PF
where 6 is the failure rate.

If a system consists of a number of components, the failure of any of
which will fail the system

-f6 6 6 )tV0 ° ;t

where a, 6^ ... are the failure rates of the components.

If (6 * B ... 8 )t is much less than unity, the expression is closely
approximated by: n

PF- (e1 + e2 ... + en)t
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For components which can be in the unrevealed failed state, eg non-
return valves which can be seized in the open position, and whose failure is
not apparent until a test or demand is made, the maximum probability of the
component's being in the unrevealed failed state is:

P - 1 - e~ft

where T is the interval between tests.

The probability of failure to operate on random demand is:

D • i T| (1 - e6t) dt,
^o

which reduces to:

for single components with no redundancy if &T is much less than unity.
If in a multi-component system all components must fail to fail the

system, the probability of system failure is:
P K P P P*SYS rlr2 •** n

where Plf P2, Pn are the probabilities of failure of each component. How-
ever, if the values of PI, P£ etc are low, the result is unrealistically low
values for system failure, as common mode failures are ignored. When values
of the order of 10~6 are reached, failures which have no connection with the
mechanical performance of the component, such as a local fire, power failure
or 6 systematic maintenance fault, may have a higher probability of occur-
rence .

Where the probability of failure of a number of protective devices in
redundancy arrangement is calculated to be less than 10~& a lower limit of
10~6 has been imposed. A lower limit of 10~$ has also been stated for the
combined probabilities of leakage and of protection failure. However, it is
emphasised that these limits exclude the probability of common mode faults
which for redundant systems can increase the overall probability of failure
to between 10~3 and 10~4. In terms of the overall hazard a lower limiting
value of 10~° is considered more appropriate.

3.6. Assessment
The possible leaks can be classified according to the protection against

dry-out afforded by the pumps, viz:
(i) Over 100 gal/min (450 l/min) for which there is no pump

protection.
(ii) Between 100 and 34 gal/min (450 and 150 1/min) which cannot

be returned to the RAT if the 100 gal/min pump or the auto-
matic operation of the pump fail.

(iii) Between 34 and 20 gal/min (150 and 90 1/min) which cannot
be returned to the RAT if the 100 gal/min pump and one of
the 20 gal/min sump pumps fail.

Note: It is assumed that if the leak is less than 34 gal/min (150 1/min)
there is sufficient time for the operator to start the small pumps if the
auto start fails.
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The leak sources can also be classified according to their position in
the circuit, viz:

(i) Those upstream of the heat exchanger valves which can be
isolated from the risers and thus prevented from draining
the centre of the fuel elements by closure of the heat
exchanger valves.

(ii) Those downstream of the heat exchanger valves which
cannot be isolated from the risers. (These are listed
in Table 1).

Thus there are 8 categories of leaks, and these are listed in Table 2,
together with their probabilities of occurrence. Also listed in Table 2
are the protection against dry-out for each category, the probability of
failure of the protection, and the probability of dry-out resulting from
failure of each category.

TABLE 2

Probability of Pry-out

Leak. Site
|al/xdn

Over 100

100-34

34-20

telov 20

Position in Circuit

1. Dpitreaa of BEV'i

2. Dovnjcrtaa of HZV'i

3. Opitreta of KEV'i

4. Down» t re«» of HEV'a

5. Upetrcaxi of REV'a

6. Dovnitreaa of BTV'a

7. Upitesa of REV«

8. Dovnitaaa of HEV'a

Probability
Uak.t. P.T T.ar

•ifher

1 x 10"*

IOHE

3.9 x IO"5

7.3 x 10~*

3.3 x 10~*

1.4 x 10"J

5.7 x IO"4

1.8 X 10~*

Lower

3 x 10"5

•ONE

1.1 x IO"5

2.2 x 10"*

9.9 x 1C"5

4.2 x 10"*

1.3 x 10~*

2 x IO"5

Protection

1. H*at Exchanger »eiv»s
viti automatic initiation

•ONE

1. Baa t exchanger vmlvca
«itb autoMtic
initiation.

2. 100 («1/min puact vitb
automatic initiation.

1. 100 $* 1/min puap with
autoeutic initiation.

1. Beat exchanger v(l*t>

2. 100 »>W«it> pwp -

I. loth 20 1/td.D fvtft

1. 100 gtl/min pvjot>

2. loth 20 (/win puac»

1. Heat excbant*r »alvei

2. 100 («1/aio ptap

3. 20 t/min fvmf He 1

4. 20 t/*in puxtp No 2

1. 100 S.1/.U pu^,

2. 20 »/«In puati No 1

3. 20 j/«in puaxi No 2

Probability of
Protection
Prai lure

l.S x 10*2

-

5.1 x IO"3

1.« x 10~2

2.3 x 10"*

1.8 x 10~*

1 x 10~*

1 x 10~*

TOTAL

Probability of
Dry-Out Per Year

Higher

1.8 x IO"6

-

2 x IO"7

1 x IO"7

1 x 10~"

1 x 10"E

1 x 10~8

1 x IO"6

2.1 x 10"'

Lover

5.4 x IO"7

-

5.6 x IO"8

3.1 x 10~"

1 x 10~*

1 x 10"B

1 x IO"8

1 x 10~*

6.8 x IO"7
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The total probability of the U2Û level falling below the outlets in the
fuel elements is assessed as between 2.1 x 10~̂  and 6.8 x 10"? per year.

3.9. Conclusions
The probability of leakage from the U2Û pipework which would cause dry-

out of the fuel plates of the reactor is assessed to be between 2.1 x 10~̂
and 6.8 x 10"' per year.

4. Assessment of the Reactor
Extract System

4.1. Introduction
The extract system considered normally operates in conjunction with the

other ventilation input and extract systems to maintain a depression of | in
wg in the reactor hall. For emergency conditions of activity release within
the hall the mode of operation changes to seal the building, decontaminate
the extract air and return it to the reactor hall instead of discharging it
up the stack. A schematic diagram of the system is shown on Fig 2.

FILTER

STANDST/ K F
CHARCOAL
ABSORBER |cpNDENSER|

0 DX] / MANUALLY OPERATED
POWER - OPERATED

FIG.2. SCHEMATIC LAYOUT OF VENTILATION SYSTEM

The inlet system delivers 6,500 ft /min of air to the reactor hall and
is extracted by the two extract systems of 4000 ft^/min and 2500 ft-Vmin
capacity to the stack. Flow is trimmed by a damper to account for leakage
and to maintain the depression. When an activity release is detected by the
gamna monitors on the extract filters, the inlet and additional extract lines
are isolated and air is recirculated via charcoal beds to reduce contamination
in the reactor hall. Only a flow of air equal to the building leakage is dis-
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charged to the stack and the depression is maintained at 2.5 in wg by a flap
valve in the decontaminated air return line to the reactor hall. The system
would then be required to operate for a period of perhaj>s_u£_tp__a_week._jto
adequately decontaminate the reactor hall air.

4.2. System Reliability
4.2.1. System Requirements

The failure logic for the various system failure nodes is shown on Figs
3 and 4. With the exception of the inlet and outlet valves (A, Bj and 84)
and the charcoal bed control valves (B and C), redundancy of the main com-
ponents is applied, with one item selected for normal operation and one on
standby duty.

* System Is also initiated by
Emergency trip guard lines

Extract t monitor fails

OPERATOR DOES NOT INITIATE
SEAL '
Valve A) fails to clos«
SV AI fails to release
Valve A, fails to close
SV A, fails to release

Air supply fails

Valve A, fails to clos«
SV Aj fails to release'

Valve A* fails to close
SV A4 fails to release

Valve Ai repair
Valve Aj repair

Valve B4 falls to open
SV B« fails to release
Valve A fails to open

3.6 10's

7.2 NT4

9.4 NT4
CLEAN
AIR
RETURN
NOT OPEN

t

SV»5olenoid valve

FIG 3. EXTRACT SYSTEM FAILURE LOGIC (SHEET 1)

The initial requirement is for the inlet and additional extract lines
to be isolated by either or both of the two valves in each line. At the
same time valve B is closed and valve C is opened to allow extract air to
pass via the charcoal absorber column, and the valve 84 in the decontaminated
air return line to the reactor hall must also be opened. The operator can
manually operate these valves to the emergency state if automatic initation
fails.

From the system operating requirements described above the reliability
of the building seal valves system can be expressed in terms of its proba-
bility of failure on demand, which for a demand rate much lower than the
test frequency is equivalent to the system unavailability. Failure to ini-
tiate and maintain a seal could lead to an unacceptable activity release as
indicated on Figure 3. An unacceptable release could occur if valve 84 or
valve A does not open on demand, so causing all extract air to be discharged
to the stack and the building depression to be high.
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Valve B, fails closed
SV B, fails released
Damper M closed
OPERATOR FAILS TO CORRECT

Tan damper (ails closed
Standby damper (alls open
Standby damper SV fails
released
Fan slops
Standby damper tails open
Standby damper SV fails
to release
Standby fan falls to start
Fan damper fails to close
Damper SV tails to operate
Air supply failure

OPERATOR- FAILS TO CORRECT

Fan repair not isolated

Fine filler 1 unavailable
2

Coarse filter 1 unavailable
2

Damper 0 closed
1
2
3

5.10-

OPERATOR FAILS TO MAKE
STANDBY UNITS AVAILABLE

Duct leakage excessive 2.10..MO'*

Valve B falls to close
Volve C fails to open
SV B tails to release
Control circuit tails to trip
Charcoal Bed unavailable
Standby Bed unavailable

1.7 10''
1.7 10

OPERATOR FAILS TO
Air Supply failure
Non-relurn valve failure

2.6 10 'J-

FIG.A. E X T R A C T SYSTEM FAILURE LOGIC ( S H E E T 2 )

Failures of valve BI, fans, dampers or filter blockage will cause the
containment depression to tend to zero or be negative. This condition, com-
bined with the charcoal beds unavailability will make the system incapable
of 131 removal.

A.2.2. Building Seal Valves
The two inlet and two outlet seal valves are identical gate valves, but

differ in the method of actuation. The inner valves (Aj, A^) are opened by
a solenoid valve controlled pneumatic cylinder and mechanically latched.
They are closed by solenoid (or manual) release of the latch and attached
weights. The two outer valves (A2, A3) have two-way cylinders for pneumatic
opening and closing and therefore rely on the air supply for emergency
closure. The solenoid valves controlling the air can only be isolated from
the air supply for maintenance in pairs for valves AI, A4 and A£, Aß. The
operation of the valves is tested daily from the manual control panels, but
it is assumed that testing of the trip initiation from the APS or the gamma
monitors will be at the normal shutdown intervals of 28 days.

The valves only control air flow at low pressure and are therefore only
lightly stressed. Routine maintenance should alleviate any wear problems
and therefore an average failure rate for this type of component will probably
err on the pessimistic side. Although the extract system is external to the
reactor hall these valves have some protection provided from the weather.

4.2.3. Isolation and Control Valves
Valves B and C which control the inlet and bypass to the charcoal bed

are butterfly valves actuated from a common solenoid valve via individual
pneumatic cylinders. Daily tests on these valves are specified in conjunc-
tion with the tests on the seal valves.
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The control valve A which controls the reactor hall depression under
emergency conditions at 2j" vg is a simple mechanical flap valve. It is
tested daily and with appropriate routine maintenance would be expected to
have the low failure rate indicated.

Valves BI and 84 are pneumatically actuated inlet and outlet isolation
valves, B} being normally open, and therefore, only spurious closure can in-
hibit the system. For the solenoid valve in the normally energised state and
air pressure being required to actuate the valves the failure rates for this
event have been assessed as relatively low and insignificant. Valve B, how-
ever is normally closed, must open on demand, and remain open.

4.2.4. Emergency State Initiation
The closure of the building seal valve and the operation of the charcoal

bed isolation and bypass valves is initiated by the gamma monitor instruments
on the extract filter that is selected for operation, and also by the reactor
Emergency Trip guard lines. The instrument on the filter not in use is bypassed
by contacts indicating that the isolating damper is closed.

Duplicated contacts from the emrgency trip guard lines and the gamma
monitors control each pole of the supply to the seal valve control relay.

4.2.5. Fans and Dampers
Two extract fans are provided, with one normally being operational and

the other on automatic standby. They are manually changed over daily to test
their functional capability and to equalise their operating times. The control
circuits include interlocks with the associated inlet dampers' controls. In
addition to fan failure the system can be subject to interlock and control
circuit failure, operating fan damper closure, standby fan damper opening, or
failures of their respective solenoid valves.

4.2.6. Filters
Four sets of coarse and fine filters for the removal of particulate

matter operate in pairs, with one pair able to operate whilst the other is
being replaced. Filters are checked daily by inspection of manometers on
the plant that indicate the pressure drop across them. The isolating dampers
are fitted with microswitches for remote position indication. The significant
failure modes of the filter arrangement are probably unavailability due to
replacement, which should not be coincident for the two sets due to operational
procedures, and the incorrect setting of dampers. This could occur either
during operation or replacement of filters causing blockage of the system or
excessive leakage, both conditions being immediately revealed to the operator.
If filter changing is staggered in time and done as in the operating procedures
then coincident blocking should not occur.

4.2.7. Charcoal Beds

The efficiencies of the charcoal beds for the absorption of iodine is
measured annually at normal working conditions on the plant and also by a
laboratory test at high humidity on a small sample of charcoal. There is
a known gradual deterioration of the material which normally will only re-
quire renewal at approximately 10 year intervals. This is dependent on the
results of the annual tests for which limits have been set for the decontami-
nation factors for both the main and standby beds. The test results are
generally very much in excess of these values. The system design is such
that valves B and C cannot both be in the closed state to allow the standby
bed to become operational whilst the main bed is opened for renewal. This
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work is done during times when there is negligible risk of an activity re-
lease in the reactor hall.
4.2.8. Maintenance

With the possible exception of filter replacement and instruments, the
repair of failed items will almost certainly be of long duration, such that
if the failure occurs during an emergency period the item could remain in
an unavailable state throughout the remainder of that period. This will par-
ticularly apply to large plant items for which complete spare items are not
available, such as fans and valves.

A.2.9. Indications and Alarms
An important measurement for revealing and identifying failures of the

active extract system is that of building depression. At present there is
an indication of differential pressure across the airlock doors that will be
frequently observed during normal usage.

A trip of the active extract fans occurs when a high depression is generated
by separate pressure switches.

Adequate indications and alarms are provided for the main components of
the system, ie fans, valves, dampers, in the plant room and control room and
use of these in association with the appropriate controls is incorporated in
the routine test procedures.

4.3. Reliability Quantification
4.3.1. Reliability Models

For quantitative assessment of reliability it is usually assumed that all
failures are random independent events and that repair of failed items is
perfect. This implies that the failure rate (6) is constant and is the charac-
teristic of the exponential distribution. For systems where redundancy is
applied to improve reliability dependent (common-mode) failures oust also be
considered.

The probability (P) of failure of an item in some specified time interval
(t) is given by:-

P - (1 - e-8t)
which for most cases can be simplified to, when 61 « 1

P - et
For redundancy systems having m from n voting and r failures for system

failure
P - (n) . Prs vr

The reliability expressed in terms of the unavailability (U) for failures
that are immediately revealed and repaired in a time (t ) is

UI ' • ' *r
If the repair is unrevealed until some proof test,or repair is deferred

to allow plant operation to continue until some scheduled shutdown and the
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period between such events (T) or (t ) respectively, the unavailability
is: °

If the repair time is not insignificant with respect to the test inter-
val then

U . |I * etr - 6 (j + tr)

For redundancy systems

An exception to the product rule of probabilities occurs when repair of
redundant items is not independent as previously described. The system is
unavailable when certain components are being repaired due to lack of fault
isolation, and such events can be considered as common-mode failures. If
some fraction (K) of all failures have this repair dependency then for a
1 from 2 system with deferred repair the unavailability is:-

On the failure logic diagrams the OR functions are summated terms and
the AND functions are product terms. All the above expressions are proba-
bilities of events and can be combined as shown in Table 3.
4.3.2. Reliability Data

The primary failure rate data has been obtained either directly or de-
rived from the NCSR Reliability Data Bank. Where it vas considered approp-
riate, account was taken of particular conditions at the reactor to modify
the data that was available. Restoration time estimates have been based on
repair time estimates supplied from the reactor. Estimates of operator re-
liability performarce have been assessed from the procedures described in
the operating instructions and from general experience (Table 4).

4.3.3. Common-Mode Failure
The active extract system for the reactor has redundancy applied to most

of its main components and will therefore be subject to dependent failures of,_.
these due to common causes. Directly applicable experience of CMF is limited ,
but when independent failure probability for redundancy systems are less than,
say, 10~4, some qualitative analysis at least is necessary to identify possible
CMF and then to estimate their significance to the quantitative analysis. The
CMF to which redundant components of the active extract system are vulnerable
are discussed below.

(a) Seal Valves
The main possible causes of CMF are expected to be due to
imperfect maintenance or severe environmental effects.
Gland tightness or other cause of sticking, foreign
matter in the valve body with their close location to
each other, or mechanical damage are possible, but not
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TABU 3

Model» for Coapomnti tteev>il»bilitr

ssss.
Serie»

Icdundint
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only modes of failure of the valve, its actuator or
the solenoid valves. For the two outer valves the air
supply is a common service required for closure and for
the two inner valves the non-release of air from the
cylinder, solenoid sticking or latch seizure are examples
of possible CMF. A probability of failure on demand
due to CMF is estimated at 4.10~5.

(b) Fans and Dampers
There are several common features of the power and con-
trol circuits for the fan drive. Although there are
automatic changeover arrangements between the normal and
guaranteed supplies, they are common together with the
main isolator switch and distribution board. With com-
mon components and common design and construction of the
control circuits there are therefore many possible causes
of CMF. No definite causes of CMF of the fans have been
identified, but the possibility cannot be ignored due to
them being identical in design, their close proximity to
each other and common maintenance procedures. A CMF
probability of 10~* has been estimated.
The dampers are actuated by 2 way cylinders and pistons
from a 5 port solenoid valve. Common maintenance or en-
vironmental influences could cause CMF of these com-
ponents and failure of the air supply could have similar
consequences. A CMF probability of 2.10"̂  has been es-
timated.
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(c) Filters and Dampers
The major possible causes of CMF are expected to be
errors during maintenance procedures or maintainability
problems. Certain environmental effects could also
occur, but in each case the failure is likely to be
immediately revealed. The possibility of maintenance
error is considered to be remote because of the relative
simplicity of operations and the procedures tend to eli-
minate certain .effects that could occur with such plant.
A CMF probability of 10~5 is thought to be appropriate.
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(d) Emergency Initiation Circuits
Comments have been made in a previous section regarding
the possibility of CMF due to dependencies in the cir-
cuit's design. Maintenance or operator error are other
possible causes of CMF that have been identified.

4.A. Summary Discussion
The quantified reliability of the system has been derived on the logic

diagrams of figures 3 and 4 in terms of the unavailability of the various
functional requirements of the system, which is equivalent to the probability
of failure on demand. The seal valve system and the line «circulating air
back to the reactor hall has an unavailability of 2.2.10 , or an abnormal
release of activity can be expected once in approximately 450 demands. The
most significant contributors to unreliability, although not dominant, are
the gamma monitor, and the valve 84 in the clean air return line. Repair of
valves AI and A^ is also significant, but these events are under the control
of the operators and can be considered as not independent of fuel handling
operations. Procedures could therefore take account of this repair problem.

The system unavailability for iodine removal is 5.10 . This means that
there will be a failure to remove the activity once in every 200 demands.
Common significant contributors are the isolation valve Bj_, the fan dampers
and the dependent repair of fans. The charcoal bed valves, B and C, are sig-
nificant for iodine removal.

Main components such as the fans, dampers and seal valves have been dup-
licated for the system to be able to tolerate single independent failures.
However, it has been shown that certain failure modes of components can cause
the system to be unavailable or that the system could become unavailable during
repair. Several of these events have been identified as significant contri-
butors to system unavailability.

5. Comparison of Possible Releases of Activity with the Farmer Criterion
5.1. Introduction

5.1.1.
In the approach based on probability analysis, the chain of events leading

up to and beyond certain accident conditions is analysed by statistical tech-
niques to give the probability that the eventual outcome of that chain of
events will occur. These probabilities are always small for major accident
conditions which might have a probability of 10~° per year, ie it would be ex-
pected to occur once in a million years. In addition, the consequences of the
chain of events are calculated, and these are weighed against the probability
of their occurring. This may be done by reference to a criterion of accepta-
bility. Such criteria have been proposed by Farmer (8) and Kinchin (10). The
analysis of the faults as they occur in the plant is similar in both cases,
but using the Kinchin criterion, the effect of the possible discharges on the
actual surrounding population distribution, taking into account weather con-
ditions on a statistical basis, is also assessed. The analysis presented here
has been carried out in terms of a Farmer diagram, which plots consequences
(usually in terms of curies of l!31 released) against probability, and has a
line dividing "acceptable" from "unacceptable" release/probability combinations.
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A similar method was extensively used by Rasmussen (9) who plots actual lives
or cost of damage incurred against their probability for nuclear plants and
other natural and man-made risk sources.
5.1.2.

The object of this section is to apply this recently developed technique
to the assessment of the reactor in the area of loss of coolant through pipe-
work failure. In order to simplify the presentation, reference will be made
to the Farmer criteria as proposed for power reactors other than in near-urban
sites, as is appropriate for the rural situation around the reactor.

5.2. Probability Studies
5.2.1.

The probability of loss'of the D_0 coolant due to a pipework failure has
been calculated in Section 3 to be between 2.1 x 10 and 6.8 x 10 per year.
These figures are arrived at using statistical failure rates for the pipework,
and also considering the capacity of the protective equipment installed (sump
pumps etc.) and the failure rate of this also. Further, because of the dearth
of data on systems so lightly stressed as those in the reactor, pessimistic
values have been taken for failure rates. It will be seen, therefore, that
these probabilities represent an over-estimate of the probability of fuel melting
occurring.
5.2.2.

A full consideration of the consequences of the melting of fuel in the
core must take into account the containment building and the extract system.
The containment is regularly maintained and subject to Lloyd's surveyors
inspection and is extremely unlikely to suddenly develop a gross leak. The
overall probability of the failure of the extract system to remove I*** on
demand has been assessed in Section A to be 7.2 x 10 .
5.3.1.

The consequence of a failure leading to fuel melting will be the release
of fission products from the fuel to the environment. The most hazardous
fission product in this respect is Ij31» The total inventory of I.,, in the
core is 1.9 x 10 Ci, and this represents an upper limit to any possible
release. Actual releases would be expected to be less than this, for the
reason given below.
5.3.2.

It is extremely unlikely that all the core would in fact melt. Some heat
would be removed by «team.

However, this is very difficult to quantify. It will be assumed that all
the core melts when cooling is lost. This will result in the release figures
quoted being over-estimates.
5.3.3.

Some fission products would be retained in the melted fuel by entrainment
and also by chemical combination. Extensive work has been done on oxide fuel/
fuel clad combinations which indicate that, under conditions where over 992 of
I... is released from the fuel itself, 602 to 90Z is retained by reaction
witn the clad (varying with temperature and clad material). It will be
assumed that in this case 502 of the I..,., in the core is retained by the
cladding and 502 escapes into the reactor tank.
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5.3.A.
A considerable fraction of the iodine released from the fuel would plate

out on the internal surfaces of the reactor structure or in the reactor shell,
or dissolve in the D.O. It is assumed as an upper limit that 10% of the
iodine is released in the form of methyl iodide, 901 being elemental iodine.
The elemental iodine is easily absorbed in the D.O, on other reactor components
and in the extract system charcoal traps.

The 10% of iodine released as methyl iodide is therefore assumed to be
the limiting species.
5.3.5.

The main charcoal absorber of the extract system is provided to retain
iodine, especially methyl iodide, and is doped with potassium iodide to improve
its efficiency. It is regularly tested both in situ and by laboratory tests on
samples and is capable of providing decontamination factors for methyl iodide
veil in excess of the figure of 28 vhich is the current working limit (typical
values are over 1,000 ). 90% of the main bed flow is recirculated and only 10%
discharged, giving an effective DF of 280. The standby absorber, working on
reduced flow, is capable of decontamination factors well in excess of 280. The
decontamination factor assumed for the limiting species (methyl iodide) is
therefore 280. This will result in the release to atmosphere being over-
estimated.
5.3.6.

The total core inventory of I.,, given in 5.3.1 is reduced by the factors
given above to give the actual release from the containment building under
extreme conditions.

This is pessimistically calculated to be
1.9 x 105 x 0.5 x 0.1 x - - 34 Ci

This will therefore be the absolute upper limit of the possible release to
the environment if the extract filtration system functions correctly.

Complete failure of the extract system would lead to releases of up to
2 x 10 Ci I131t since some 90-95% I... would still be retained by the fuel and
in the D?0 ana reactor structure. Tri is release would be reduced by operator
action to seal the building manually.

5.4. Comparison with Farmer Criteria
5.4.1.

The probability of fuel melting as a result of loss of coolant has been
pessimistically assessed at 2.1 x 10 per year as an upper limit. If this
were to lead to a total core inventory release, it would still be just inside
the Farmer criteria (A in Fig. 5). However, the effect of the extract system
operation is to bring it well within the acceptable region (B in Fig. 5).
5.4.2.

The assessed failure rate of 7.2 x 10 demands for the extract system is
sufficient to bring the release in the event of a D20 leak and the co-incidentfailure of the extract system well within the acceptable level (C in Fig. 5).
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5.5. Conclusions
5.5.1.

Failure of the D,0 circuit leading to a core melt-down would release much
less than the upper estimate of 34 Ci of I.,, to the environment provided the
extract system functioned correctly. This figure is well within the Farmer
criteria at the upper limit of the failure rate of 2.1 x 10 . Release of the
total core inventory would be just within the criterion. Co-incident failure
of both extract system and reactor extract system would lead to releases of up
to 2 x 10 Ci I,,,. The reliability of the extract system would be sufficient
to meet the criteria for this level of release.
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