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PROBABILISTIC SAFETY ASSESSMENT
of
LWR CONTAINMENT SYSTEMS PERFORMANCE

FOREWORD

This report reviews current approaches to PSA of LWR
containment systems performance. It is based on a variety of recent
PSA reports which deal with Level-2 PSA.

The report is intended as a summary of recent state-of-the-art
containment analysis. It is intended to assist analysts in their
selection of the most appropriate methods of extending Level-1
plant safety evaluations into Level-2 assessments of the
containment performance.

The document is primarily concerned with the performance of the
containment as an engineered system rather than with the source
terms consequent upon its failure. It is addressed mainly to the
performance of large dry PWR containments, with a secondary
emphasis on other containment types.
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1. BACKGROUND

Although the basic framework and methods of Probabilistic Safety and Risk Assessment
have been well established, the analysis of Level-2 (containment and source terms) is an area
where state-of-the-art analysis demands high levels of expert resources. Even when these high
levels of resources are applied, containment and source term analysis produces results with high
levels of uncertainty. This has recently been demonstrated by the USNRC report NUREG-1150
[Ref.1].

The international community now realises the great value of individual nuclear plant
safety evaluations using PRA methods. Furthermore, the CSNI Senior Expert Group report on
"The role of containment in severe accidents” points out the importance of containment
effectiveness in further assuring the protection of the public against severe accidents. This
effectiveness has been demonstrated in practice by the contrasting environmental consequences
of the severe core damage accidents at Three Mile Island (contained) and Chernobyl (not
contained).

Since the resources for state-of-the-art Level-2 analysis of the NUREG-1150 type are not
normally available for the performance of each individual plant PSA, it is relevant to survey
both the state-of-the-art analyses and several less exhaustive approaches which may be
applicable to extending individual plant Level-1 studies into the area of containment
performance. This should assist in the choice of an approach to Level-2 in cases where high
levels of expert resources are not available.

2. THE PURPOSES OF LWR CONTAINMENT ANALYSIS
2.1 Reasons for Questioning the Value of Containment Analysis

The safety of LWR nuclear power plants is first of all accomplished by the design of
systems to minimise the chances of serious failures and also to prevent severe damage to the
reactor core even if such failures should occur. The containments of LWR NPPs do not play a
direct role in this accomplishment of reactor core safety.

Therefore, given that LWR safety is primarily a matter of preventing severe core
damage, and given also the acknowledged difficulties of containment analysis in severe core
damage or core melt accidents, it is legitimate to ask "What are the purposes of containment
analysis ?" as exemplified by Level-2 PSA studies.

This question is sometimes prompted not only by the different nature of containment
analysis when compared with the apparently more precise systems analysis in Level-1 but also
by the many, and sometimes large, uncertainties which have been explicitly presented in some
recent state-of-the-art Level-2 studies. There is a natural reluctance to expend a large effort on
Level-2 studies if one expects the results to be hedged about with large uncertainties and thus
lacking in definition. However, in mitigation of this objection, it should be realised that Level-2
analysts have taken the lead in promoting the explicit presentation of uncertainty in PSA, so that
the appearance of greater uncertainty in Level-2 may not necessarily reflect the reality.

2.2  Reasons for Performing Containment Analysis

The responses to the above questions, as well as reflecting the underlying science and
technology of core melt accidents, must currently reflect several other variables, including:

National regulatory conditions
Local choices of safety system and containment designs
Specific safety philosophies applied to particular plants

P5A of LWR Containment Systems Performance
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We look first at these national, local and specific issues, and then at the more general
issues of science and technology which may determine whether or not there are good reasons for
performing containment analysis.

2.2.1 National regulatory reasons

The regulatory requirements in some countries (eg Holland, UK, USA) are specified in
terms of level-2 or level-3 probabilities and results of accidents. Unless the requirements can be
met without any consideration of containment effectiveness, then some form of level-2 analysis
is inevitably required in these countries.

In these countries, it normally remains only to decide the acceptable forms and outputs
of level-2 analysis for licensing purposes, within the possibilities afforded by current assessment
technology.

2.2.2 Local plant-specific reasons

The safety analysis of some plants occasionally reveals specific vulnerabilities of
containments to certain core melt scenarios. These may, for example, include such matters as
common power, cooling water or control supplies to core protection and containment functions.

Analysis to determine the specific vulnerability and to prove the validity of modified equipment
or procedures may then be required.

In some countries, difficulties with local evacuation plans may require level-2 analysis to
be performed with particular regard to source terms, in order to determine those accident
scenarios which would create requirements for evacuation. These requirements may be different
in kind from national requirements affecting a plant in an area where evacuation plans present
no particular difficulties.

2.2.3 Generic reasons

There are several generic reasons which can be put forward to support the idea that the
containment is an important safety system, even though it does not participate directly in reactor
core protection:

a) The typical LWR containment [Figs 1, 2] is usually the largest and most
expensive "safety system” on the plant, and is subject to similar standards of

design, maintenance and monitoring as safety systems which protect the core.

b) The way in which the containment works is simple and quite diverse from the
ways in which core protection systems work. It is thus a further diverse defence
for the environment and its simplicity and passive operation make it relatively
immune from the types of human error which have caused historical reactor
accidents. It is therefore a valuable addition to "Defence in Depth".

c) It is a matter of both history and public knowledge that the performance of the
containment at Three Mile Island made all the difference between the relatively

benign health and environmental effects of that accident and the severe effects of
the Chernobyl accident.

d) The way in which the containment protects the public is much more obvious to
the public than are the ways in which other reactor safety systems protect them.
This public perception is one of the few perceptions oF nuclear safety which
aligns reasonably well with scientific and enginEering perceptions of safety in the

nuclear industry.
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FIGURE 1 : TYPICAL LARGE DRY PWR CONTAINMENT
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FIGURE 2 : TYPICAL MARK 1 BWR CONTAINMENT
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Given these matters of engineering reality and public perception, it may be difficult to
Justify a situation in which, for lack of containment analysis, the LWR operator, or the wider
LWR industry, cannot produce at least a modest analysis to support the claim that containments
effectively protect the public against accidents. History has been kind to the LWR containment,
which passed its only major test at TMI with flying colours, and has created a positive public
perception of its effectiveness even though success in one test may not satisfy the statistical
theorist.

Therefore, if containment analysis is to provide support for the favourable perceptions of
LWR containment which history has created, it will be helpful if it can:

1) Demonstrate a deterministic capability of the containment to contain the more
probable core melt scenarios, particularly those which may arise from human
errors. The absence of low probability severe phenomenology should be an
acceptable assumption for such deterministic analysis.

2) Be coupled with accident management schemes which are designed to maximise
the containment performance in severe core damage accidents, by steering
situations towards those which are deterministically containable, and eliminating
or reducing the chances of severe phenomenology.

3) Demonstrate that successfully contained accidents have relatively little impact on
the environment. (This should be a relatively trivial task as the environmental
effects of contained and uncontained core melt accidents would normally differ
by several orders of magnitude.)

Achievement of these objectives, which do not imply or require any particular
probabilistic targets, would maximise the value of containment as a system protecting the
public, and reinforce the already favourable public image of these large, expensive, but
straightforward safety systems. Failure to achieve these objectives may unnecessaarily erode the
good public image of LWR containments, despite the expense and care which the industry has
invested in them.

It should be noted that the achievement of these objectives, while requiring some analysis
of source terms to show that they are very small in successfully contained accidents, does not
require any analysis of source terms for accidents in which the containment fails. The success of
the containment is the most important factor capable of limiting the source term, rather than
incidental factors of fission product physics and chemistry.

2.2.4 Summary of the reasons

Containment analysis of severe core damage accidents in LWRs may in many cases be
required by national regulatory requirements or other local issues.

Even when there is no imposed requirement, there may well be value in performing this
type of analysis to the level required to support in more detail the reasonable scientific and
public perceptions of the effectiveness of LWR containments. By demonstrating a containment
capability, additional depth of defence for the environment is demonstrated, to add to the
already substantial dpepth of defence against core damage.

. The above reasoning therefore suggests that a reasonable minimum set of objectives for
containment analysis should be:

1) Demonstrate containment capability for the more likely core melt scenarios,
which will not include those very severe phenomena which are generally judged
to have low probabilities of occurrence

2) Maximise containment performance through accident management schemes

PSA of LWR Containment Systems Performance
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3) Show that the results of successful containment are, at worst, small environmental
impacts.

Source term analysis for accidents in which the containment fails is not required to
achieve these objectives.

2.3  Implications for Generic and Plant-Specific Containment Analysis
2.3.1 The balance between generic and plant-specific analysis

The generic reasons given above for the performance of containment analysis, and the
suggested objectives which can be achieved, require a mixture of generic and plant specific
analysis.

Generic analysis results can be obtained from both generic research programmes and
state-of-the-art level-2 plant-specific studies. These studies represent very large historical efforts

and expenditures, and there 1s a substantial continuing programme of both national and
international studies.

Plant-specific analysis can only be obtained by plant-specific studies, which must in most
cases be quite limited in effort and cost. Therefore, it is desirable to maximise the inputs to the
objectives (1) to (3) above from the extensive generic and state-of-the-art studies and to
minimise the additional inputs required tpo achieve plant-specific analyses.

We thus look at the above objectives (1) to (3) with a view to identifying those inputs
which can be obtained from generic and state-of-the-art studies, and those which must be
obtained from plant-specific analysis. These are now discussed:

Objective 1 Demonstrate containment capability for the more likely core melt
scenarios, excluding low probability phenomena

This objective can be largely achieved with information obtained from the generic
and state-of-the-art studies, which together identify and analyse enough categories
of accidents and phenomena to enable those which do not seriously threaten the
typical containment to be identified. Reasonable maximum "threat” parameters
(temperature, pressure, lack of coolability etc) can be derived for each class of
accident scenario, subject to the exclusion of low probability severe
phenomenology. These parameters can then be compared with the capability
parameters estimated for specific containments. Simple conservative estimates of
plant-specific threat and capability parameters should then provide the
justification for achieving this objective for many accident scenarios.

Objective 2 Maximise containment performance through accident management schemes

This objective will necessarily involve mainly plant-specific input, as it is
concerned with formulating accident management based on operations of specific
plant systems. There will of course be generic indications of the types of
management actions likely to be successful in identified circumstances (eg high
pressure core melt), and these can be derived from the generic and state-of-the-art

studies.

pSA of LWR Containment Systems Performance
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Objective 3 Show that the results of successful performance of the containment as an
engineered system are at worst small environmental impacts.

With the proviso that the plant-specific containment does not have peculiar
leakage properties not represented in any generic and state-of-the-art studies,
these studies of the source terms attributable to non-failed containments should
provide an adequate indication of relevant source terms for the plant-specific
analysis. A clear definition of containment success/failure is required in
engineering terms (for example - maximum permissible volume leakage rate as a
function of time), but all reasonable definitions of engineering success should
lead to very small source terms in comparison with those which would result
from accidents with postulated serious failures of the containment.

The concept of "containment success” in terms of the success of an engineered
system, is discussed further in section 2.3.2.

It is a main purpose of this study to survey the generic and state-of-the-art analyses to
indicate the extent to which the relevant inputs to these objectives can be obtained, and to give
some indications of what those inputs are.

2.3.2 Engineering definitions of containment success and failure

For all reactor safety systems designed for core protection we have clearly defined
"success criteria” for the systems’ performances. These criteria are normally conservative and in
almost all cases they are expressed in terms of simple engineering performance criteria such as:

"At least one out of N pumps starts within T seconds and operates at the minimum rated
flow for H hours."

This type of success criterion might be applicable to an ECCS or auxiliary feedwater
system.

Safety system criteria such as this are not normally exact but are simple practical criteria
which do not deviate too far from the "exact truth". For example, in many accident
circumstances to which a criterion such as the above would apply, sub-standard performance
such as a few more seconds delay or flow at only 95% of minimum rated flow would also be a
practical "success”, even though we would nominally count it as a "failure".

Safety system criteria are also normally defined in terms of the behaviour of the system
rather than in terms of the outcome of their behaviour, even though the outcome is the real
concern. Thus, while a safety system criterion could be defined in terms of the acceptable limits
on core damage resulting from its performance, we find this too complicated and indirect for
normal use and prefer to have a success criterion definition in terms of the system behaviour -
eg "1 out of N pumps works". We will then establish that 1 out of N pumps leads to an
acceptable state of the core, while 0 out of N leads to an unacceptable state, and we will not be
too concerned about calculating the fraction of one pump’s capacity which would just produce
core damage at the acceptable limit.

If we apply the same consideration to the definition of containment performance, we
should not define the performance directly in terms of source term outcome but in terms of
engineered system behaviour. Source term outcome has a very complex relationship to system
behaviour, depending on the physics and chemistry of the core melt "threat" as well as that of
the containment leak processes. Instead, the performance should be defined in terms of such
matters as:

PSA of LWR Containment Systems Performance
Final Report Page 10



The success or failure of isolation systems

This would refer to the closure or otherwise of the active isolation systems. If any of a
set of identified isolation systems failed, then the containment would be deemed to have
failed.

The maintenance of some defined integrity in the main structure

Although one would expect a progressive deterioration of structural integrity under
increasing "threat” from internal pressure, temperature etc, it is quite possible to define a
level at which it will be conservatively assumed that "success” becomes "failure”. This
could be done in terms of a leak area, or a volumetric leak rate, or more simply a level
of stress/strain at which integrity might be compromised. This latter concept is
commonly applied in the use of 'ASME level "C" and "D" damage for pressure vessels,
where these levels of strain are comsidered as conservative surrogates for "vessel
failure". As the containment is a pressure vessel such a concept might well be suitable.

Definitions of containment performances as engineered systems should be developed in
order to bring about consistency in the assessments of all the engineered systems protecting the
environment from the hazards of LWR NPPs. The definitions should be primarily determined
by practical engineering definitions rather than by resultant source terms, provided that the

.

design of containments is such that containment engineering success cannot correspond to the

.

release of a substantial fraction of the contained radioactivity.
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3. A SURVEY OF LWR CONTAINMENT ANALYSIS OPTIONS

Probabilistic accident progression analyses of LWR containments have evolved from the
simple containment event tree approach devei)ped in WASH-1400 [Ref.2] to the much more
complicated Accident Progression Event Tree (APET)/full scope uncertainty approach presented
in NUREG-1150 [Ref.1]. The NUREG-1150 approach was extremely costly in terms of time
and funding. Not all PSAs can afford to use the full scope NUREG-1150 methods and must
consider less costly alternatives to fulfill project objectives.

This section discusses briefly some options for accident progression analysis which
could be selected according to the desired objectives of a Level-2 PSA.

Firstly, various "direct” approaches are discussed, in which containment event trees are
constructed "from scratch” and specific to the analysis (section 3.1). After these, two "indirect”
methods are described, in which modifications are made to previous "reference” studies, but
there is no attempt at an original analysis (section 3.2). Finally, there is a discussion of some
possibilities for the use of new methods which differ substantially from the containment event
tree methods (section 3.3).

3.1 Direct Approaches using Containment Event Tree Construction
3.1.1 Simple containment event trees (WASH-1400 type)

This approach involves the use of an event tree of about 5 - 10 top events. In a modern
application, the specific nodes might be similar to those used nearly 20 years ago in
WASH-1400, but are more likely to address different nodal questions, reflecting more modern
knowledge.

In small event trees the logic structure is extremely simple and usually considers only
the state of the containment. The timing of events is addressed in an extremely simple manner.
To evaluate these models correctly, the physics of the accident progression is not ignored, but
must be considered in an "integral” manner when evaluating each branch point probability.

The probabilities used to quantify the event tree branch points are typically best
estimates. The assessment that goes into establishing these probabilities can be complicated by
the fact that the event tree is used for many different accident scenarios. The probabilities
must therefore be assessed for many sets of different initial conditions.

Models of this type are simple and easy to comprehend, but do not explicitly
address the complicated interactions that occur among the many different accident progression
phenomena and between the phenomena and the containment systems.

Results from studies of this type can inform the user what types of containment
failure modes are expected and what containment failure modes result in large source terms and
large consequences. However, these studies do not provide information about the relative
importances of the physical processes that contribute to containment failure,

3.1.2 Intermediate containment event trees (Seabrook type)

The event trees used in this approach decompose the accident progression in more detail
than the simple event trees described above. Some accident progression processes are factored
explicitly into the event tree along with the state of the containment. Timing is considered in
more detail in this approach than it is in the simple containment event tree approach.

PSA of LWR Containment Systems Performance
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CONTAINMENT EVENT TREE FROM SEABROOK PSA

(UPPER PART ONLY)

FIGURE 3
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The event tree used in the Seabrook PRA [Ref.3, and Fig.3] is categorized here as
an intermediate-level containment event tree with an uncertainty analysis. The Seabrook
containment event tree considers three time regimes (debris in-vessel, debris in cavity, and long
term). The status of the debris in the containment is represented explicitly along with the status
of the containment. The top events are summarized in Table 3.1.

TABLE 3.1 : Top Events in the Seabrook Containment Event Tree
1. Plant State (Initial Conditions)
2. Top Events During Debris in vessel Time Regime:

a) Debris Cooled in Place
b) No H2 Burn
¢) Containment Intact

3. Top Events During Debris in Cavity Time Regime:

a) Debris Dispersed
b) Debris Cooled

¢) No H2 Burn

d) Containment Intact

4. Top Events During Long Term Time Regime:

a) No Late Burn
b) Shell Intact

¢) Basemat Intact
d) Small Leak

Some of the complex interactions taking place during the accident progression are
addressed explicitly, while others may be modelled when evaluating branch point probabilities.
Because many of the possible interactions between severe accident phenomena and the
containment systems are not modelled explicitly in the logic structure, the direct impact of the
parameter behavior on the results can not be observed.

The Level 2 results that are presented in the Seabrook PRA are in terms of uncertainty
distributions for the frequencies of risk significant release categories and core melt. The release
categories defined for early containment failure/bypass are presented below in Table 3.2.

TABLE 3.2 : Early Release Categories Defined in Seabrook PRA
Release Category Definition of Release Category

S6 Containment bypass or isolation failure with
‘ containment building sprays working

S6V S6 without sprays and with an additional
vaporization component

S1 Early containment failure due to steam
explosion or hydrogen burn with sprays

S1 S1 without sprays
Results are also presented for Containment Intact and Long Term Containment Failure Releases

P5A of LWR Containment Systems Performance
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3.1.3 Large containment event trees (NUREG-1150 type)

In this approach, most of the known interactions among the phenomena and the
containment systems are modeled explicitly in the event tree. This approach is typified by the
NUREG-1150 accident progression study. This approach requires large and detailed Accident
Progression Event Trees (APETS).

To give the reader a feel for the level of detail in the NUREG-1150 logic models, the
first 52 questions of the Grand Gulf NUREG-1150 APET have been provided as in Table 3.3.
The APET treats the progression of the accident from the onset of core damage through the
core-concrete interaction (CCI). It accounts for the various events that may lead to the release of
fission products due to the accident.

The NUREG-1150 APETs can consist of as many as 145 questions, most of which have
more than two branches. Initial and boundary conditions are developed in the Accident
Sequence Frequency Analysis and are summarized in the first part of the tree. Three time
periods are considered in the tree: before vessel breach, at vessel breach and late. Questions
concerning the status of offsite power, core damage arrest, containment Systems, debris,
energetic events (hydrogen events, steam explosions), and containment failure are asked in

each of the periods.

The APET is so large and complex that it cannot be presented graphically and must be
evaluated by computer. A computer code, EVNTRE, has been written for this purpose. In
addition to evaluating the APET, EVNTRE sorts the many possible paths through the tree into a
manageable number of outcomes, denoted accident progression bins (APBs).

The many parameters in the event trees (including both branching probabilities and
physical quantities) were quantified by the formal expert elicitation panels, by the project staff,
and calculated by FORTRAN subroutines within the EVNTRE program. The APET is not
meant to be a substitute for detailed, mechanistic computer simulation codes. Rather, it is a
framework for integrating the results of these codes together with experimental results and
expert judgment. The detailed, mechanistic codes require too much computer time to be run for
all the possible accident progression paths. Further, no single available code treats all the
important phenomena in a complete and thorough manner that is acceptable to all those
knowledgeable in the field. Therefore, the results from these codes, as interpreted by experts,
are summarized in an event tree. The resulting APET can be evaluated quickly by computer, so
that the full diversity of possible accident progressions can be considered and the uncertainty in
the many phenomena involved can be included.

Rank regression analyses indicating the importance of specific parameters to the
uncertainty in conditional containment failure probability, in fission product release rates, or in
risk can be performed. Regression analyses for annual release rates and risk were performed and
presented in the NUREG-1150 support documents. Example results for the Annual Release
Rates (fraction/yr) at Surry are presented in Table 3.4.

Although NUREG-1150 APETs are currently regarded as the model for large event
trees, a "Large Containment Event Tree” does not have to be as large or detailed as in
NUREG-1150. The distinguishing feature of the large event tree is the use of nodal questions
about the detailed steps leading to specific results, as distinct from the use of "integral”
questions corresponding to the outcomes of several steps in combination.
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Table 3.3 : First 52 Questions from the NUREG-1150 Grand Gulf

0PGRS W

PSA

Accident Progression Event Tree

What is the initiating event?

Is there a Station Blackout?

Is DC Power not available?

Do one or more S/RVs fail to reclose?

Does HPCS fail to inject?

Does RCIC fail to inject initially?

Does the CRD hydraulic system fail to inject?
Does the condensate system fail?

Do the LPCS and LPCI systems fail?

. Does RHR fail (heat exchangers not available)?

- Does the service water system or cross-tie to LPCI fail?

. Does the fire protection system cross-tie to LPCI fail?

. Are the containment (wetwell) sprays failed?

. What is the status of vessel depressurization?

. When does core damage occur?

- What is the level of pre-existing leakage or isolation failure?

- What is the level of pre-existing suppression pool bypass?

- What is the structural capacity of the containment?

. What is the structural capacity of the drywell?

. What type of sequence is this (summary of plant damage)?

- Do the operators turn on the HIS before core damage (CD)?

- Is the containment not vented before CD?

- Does (do) any S/RV tailpipe vacuum breaker(s) stick wide open?

- Does AC power remain lost during core degradation?

. Is DC power available during core degradation?

. What is the RPV pressure during core degradation?

. What is the status of the HIS before vessel breach (VB)?

. Is RPV injection restored during core degradation?

. Is the core in a critical configuration following injection recovery?

. What is the status of containment sprays?

. What amount of oxygen is in the wetwell during CD?

- What amount of oxygen is in the drywell during CD?

- What amount of steam is present in the containment at core damage?

- What amount of steam is present in the drywell at core damage?

- Total amount of H2 released in-vessel during CD?

- What is the level of In-Vessel zirconium oxidation?

- What is the containment pressure during CD?

- What is the containment leakage due to slow pressurization before VB?

- What is the maximum hydrogen concentration in the wetwell before VB?
. To what level is the wetwell inert during CD?

- Do diffusion flames consume the hydrogen released before VB?

- What is the maximum hydrogen concentration in the drywell before VB?
- Do deflagrations occur in the WW prior to VB?

- Is there a detonation in the wetwell prior to VB?

- What is the level of containment impulse load before vessel breach?

. With what efficiency is H2 burned prior to VB?

. What is the peak pressure in containment from hydrogen burn?

. What is the level of drywell leakage induced by an early detonation ?

- What is the level of containment leakage induced by an early detonation?
- What is the level of containment leakage before vessel breach?

. What is the level of drywell leakage induced by containment pressurization?
- What is the level of suppression pool bypass following early combustion

events?
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Table 3.4 - Summary of Rank Regression Analyses for Annual Release Rates of Iodine

(Fraction/yr)

Step Variable SRC* R2

1 FISGFOSG 0.54 0.28
2 IE-SGTR 0.34 0.39
3 V-TRAIN 0.28 0.47
4 FCOR 0.25 0.52
5 LATEI 0.20 0.56
6 PORV-BLK 0.17 0.58
7 RCP-SL-F -0.13 0.59
8 TYPE-VB 0.13 0.61

* _ Standard regression coefficient

The events are listed in Table 3.4 in the order that they contribute to the
uncertainty in annual release of iodine.

FISGFOSG The release fraction from the vessel to the environment for
steam generator tube ruptures.

IE-SGTR Steam generator tube rupture initiating event frequency

V-TRAIN Initiating event frequency for Event V (interfacing system
LOCA)

FCOR Release fraction from core

LATEI Late iodine release fraction from pools

PORV-BLK Probability of Power Operated Relief Valve (PORV) block
valve open

RCP-SL-F Probability of Reactor Coolant Pump (RCP) seal failure

TYPE-VB Type of vessel breach
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3.2  Indirect Approaches Based on Previous PSAs
3.2.1 Checklist approaches

This approach would be taken when resources fall well short of those required to
perform a full blown Level 2 PRA. In this approach, insights and plant features important to
accident progression analyses are catalogued from previous PRAs. The plant features and
insights are compared to "the checklist one by one for the plant in question. The features and
insights believed to be important would be documented and assessed further if necessary.

Features of the containment and the Level-1 study results which would be included on a
checklist would include:

0 The functioning of containment cooling systems in the risk dominant core melt
accidents [Sequences with associated failure of containment cooling could initially
be presumed to lead to late containment failure]

0 The relationship of containment bypass to core melt sequences [Sequences
involving containment bypass could be presumed to correspond to failed
containment]

0 The pressure in the vessel at the time of core melt [Sequences with high pressure

could be pessimistically presumed to have relatively high probabilities of
containment failure]

0 The volume x pressure capability of the containment relative to the core power,
compared with that for previously analysed reactors/containments of a similar
type [An equal or favourable relationship could be presumed to lead to similar or
lower overpressure failure probabilities in similar core melt sequences]

Where the checklist shows that features of accident sequences and containment
parameters are similar to, or better than, those previously analysed in more intensive studies, an
assumption can be made that the performance of the containment under study will be no worse
than that assessed for the previously analysed plant.

The checklist approach makes the presumption that the performance of a containment is
primarily determined by its gross engineering features such as its cooling system capabilities, its
pressure and volume capabilities, etc, and not by incidental minor features of itself or of the
accident sequences which threaten it, which are likely to go unappreciated by the analysts using
this method. Thus, for example, one would not trust a checklist approach for an issue which had
been found in a previous study to depend on some minor feature of a containment or an accident
sequence.

A checklist approach was used in the UKAEA/Hong Kong Government’s Risk Study for
Daya Bay [Ref.4], where it was necessary to make an approximate estimate of the risks of major
containment failures but not to produce any detailed review of the plant design features. The
checklist approach in this study compared the plant containment features with those of Surry, as
assessed in NUREG-1150.

3.2.2 Extrapolation approach

This approach begins from existing models and use existing data. The models and data
would be modified appropriately for the plant in question. An approach similar to this one has
been recommended in the Individual Plant Examination Submittal Guidance (NUREG-1335)
[Ref.5]. Theoretically, the results given by this approach could be at the same level of detail as
the surrogate approach from which the models and the data are based.
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The extrapolation approach involves more detail than the checklist approach even though
it refers to other studies as its starting point. The extrapolation approach uses or modifies the
detailed models from another study. The checklist approach simply uses or modifies the results.

3.3  Alternative and Novel Approaches

To date, PSA methodology for the analysis of containment behaviour in severe accidents
has been dominated by event tree analysis of varying detail, as described above.

However, several other approaches have been proposed, although only one (fault trees)
has, to the authors’ knowledge, been used in anger in a plant-specific PSA. Several approaches
are discussed below.

[A comparitive discussion of three approaches - traditional event tree, fault tree and Markov
method, can be found in Ref.6.]

3.3.1 Fault tree approaches

The fault tree approach to logical analysis is of course very familiar from Level-1
analysis. When applied to Level-2, the "Top Event" is normally defined to be a particular
category of containment failure. This might be a category with a narrow definition, such as "late
overpressure failure with sprays failed” or it might be a more general definition such as "early
containment failure”. If the concept of section 23.2 of this report were defined and used in an
assessment, then the top event could simply be "containment failure”. The upper part of a fault
tree for an even more general top event of wuncontrolled release (using an old UK definition
based on offsite doses exceeding 100 mSv) is illustrated in Fig.4. This top event contains some
design basis accidents which do not melt the core as well as core melt accidents.

Fault tree methods have some advantages of efficiency over event tree models in that
they do not necessarily generate nwasted” information. Event trees much larger than the very
small WASH-1400 type generate many S€quences which are then "binned” together again to
form the results. This means that, for the same accuracy, fault tree analysis may be more
compact than an equivalent event tree analysis. Where it is known in advance which modes of
containment failure are of particular interest, fault trees may be particularly efficient in avoiding
the answering of questions not directly required for assessing the end results.

The disadvantages of fault trees are based mainly in the difficulty in modelling any
effects of time-ordering in the sequence of events. The explicit inclusion of time-ordering can
require the inclusion of NOT logic, which then may make the fault tree much more difficult to
analyse. The difficulty in modelling time-ordering leads to difficulty in assessing the
conditionality of events on previous events, in contrast with the situation in event trees where
the conditions prior to each node are explicitly stated in the previous route through the tree. The
difficulty in modelling conditionality in the WASH-1400 study led to the use of event trees
instead of the fault trees which had been tried for containment modelling.

Fault tree approaches were used in some preliminary studies for Sizewell B [Ref.7] and
in the Darlington Probabilistic Safety Evaluation [Ref.8].

3.3.2 Markov approaches

Markov methods are well known tools for analysing systems with many inter-state
transitions, particular where most of the transitions are reversible - for example a system with
component failures and repairs. They have not been used in containment analysis except in very
limited trials. Fig.5 illustrates an example from Ref.6 in which a Markov model was

constructed to assess the possibility of a containment failure due to hydrogen deflagration.

PSA of LWR Containment Systems Performance
Final Report Page 19



EXAMPLE OF THE UPPER PART OF A CONTAINMENT FAULT TREE

FIGURE 4
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FIGURE 5 : EXAMPLE OF A MARKOV MODEL OF CONTAINMENT ANALYSIS
' (FOR HYDROGEN BURN FAILURES ONLY)
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Figure 5 (cont)

READING AID FOR FIG.5

1
START
containment intact
degradad core
2 3 4
<S0% debris in lower plenum <50% debris in lower pienum <SO% debdris In lower plenum
H, not present in containment H, present in containment H, present in containment
Atmosphere not well mixed Anoaphers welt mixed
No RPY fallure yat No RPY failure yet No RPY fafiure yet
8 ]
<SO% Cedris in Jower plenum <50% Cebris In jower plenum
Giobal defiagration BUT no Giobal defiagration resutting
containment fallure yst In containment failure
No RPY fallure yet No APY failure yet
12 13 14 18
Disperaive APY failure Dispersive APY failure Dispersive RPY failure Diapersive RPY tallure
Debris bed being cooled Debris bed being cooled Detris bed not being cooled Detris ded not being cooled

H not present in containment

H; present In containment

Hy not present in containment

H; present in containment

2 21 x2
Detxis bed being cooled Debris bed being coocled Debris bed being cooled
H, not present in containment H, present in containment H; present in containment
Aimosphers not well mixed Atmosphere well mixed
RPY taited RPY fatted RPY failed
28 7 :
Debris bed deing cooled Debris bed being cooled ||
Qiobal deftagration BUT no Giobal deflagration resuting
containment falture yet in containment hilure
RPY failled APY falled
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Figure 5 (cont)

READING AID FOR FIG.5

1
START
contalnment intact
degradad core
[ ] 7 .
>50% debdris in lower plenum >50% debris in lower plenum >30% debris In jower plenum
H; present In containment H, present in containment H, not present in containment
Anosphers well mixed not well mixed
Np RPY failure yet No APV fallure yet No RPY faiure yet
10 "
>50% Cedris in lower plenum >50% debris in lowsr plenum
Gioba! deflagration resulting Qicbal deflagration BUT no
In containment fallure containment failure yet
No APY falure yt No APV failure yst
18 17 18 19
Gravity drop RPY fallure QGravity drop RPY falure Gravity rop RPY ailure Gravity orop RPY faiure
Debris bed not being cooled Detris bed not being cooled Detria bed being cooled Debris bad being cocied

H, present in containment

H,thmuinm

Hy not present in containment

2 24 F<
Debris bed not being cooled Debris bed not being cooled Debris bad not being cooled
H, present in containment H, present in containment H, not present in containment
Atmosphers well mixed Aznosphers not well mixed
APY falled RPY filed RPY tailed
8 -
Debria bed not being cooied Detrie bed not being Cocled
Qlobal defiagration resuling Qiobel deflagration BUT no
In containment laiure containment failure yet
APY tahed RPY falled
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Markov models allow for the possibility of multiple transitions between states. Examples
are the transitions between coolable and uncoolable debris bed states or between poorly mixed
and well mixed flammable atmospheres. Such multiple transitions are very difficult to handle in
event trees without using large numbers of repetitions of similar questions. Even then, the event
tree method is limited by prior definition of time-frames, whereas a Markov model can operate
as a function of time with only the time step (and consequent computing time requirements) as a
limitation.

The absence of any track record in the use of Markov models for containment analysis,
implies that any such use in the near future will require a substantial development effort, as
discussed in Ref.6. The use of a Markov method is therefore unlikely to be sensible as part of a
plant-specific PSA until some further research and development has been completed. However,
once such development has been done, Markov methods offer the possibility of a containment
model which may well represent reality more realistically than does an event tree. This is
because the physical behaviour of materials in a containment is more realistically represented as
a series of transitions between states, rather than a passage through a series of irreversible
decision points.

3.3.3 Other novel approaches

The three models discussed above (CET, FT, Markov) impose a "discrete logical
structure” on the process of containment analysis.

The principal alternative to this "logic structure” approach to make direct use of the best
physical models available and to analyse the uncertainties within them. Such an approach,
specifically orientated to the steam explosion process, is outlined in Ref.9.

The process of analysis consists of using a physical model of the core and containment
behaviour, and varying the input parameters to the various sub-models within it, to reflect the
uncertainties in our knowledge.

The principal advantage of this method is that the parameters requiring judgemental input
variations will, as far as possible, be parameters linked to real physical quantities rather than
quantities selected for their logical convenience as in the “logical” models. For example, the
analysis of a debris bed might, in the CET approach, require the assessment of:

"Probability that debris bed remains coolable”
while in the parametric approach the assessment will include such matters as:

"Spectrum of debris sizes in bed"
"Quantity of debris in bed"
"Rate of water addition to bed"

These quantities are of the type which science traditionally measures, whereas the
quantity in the CET (or other logic model) is a highly synthetic quantity, depending on a
multitide of more fundamental processes such as two-phase flow, heat conduction etc.

‘The parametric approach is clearly the most compatible with our normal approach to the
modelling of physical phenomena. However, it also suffers from some disadvantages in addition
to the lack of a practical track record. These are:

Potential inefficiency - many parametric unceertainties may be modelled which turn out
to be irrelevant to answering the important questions (a disadvantage shared with large
CETs)
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A need to revert to highly synthetic modelling when there is no agreed physical
representation of a phenomenon involved in the analysis - some of the "parameters” may
then be the equivalent of the "yes/no” nodal questions in CETs. for example - they may
be of the form "Model A / Model B is the correct one".

Intensive use of computation - as the state-of-the-art models are re-run many times to
cope with many input parameter changes.

None of these are insuperable problems, and the last in particular becomes less of a
problem with each advance in speed and economy of computation. An approach of this type has
been used very successfully in the modelling of offsite consequences, where the physical model
is reasonably straightforward (material disperses in the air / is breathed in or eaten etc / causes a
radiation dose) but many parameters of the model are subject to uncertainty and variability.
Monte Carlo or Latin Hypercube sampling methods have been used to repeatedly re-run the
offsite model computer codes, and have produced useful assessments of the uncertainties in the
results [Ref.10].

3.3.4 Discussion of novel approaches compared with containment event trees

The traditional containment event tree method, together with the Fault Tree and Markov
methods, all impose "discrete logic structures" upon a physical system which has no such
intrinsic structure but which operates through a continuous development of physical and
chemical properties. These discrete logic structures are convenient for the mental processes of
the human mind (plus computer extensions) but differ substantially from the reality of the
situations being modelled. The success of the models depends on the degree to which the
"continuum" of reality can be approximated by a series of dichotomies (in event/fault trees) or
states which are not contiguous but separated by substantial differences in parameters (Markov
model).

Parametric methods, based on parameter input variation to state-of-the-art physical
models (computer codes), greatly reduce the artificial imposition of logical structures with no
physical counterparts. However, they require the existence of a suitable state-of-the-art model
on which to operate and the resources for repeated running of that model with varying
parameters.

Several methods of analysis, including the traditional containment event tree and the
parametric approaches, tend to waste information which is generated in the process of the
analysis. This occurs because it is not normally possible to know, when constructing an event
tree or parametric variation study, how much detail is required in the setting up of the model.
Markov methods can overcome this problem but lack the track record of the event tree method.
These methods will also require substantial research and development before their potential
could be exploited in practical applications. Fault trees can also overcome the "wasted
information” problem to a large extent but suffer from difficulties in modelling time-dependent

issues.

In between the traditional discrete models and the "continuous" parametric models are
hybrids which make use of both schemes. These are not yet developed to the point of whole
Level-2 modelling techniques but have been applied to some specific issues. Such schemes are
discussed further in section 4.1.5.
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4. THE SELECTION OF CONTAINMENT ANALYSIS OPTIONS

In this section, the specific objectives that can be accomplished by different approaches
are discussed. Table 4.1 presents a summary of the approaches which may be suitable for the
achievement of various objectives.

4.1 Direct Approaches Using Containment Event Tree Construction

The WASH-1400, Seabrook and NUREG-1150 studies represent increasingly complex
stages in the series of PSA studies performed to date. While acknowledging that NUREG-1150
is closest to the state-of-the-art, an analyst may wish to avoid the associated complexity and
cost, and may seek to adopt simplifications that bring the analysis closer to one of the earlier
approaches. An important distinction from earlier work will be that certain deficiencies can be
overcome by taking advantage of intervening developments. For example, a modern
WASH-1400 style of study would be able to use significantly improved failure rate databases,
with improved characterisation of uncertainties. Thus criticism of certain weaknesses in earlier
work may not be applicable to modern studies which adopt the earlier style of approach while
implementing appropriate improvements.

An objective of WASH-1400 was to perform an assessment which was more realistic
than prior conservatively-oriented studies, yet it may be inherently pessimistic with respect to
subsequent work since the lack of detail in modelling engenders over-simplified and pessimistic
assumptions. The results may then be too pessimistic especially for older plant designs. Also, as
a result of the simplification in WASH-1400 many uncertainties are included in each top event.
More detailed modelling such as in the Seabrook study or NUREG-1150 may better characterise
that uncertainty, ie splitting up the top events aliows the analyst to be more sure where
identifiable uncertainties lie. Increased detail will also allow the most significant uncertainties to
be more readily identified by sensitivity studies.

A simpler WASH-1400 style of event tree analysis may be all that is required for the
identification of major issues. That is particularly true in preliminary stages of analysing a new
plant design where the analyst is required to formally identify the main contributors to risk.
Ultimately an analysis may require a level of detail at least as great as that shown by
NUREG-1150 in order to ensure adequate coverage of specific issues. The analyst will need to

exercise skilled judgement in selecting the appropriate level of detail and style of analysis.

One aspect relating to the accuracy of predictions is that simplification by the grouping
together of broadly similar events (or events with similar consequences) must be done with care.
This simplification is greatest in the WASH-1400 approach which groups all PWR event tree
sequences into nine categories representative of the entire spectrum of radioactive releases (five
categories for BWRs). Moreover the WASH-1400 model assumes that eventual failure of the
containment is certain, although that is a simplification which later analyses seek to improve
upon by more realistic physical modelling. For example the Seabrook model introduces a
leak-before-failure model to allow continuous leakage, thereby allowing the possibility of
avoiding gross containment failure. Differences in the modelling lead to notable differences in
the predictions of containment failure mode. For example, WASH-1400 predicts that 34% of
core melt events lead to gross early containment failure, compared with 1% predicted by the
Seabrook analysis [Table 5.1 of Ref.11]. So, differences in modelling do not simply cause a
variation in numerical predictions (which could in principle be accommodated by suitable
consideration of error bands), but may significantly alter the overall character of the
conclusions. It follows that the analyst must include sufficient modelling detail to ensure that the
effects of all relevant features are considered.

Several factors will influence the type of study to be adopted. A simple study may
usefully identify the key issues in a new plant design, whereas a larger event tree model (eg
NUREG-1150) will be needed to study a plant at a more advanced stage of design. On the other
hand, having done a NUREG-1150 style study of a plant having novel design features,
subsequent plants could then be examined by simpler confirmatory PSAs concentrating on
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known weaknesses. A potentially valuable approach using Simplified Containment Event Trees
based upon a prior NUREG-1150 style study is described in Ref.12 and section 4.1.5 below.
All studies are also likely to be influenced by the availability of resources such as personnel,
funds, computing facilities and time. Nevertheless, although a high level of modelling detail
may not be required, one would expect an analyst to make use of the most comprehensive
available modern databases, and also to adopt the best practicable mathematical methods of data
handling and error analysis.

The suitability of different approaches for addressing specific topics is discussed in more

detail below. There is no general recipe to indicate the best choice. That is ultimately dependent
upon the skill, experience and judgement of the analyst.

4.1.1 Approaches suitable for safety goal comparison

Each of the direct approaches provides quantitative information which may be compared
with a safety goal. The validity of the comparison and the interpretation of the conclusions
depend upon the assumptions of the PSA model, its accuracy and limitations, and also on the
context within which the safety goal is set.

4.1.1.1 Accuracy and Uncertainty

Limitations on the accuracy of data may be thought to undermine quantitative
comparisons with numerical safety goals, although early in the developments of PSA for nuclear
plant analysis the WASH-1400 study (Ref.2, section 1.7) pointed out that a risk assessment can
"accept whatever level of accuracy is obtainable from available data and then examine the
results to see if they are meaningful”. That is in contrast to a reliability analysis which aims to
predict a level of reliability with a relatively high degree of accuracy. Subsequent developments
in PSA techniques and failure rate databases have led to the recognition that quantitative
assessments may have some, albeit limited, specific applications [Refs.13, 14], while some
authors perceive the numerical result of a PSA study as less important than the insights gained
regarding system behaviour and dominant accident sequences [Refs.15, 16].

Uncertainty in the accuracy of the predictions of a PSA model arise from several
sources, particularly through limitations in:

(a) The numerical accuracy of input data

(b) The construction of the event trees and fault trees
()  The understanding of physical phenomena

(d  The lack of completeness in modelling.

The overall uncertainty may limit any quantitative application of the results, and indeed
in principle any analysis should seek to reduce the uncertainty as far as is practicable. It is
important to recognise that the process of reducing uncertainty could be pursued indefinitely and
that in practice the most appropriate approach will be to work to the level of accuracy required
for the study in hand. It is then equally important to quantify the residual uncertainty, to allow a
fair interpretation of the results.

4.1.1.2 Uncertainty in WASH-1400

The WASH-1400 approach takes significant steps to quantify the uncertainty in its
predictions, which it ultimately {lustrates as error bands on the release probabilities in each
release category [Figs.5.1 & 5.2 of Ref.2]. The probability distributions for the fault tree top
events are derived as follows: The input data, such as component failure rates, essentially
consist of point estimates derived from many sources both inside and outside the nuclear
industry. The study recasts these as random variables by assigning to each a log-normal
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distribution to represent a data range. While the log-normal assumption is essentially arbitrary
WASH-1400 claims that it was shown to be consistent where data ranges were available, and
was not refuted by checks on its suitability. Having cast the input as random variables the study
uses a Monte Carlo procedure to sample each, typically running 1200 trials per system, and so
derives a probability distribution for the probability of the top event of each fault tree.
Additionally the WASH-1400 approach employs a "sequence smoothing” technique to account
for uncertainty in the magnitude of release assigned to each category. That is, accident
sequences are Initially assigned to a release category based upon best estimate magnitudes, but
to account for variability the study assigned a 10% chance that the sequence would lie in an
adjacent category, 1% in the next adjacent category, etc. This order of magnitude accuracy is
considered to be sufficient in view of the larger error bands on the sequence probabilities.

Limitations on numerical accuracy in the WASH-1400 approach could weaken its
applicability in safety goals comparison. The USNRC peer review report [Ref.17] identified
weaknesses in the areas of :

i) Treatment of common cause failure probabilities

(i)  The assumption of log-normal probability distributions

(iii)  The use of subjective judgements in estimation of uncertainties
(iv)  Tncompleteness of data

v) The arbitrary nature of the sequence smoothing process.

Overall the peer review believed the uncertainty in the WASH-1400 final probability is
understated, though by an unspecified amount. In general terms it is clear that any subsequent
method should seek to improve the predictions by addressing these issues.

4.1.1.3 Uncertainty in the Seabrook study

Point estimate radiological releases in the Seabrook study are reported to be comparable
in magnitude to those in WASH-1400. An indication of the uncertainty is given [Ref.18] by a
comparison of the Seabrook predictions with then applicable USNRC safety goals: the societal
risk ranged from 10” to 10” of the safety goal, whereas individual risk was between a factor of
5 and 6 below the individual risk goal. The Seabrook uncertainty analysis derived source term
multipliers based upon contributions from uncertainties in timing of events, and in release
fractions. A point of detail in the Seabrook study is that it emphasises the importance of
quantification of branch point probabilities in the containment event tree. The split fractions are
interpreted as probabilities of deterministic events, rather than as frequencies of randomly
influenced events [Refs.18, 19]. The uncertainties of deterministic containment response then
propagate into uncertainties in the frequencies of release categories, rather than acting to reduce
the frequency of releases.

4.1.1.4 Uncertainty analysis in NUREG-1150

The quantitative analysis of uncertainties in the NUREG-1150 study uses the Latin
Hypercube technique of Monte Carlo sampling; this increases efficiency over full Monte-Carlo
sampling, with obvious benefits for large scale studies. Additionally NUREG-1150 formalises
the explicit use of expert judgement to deduce probability distributions for some individual
parameters and accident initiating frequencies. Thus expert judgement is used to supplement
information where there is incomplete understanding of reactor systems and accident
phenomena. The process of obtaining expert judgement is rigorous and lengthy. Five panels
addressed groups of back-end analysis issues: in-vessel melt progression, containment loads,
molten core-concrete interaction, containment structural response, and source term issues; and
an additional panel addressed the accident frequency analysis. The process typically involved
convening a panel at several meetings over a period of two to four months [Ref.20], with the
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experts making use of detailed computer based performance calculations together with or
experimental results where appropriate. Practitioners in probability and decision theory aided the
formulation of the experts’ views into probabilistic terms. Overall, the process is valuable in
characterising uncertainties, provided that the results are applied and interpreted correctly. It
clearly requires a considerable degree of effort, not least in the tasks of management and
co-ordination.

4.1.1.5 NUREG-1150 and WASH-1400 comparison

To assist the analyst in deciding whether to adopt a large event tree model it is
instructive to compare NUREG-1150 results with those of the earlier WASH-1400 study. That
comparison is facilitated by examining the Surry (PWR) and Peach Bottom (BWR) plant
analyses which were performed by both studies, although comparison of the results must
acknowledge that there will have been hardware and operating modifications introduced in the
15 years between the studies, as well as computational developments.

An illustration of the difference in structure and scale of the studies is given by the
number of questions on the containment event trees: WASH-1400 has 4 and 7 questions
respectively for the Surry and Peach Bottom plants, compared to 59 and 107 questions in
NUREG-1150. A specific example of differences in results is that NUREG-1150 indicates that
the Surry containment is strongef, when considering failure under internal pressure. The
WASH-1400 study assumed that failure involved rupture with substantial leakage, whereas
NUREG-1150 subdivides failure into degrees of leakage, ranging from limited leakage at low
pressure. Even at high pressure NUREG-1150 predicts that gross rupture is unlikely. More
generally, the risk estimates in the WASH-1400 study are dominated by a few key sequences
which generally lead to an overestimation of failure probabilities compared to NUREG-1150
predictions. The detailed treatment of NUREG-1150, while involving greater effort, has clear
and demonstrable advantages in being able to model reality more closely, which gives increased
(if unquantified) confidence in its use for the assessment of safety goals.

4.1.1.6 Discussion

The above arguments suggest that the analyst should adopt the greatest level of detail
compatible with available resources. That is only true where the value of the overall result is
limited by the level of detail, such as when the level of discrimination is insufficient to resolve
important contributing factors, or where a high level of physical modelling is required to give
confidence in the predictions. By contrast, in some types of analysis a simpler event tree model
(with current data) may be sufficient and also be the most appropriate. For example, an analysis
with limited event tree modelling may be most suitable for analysing low frequency/high
consequence events such as aircraft crashes or earthquakes. In such cases the detail would be
difficult to model but is also arguably irrelevant to the overall result which is dominated by the
low frequency of the initiating event. (High frequency events generally need more detail of
mitigating events to be modelled in order to demonstrate conformity with a safety goal).

An important factor is that the PSA method and the safety goal should be compatible.
Overall the study should recognise that the nature of some significant initiating event may
require assessment against a suitably formulated goal, eg flooding or earthquakes have greater
uncertainty than other more frequent and better characterised phenomena and so may need to be
assessed against appropriately modified goals. In all cases the assumptions made in the
comparison with goals should be clearly stated so that the analysis is scrutable and can be
interpreted correctly in context.

A PSA analysis is generally undertaken in support of a traditional conservative analysis.
Its comparison with a safety goal reveals the strengths and weaknesses of a design but "should
not be used within a regulatory framework of strict acceptance or non-acceptance criteria but

should be considered as one factor in arriving at regulatory judgements” [Ref.21]. Given that
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interpretation the most appropriate approach is to select a method having sufficient detail to
assess the degree of conformance to a safety goal while allowing identification of those features
which significantly affect conformance.

4.1.1.7 Conclusions

Overall the best current advice must be to follow NUREG-1150 guidelines where
practicable, since that provides the most comprehensive treatment and will give the analyst
greatest confidence in the validity of the conclusions. Where NUREG-1150 is thought
impractical, the analyst should aim at a smaller scale while retaining the NUREG-1150 accuracy
where possible (and addressing any likely deviations and differences from that accuracy). The
method of Simplified Containment Event Tree introduced for the Sequoyah plant [Ref.] is one
such route. That is discussed in more detail in section 4.1.5 below.

4.1.2 Approaches suitable for accident management

Major objectives of containment performance are to prevent releases or to delay them
sufficiently to allow mitigation by natural processes, engineered safety features, and operator
actions. PSA techniques can assess potential management actions to be taken during that delay
period. Given an adequately detailed model, the PSA analysis provides a formal framework
which allows the logical analysis of alternate management strategies, typically by means of
sensitivity studies.

At the level where the analyst is primarily concerned with choosing between alternate
strategies the absolute numerical accuracy of a PSA model is less important than the validity of
the comparison, provided that sufficient care is taken to avoid gross discrepancies in data. The
analyst may not require a detailed quantitative uncertainty analysis, but nevertheless he must
exercise sufficient skill to ensure that the level of detail of the model is sufficient to ensure that
all actions likely to be significant to the outcome of a sequence are adequately modelled. At a
more detailed level none of the current PSA approaches is likely to be entirely adequate without
specific studies designed to address identified issues. For example, NUREG-1150 results have
been interpreted as suggesting that depressurisation in order to avoid Direct Containment
Heating would reduce risk to the containment, yet more detailed studies are needed to assess the
feasibility at specific plants, and also to evaluate any negative aspects of depressurisation such as
in relation to core damage timing or the increased potential for in-vessel steam explosions.

The large event tree models in the NUREG-1150 approach are the closest to providing
the level of detail needed to model adequately the processes of interest in accident management.
Detail is advantageous in several ways, examples are:

() It allows better identification of areas of uncertainty for further study

(i) It allows better modelling of plant-specific features which may be significant to
accident management measures

(iii) It allows more accurate modelling of the complex interactions occurring inside
the containment which may not be addressed in cruder models

(iv) It allows better consideration of operator actions.

Actions by operators can give rise to risk reduction factors which it is important to
model] correctly; the scrutability of a model is improved by explicitly featuring operator actions
on the event tree, rather than on fault trees alone. The NUREG-1150 report notes that the
integrated nature of its methods is particularly important in modelling the effects that actions
taken early in a sequences have on later progression and offsite consequences. Overall, there are
persuasive arguments for including as detailed and integrated an approach as is practicable, yet
one further aspect should be considered: A simple analysis may reveal that containment bypass
is a dominant feature, in which case many accident management measures may not be justified;
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hence it is a reasonable precaution to undertake a preliminary more general analysis to identify

whether there are any overwhelming contributing events, especially ones for which little
mitigation may be possible.

Accident management related to containment performance should also be viewed in the
wider context of other aspects of severe accident control. NUREG/CR-5263 [Ref.22] discusses
the application of NUREG-1150 to Risk Management and identifies five phases:

@) Prevention of initiation

(i)  Prevention of core damage

(iii) Emergency response

(iv)  Prevention of vessel breach and mitigation of release of reactor coolant
(v)  Retention in containment and surrounding buildings.

The authors of NUREG/CR-5263 suggest that the area where PSA can contribute most
significantly to risk management is in the treatment of uncertainties, whereby PSA can
supplement deterministic studies by identifying alternative outcomes of accident sequences (and
specify associated probabilities). Thus risk management increases the operators’ awareness of
uncertainty and the need for flexibility. A related aspect pointed out by Rasmussen [Ref.14] is
that the process of preparing a PSA study is highly advantageous in the training of plant
personnel, providing new insights into plant safety, which also feeds into the implementation of

effective accident management actions.

In conclusion the NUREG-1150 approach is probably the most appropriate in providing
the required level of detail, and in providing an integrated treatment of accident progression.
Disadvantages may follow from its complexity, in particular through difficulties in
comprehending the large event trees, which are not amenable to graphic display [Ref.12].
Skilled simplification (properly documented) may be appropriate in some cases.

An area of accident management orientated PSA meriting future investigation is the use
of Markov methods to model the effects of accident management. This is discussed further in
section 4.2.1.

4.1.3 Approaches suitable for research prioritization

A PSA model will assist in identifying aspects of a plant having potential for poor
performance, and which could be improved by well-directed analysis and/or modification. The
model would also allow some estimation of the likely effectiveness of any proposed
improvements. To help establish priorities, sensitivity studies within the PSA framework
provide means for identifying the areas where improvements in components and systems would
have the greatest beneficial overall effect. While the simpler approaches may be able to provide
some guidance, they would be unlikely to have sufficient resolution to allow proper modelling
and identification of subtle but important features. Detailed modelling is desirable since that
increases the chance of identifying the most critical areas. Rasmussen [Ref.14] points out that
PSA is well suited to establishing priorities between risks, particularly where the comparison is
between risks having factors in common. Then uncertainties in components or human error
failure rates may appear to cancel one another though the analyst must be wary of comparing
dissimilar events for which the relative risk comparison may not be valid. An extension of that
philosophy is to consider that relatively crude event tree models may be used for
inter-comparison and the identification of relative risk, and so provide a first step in identifying
the most fruitful areas for further assessment.
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The NUREG-1150 report notes that in assigning priorities for safety issues it is sufficient
to use broad categories of risk, covering order of magnitude variations - the reasoning is that an
issue would not be dismissed unless it were shown to be of low risk. One consequence of this is
that the NUREG-1150 results are not expected to change previous rankings substantially, yet
that should be assessed by re-examination of key issues.

Apart from using a developed PSA model to investigate areas for research, the act of
performing a PSA study will itself reveal areas where there is a requirement for more
information. For example the study is likely to reveal deficiencies in the availability of failure
data, in the understanding of physical phenomena (such as molten fuel - coolant interactions), or
in the understanding of interactions between systems and components (which would affect the
structure of the logic model itself). The relative importance and associated priorities of the
revealed issues should be apparent to the analyst.

The nature of likely research topics dictates that a detailed approach is necessary for their
identification and study. That would not have been necessarily true in the early period of
development of nuclear technology when a simple analysis would be valuable in assessing the
contributions from engineered safety features considered to be standard items today. Still, for
modern novel plant designs a simple event tree structure may be an essential first step for
identifying key gross features. That should then be followed up by more detailed studies as the
design is refined and further specific areas for research may need to be identified.

4.1.4 Approaches suitable for identifying design weaknesses

There is some overlap between this and the preceding category. Some areas, typically
where there is a potential for weakness in system performance at one end of a range of uncertain
threats, could indicate a need for further research, as well as potentially identifying weakness in
design. On the other hand, other aspects, such as identification of a lack of diversity or
redundancy in a system, may highlight a design weakness rather than indicating any need for
further assessment. In both categories the greatest benefit is likely to be obtained from the most
detailed approach.

Methods employing simpler event trees may identify gross problems, but their results
may be dominated by the underlying assumptions of the analysis to an extent that it is then
difficult to draw conclusions about weaknesses in design without refining the initial
assumptions. An example of this [Ref.23] is seen in a study of loss of offsite power in the Zion
PWR. In that case the onsite generating system is required to function, though this is predicted
to fail in the event of a seismically-induced failure of the structure (the Crib House roof) which
supports all six pumps supplying cooling water to the diesel generators. The consequence is a
loss of make-up capacity which, in the event of a coolant pump seal LOCA due to the loss of
supply, will lead to core melt. Here the assumption of loss of all six cooling water pumps is
probably overly pessimistic and this simplifying assumption may be dominating the results of
the study. The sequence would need to be studied in further detail before implementing related
design solutions.

A range of measures for enhancing plant safety identified in PSA studies prior to
NUREG-1150 is reviewed in NUREG-1050 [Ref.24]. In addition to identifying potentially
beneficial changes, the study commented upon design changes proposed elsewhere: some were
shown to do little to reduce risk, while others should be modified, and others were indicated not
to be cost-effective.

Examples of potential improvements to containment performance identified by the large
event tree models are given in the NUREG-1150 report. In particular that study has focussed
attention on problems affecting BWR Mark I containment, confirming that risk is dominated by
station blackout and anticipated transient without scram sequences. NUREG-1150 has also
identified the importance of drywell shell failure in early containment failure. The report
concludes that NUREG-1150 further provides a framework for evaluating the risk reduction
potential of the proposed modifications. It is worth noting that PSA techniques may also be used
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for evaluating design changes which are implemented following non-PSA initiatives. For
example, several changes were introduced in the NUREG-1150 plants during the period of that
study. Some may have been influenced by the PSA process itself, though many would be due to
other initiatives. Their impact on NUREG-1150 results is assessed in NUREG/CR-5263 which
generally confirms beneficial changes to risk.

As elsewhere in this review the overall conclusion is that the analyst should choose the
most appropriate level of detail. A full NUREG-1150 approach may not be necessary since by
the exercise of informed judgement the skilled analyst may be able to use a simpler technique in
a cost-effective manner. Clearly the analyst will be able to address a specific design topic in
more detail than could economically be applied to the whole system.

4.1.5 Approaches suitable for specific issue resolution

The suitability of a PSA approach for resolving a specific issue will depend upon the
complexity of the issue. An existing PSA study will intrinsically address issues at the level of
discrimination of interest to those commissioning the study. The subsequent application of that
model out of context may not give the newly required emphasis. Thus even a plant-wide PSA at
the NUREG-1150 level of complexity may only be applicable to simple issues. It may not be
appropriate to a specific issue which may concern parameters which were not initially
addressed, typically because of their lack of importance on a global scale. In such cases the
analyst must identify the need for a more appropriate study. In principle that may be refined to

an arbitrary level of detail, although ultimate limitations will arise from cost and resources, if
not in deficiencies in data and in the understanding of physical phenomena.

Alternatively, in the absence of a dedicated analysis the analyst may be tempted to draw
whatever conclusions can be extracted from the crude treatment of the issue in a global PSA
study. That could give highly misleading results. The global study may include approximations
which have little relevance on a large scale but which are crucial at a higher level of resolution.
A PSA study is never exact; it is an overview and often reliance is placed upon the idea that
errors cancel out when the model is considered as a whole. If one concentrates on on¢ aspect out
of context the balance may be lost, leading to errors in interpretations - more detailed analysis is

then needed to recover the correct perspective.

A potentially rewarding approach is illustrated by the NUREG/CR-5602 [Ref.12]
evaluation of the Sequoyah PWR ice condenser containment. That plant was analysed earlier in
NUREG-1150 though the re-analysis provides a simplified analysis, specifically addressing
containment performance issues, which facilitates understanding of the more complex analysis
while providing a basis for a more cost-effective treatment for implementation for Individual
Plant Examination. NUREG-1150/CR-5602 analysis is based on the formulation of Simplified
Containment Event Trees (SCETs) from the NUREG-1150 Accident Progression Event Trees
(APETS), starting by identifying the APET summary events for the most important phenomena
and containment failure modes. The SCETs are limited to 10-20 top events and are claimed to
be more easily understood and manipulated. For example they are more amenable to graphical
display than the much larger APETs. Additionally the SCETs can be more easily manipulated to
perform sensitivity studies by fast and inexpensive software such as commercially available
spreadsheet packages for personal computers. The developers claim that with proper validation
and benchmarking against APETs the SCETs can produce many of the full APET results, and
that in most cases any information lost is not significant. Thus the SCET derives some authority
from its basis in the full NUREG-1150 knowledge base, while providing a more cost effective
treatment of examining specific issues.

Another approach which was developed specifically for resolution of an issue is
"Risk-Oriented Accident Analysis Methodology (ROAAM)", which was used to address the
issue of BWR MKk liner failure [Ref.25]. Within the specific issue analysis, the decomposition
method fo the NUREG-1150 APET is taken further into the details of the physics involved,
leading to a closer link between the physics and the probabilities. In this particular application in
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the USA, assessment of the numerical failure probability was an important matter to be resolved
in order to make decisions about the status of the issue and related requirements at BWRs with
Mark-1 containments.

Addressing a specific issue requires a level of detail dedicated to that issue. As in other
areas that is likely to mean a high degree of detail for addressing issues in developed plants,
although more novel designs may usefully be addressed by simpler models in the early stages of
design. Results from a wider study should not be used out of context and the analyst may
introduce errors by interpolating results from a general study to specific details not modelled by
that study. A suitably tailored approach such as the use of SCETs may be effective, if properly
calibrated.

4.1.6 Approaches suitable for modelling physical reality

It is impossible to validate the correctness of the Level 2 logic models overall, though
some parts of the input can be assessed through scaled experiments and checks on input data.
Intuitively the NUREG-1150 approach seems to be the most appropriate currently available
event tree technique, though criticisms are that

(1) There is insufficient understanding of the input physical phenomena to
meaningfully answer the event tree questions, or

(i)  The level of detail is too coarse to allow the direct input of scientific first
principles - there is too much uncertainty in the initial and boundary conditions
for each step.

A strength of the PSA process is that it allows the evaluation of risks despite the absence
of some physical detail. The practitioner must be satisfied that the analysis is consistent with
known physical principles, but the lack of detailed validated physical models does not prevent
quantitative, scrutable and supportable judgements being made on the basis of available
knowledge. It has been observed [Ref.26] that the WASH-1400 study identified a small break
LOCA as a potentially important contributor to core melt probability in PWRs, and that could
be in a sense confirmed by the subsequent TMI experience. Thus it may be argued, albeit from
a poor statistical base, that a detailed validated physical model is not essential to the
identification of the significant contributors to risk. Conversely, should PSA be found to predict
gross accident behaviour (such as a failure mode or level of release) correctly that does not
necessarily mean that the underlying physical model is correct. None of that detracts from the
value of a PSA analysis as a rigorous basis for studying physical plant.

The modelling of physical processes should not be a prime objective of a PSA study,
which is more concerned with modelling releases and release probabilities. Nevertheless the
logical structure of a PSA study is a valuable tool for assisting in the investigation of physical
processes. The development of physical models is a continuing process and, as in any other
scientific field, is unlikely to reach the stage where there is unqualified confidence in
predictions. Improvements in modelling will follow developments in severe accident
calculational techniques such as are embodied in the computer codes RELAP and MELCOR and
which are used in NUREG-1150 evaluations.

In conclusion, while the most detailed NUREG-1150 type of approach currently has the
best chance of modelling physical reality accurately, it is still limited by the current
understanding of underlying physical phenomena. The PSA framework is a valuable basis for
physical modelling, but the analyst must be aware that the complexity of the model does not
guarantee physical accuracy, ultimately that can only be ensured by validation of the assumed
physical models.

Some other approaches to physical modelling are discussed below (section 4.2.2)
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Table 4.1 : Level of Detail vs Objective

APPROACH
Simple Inter Detailed Checklist  Extra- Issue
CETs CETs CETs polation Res.
Objective
1) Safety Goal X X X * X
Comparison
2) Accident * X * *
Management
3) Research * * X * *
Prioritization
4) Identify Design ~ * * X * * *x
Weaknesses
5) Issue X
Resolution
6) Model Physical  * * X * *
Reality
X - Successful at accomplishing objective
* - Partially successful at accomplishing objective

** . Only applicable for specific issue studied
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4.2  Use of Methods other than Containment Event Trees

The discussion in section 3.3 of methods other than containment event trees noted that
none of the methods had a substantial track record. Therefore it is still largely a matter of
speculation how effective these methods would be if used in anger in plant-specific containment
PSA.

The fault tree method has a modest track record in containment analysis, and a very
substantial one in PSA as a whole, and it is already a viable choice. It is particularly relevant
when outcomes of interest are already clearly defined so that “top events" can be defined for the
fault trees. It is less useful when only the starting points of the analysis (eg core melt sequences)
are defined and a general investigation of the possible outcomes is required.

Markov and parametric methods have the substantial theoretical advantages in that their
models are much closer to the physical reality than are the logic-orientated structures of event
and fault trees. However, the complexity of that reality requires substantial development of
models to be done before any application becomes realistic. Continuing economies in computing
of complex physical models should make these approaches more competitive in future, but for
the moment the applications are likely to be limited to resolution of specific sub-issues for which
a much smaller model than the full containment PSA model is plausible.

421 New approaches to modelling accident management

Accident management in the core melt accident regime, as distinct from the prevention
of core melt accidents, is expected by most analysts to be based on symptom-oriented
procedures. These procedures respond to the current state/symptoms of an accident rather than
to deductions of the historical accident sequence by which the current state came into being.
Typical accident management procedures are aimed at improving or stabilising the current state
-l.e.:

0 attempting to produce a transition from an unsafe state to a safer state
or

o attempting to prevent a current fairly safe state from changing to an unsafe one

The nature of this type of accident management process has an obvious close relationship
with the Markov method of analysis. The accident management procedures can be seen as
attempts to change the probabilities of inter-state transitions in a Markov process. Some of the
important inter-state transitions subject to accident management may be reversals of processes
modelled in event trees - for example: transitions from a dry to a wet core condition might be
desirable - therefore event tree analysis in its normal form may be unsuitable.

The similarity between the effects of symptom-oriented accident management procedures
and Markov processes is such that Markov methods are an obvious choice for the analysis and
quantification of these procedures.

422 New approaches to modelling physical reality

It has been noted above that the modelling of a complete containment analysis using
physical models and parametric methods is currently beyond the practical scope of the methods.
However, parametric methods have been used successfully in some assessments of specific
effects such as steam explosions, and have compared favourably with earlier event tree models
which they have superseded. Ref.9 provides further explanations of the specific details of an
application, which involved the development of codes to follow the detailed physical behaviour
of molten core debris interacting with water.
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3. CONCLUSIONS

In Level-2 PRA as in much of life, one tends to get what one pays for. There is little
doubt that the complex phenomena which can occur in a core meltdown accident cannot be
assessed accurately using simple approaches, and that even approaches such as those used in
NUREG-1150 are not yet sufficiently developed or informed by data to merit the term
maccurate” in the normal sense of the word.

The selection on a method of assessment will depend not only on the resources available
but on the nature of the objectives of the assessment.

Detailed assessment methods will be needed where an informative engineering evaluation
of containment is required, or where the details of accident sequences must be known in order to
design diagnostic instrumentation and accident-specific accident management. These detailed
assessments will be appropriate where it is the assessor’s desire to demonstrate or achieve the
maximum benefit from containment.

On the other hand, where a modest reassurance of some additional depth of defence is all
that is required from the containment assessment, then, for the well characterised containment
such as the large dry PWR containment, inexpensive reference to previous studies may be quite
sufficient. This approach might be suitable in cases where there is little numerical difference
between a core melt frequency and the acceptable frequency of a large release.

New methods such as Markov and parametric methods have substantial theoretical
advantages in that their models are much closer to the physical reality than are the
logic-orientated structures of event and fault trees. Markov models are additionally noted to be
particularly closely related to the modelling of core melt accident management procedures.
However, the complexity of the practical problems requires substantial development of the
newer models to be done before any major application becomes realistic. Continuing economies
in computing of complex physical models should make these approaches more competitive in
future, but for the moment the applications are likely to be limited to resolution of specific
sub-issues for which a much smaller model than the full containment PSA model is plausible.
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