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- ABSTRACT

NUREG/CR-6595, "An Approach for Estimating the Frequencies of Various Containment Failure Modes and
Bypass Events" was published in January 1999. The focus of this report is on estimating the frequencies of large
and early releases (LERF) of radioactivity that have the potential for causing early fatalities. The LERF is used to
measure a plant's vulnerability with respect to early fatality risk. The report provides a simplified approach of
estimating LERF for the different containment types without performing a detailed Level 2 probabilistic risk
analysis (PRA). Regulatory Guide 1.174, "An Approach for Using Probabilistic Risk Assessment in Risk-Informed
Decisions on Plant-Specific Changes to the Licensing Basis" Revision 1, dated November 2002, references this
report as providing a simple screening method for assessing LERF.

NUREG/CR-6595 describes in more detail the approach previously presented in Appendix B of Draft Regulatory
Guide DG-1061, which supported the development of RG 1.174. The approach uses simplified containment event
trees to process information from a Level 1 PRA into an estimate of LERF. The full power event trees described in
~ this report reflect lessons learned from nine case studies and public comments received on Appendix B to DG-1061.

Draft NUREG/CR-6595 Revision 1 incorporates updated information and expands the report’s scope to cover LERF
at shutdown conditions. The full power analyses take into account recent direct containment heating studies and

information gathered from the Individual Plant Examination Level 2 studies. In addition, a new chapter provides
event trees which reflect containment insights for shutdown conditions.

Paperwork Reduction Act Statement

The information collections contained in this NUREG are covered by the requirements of 10 CFR Part 50, which
were approved by the Office of Management and Budget (OMB), approval number 3150-0011.

Public Protectlon Notlﬂcatlon

The NRC may not conduct or sponsor, and a person is not required to respond to, a request for information or an
information collection requirement unless the requesting document displays a currently valid OMB control number.
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EXECUTIVE SUMMARY

NUREG/CR-6595, "An Approach for Estimating the Frequencies of Various Containment Failure Modes and
Bypass Events" was published in January 1999. Since that time, Draft Regulatory Guide DG-1061 has been
replaced by Regulatory Guide 1.174 which references NUREG/CR-6595 as an approach for estimating LERF. This
June 2003 draft revision of NUREG/CR-6595 contains: (1) new severe accident information in Chapter 2 and
Chapter 3 and (2) a new Chapter 4 on a simplified approach to shutdown risk.

Background

The U.S. Nuclear Regulatory Commission (NRC) Pohcy Statement [l] related 10 Probabxhstxc Rnsk Analys1s (PRA)
encourages greater use of PRA techniques to improve safety decisionmaking and enhance regulatory efficiency. One
activity in response to this policy statement is the use of PRA in support of decisions related to modifying a plant’s
current licensing basis (CLB). Draft Regulatory Guide DG-1061 [2] which was published for public comment includes
staff guidance for using risk information from plant specific PRA study findings and insights. The guide also
recornmends risk metrics such as core damage frequency (CDF) and Large Early Release Frequency (LERF) for use
in making risk-informed regulatory decisions and also establishes acceptance guidelines. In cases where only a Level
1 PRA of aplant is available, Appendix B of Draft DG-1061 provxdes a simplified approach for estimating LERF, and
changes in LERF resulting from changes to a plant’s CLB i ;

Subsequent to publishing DG-1061 the sxmphﬁed approach was app]xed [3 4} to nine plants with different containment
types. The applications utilize information from the Level 1 PRAs documented in the Individual Plant Examination
(IPE) submittals for the plants. The objective of these case studies is to determine if the simplified approach in DG-
1061 provides areasonably accurate estimate of LERF, identify needed modifications to the approach, extend the scope
of Draft DG-1061 guidance to include external events and modes of operation other than full power, identify
improvements in the documentanon, and documcnt thc lessons learned from the apphcatxons

This report describes in more detail the approach prevnously presentcd in Appendix B of Draft DG-1061. The approach
uses simplified event trees to process information obtained from a Level 1 PRA into an estimate of the frequency of a
large and early release. The event trees described in this report reflect lessons learned from the nine case studies and
public comments received on Appendix B to Draft DG-1061.

Approach

This report describes a simplified approach designed to supplement Level 1 PRAs submitted in support of risk-informed
decisionmaking. The intent is to use accident sequence information provided in the Level 1 PRA to estimate the
frequencies of various containment failure modes. In order to allow comparison with the acceptance guidelines
identified in Draft DG-1061, the approach has to distinguish between containment failure modes that might lead to early
fatalities versus those failure modes that will not cause early fatalities. Consequent]y, the failure modes were
categorized as follows:

»  Early containment failure or bypass (potentially leading to large early reicase, i.e., early fatalities likely)

. Late containment failure or containment intact (potentially not leading to large earlyrelease, i.e., carly fatalities
unlikely)

Once established, the frequencies of these categories can be determined and changes in the frequencies due to changes
in a plant’s CLB compared against the acceptance guidelines. Five simplified containment event trees (CETs), have
been developed to process the Level 1 results and allocate the output into one of the above categones The following
five types of containment designs are represented by these CETs:

ix



. Pressurized water reactors (PWRs) with large volume containments

. PWRs with ice condenser containments

. Boiling water reactors (BWRs) with Mark I containments
. BWRs with Mark II containments

. BWRs with Mark II containments

Each accident sequence is allocated to a failure mode category based on the status of the plant. The intent is that the
split fractions for most of the questions in the trees will be determined from plant-specific accident sequences and plant
characteristics. The CETs include recommended split fractions only for questions related to the likelihood of early
containment failure or bypass. These split fractions reflect reasonable estimates of the likelihood of early containment
failure for the five containment types given various plant conditions. However, as the split fractions are intended to
encompass the likelihood of containment failure for most of the plants within a particular containment type they are
somewhat bounding in nature. Consequently, an alternative split fraction (less bounding) could be used for a particular
plant provided sufficient justification is given.

Application

The advantage of this approach is that it allows LERF to be calculated very quickly, though approximately, without the
need for performing a detailed Level 2 PRA. The intent is to use this approach to initially estimate LERF. If the
estimated LERF is significantly below (about an order of magnitude or more) the acceptance guideline established in
Reference [2] then further analysis is not necessary. However, if the LERF estimated from this simplified approach is
close to or larger than the acceptance guideline, further analysis may be necessary.
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1. INTRODUCTION

NUREG/CR-6595, "An Approach for Estimating the Frequencies of Various Containment Failure Modes and Bypass
Events” was published in January 1999. Since that time, Draft Regulatory Guide DG-1061 has been replaced by
Regulatory Guide 1.174 which references NUREG/CR-6595 as an approach for estimating LERF. This June 2003 draft
revision of NUREG/CR-6595 contains: (1) some new severe accident mformanon in Chapter 2 and Chapter 3 and (2)
a new Chapter 4 on a simplified approach to shutdown risk.

1.1 ' Background

The August 1995 U.S. Nuclear Regulatory Commission's (NRC's) Policy Statement [1] related to Probabilistic Risk
Analysis (PRA) encourages greater use of PRA techniques to improve safety decision making and enhance regulatory
efficiency. One activity in response to this policy statement is the use of PRA in support of decisions related to
modifying a plant’s current licensing basis (CLB). Draft Regulatory Guide DG-1061 [2] includes staff guidance for
using risk information from plant specific PRA study findings and insights, as well as risk metrics such as core damage
frequency (CDF) and Large Early Release Frequency (LERF) in making risk-inforined regulatory decisions. The basis
for the risk metrics and their relationship to the NRC safety goals are described in Appendix A. In those cases where
only the Level 1 PRA analysis is available, Appendix B of Draft DG- 1061 prov1des a simplified approach to estimate
LERF, and change in LERF resulting from changcs toa plant s CLB ‘

It was decided to test the guidance in Appendix B of Draft DG-1061 by performing several case studies [3, 4]. One
objective of the case studies is to use information from the Level 1 PRAs documented in Individual Plant Examinations
(IPEs) together with the simplified approach to estimate LERF for several different plants. These estimates were in turn
compared against LERF estimates obtained directly from the Level 2 results reported in the IPEs for the same plants.
The purpose of these comparisons was to identify causes for discrepancies, especially in cases where guidance leads
to underestimation or significant over estimation of LERF. The objective is also to identify special PRA assumptions
and/or design and operational features that are driving the results and the estimates of split fractions recommended in
Draft DG-1061. The results of this exercise are described in Reference [3] and summarized in Appendix B to this
report. ' ' ‘

Another important objective is to extend the scope of Draft DG-1061 guidance to include external events and modes
of operation other than full power. Ways in which the guidance in Draft DG-1061 can be expanded to cover a wider
scope are described in Reference [4] and also summarized in Appendix B to this report. Based on the results of the case
studies, improvements to the guidance and potential modifications to the event trees were developed. These
recommendations are presented in Appendix B.

1.2 Objective

This report describes in detail an approach for estimating the frequencies of large and early releases of radioactivity from
accidents at nuclear power plants that have the potential for causing early fatalities. The objective is to develop a
relatively simple approach that can be interfaced with a Level 1 PRA with a minimum of additional work. The approach
is based on Appendix B of Draft DG-1061 and uses simplified containment event trees (CETs) to process information
obtained from a Level 1 PRA into an estimate of LERF. The event trees described in this report reflect lessons learned
from the nine case studies described above and in more detail in Appendix A. Public comments received on Draft
DG-1061 that are pertinent to the simplified approach have also been incorporated in the event tree structure and
accompanying guidance provxded in this report. ,

1.3 Approach

This report describes an approach, which utilizes simplified event trees, designed to supplement Level 1 PRAs submitted
in support of risk-informed decisionmaking. The interface between the accident sequence information obtained from
aLevel 1 PRA and the simplified event trees is crucial and depends, to some extent, upon the system model used. When

1-1



1. Introduction

a large fault tree approach is used, different cutsets of the same accident sequence may have a different impact on the
progression of the accident. Therefore, the information associated with each cutset has to be used along with the
sequence definition to respond to questions in the simplified event trees. After the dominant cutsets of a sequence are
considered, it can be determined if all cutsets of the sequence have the same response to the questions. If not, it is
possible to develop basic event based rules that can be applied to the remaining cutsets to determine the response to the
questions. In doing so, all core damage cutsets can be included in the simplified event tree analysis. This process is
similar to that used for determining plant damage states.

If a large event tree approach is used, the sequence definition should provide sufficient detail to quantify the questions
in the simplified event tree. However, with a large number of sequences to be considered, it may also be necessary to
determine rules based on the sequence logic to apply to all sequences that contribute significantly to the total core
damage frequency.

Once the interface between a Level 1 PRA and the simplified approach has been established, the accident sequence
information can be processed through the containment event trees (CETs). However, not all of the information
necessary to quantify the event trees is available from a Level 1 PRA. The report indicates what information can be
expected from a Level 1 PRA versus what will have to be generated as part of this approach.

In order to allow comparison with the acceptance guidelines identified in Draft DG-1061, the approach has to
distinguish between containment failure modes that might lead to early fatalities versus those failure modes that will
not cause early fatalities. Various containment failure mode classes used in this report are defined below:

. Early structural failure - Involves failure of the containment structure before, during, or slightly after reactor
vessel failure, usually within a few hours of the start of core damage. A variety of mechanisms can cause early
structural failure such as direct contact of the core debris with steel containments, rapid pressure and
temperature loads, hydrogen combustion and missiles generated by fuel-coolant interactions.

. Containment bypass - Involves failure of the pressure boundary between the high-pressure reactor coolant
system and a low-pressure auxiliary system. For pressurized water reactors (PWRs) it can also occur because
of the failure of the steam generator tubes, either as an initiating event or as a result of severe accident
conditions. In these scenarios, if core damage occurs, a direct path to the environment can exist.

. Containment isolation failure - Failure to isolate lines that penetrate the containment (the frequency of
containment isolation failure includes the frequency of pre-existing unisolable leaks).

. Late structural failure - Involves failure of the containment structure several hours after reactor vessel failure.
A variety of mechanisms can cause late structural failure such as gradual pressure and temperature increases,
hydrogen combustion, and basemat melt-through by the core debris.

. Containment venting - Venting is classified as either late or early depending upon when the vents are opened.

The failure modes were categorized as follows:

. Early containment failure, bypass isolation failure or early venting (potentially leading to large early release,
i.e., early fatalities likely)

. Late containment failure or late venting (potentially leading to a large release but with sufficient warning time
to allow effective evacuation of the surrounding population, i.e., early fatalities unlikely) or containment intact
(early fatalities unlikely)

Once established, the frequencies of these categories can be determined and changes in the frequencies due to changes
in a plant’s CLB compared against the acceptance guidelines. Five simplified CETs, have been developed to process



1. Introduction

the Level 1 results and allocate the output into one of the above categories. The followmg five types of plants are -
rcpresented by these CETs:

Pressurized water reactors (PWRs) with a large volume containment
PWRs with an ice condenser containment

Boiling water reactors (BWRs) with a Mark I containment

BWRs with a Mark II containment '

BWRs with a Mark III containment

Each accident sequence is allocated to a risk category based on the status of the plant. The intent is that the split
fractions for most of the questions in the trees will be determined from plant-specific accident sequences and plant
characteristics. The CETs include recommended split fractions only for questions related to the likelihood of early
containment failure. These split fractions reflect reasonable estimates of the likelihood of early containment failure for
the five containment types given various plant conditions. However, as the split fractions are intended to encompass
the likelihood of containment failure for most of the plants within a particular containment type they are somewhat
bounding in nature. Consequently, an alternative spht fracnon (less bounding) could be used for a particular plant
provided sufficient justification is given.

1.4 Scope and Limitations

The simplified CETs presented in this report use information provided in a Level 1 PRA to estimate LERF. The trees
are structured to interface with Level 1 PRAs for accidents initiated during full power operation and other modes of
operation. Accidents initiated by events internal to the plant and external events (such as seismic) can also be processed
through the event trees.

The simplified CETSs are based on the results of severe accident research performed over the last several years. This
research has been incorporated into Level 2 PRAs for numerous nuclear power plants. The CETs were constructed to
capture the most important characteristic of severe accident progression that influence the potential for early containment
failure or bypass. This focus on estimating early loss of containment integrity allows significant simplification of the
CETs but also means that later modes of containment failure are generally not estimated. The exception is those
accident sequences that are initiated by external events which can impede evacnation of the population. Under these
circumstances, it is possible that late containment failures could rcsult in early health effects and consequently separate -
CETs are provided for these accident sequences.

As noted in Section 1.3 above, most of the questions will be determined from information provided in the Level 1 PRA
supplemented by additional analysis and information. The CETs include split fractions only for questions dealing with
the likelihood of containment failure. These split fractions are intended to encompass the likelihood of containment
failure for most plants in each of the five containment types. Consequently, the CETs are somewhat bounding in nature
and should only be used as a first step scoping study to determine the proximity of LERF to the decision criteria
established in Reference [2). If the estimated LERF is significantly below (about an order of magnitude or more) the
acceptance guideline then expenditure of additional resources to obtain a detailed Level 2 model and a more accurate
estimate of LERF is not warranted. However, if the LERF estimated from this simplified approach is close to or larger
than the acceptance guideline, further analysis may be necessary to obtain a more accurate LERF for the purpose of risk-
informed decisionmaking.

1.5 Organization of Report

The report is organized into three major chapters. Simplified event trees for full power operation are developed for
PWR containments in Chapter 2. Two event trees are developed for large volume and ice condenser containments.
Similar event trees for full power operation are developed for BWRs in Chapter 3. A total of three BWR event trees
are developed for Mark 1, Mark II, and Mark III containments. Simplified event trees for shutdown operation are
developed in Chapter 4 for both BWRs and PWRs. Two event trees are developed for BWRs, one for Mark I and Mark
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1. Introduction
II containments and another for Mark III containments. Two event trees are developed for PWRs, one for large volume
and subatmospheric containments and one for ice condenser containments. Appendix A provides the basis for the LERF

risk metrics used in Reference [2] and describes their relationship to the NRC safety goals. Appendix B includes a
summary of the nine case studies performed using the original guidance in Draft DG-1061.
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‘2. SIMPLIFIED EVENT TREES FOR PWRS

In this chapter, simplified event trees are developed for pressurized water reactors (PWRs). Reactors of this design are
housed in one of three containment designs (i.e., large volume, subatmospheric or ice condenser containments). Large
dry and subatmospheric containments rely on large internal volumes and relatively high design pressures to mitigate the
consequences of accidents. On the other hand, ice condenser containments are termed “pressure suppression” designs
and rely on ice to condense steam released from the reactor coolant system (RCS) during an accident. Ice condenser
containments are smaller and have lower design pressures than large dry and subatmospheric designs. Consequently,
ice condenser containments have been found to respond to severe accidents differently than large dry and
subatmospheric designs. Two simplified event trees are, therefore, developed, one for large dry and subatmospheric
containments and a second for ice condenser containments.

The approach described in Chapter 1 has been followed with 'emp‘hash on minimizing the size of the event trees and

on the level of prescription provided. Guidance is provided for each question (or top event) in the event trees. Gundancc
is provided for all initiating events and all modes of operation.

2.1 PWR Large Volume Containment:

Figure 2.1 presents an event tree for PWRs with large volume or subatmospheric containments that allows allocation
of accident sequences to one of two categories (i.e., large early release or no large early release). Each accident

“sequence in a Level 1 probabilistic risk assessment (PRA) would be allocated to one of these categories based on the

plant status as defined by the various accident sequences. This approach prescribes only a single question concerning
the likelihood of containment failure at vessel breach (i.e., Question 6). The split fraction for this question reflects a
reasonable estimate of the likelihood of early containment failure for large-volume containments given a high-or-low
pressure core meltdown accident. However, an alternanve spht fracuon (]ess boundmg) could be used for a particular
plant provided sufficient justification is given. . :

- .- ] Nolnduced
Containment Core Damage Steam - No
Isolated or Not Arrested -~ | Generator Tube} Containment }No Potential for Large Early
Core Damage Bypassed RCS Depress. | Without VB Rupture Failure at VB | Early Fatalities| Path Release
1 2 3 4 5 6 7
- 1 No
2 No
3 No
4 Yes -
] 5 No
Y
' - 6 No
1\ o ' — 7 No
: ) - . . ) 8 Yes
I = 9 No
' s , S - 10 Yes
n No
12 - Yes

" Figure 2.1 PWR Large?'Dry Containments A
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2. Simplified Event Trees for PWRs

If the containment structure is predicted to survive (i.e., upper branch of Question 6) and the initiating event can impede
evacuation of the close-in population, then the likelihood of long-term containment performance should be investigated
by using the event tree in Section 2.3.

Question 1: Core Damage

This is the interface between the Level 1 PRA results and the simplified containment event trees (CETs). Refer to
Chapter 1 for a discussion on this interface. The frequency and characteristics of the accident sequence under
consideration are required.

Question 2: Containment Isolated or Not Bypassed?

This question addresses the status of containment integrity at the start of the accident. A negative response to this
question means containment integrity is lost and the flow path out of containment is sufficiently large (leakage rates
greater than 100 percent containment volume per day have been found risk significant in past studies) such that early
health effects are likely if core damage occurs. Accident sequences that follow this path (negative response) bypass all
other questions in the tree until the question on the potential for early fatalities (refer to Question 7 below).

A positive response to this question means that containment integrity is intact or that the leakage rate is below the
threshold necessary for causing early health effects. Accident sequences that follow this path are processed through
each of the remaining questions in the tree.

Loss of containment integrity can be caused by internal and external initiating events. The status of containment
integrity also varies for different modes of operation. Consequently, separate guidance is provided below for different
initiating events and modes of operation. In addition, this question is intended to apply only to accidents that bypass
containment at accident initiation. Accident sequences that cause containment bypass (such as induced steam generator
tube rupture} during accident progression after core damage are not included in this category.

Internal Events and Internal Floods
The following accidents could potentially (depending on the leakage rate) result in a negative response to this question.

. Failure of containment to isolate - These events are not normally modeled as part of a Level 1 PRA so that
additional work is needed to quantify this type of accident sequence. In some PRAs, the likelihood of
containment isolation failure has been estimated from data. However, given the focus of the simplified event
trees on large early release frequency (LERF) and recognizing that several individual plant examinations IPEs
[1] found isolation failure to be an important LERF contributor, the containment isolation system should be
modeled using a Level 1 type of system analysis, in order to determine the likelihood of containment isolation
failure.

. Interfacing systems loss-of-coolant accident (LOCA) (ISLOCA)- These accident sequences are normally
quantified as part of the Level 1 PRA so that little additional work should be needed for processing them
through the CETs. Itis necessary to determine the magnitude of the leakage rate and whether or not the flow
path is submerged in order to estimate the potential for a large release.

. Steam generator tube ruptures (SGTR) - Accident sequences initiated by an SGTR are normally quantified as
part of the Level 1 PRA, so again, little additional work (to determine the potential for large release) should
be needed for processing them through the CETs. However, the condition of the secondary side of the steam
generators (SGs) needs also to be addressed under this question, since degraded tubes may increase the
potential for a pressure induced rupture. If the pressure differential across the steam generator tubes is
increased during the accident progression, there is a probability that pre-existing flaws in the free span of the
steam generator tubes will cause a tube to rupture, creating a containment bypass. The probability of induced
tube rupture (at normal temperatures) depends on the degree of tube degradation being experienced by the
plant, the degree to which this degradation can be detected by inspection and repaired (or removed from
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2. Simplified Event Trees for PWRs

service) during shutdowns, and the rate of degradation during the operating cycle. For ptants experiencihg
rapid tube degradation, the probabxllty of pressure mduced SGTR may be significant, and should be evaluated
on a plant-specific basis.

In deétermining the probability of such-a pressure induced  rupture, the timing of several possible
depressurization mechanisms should be addressed. These include operator actions directed by Emergency
Operating Procedures (EOPs) or Severe Accident Management Guidelines (SAMGs), steam line relief that
valves may become stuck in the open position, and leakage of main steam line (or other) isolation valves that
may not be capable of maintaining secondary side steam pressure once the water inventory has been depleted.
If the steam side of one or more SGs depressurizes before the RCS depressunzes by a similar amount, the
differential pressure across the tubes is mcreased T

If at least one steam generator has experienced apressure-induced tube rupture, Question 7 is asked. If the
depressurized steam generator(s) that experience(s) SGTR(s) is (are) filled with water, sufficient scrubbing
may occur to prevent a “large release” of radioactive material to the atmosphere. Water may be present on the

steam side of depressurized steam generators in cases where the depressurization was directed by procedures

to allow feed by low pressure systems such as condensate, servnce water or fire water.

If the SGTR has not been induced by depressunzanon of one or more steam generators with the RCS still

pressurized, it is still possible that the tubes will fail later in the accident sequence if they are heated to very
high temperatures as the core oxidizes and melts Thxs scenano is explored in Questxon 5 below.

{A high dlfferennal pressure across the SG tubes could also occur durmg an ATWS event whrch could lead
to a pressure excursion in the primary system )

Anticipated transient without scram (ATWS) ’Ihese'aceldents are normally quantified in a Level 1 PRA and
have the potentral to cause a pressure transient leading to a failure of the steam generator tubes, or a rupture
of the RCS pxpe with over pressurization faxlure of the contamment

Loss of containment heat removal (CHR) - These accrdent sequences are normally quantified as part of the
Level 1 PRA so that little additional work should be needed for processing them through the CETs. In these
sequences, the containment fails before core damage due to overpressurization, which means that radionuclide
release occurs with the containment open. However, given the capacity of large volume containments these
accidents are generally not important for this class of containments.

Seismic Events and Internal Fires

A number of external events can cause loss of containment integrity and hence, a negative response to this question.

Internal fire - A fire can potentially cause a containment isolation valve to fail to close. These accident

- sequences are normally quantified as part of a Level 1 mternal ﬁre PRA S0 that httle addmonal ‘work should

be needed for processmg them through the CEI's

Sexsrmc event - An earthquake can potenually cause structural failure of the containment or its penetration.
Again, these events are normally quantified as part of a Level 1 seismic PRA.

Question 3: RCS Depressurized?

This question addresses the pressure in the reactor coolant system (RCS) during severe accident progression. A negative
response to this question implies that the RCS is at high pressure during core meltdown which has implications for the
pressure loads at vessel meltthrough (refer to Question 6 below). Conversely, a positive response implies that the RCS
is a low pressure. Separate gu1dance is provided below for different modes of operation.
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2. Simplified Event Trees for PWRs
Internal Events
The following accidents defined in the Level 1 PRA could potentially result in a negative response to this question.

. Transients and small break LOCAs - The reactor coolant system will remain at high pressure for these accident
sequences unless the operators depressurize the RCS or the RCS pressure boundary fails.

The following accidents defined in the Level 1 PRA could potentially result in a positive response to this question.

. Intermediate and large break LOCAs - These accident sequences are expected to result in a RCS below 200 psi
and would, therefore, be allocated to the depressurized branch.

The following are not normally modeled in a Level 1 PRA but could be considered during quantification of the
simplified event trees.

. Depressurization by the operator - For accidents initiated by transients, a licensee may wish to take credit for
depressurization of the RCS after core damage by the operators. Justification should be provided if such a
procedure is assumed. For example, the capacity of relief valves, and the availability of steam generator heat
removal should be taken into consideration. Supporting thermal hydraulic analysis may also be needed to
determine the RCS pressure.

. Temperature induced hot leg failure - For accidents initiated by transients, a plant may wish to take credit for
depressurization of the RCS by temperature induced hot leg failure after core damage. Justification should
again be provided if such a failure mechanism is assumed.

Question 4: Core Damage Arrested Without Vessel Breach?

This question addresses any recovery actions taken after the start of core damage to restore coolant injection into the
vessel prior to core meltdown and reactor vessel breach. A negative response to this question implies that recovery
actions were unsuccessful and the core debris melts through the reactor vessel. A positive response implies that
recovery actions were successful and that core damage is terminated and reactor vessel meltthrough is prevented.
Separate guidance is provided below for different initiating events and modes of operation.

Internal Events

. Loss of power - Recovery actions to restore injection to the vessel prior to core damage, should have been
modeled in the Level 1 PRA. This question addresses recovery actions after core damage but prior to vessel
breach. Justification should be provided for any recovery actions assumed. The power recovery curve
developed for the Level 1 PRA can be used together with estimates of the time between the start of core
damage and vessel failure.

. Depressurization by the operator - For high pressure sequences, a plant may wish to take credit for
depressurization of the RCS after core damage to allow injection by low pressure systems. Justification should
be provided if such a procedure is assumed.

Seismic Events and Tornados

. Loss of power - For these initiating events, it is unlikely that power will be recovered in the time frame
available to prevent core meltdown.
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2. ‘Simplified Event Trees for PWRs
Question 5: No Induced Steam Generator Tube Rupture" o

This question applies to accldent sequences m which the combmauon of thermal-hydrauhc conditions in the primary
and secondary systems during core oxidation and melt creates a potermal for creep faxlure of SG tubes.

Studies have indicated that thermally-mduced tube ruptures are not probable if the steam s1de of the SGs remains
pressurized, even if it is dry. In determining the probability that the RCS will not depressurize sufficiently to prevent
thermally-induced SGTR, the effect of the accurnulators should be considered. In addition to holding the RCS pressure
up by injecting water at their set pressure, the m_,ectxon of water to the overheated core region may induce pressure
spikes. Also, depending on the flow paths that are causing the RCS depressunzatlon, the steam created by injection of
water to the lower core region may displace the superheated gases from the upper core region into other portions of the
RCS, including the steam generator tubes. Thus, intermediate RCS pressures, in conjunction with depressurized SGs,
may still induce SGTR, particularly if there are preexisting flaws in the tubes. There may also be adependency between -
this question and Question 4 because recovery of RCS injection capability and its use to arrest core damage before
vessel breach may also produce pressure spxkes and concurrent hot gas dnsplacements in the RCS that could threaten
SG tube mtegnty .

A negative response to this question lmplles that therma]ly induced SGTR occurs after the steam generators have dried
out and very hot gas is circulating and before any other part of the RCS pressure boundary has failed in a manner that
sufficiently depressurizes the RCS to remove stress on the tubes. These accident sequences typically have not been
modeled as part of a level I PRA so that additional work is needed to respond to this question in the CET. The
likelihood of a temperature-induced creep rupture of the steam generator tubes depends on several factors including the
thermal-hydraulic conditions at various locations in the primary and secondary systems, which determine the
temperatures and the pressures to which the steamn generator tubes and other components in the RCS pressure boundary
are subjected as the accident progresses. Phenomena that may affect the temperature of the SG tubes include full loop
natural circulation due to RCS loop seal clearing and, for U-tube SGs, partial loop, counter-current circulation. As noted
above, other relevant factors include the material properties of the steam generator tubes and other parts of the RCS
pressure boundary and the presence of tube defects which increase the likelihood of rupture. - Typically, the integrity
of SG tubes during the core damage phase of accident sequences is assessed with plant-specific thermal-hydraulic
calculations that track these phenornena and compute creep damage to muluple RCS components to determine which
is likely to fail first.

There is a dependency between this part of the queetion and Question 6 below ‘which addresses in-vessel steam
explosions. If in-vessel steam explosions occur when the molten core pours or slumps into water pooled in the lower
head, the steam generator tubes may fail from the pressure pulse. Similarly, if injection capability is regained before
vessel breach and water is injected to arrest core damage, the integrity of the tubes should be assessed against the
pressure and temperature conditions created by that process. Thus, this questxon is intended to cover steam generator
tube i mtegnty up unul the time of vessel meltthrough or successful stablhzanon of the core.

If induced SGTR occurs, a potenual bypass of the contamment can result if the secondary system is open oris opened
by the effects of the SGTR. : e ,

- The probability of induced SGTR has been found [1] to be significant in several IPEs and is currently the subject of

significant activity within the U.S. Nuclear Regulatory Commission (NRC). A report, NUREG-1570 [2), is available

that describes the basis, results, and related risk implications of an analysis performed by an ad hocNRC working group

to assess the containment bypass potential attributable to SGTR induced by severe accident conditions. The effects of
pre-existing flaws are addressed probabilistically, and a model for creep damage to flawed tubes is provided. In
addition, Draft Regulatory Guide DG-1074 [3] descnbes an approach for plant-spemﬁc, nsk-mfonned decisionmaking
for issues related to induced SGTR. .

Question 6: No Containment Failure at Vessel Breach?

This question addresses whether or not containment failure occurs at vessel breach. A positive response to this question
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2. Simplified Event Trees for PWRs

implies that the containment structure survives the loads at vessel breach and the accident is allocated to the no large
release category. If the containment structure is predicted to survive (i.e., upper branch of Question 6) and the initiating
event (i.e., seismic or high wind) can impede an evacuation of the close-in population, then the likelihood of long-term
containment performance should be investigated by using the event tree in Section 2.3.

A negative response implies containment failure with the potential for a large release depending upon the response to
Question 7. The likelihood of containment failure depends upon several factors such as the pressure in the primary
system, the amount and temperature of the core debris exiting the vessel, the size of the hole in the vessel, the amount
of water in the cavity, the configuration of the cavity, the operability of the containment spray system, and the structural
capability of the containment building. In the simplified event tree, only the pressure in the primary system is
distinguished so that all other considerations have to be folded into the split fractions for high- and low-pressure
sequences. Each possibility is discussed below.

Low-Pressure Sequences?

Under these circumstances, various mechanisms could challenge containment integrity. These include in-vessel steam
explosions, rapid steam generation caused by core debris contacting water in the cavity, and hydrogen combustion. On
the basis of previous PRAs [1, 4, 5], a probability of early containment failure of 0.01 was selected. An alternative split
fraction could be used for a particular plant provided sufficient justification is given.

High-Pressure Sequences?

Several mechanisms could challenge containment under these circumstances. The most important failure mechanisms
for high-pressure core meltdown sequences are associated with high pressure melt ejection (HPME). Ejection of the
core debris at high-pressure can cause the core debris to form fine particles that can directly heat the containment
atmosphere (i.e., direct containment heating [DCH]) and cause rapid pressure spikes. During HPME, the hot particles
could also ignite any combustible gases in containment, thereby adding to the pressure pulse. The potential for DCH
to cause containment failure depends on several factors, such as the primary system pressure, the size of the opening
in the vessel, the temperature and composition of the core debris exiting the vessel, the amount of water in the cavity,
and the dispersive characteristics of the reactor cavity. In-vessel steam explosions are a potential failure mechanism,
but it is more difficult to trigger steam explosions at high pressure than at low pressure. More recent research
(documented in Reference [7]), since the first version of this document was published, indicates that HPME and DCH
is not important to risk in plants with large volume dry and sub-atmospheric containments and the conditional probability
of containment failure given HPME is less than 0.01. Reference {7] indicates that in-vessel steam explosions are very
unlikely and also have insufficient energy to launch the reactor head or the vessel as a rocket and damage containment.
Ex-vessel fuel-coolant interactions that could lead to a stearn explosion depend on plant geometry, pool conditions (size,
shape, temperature and pressure), and corium conditions (temperature, pour rate and pour composition). The only
consideration that could affect the potential for energetic fuel coolant interactions is the presence or absence of the
ability to put water below the reactor vessel. The probability of early containment failure is a composite of each of these
potential failures modes and a value of 0.05 was selected based on References [1] and [7]. Again, an alternative split
fraction could be used for a particular plant provided sufficient justification is given.

Question 7: No Potential for Early Fatalities?

This question addresses whether or not early fatalities are likely given a loss of containment integrity. The potential for
early fatalities depends on the magnitude and timing of the radionuclide release. The magnitude of the release is
important because there is a threshold below which the doses from the early exposure pathways will be unlikely to cause
an early fatality. This threshold is discussed in more detail in Appendix A to this report. The timing of release is also
important because of radionuclide decay and because of its relation to the time required for evacuation of the close-in
population around a nuclear power plant.
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Power Operation

Accident sequences that feed into this question have a flow path out of containment that is sufficiently large so that early
health effects are likely, i.c., negative responses to Questions 2, 5, and 6. In order to respond to this question, the time
from the declaration of a general emergency to the time of the start of the release has to be determined and compared
to the time required to effectively warn and evacuate the population in the vicinity of the plant. In some accident
sequences, containment failure occurs hours after the declaration of a general emergency giving time for evacuation of
the population. However, for other accident sequences loss of containment inte gnty occurs prior to or closely after the
start of core damage allowmg relatively short times for evacuation.

Seismic Events and High Wind

For some initiating events, itis possible that effective warning and evacuation may be precluded due to the disruption
of warning systems and evacuation paths. These types of initiating events should in general be allocated to the potential
for early fatality branch on the event tree. In order to place a sequence on the branch labeled no potential for early
fatalities, a licensee should provide information, specific to the sequence, concerning when a general emergency would
be declared and whether or not the population could in fact be evacuated. -

2.2 - PWR Ice Condenser Containment

Figure 2.2 provides a containment event tree (CET) for ice condenser plants. As with large volume containments,
outcomes of the CET for ice condenser plants are placed in alarge early release or no large early release category. Late
failures, which generally occur as a result of failure of the long-term CHR systems, and on all other accidents are
assigned a low consequence category. There is considerable similarity in the event trees for large dry and ice condenser
containments, and many of the questions are similar.

If the containment structure is predicted to survive (i.e., upper branch of Question 7) and the initiating event can impede
an evacuation of the close-in population, then the likelihood of long-term containment performance should be
investigated by using the event tree in Section 2.3.

Question 1: Core Damage

This is the interface between the Level 1 PRA results and the simplifiéd CETs. Refer to Chapter 1 for a discussion on
this interface. The frequency and characteristics of the accident sequence under consideration are required.

Question 2: Containment Isolated or Not Bypassed?

Thlstop evént is similar to the question asked in the event tree for large volume containments. The guidance provided
for'Question 2 in Section 2.1 should be used to respond to this question.

Questxon 3. Hydrogen Igmters ‘Operating Before Core Damage"

The smaller volume containments, such as ice condensers, are critically dependent on the availability of hydrogen
igniters to control pressure loads resulting from hydrogen combustion involving both static and dynamic loads. The
annular design of the ice compartments lends itself to build up of hydrogen concentrations. There is a significant
probability of a hydrogen combustion event causing containment failure if the igniters are not operating.

The information needed to address this question is generally not modeled in a Level 1 PRA. The igniters require ac
- power to operate and are usually started manually. In principle, a detailed fault tree could be developed for the igniter
system and integrated into the Level 1 model. Without developing a fault tree, a way to quantify this question is to
simply assume that the igniters are available as Iong as ac power is available. :
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Igniters No Induced
Containment Operating Core Damage Steam No
Isolated or Not |  Before Core Arrested Generator Tube] Containment [No Potential for Large Early
Core Damage Bypassed Damage RCS Depress. | Without VB Rupture Failure at VB | Early Fatalities{ Path Release
1 2 3 4 5 6 7 8
1 No
2 No
3 No
4 Yes
5 No
6 No
7 No
8 Yes
9 No
10 Yes
11 No
12 No
13 Yes
14 No
15 No
16 Yes
v 17 No
/I\ 18 No
¢ 19 Yes
N 20 No
21 Yes
22 No
23 No
24 Yes
25 No
26 Yes
27 No
28 Yes

Figure 2.2 PWR Ice Condenser Containments
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Question 4: RCS Depressurized?

This top event is similar to the question asked in the event tree for large volume containments. The guidance provnded
for Question 3 in Section 2.1 should be used to respond to ﬂns question,

Questxon 5: Core Damage Arrested Before Vosse! Faxlure" ’

This top event is similar to the question asked in the event tree for large volume containments. The guidance provided
for Question 4 in Section 2.1 should be used to respond to this question. '

Question 6: No Induced Steam Generator Tube Rupture?

This top event is similar to the question asked in the event tree for large volume containments. The guidance prowded
for Question 5 in Section 2.1 should be used to respond o this question.

Question 7: No Containment Failure at or Before Vessel Breach?

If the igniters are not available or not operating, the potential exists for failure of the containment as aresult of hydrogen
combustion before the vessel breach. This failure can, therefore, occur even if the core damage is arrested in the vessel.
The probability of a hydrogen combustion event causing containment failure before the vessel breach was determined
to be 0.04 based on the results in References [1] and [6]. Analternative split fraction could be used for a particular plant
provided sufficient justification is given. If the igniters are operating, the containment is assumed not to fail before the
vessel breach. As for the large dry containments, the likelihood of containment failure at vessel breach depends on
several factors, such as the pressure in the primary system, the amount and temperature of the core debris exiting the
vessel, the size of the hole in the vessel, the operability of the containment spray system, whether or not the igniters are
operating, the amount of ice left in the ice chests, the amount of water in the cavity, the configuration of the cavity, and
the structural capability of the containment building. -In the simplified event tree in Figure 2.2, the pressure in the
primary system, and the operability of the igniters, are considered so that all other considerations have to be folded into
the appropriate split fractions in the event tree. ‘Recently, a detailed study [8] of severe accident phenomena in ice
condenser plants focused on the direct containment heating issue has been published. The study considered all the
significant early containment failure issues discussed in NUREG-1150 inciuding: (1) DCH overpressure (O/P) failures,
(2) thermal failures of the containment liner resulting from accumulation of the dispersed core debris against the
containment liner following HPME, (3) non-DCH hydrogen combustion O/P failures in scenarios where core damage
is arrested in vessel or when the RPYV fails at low pressure, and {(4) non-DCH steam spike Q/P failures when the vessel
lower head fails at low (<200 psi) RCS pressures. The study used the CONTAIN code and the results of the calculations
indicate that the ice condenser containment integrity is challenged mainly in station blackout (SBO) accident sequences
(no igniters available) that are associated with high hydrogen concentrations.

Low-Pressure Sequences?

Under these circumstances, various mechanisms could challenge containment integrity including in-vessel steam
explosions, rapid steam generation caused by core debris contacting water in the cavity, and hydrogen combustion. For
ice condenser containments, as shown in Ref. 8, the likelihood of these failure modes depends mainly upon the
operability of the igniters. On the basis of Ref. 8, for low pressure (non-DCH) events, the average conditional
probability of early containment failure across all ice condenser plants for SBO sequences ranges from 0.2 to 0.97 with
an average of about 0.6 from hydrogen combustion events.. The conditional probabilities of early containment failure
at or before vessel breach, with and thhout the 1gmters operatmg are glven below

Igniters Operating - Igniters Failed

Probability of Early Containment Failure 001 0.6

An alternative split fraction could be used for a particular planf provided sufficient justification is given.
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High-Pressure Sequences?

Reference [8] indicates that the average conditional containment failure probability across all ice condenser plants due
to hydrogen combustion during SBO accidents at high pressure ranges from 0.82 to 1.0. Another failure mechanism
associated with HPME in ice condenser containments is impingement of corium on the containment wall, which can
lead to failure and a direct path out of containment.

The probability of early containment failure at or before vessel breach is, therefore, a composite of each of these
potential failure modes. The probabilities given below were derived from the results reported in Reference [8]:

Igniters Operating Igniters Failed

Conditional Probability of Early Containment 0.05 1.0
Failure

An alternative split fraction could be used for a particular plant provided sufficient justification is given.
Question 8: No Potential for Early Fatalities?

This top event is similar to the question asked in the event wree for large volume containments. The guidance provided
for Question 7 in Section 2.1 should be used to respond to this question.

2.3 PWR Late Containment Failure

The purpose of the CET in Figure 2.3 is to provide an estimate of the likelihood of late containment failure. The focus
is on structural failure of the containment above grade. Penetration of the basemat by the core debris is a potential late
failure mode but as the release occurs very late and below ground early fatalities are extremely unlikely even if
evacuation is impeded. The CET should be used for accident sequences initiated by external events (i.e., seismic and
high wind) that can impede evacuation of the close-in population. The fraction of these accident sequences that do not
result in containment failure (i.e., positive response to Question 6 in Figure 2.1 and Question 7 in Figure 2.2) are
processed through the CET in this section. If late containment failure is predicted to occur for accidents where
evacuation is not effective, it is assumed that early fatalities are possibie.

Question 1: Is Cavity Flooded?

It is important to know if the region under the vessel is flooded. A flooded cavity could cool the core debris and prevent
core-concrete interactions (coolable debris bed) and eliminate noncondensible gas release from this mechanism. The
main source of containment pressurization is from steam if the debris bed is coolable. If the cavity is dry, extensive
core-concrete interactions can occur resulting in significant release of noncondensible gases leading to high pressures
and temperatures in containment.

The question cannot usually be answered directly from a Level 1 PRA. The containment layout and the accident
sequence definitions need to be combined to assess the potential for a flooded cavity. For example, in some containment
designs if the water in the refueling water storage tanks is injected into containment, then the reactor cavity will be
flooded. However, in other containment designs, accident management strategies are needed to ensure that sufficient
water is injected into containment in order to flood the reactor cavity.
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Entry from _ .
CETs in ‘ L IsCHR
Figures 2.1and|  IsCavity | Is Core Debris | Operating and ~
22 Flooded ~-Coolable - |  Effective Path | Large Release
: 1 1 2 3
1 No
' o —— 2 Yes
Y - o .
¢ o : 3 No
\l/ T — g Yes
N T 5 No
6 Yes

Figure 2.3 Late Containment Failure for PWRs

Question 2: Is Core Debris Coolable?

This question addresses the likelihood of coolability of the core debris released into the reactor cavity. Coolability of
the core debris requires that the cavity region under the vessel be flooded (positive response to Question 1) and that the
molten core materials are fragmented into particles of sufficient size to form a coolable configuration. Debris bed
coolability is an important issue because if the debris forms a coolable geometry, the only source for containment
pressurization will be the generation of steam from boiloff of the overlying water. Under these circumstances, if
containment heat removal systems are available (Question 3), then late containment failure would be prevented. Even
in the absence of containment heat removal, pressurization from water boiloff is a relatively slow process and would
result in very late containment failure allowing time for remedxal actions.

There is, however, a sngmﬁcant likelihood that, even lf a water supply is available, the core debris will not be coolable
and, therefore, will attack the concrete basemat. Under these clrcumstances, noncondensible gases would be released
in addition to steam and add to containment pressurization.

Formation of a coolable debris bed depends on séveral factors, such as the mode of contact between the core debris and
water, the size distribution of the core debris particles, the depth of the debris bed, and the water pool. As a general rule, -
unless the debris bed is calculated to be thin, both a coolable and noncoolable configuration should be considered for
the purposes of CET quantification.

Question 3: Is CHR Operating and Effective?
This question addresses whether or not a CHR system is available and effective a long time after vessel breach. A
positive response implies that containment integrity will be maintained whereas a negative response results in

containment failure. The ability of a CHR system to operate effectively depends upon the containment environmental
conditions, which in turn depend upon whether or not the cavity is dry. Each possibility is, therefore, discussed below.
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Dry Caviry

If the cavity is dry, the core debris will generally not be coolable and Question 2 is irrelevant. Extensive core-concrete
interaction (CCI) will occur and noncondensible gases, steam and radionuclides will be released to containment. In
addition, combustible gases (H, and CO) will also be released during CCl and could result in combustion events. A dry
cavity results in an extremely harsh environment in which the CHR system must operate. Under these circumstances,
the ability of the available CHR system to operate effectively needs to be carefully assessed.

Flooded Cavity

If the cavity is flooded, then the response to Question 2 (core debris coolability) is important to CET quantification.
Each possibility is discussed below.

Core debris coolable. If the core debris is coolable, CCI does not occur and all of the decay heat goes into boiling water.
If the containment heat removal systems are operating, then late containment failure by overpressurization will be
prevented. If the containment heat removal systems are not operating, then containment failure will eventually occur
unless remedial actions are taken.

Core debris uncoolable. If the core debris is not coolable, CCI will occur and the impact of noncondensible and
combustion gases will have to be taken into account for CET quantification.
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3. SIMPLIFIED EVENT TREES FOR BWRS

In this chapter, simplified event trees are developed for boxlmg water reactors (BWRs) Reactors of this design are
housed in one of three containment designs (i.e., Mark I, Mark H and Mark ITI containments). All BWR containments
are termed “pressure suppression” designs and rely on water to condense steamreleased from the reactor coolant system
(RCS) during an accident. Mark I and Mark II containments are smaller than Mark I containments. Consequently,
Mark I and Mark II containments are inerted during operation to minimize the threat from combustion events. Mark
I containments are similar (in terms of internal volume and design pressure) to pressurized water reactor (PWR) ice
condenser containments and therefore have igniter systems installed. The three different BWR containment designs
have been found to respond to severe accxdents dxfferemly and therefore three snmphﬁed event trees are developed and
described in this chapter o ,

The approach described in Chapter 1 has been followed with emphasis on minimizing the size of the event trees and
on the level of prescription provided. Guidance is provided for each question (or top event) in the event trees. The
guidance is intended to apply to all initiating events and all modes of operation.

31 BWR MarkI Containment

Figure 3.1 provides an event tree allowing allocation of accident sequences to one of two consequence categories for
use with probabilistic risk assessments (PRAs) for BWRs with Mark I containments. The structure of the event tree is
based on the premise that all early releases that are scrubbed by the suppression pool are sufficiently low that, by
themselves, they will not result in individual early fatality risk. Hence, if an early failure occurs with the functionality
of the suppression pool intact, it is assumed that the early scrubbed releases will not posean early fatality threat and that

the close-in population will evacuate before substantial core concrete interaction releases or late iodine releases from

pools are of a magnitude to cause individual early fatality risk. The approach prescribes only a single question
concerning the likelihood of containment failure at vessel breach (i.e., Question 6). The split fraction for this question
reflects a reasonable estimate of the likelihood of early containment failure for a Mark I containment. However, an
alternative split fraction (less bounding) could be used for a particular plant provided sufficient justification is given.

If the containment structure is predicted to survive (i;e;, upper branch of Questions 6 and 7) and the initiating event can
impede evacuation of the close-in population, then the likelihood of long-term containment performance should be
investigated by using the event tree in Section 3.4.

Question 1: Core Damage

This is the interface between the Level 1 PRA results and the simplified containment event trees (CETs). Refer to
Chapter 1 for a discussion on this interface. The frequency and characteristics of the accident sequence under
consideration are required. .

‘Question 2: Containment Isolated or Not Bypassed"

- This question' addresses the status of containment integrity at the start of the accident. A negative response to this

guestion means containment integrity is lost and the flow path out of containment is sufficiently large (leakage rates
greater than 100 percent containment volume per day have been found risk significant in past studies) such that early
health effects are likely if core damage occurs. Accident sequences that follow this path (negative response) bypass all
other questions in the tree until the question on the potential for early fatalities (refer to Question 8 below).
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Containment Core Damage No
Isolated or Not Asrested Water on Containment | No Venting ]No Potential for} Large Early
Core Damage| Bypassed JRCS Depress.] Without VB | Drywell Floor | Failure at vB after VB Early Fatalities] Path Release
1 2 3 4 S [] 7 8

1 No

2 No

| 3 No

4 Yes

0.01 l_-— s No

l_____ 6 Yes

7 No

8 No

9 Yes

10 T 10 No

L———- 1" Yes

12 No

13 No

| 15 Yes
Y

T 06 j_— 16 No

l———— 17 Yes

l 18 No
N

20 Yes

1.0 l____. 21 No

L————-‘ 22 Yes

23 No

r—— 24 No

25 Yes

A positive response to this question means that containment integrity is intact or that the leakage rate is below the
threshold necessary for causing early health effects. Accident sequences that follow this path are processed through

Figure 3.1 BWR Mark I Containments

each of the remaining questions in the tree.

Loss of containment integrity can be caused by internal and external initiating events. The status of containment
integrity also varies for different modes of operation. Consequently, separate guidance is provided below for different
initiating events and modes of operation. In addition, this question is intended to apply only to accidents that bypass
containment at accident initiation. Accident sequences that cause containment bypass during accident progression after

core damage are not included in this category.
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3. Simplified Event Trees for BWRs
Internal Events and Internal Floods
The following accidents could potentially (depending onthe leakdge rate) resultina negative response to this question.

. Failure of containment to isolate - These events are not normally modeled as part of a Level 1 PRA so that
additional work would be needed to quantify this type of accident sequence. However, because Mark I
containments are inert during operanon thls faxlure mode is generally not important for this class of
contamments

. Interfacmg systems loss-of-coolant accident (ISLOCA) - These accident sequences are normally quantified

: as part of the Level 1 PRA so that little additional work should be needed for processing them through the

- CETs. It is necessary to determine the magnitude of the leakage rate and whether or not the flow path is
submerged (i.e., the release is scrubbed) in order to estimate the potential for a large release.

. Anticipated transient without scram (ATWS) and Loss of containment heat removal (CHR) - These accident
sequences are normally quantified as part of the Level 1 PRA so that little additional work should be needed
for processing them through the CETs. In these sequences, the containment fails before core damage due to

" . overpressurization, and, if the suppression pool is bypassed, this may result in a large, early release. For Mark I

containments, data generated in the IPE program [1] estimated a conditional probablhty equal to 0.3 of early
containment failure and suppression pool bypass due to A‘I'WS events.

Seismic Events and Internal Fires

A number of external events can cause loss of eontamment mtegnty and hence, a negative response to this question.

. Internal fire - A fire can potentially cause a contamment lsolauon valve to fail to close. These accident
sequences are normally quantified as part of a Level 1 internal fire PRA so that little additional work should
be needed for processing them through the CETs.

. Seismic event - An earthquake can potenﬁaily cause structural failure of the containment or its penetration.
Again, these events are normally quantified as part of a Level 1 seismic PRA.

Quest:on 3. RCS Depresunzanon"

Tlns quesuon addresses the pressure in lhe RCS durmg severe accxdent progresswn A negative response to this
question implies that the RCS is at high pressure during core meltdown which has implications for the pressure loads
at vessel meltthrough (refer to Question 6 below). Conversely, a positive response implies that the RCS is a low
pressure. Scparate guidance is provided below for different modes of operation.

Internal Events , e

The following accidents defined in the Level 1 PRA could potentially result in a negative response to this question.

. Transients and small break LOCAs - The reactor coolant system will remain at high pressure for these accident
sequences unless the operators depressunze the RCS or the RCS pressure boundary fails. '

The fo]lowmg acc1dcnts deﬁned in the Level 1 PRA could potennally resultin a posmve response to thxs quesnon

. Intermediate and large break LOCAs These accxdem sequences are expected toresultina RCS below 200
psi and would, therefore, be allocated to the depressunzed branch.
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The following are not normally modeled in a Level 1 PRA but could be considered during quantification of the
simplified event trees.

. Depressurization by the operator - A plant may wish to take credit for depressurization of the RCS after core
damage by the operators. Justification should be provided if such a procedure is assumed.

Question 4: Core Damage Arrested Without Vessel Breach?

This question addresses any recovery actions taken after the start of core damage to restore coolant injection into the
vessel prior to core meltdown and reactor vessel breach. A negative response to this question implies that recovery
actions were unsuccessful and the core debris melts through the reactor vessel. A positive response implies that
recovery actions were successful and that core damage is terminated and reactor vessel meltthrough is prevented.
Separate guidance is provided below for different initiating events and modes of operation.

Internal Events

. Loss of power - Recovery actions to restore injection to the vessel prior to core damage, should have been
modeled in the Level 1 PRA. This question addresses recovery actions after core damage but prior to vessel
breach. Justification should be provided for any recovery actions assumed. The power recovery curve
developed for the Level 1 PRA can be used together with estimates of the time between the start of core
damage and vessel failure.

. Depressurization by the operator - For high pressure sequences, a plant may wish to take credit for
depressurization of the RCS after core damage to allow injection by low pressure systems. Justification should
be provided if such a procedure is assumed.

Seismic Events and Tornados

. Loss of power - For these initiating events, it is unlikely that power will be recovered in the time frame
available to prevent core meltdown.

Question 5: Water on the Drywell Floor?

Water in the drywell will affect both the likelihood of ex-vessel steam explosions and the likelihood and consequences
of liner meltthrough. Small amounts of water will have limited mitigating effects. It is believed that water levels in
excess of 12" will be effective in substantially reducing the probability of meltthrough and/or partially scrubbing the
releases. In taking credit for the presence of water, factors, such as the height of the downcomers, pumping capacity,
and power availability, must be considered. For this question, the top branch is the fraction of the remaining sequences
(excluding sequences accounted for by previous questions) in which at least 12" of water will be available, and the
bottom branch is the fraction where 12" of water will not be available.

Question 6: Containment Failure at Vessel Breach (VB)?

Depending on the answers to Questions 3 and 5, the containment failure probability is assigned. These failure
probabilities implicitly account for the following phenomena: in-vessel explosions, ex-vessel steam explosions, vessel
blowdown, liner meltthrough, and direct heating. They do not consider long-term failure modes, such as core-concrete
interactions or long-term drywell heatup. Bypass events have been accounted for previously. Suggested branch
probabilities derived from References [1] and [2] for these questions are given in Table 3-1.
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Table 3-1 Mark I Conditional Probabilitips of Containment Failure at Vessel Breach

Path "RPVPressure | ~ Water | Total Failure Probability
6 Lo | Yes - '0.01
11 | L} N . 1.0
7 H | Yes | 0.6
2 - H -~ |  No 1.0

Plant-specific features that increase the containment failure probability should be considered and not only those plant-
specific features that mitigate severe accidents. For example, in some individual plant examinations (IPEs) for BWRs
with isolation condensers, a potential was found to exist in some IPEs [1] for an induced failure of the condenser tubes
(this is a similar failure mode to induced failure of steam generator tubes). Failure modes that can bypass containment
should be considered for other BWRs with an isolation condenser.

Quesﬁon 7: No Venting After Vessel Breach?

The BWR owner’s group have developed [1] emergency procedure guldelmes (EPGs) that instruct the operators to flood
the drywell after vessel breach, and vent the drywell using drywell vents or vent the reactor pressure vessel (RPV) by
opening the main steam isolation valves (MSIVs). This operator action is an accident management strategy that was
found [1] to contribute to large early release frequency (LERF) in several IPEs. If such an operator action is performed
after vessel breach in an accident scenario, the lower branch under this top event should be followed.

Question 8: No Potential for Early Fatalities?

This top event is similar to the question asked in ihe "e'rlernﬂt tree for PWR large volume containments. The guidance
provided for Question 7 in Section 2.1 should be used.

. Internal Events

Accident sequences that feed into this question have a flow path out of containment that is sufficiently large so that early
health effects are likely, i.e., negative responses to Questions 2, 6, and 7. For a BWR Mark I containment this implies
that the suppression pool has been bypassed (i.e., an unscrubbed release). In order to respond to this question, the time
from the declaration of a general emergency to the time of the start of the release has to be determined and compared
to the time required to effectively warn and evacuate the population in the vicinity of the plant. In some accident
sequences, containment failure occurs hours after the declaration of a general emergency giving time for evacuation of
the population. However, for other accident sequences loss of containment integrity occurs prior to core damage
allowing relatively short times for evacuation. - -

Seismic Events and High Wind

For some initiating events, it is possible that effective warning and evacuation may be precluded due to the disruption

~ of warning systems and evacuation paths. These types of initiating events should in general be allocated to the potential

for early fatality branch on the event tree. In order to place a sequence on the branch labeled no potential for early
fatalities, a licensee should provide information, specific to the sequence, concerning when a general emergency would
be declared and whether or not the population could in fact be evacuated.
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3.2 BWR Mark II Containment

Figure 3.2 provides an event tree which allows accident sequences to be allocated to one of two consequence categories
for use with PRAs for BWRs with Mark II containments. The structure of the event tree is based on the premise that
all early releases that are scrubbed by the suppression pool are sufficiently low that, by themselves, they will not result
in individual early fatality risk. Hence, if an early failure occurs with the functionality of the suppression pool intact,
itis assumed that the early scrubbed releases will not pose an early fatality threat to the close-in population and that this
population will evacuate before substantial core concrete interaction releases or late iodine releases from pools are of
a magnitude to cause individual early fatality risk. Each top event question in the event tree is discussed below. The
approach prescribes only a single question concerning the likelihood of containment failure at vessel breach (i.e.,
Question 6). The split fraction for this question reflects a reasonable estimate of the likelihood of early containment
failure for a Mark II containment. However, an alternative split fraction (less bounding) could be used for a particular
plant provided sufficient justification is given. This event tree is identical to the event tree for a Mark I containment
and therefore only guidance unique to a Mark II containment is provided.

If the containment structure is predicted to survive (i.e., upper branch of Questions 6 and 7) and the initiating event can
impede evacuation of the close-in population, then the likelihood of long-term containment performance should be
investigated by using the event tree in Section 3.4.

Question 1: Core Damage

This is the interface between the Level 1 PRA results and the simplified CETs. Refer to Chapter 1 for a discussion on
this interface. The frequency and characteristics of the accident sequence under consideration are required.

Question 2: Containment Isolated or Not Bypassed?

This top event is similar to the question asked in the event tree for Mark I containments. The guidance provided under
Question 2 in Section 3.1 should be used to respond to this question. Data generated in the IPE program indicates that
the conditional probability of early containment failure and suppression pool bypass due to ATWS events is 0.4 in BWR
Mark I containment plants.

Question 3: RCS Depressurized?

This top event is similar to the question asked in the event tree for Mark I containments. The guidance provided under
Question 3 in Section 3.1 should be used to respond to this question.

Question 4: Core Damage Arrested Before Vessel Breach?

This top event is similar to the question asked in the event tree for Mark I containments. The guidance provided under
Question 4 in Section 3.1 should be used to respond to this question.

Question 5: Water on the Pedestal or Drywell Floor?

Water in the pedestal will affect the likelihood of ex-vessel steam explosions in the pedestal and drain line (and
downcomers, when located directly below the vessel). For this question, the top branch is the fraction of the remaining
sequences (excluding sequences accounted for by previous questions) in which the pedestal is flooded, and the bottom
branch is the fraction where the pedestal is not flooded.
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Containment Core Damage | No

Isclated or Not | Anested | “Wateron -| Containment | No Ventiig [N Potential for Large Early

Core Damage] Byp d | RCSDep Without VB . | Drywell Floor | Failure at VB after VB | Early Fatalities] Path Releass
1 2 3 4 [ - 6 - 7 - 8 i
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Figure 3.2 BWR Mark II Containments

Question 6: Containment Failure At Vessel Breach?

Depending on the answers to Questions 3 and 5, the containment failure probability is assigned (refer to Table 3-2).

These failure probabilities implicitly account for the following phenomena: in-vessel steam explosions, ex-vessel steam
explosions (in-pedestal and drain lines or downcomers), vessel blowdown, and dlrect heating. The likelihood of
containment failure at vessel breach is about 0.3 if the RCS is at high pressure.” This probability is relatively
independent of whether or not the drywell floor is flooded. For transients with low RCS pressure at vessel breach, IPE
data indicate that the conditional probability of early containment failure is approximately 0.2 if the drywell floor is dry
and small (about 0.01) if the drywell floor is flooded. These failure probabilities do not include steel shell failure by
melt impingement from core debris ejected from the pedestal cavity nor do they include failures in free standing steel
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shell containments from dynamic loads as a result of ex-vessel steam explosions in the suppression pool that can
potentially occur if molten core debris exits the pedestal cavity and enters the pool through the downcomers (this latter
failure mode was addressed by the Containment Loads Working Group and is discussed in Reference [3]). Plants that
are vulnerable to these failures should modify the failure probabilities, taking into account the plant specific features
that contribute to the vulnerability. The failure probabilities also do not consider long-term failure modes, such as core-
concrete interactions or long-term drywell heatup. Bypass and events with containment failure or drywell venting have
been accounted for previously. The branch probabilities for these questions were derived from References [1] and {4}
and are given in Table 3-2. An alternative split fraction could be used for a particular plant provided sufficient
justification is given.

Table 3-2 Mark II Conditional Containment Failure Probabilities

Path Pressure Water Total Failure
Probability
6 Lo Yes 0.01
11 Lo No 0.2
17 Hi Yes 03
22 Hi No 03

Plant-specific features that increase the containment failure probability such as melt impingement by core debris for the
steel shelled containments should also be considered and not only those plant-specific features that mitigate severe
accidents. For example, the pedestal cavity and the drywell floor are connected by drain lines that may be further
connected to the reactor water clean up system outside the containment. The conditions under which this containment
bypass path will be open should be identified. The contribution of this failure mode to the containment failure
portability should be added to the probabilities in Table 3-2.

Question 7: No Venting After Vessel Breach?

This top event is similar to the question asked in the event tree for Mark I containments. The guidance provided under
Question 7 in Section 3.1 should be used to respond to this question.

Question 8: No Potential for Early Fatalities?

This top event is similar to the question asked in the event tree for Mark I containments. The guidance provided under
Question 8 in Section 3.1 should be used to respond to this question.

3.3 BWR Mark III Containment

Figure 3.3 provides an event tree which allows accident sequences to be allocated to one of two consequence categories
for use with PRAs for BWRs with Mark III containments. The structure of the event tree is based on the premise that
all early releases that are scrubbed by the suppression pool are sufficiently low that, by themselves, they will not result
in individual early fatality risk. Hence, if an early failure occurs with the functionality of the suppression pool intact,
itis assumed that the early scrubbed releases will not pose an early fatality threat to the close-in population and that this
population will evacuate before substantial core concrete interaction releases or late iodine releases from pools are of
a magnitude to cause individual early fatality risk. Each top event question in the event tree is discussed below. The
approach prescribes only a single question concerning the likelihood of containment failure at vessel breach (i.e.,
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Question 6). The split fraction for thls question reflects a reasonable estimate of the likelihood of early containment
failure for a Mark ITI containment. However, an alternative split fraction (less boundmg) could be used for a particular
plant provided sufficient justification is given. - - :

Containment § Operating © -] Core Damage | - No - o - ;
- isolated or Not| Before Core Lo Arrested -Containment [ 'No Venting |No Potential for Large Early
Core Damage | Bypassed Damage | RCS Depress.§ . Without VB | Failure at VB after VB Early Fatalities} Path - Release
1 2 3 4 - 5 . . 6 - 7 8
- ) ] " No
2 No
- 3 No
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- E 6 Yes
7 No
8 No
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10 Yes
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L ——— 14 No
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T ’ S e 1 Yes
l . - - 19 No
N - — 20 No
, — 21 - No
oz et m | e
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- 25 No
26 No
27 Yes

Figure 3.3 BWR Mark Il Containments
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If the containment structure is predicted to survive (i.e., upper branch of Questions 6 and 7) and the initiating event can
impede evacuation of the close-in population, then the likelihood of long-term containment performance should be
investigated by using the event tree in Section 3.4.

Mark III containments essentially have a double layer containment, with the drywell and suppression pool forming one
layer and the outer containment structure forming the other layer. In the questions below, the term containment failure
refers to containment functional failure and requires the following two conditions to berh be met:

. The outer containment is breached and

. Either the drywell pressure boundary integrity is breached (e.g., by stuck-open drywell vacaum breaker,
overpressure failure, or failure to isolate) or the suppression pool drains sufficiently to negate the scrubbing
function of the suppression pool.

Question 1: Core Damage

This is the interface between the Level 1 PRA results and the simplified CETs. Refer to Chapter 1 for a discussion on
this interface. The frequency and characteristics of the accident sequence under consideration are required.

Question 2: Containment Isolated or Not Bypassed?

This top event is similar to the question asked in the event tree for Mark I containments. The guidance provided under
Question 2 in Section 3.1 indicates that a containment leak rate of about 100% containment volume per day is an
approximate threshold beyond which the leak may become significant to LERF. However, in Mark III plants, the impact
of suppression pool decontamination factors (DF) has to be taken into account when considering leakage from these
containments. Conservatively, a DF of 10 has historically been used to represent the impact of pool scrubbing over the
entire accident period. While this is extremely conservative for an “early release,” incorporating this DF to determine
the containment leakage criterion of importance to LERF implies a wetwell to environment leak rate of about 1000%
containment volume per day.

Question 3: Hydrogen Igniters Operating Before Core Damage?

Mark II containment buildings are critically dependent on the availability of hydrogen igniters to control pressure loads
resulting from hydrogen combustion involving both static and dynamic loads. The Mark III containment layout lends
itself to build up of hydrogen concentrations. There is a significant probability of a hydrogen combustion event causing
containment failure if the igniters are not operating.

The information needed to address this question is generally not modeled in a Level 1 PRA. The igniters require ac
power to operate and are usually started manually. In principle, a detailed fault tree could be developed for the igniter
system and integrated into the Level 1 model. Without developing a fault tree, a way to quantify this question is to
simply assume that the igniters are available as long as ac power is available.

Question 4: RPV Depressurization?

This top event is similar to the question asked in the event tree for Mark I containments. The guidance provided under
Question 3 in Section 3.1 should be used to respond to this question.

Question 5: Core Damage Arrested Without Vessel Breach?

This top event is similar to the question asked in the event tree for Mark I containments. The guidance provided under
Question 4 in Section 3.1 should be used to respond to this question.
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Question 6: Containment Failure Befdré or At VB? o

Depending on the answer o Questmns 3 and 4, the containment faﬂure probability is assngncd These failure
probabilities (refer to Table 3-3 below) implicitly account for the following phenomena: hydrogen burns before and at
vessel failure, in-vessel steam explosions, ex-vessel steam explosions, vessel blowdown, and direct heating. They do
not consider long-term failure modes, such as core-concrete interactions or long-term pedestal erosion. Bypass events
have been accounted for previously. The branch probabilities for these questions were derived from References {1} and
[5] and are given in Table 3-3. An alternative split fraction could be used for a partzcular plant provided sufficient
justification is given.

Table 3-3 Mark I éondiﬁonai Conzainment Failure Probabilities

Path : Igniters |-~ Pressure Total Failure Probability
6 Y.esr | Low 001
12 O Yes " High 02
18 No . .|  Low 0.2
24 |  No | High 0.2

Question 7: No Venting After Vessel Breach? |

This top event is similar to the question asked in the event tree for Mark I containments. The guidance provided under
Question 7 in Section 3.1 should be used to respond to this question.

Question 8: No Potential for Early Fatalities?

This top event is similar to the question asked in the event tree for Mark I containments. The guidance provided under
Quesuan 8 in Section 3.1 should be used to respond to this quesnon S

34 BWR Late Contamment Fallure

The purpose of the CET in Figure 34 is to provxdc an estimate of the likelihood of late containment fmlure The focus
is on structure failure of the containment above grade. Penetration of the basemat by the core debris is a potential late
failure mode but as the release occurs very late and below ground early fatalities are extremely unlikely even if
evacuation is impeded. The CET should be used for accident sequences initiated by external events (i.e., seismic and
high wind) that can impede evacuation of the close-in population. The fraction of these accident sequences that do not
result in containment failure (i.e., positive response to Question 6 and 7 in Figure 3.1, Figure 3.2, and Figure 3.3) are
processed through the CET in this section. If late containment failure is predicted to occur, and because evacuation is
not effecnve, n is assumcd that early fatalities are possxble

Quemon 1. ls Drywell Flooded"

Itis lmportant to know if the region under the reactor vessel is flooded. A flooded drywel] ﬂoor could cool the core
debris and prevent core-concrete interactions (coolable debris bed) and eliminate noncondensible gas release from this
mechanism. The main source of containment pressurization is from steam if the debris bed is coolable. If the cavity
is dry, extensive core-concrete interactions can occur resulting in significant release of noncondensible gases leading
to high pressures and temperatures in containment. The question cannot usually be answered directly from a Level 1
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Entry from
CETs in Is CHR
Figures 3.1,32,] Is Drywell | Is Core Debris | Operating and
and 3.3 Flooded Coolable Effective Path | Large Release
i 2 3
1 No
2 Yes
Y
1\ 3 No
\l/ 4 Yes
5 No
N
6 Yes

Figure 3.4 Late Containment Failure for BWRs

PRA. The containment layout and the accident sequence definitions need to be combined to assess the potential for a
flooded cavity.

Question 2: Is Core Debris Coolable?

This question addresses the likelihood of coolability of the core debris released onto the drywell floor. Coolability of
the core debris requires that the region under the vessel be flooded (positive response to Question 1) and that the molten
core materials are fragmented into particles of sufficient size to form a coolable configuration. Debris bed coolability
is an important issue because if the debris forms a coolable geometry, the only source for containment pressurization
will be the generation of steam from boiloff of the overlying water. Under these circumstances, if containment heat
removal systems are available (Question 3), then late containment failure would be prevented. Even in the absence of
containment heat removal, pressurization from water boiloff is a relatively slow process and would result in very late
containment failure allowing time for remedial actions.

There is, however, a significant likelihood that, even if a water supply is available, the core debris will not be coolable
and, therefore, will attack the concrete basemat. Under these circumstances, noncondensible gases would be released
in addition to steam and add to containment pressurization.

Formation of a coolable debris bed depends on several factors, such as the mode of contact between the core debris and
water, the size distribution of the core debris particles, the depth of the debris bed, and the water pool. As a general rule,
unless the debris bed is calculated to be thin, both a coolable and noncoolable configuration should be considered for
the purposes of CET quantification.

Question 3: Is CHR Operating and Effective?

This question addresses whether or not a CHR system is available and effective a long time after vessel breach. A

positive response implies that containment integrity will be maintained where as a negative response results in
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containment failure. The ability of 4 CHR system to.operate effectively d?:pehds upon the containment environmental
conditions, which in turn depend upon whether or not the core debris is flooded. Each possibility is therefore discussed
below. )

Dry Core Debris

If the core debris is not flooded, it will generally not be coolable and Question 2 is irrelevant. Extensive CCI will occur
and noncondensible gases, steam and radionuclides will be released to containment. This results in an extremely harsh
environment and it is unlikely that failure of a Mark I containment can be prevented even if a CHR system is available.
If spray operation can be restored and a coolable debris bed achieved, then perhaps containment failure can be
prevented.

Flooded Core Debris

If the core debris is flooded, then the response to Question 2 (core debris coolability) is very important to CET
quantification. Each possibility is discussed below.

Core debris coolable. If the core debris is coolable, CCI does not occur and all of the decay heat goes into boiling water.
If the containment heat removal systems are operating, then late containment failure by overpressurization will be
prevented. If the containment heat removal systems are not operating, then containment failure will eventually occur
unless remedial actions are taken.

Core debris uncoolable. If the core debris is not coolable, CCI will occur and the impact of noncondensible will have
to be taken into account for CET quantification. Noncondensible gas generation can cause Mark I containment to
overpressurize because of their relatively small volumes even if a CHR is operating.
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4. SIMPLIFIED EVENT TREES DURING SHUTDOWN

In this chapter, simplified event trees are developed for bo:lmg water reactors (BWRs) and pressurized water reactors
(PWRs) during shutdown. The approach described in Chapter 1 has been followed with emphasis on minimizing the
size of the event trees and the level of prescription provided. Guidance is provided for each question (or top event) in
the event trees. 'Ihe guidance is intended to apply to all initiating events during shutdown.

The simplified approach that is developed below is not meant to provide a complete or comprehensive picture of the
risk through the entire low power and shutdown period from reactor scram through hot shutdown, followed by cold
shutdown, refueling (in case of a scheduled, refueling outage), and then back to startup. A detailed description of the
plant operational states, the decay heat levels, and the temperature and pressure in the reactor coolant system as the plant
goes through these modes is provided in Reference [1] for BWRs and Reference [2] for PWRs.

The simplified approach developed below is focused on LERF and mainly applies to the period after the plant is placed
on the residual heat removal (RHR) system to remove decay heat. Before the RHR plant condition is entered, technical
specification requirements that apply at full power remain in effect. Hence the risk of a large early release before the
RHR system is placed in service can be represented, at least to a first approximation, by the full power event trees
described in Chapters 2 and 3 above. :

4.1 Simplified Containment Event Trees for BWRs

In this section, simplified event trees at shutdown are developed for BWRs. The approach is based on the template for
a generic BWR [3). Based on Reference [3], the shutdown period is divided into time windows (TW) and plant
operating states (POS) as shown in Figure 4.1 below. TW-E is defined to represent the time before POS 3 is entered.
The reactor is either in POS 1 or POS 2 and the decay heat is relatively high. The late time window, TW-L is defined
to represent the time after POS 3. The reactor is either in POS lor 2 and the decay heat is relatively low. In TW-L, it
is assumed that LERF sequences do not occur due to decay of the short-lived isotopes that are principally responsible
for early health effects (mainly, I and Te). However, LERF can potentially occur in TW-E. (This feature of the offsite
consequences of potential accidents during shutdown operation is based on the early fatality consequence calculations
reported for various time periods following shutdown in References [1] and {2]).

Figure 4.1 shows the applicable time windows and POS groups for a generic BWR as defined in the template in
Reference [3]. POS 1in TW-E starts with RHR initiation and RCS pressure reduced below 135 psig with the MSIVs
closed. POS 1 extends from Mode 3 in hot shutdown through the end of cold shutdown (Mode 4). POS 2 in TW-E
starts with the detension of the drywell head and removal of the RPV head and extends into the refueling mode until
the RCS level is at 23’ above the vessel flange. POS 3 starts when the RCS level is at 23’ above the vessel flange and

extends until the start of POS 2 in TW-L as shown in Figure 4. 1 A very large amount of coolant i mventory is avmlable
in POS 3 whlch occurs during Mode 5. S

Once the cold shutdown condition is entered, the containment may be open. Also, there is no technical specification
requirement for the containment to be inerted in cold shutdown. In the small volume Mark I and I plants, inerting plays
an importantrole in reducing the risk of containment failure from deflagration/detonation of hydrogen evolved in acore
damage accident. Another important consideration from the standpoint of LERF is the type of core damage accident
in a BWR at shutdown that can lead to a large early release in POS 1 and POS 2 of TW-E. An example of this is an
accident that involves loss of RHR and prompt failure of core cooling/injection in a time frame with a potential for
leading to an early fatality [3]. Core damage accidents during POS 1and POS 2 of TW-E that occur within a longer time
frame that allows for effective evacuation of the close-in population around the plant are not considered LERF
sequences. CD accidents during POS 3 or POS 1 or 2 of the late time window do not lead to a large early release, as
stated above, due to decay of the core mventory
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TS Modes
HSD csD Refueling CcsD HSD
. 2 < < e & B sEm———
POSs and Time POS Group Timing
Windows s
(TWs) Head Off
RHR Detension/ RCS Level RCS Level Tension RHR
Initiation Remove RPV Head at 23’ at 23’ RPV Head Ooff
| | | | | |
1 i 1 1 1 1
TW-E
TW-L
. POS 1/TW-
POS 1 _POS 1/TW-E | 0S L
. P .
POS 2 POS 2/TW-E 0S 2/TW-L
POS 3 POS3

TS = Technical Specifications; HSD = Hot Shutdown, CSD = Cold Shutdown

Figure 4.1 POSs and TWs for BWRs at Shutdown

BWR Mark I and II Plants

Figure 4.2 shows an event tree for BWR Mark I and II plants that allows allocation of CD sequences to one of two
outcomes, large early release or large late release.

Question 1: Core Damage

This is the interface between the Level 1 PRA results and the simplified containment event trees (CETs). Refer to
Chapter 1 for a discussion on this interface. The frequency and characteristics of the accident sequence under
consideration are required.

Question 2: Do the Accidents Occur in POS 1 and 2?

This selects from the Level 1 PRA results those accident sequences that can potentially result in a large early release.
The characteristics of the accident sequences that occur in TW-E POS 1 and 2 can have the potential for a large early
release. Accident sequences that occur in POS 3 or POS 1 and 2 of the late time window are assumed not to have the
potential for a large early release. These accident sequences do, however, have the potential for leading to a large late
release, which may not lead to early fatalities but can cause latent fatalities and land contamination.
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3
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- - : T Release or
no Failure

Notc 1: Condmonal Probablhty of conmment fmlure equal ml 0 for Mark l and 0.2 for Maxk lI

Figure 4.2 BWR Mark I and j 1§ Containment Event Tres

Question 3;: Does Core Damage Occur in a Time Frame with a Potential for Early Fatality?

This question relates to the type of core damage accident that occurs.- CD accident sequences that occur within a time
frame such that evacuation of the close-in population is possible are assumed not to have the potential for a large early
release. These accident sequences do, however, have the potential for leading to a large late release, which may not lead
to early fatalities but can cause latent fatalities and land contamination. For shutdown accidents, where the contamment
is essentially unisolated, the time available for evacuation is the time from declaration of a general emergency' to the
onset of core damage. For the purpose of screening core damage accident sequences at shutdown with this simplified
approach, no credit is given for evacuation beyond the onset of core damage, regardless of the initial status of
containment isolation. CD accident sequences that occur in a time frame such that an effective evacuation of the close-
in population is not possible have the potential for a large early release. :

Question 4: Containment Status - Is the Containment CIoSed'.’

This question relates to the status of the containment. Contamment closed means that the containment was initially
closed or can be re-closed such that it will hold desngn pressure. Contmnment open means  that it was initially open and

! Draft Regulatory Guide DG-1075, ‘Emergency Planning and Preparedness for Nuclear Power Reactors,” provides
related information on declaration of a general emergency.
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cannot be re-closed such that it will hold design pressure. If the containment is not closed, then for CD accidents that
occur within a time frame with a potential for early fatality, the conditional probability (CP) of LERF is 1.0. One
consideration here is whether the release will be scrubbed by the suppression pool. This depends on the containment
configuration during the POS in which the accident occurs. If the drywell head is off or if other pool bypass paths exist,
pool scrubbing will not occur.

Question 3: Is the Containment Inerted?

For BWR Mark I and Mark II plants, there is no standard technical specification requirement for the plant to inert the
containment once cold shutdown is entered as there is during full power operation. Core damage accident sequences
at shutdown in which the containment is not inert will lead to loss of containment function with a conditional
containment failure probability of 1.0 due to hydrogen combustion events even if the containment is closed. (See
Reference [6] for a discussion of containment failures from hydrogen combustion events in various types of
containment). An additional assumption that was made when allocating a probability of 1.0 to a large release is that
containment failure occurs in the drywell so that the suppression pool is by-passed and the release is not scrubbed. If
containment failure is predicted to occur in the wetwell then the release would be scrubbed by the pool, and it would
not be large. Under these circumstances quantification of the containment event tree should be changed accordingly.

Ifthe containment is inert the possibility of early failure from hydrogen combustion is eliminated. However early failure
can still occur from a variety of mechanisms as discussed in Chapter 3. The likelihood of containment failure depends
on the pressure in the RCS at the time of vessel melt-through and whether or not the drywell floor is flooded. The
pressure is assumed to be low at shutdown so that flooding of the drywell floor is one major consideration related to

early failure.

Question 6: Is the Drywell Floor Flooded?

This question involves the status of the drywell floor , whether it is dry or flooded. It is assumed that the RCS is at low
pressure at shutdown, hence the conditional probabilities of containment failure shown in Table 3-1 (for Mark I plants)
and Table 3-2 (for Mark II plants) that are applicable to the low pressure branches are relevant.

Question 7: Does the Containment Fail Early?

If the containment does not fail early, there is either no failure or a late release.

BWR Mark III Plants

Figure 4.3 shows an event tree for BWR Mark I1I plants that allows allocation of CD sequences 1o a large early release,
large late release or no release.

Question 1: Core Damage
This is the interface between the Level 1 PRA results and the simplified containment event trees (CETs). Refer to

Chapter 1 for a discussion on this interface. The frequency and characteristics of the accident sequence under
consideration are required.
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Questlon 2. Do the Accldents Occur i in POS l and 2?

This selects from the Level 1 PRA results those accndent sequences that can potennally result ina large early release.
The characteristics of the accident sequences that occur in TW-E POS 1 and 2 can have the potential for a large early
release. Accident sequences that occur in POS 3 or POS 1 and 2 of the late time window are assumed not to have the
potential for a large early release. These accident sequences do, however, have the potential for leading to a large late -
release, which may not lead to early fatalities but can cause latent fatalities and land contamination.

Quest:on 3 Does Core Damage Occur in a Time Frame with a Potential for Early Fatality?
This quesuon is ldenncal to that in Figure 4.2 for Mark I andI1 plants and has the same answer.
Qnesnon 4: Contamment Status - Is the Contamment Closed" |

This question mvolvmg status of the containment is the same as in Fxgure 4.2, If the containment is open ( both drywell
and suppression pool are breached and/or bypassed and the outer containment, e.g., equipment hatch, is open), the
answer is the same as for Mark I and II plants. However, if the containment is closed, then Question 5 applies.

Question 5 Are the Hydrogen Igniters Avaxlable"

BWR with Mark III containments are also vulnerable to hydrogen combustion events espec:ally since there are no
requirements for the igniter system to be operable at shutdown. If the igniters are not operable, there is a potential for
a large early release and the conditional probability of containment failure leading to a large early release is set equal
to 0.2 (as at full power), based on the information provided in Chapter 3. If the igniters can be recovered by operator
action and are made operable, there is no large release.

Question 6: Does the Containment Fail Early? -

In cases where the containment fails early, when the igniters are operable or not operable, the conditional probabilities
of containment faxlure are based on the low pressure branch in Table 3-3.

4.2 Simpliﬁed Containment Event Trees for PWRs

In this section, simplified event trees at shutdown are developed for PWRs. The approach is based on the template for
a generic PWR [4]. Based on Reference [4], the- shutdown penod is divided into time windows (TW) and plant
operating states (POS) as shown in Figure 4.4. .

Figure 4.4 shows the applicable time windows and POS groups for a generic PWR. POS 1 in TW-E starts with the
initiation of RHR with the reactor in the hot shutdown mode and extends into the cold shutdown mode to the start of
draining. The RHR entry condition occurs around 345 psig (Reference [2]). POS 2 in TW-E starts in the cold shutdown
mode when draining of the reactor inventory begins. Mid-loop operations are carried out in this state. POS 2in TW-E
ends with the level at 23’ above the reactor vessel flange. Based on the sequence of operations at shutdown during a
refueling outage, containment could be open during portions of POS 1/TW-E in cold shutdown. Containment may also
be open in POS 2/TW-E. In POS 3, containment may be open except in the period when the fuel offload occurs.
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Figure 4.3 BWR Mark III Containment Event Tree
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TS = Technical Specifications; HSD = Hot Shutdown; CSD = Cold Shutdown

Figure 44 POSs and TWs for PWRs at Shutdown

CD aécxdem Sequences in POS 1 or POS 2 of TW-E can potenﬁally lead to a large early release. CD accident
sequences during POS 3 and POS 1 and 2 in the latc nme wmdow do not lead to a large early release, as stated

previously, due to decay of the core mvemory

PWR Large Dry and Subatmosphenc Contalnment Plants

Figure 4.5 shows an event tree for PWRs wnh large volume or sub~atmosphenc containment that allows allocation of

CD sequences to one of two outcomes, large early release or large late release.

Question 1: Core Damage

This is the interface between the Level 1 PRA results and the simplified containment event trees (CETs). Refer to
Chapter 1 for a discussion on this interface. The frequency and charactensues of the accndem sequence under

consideration are required.
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Figure 4.5 PWR Large Dry and Subatmospheric Containment Event Tree

Question 2: Do the Accidents Occur in POS 1 and 2?

This selects from the Level 1 PRA results those accident sequences that can potentially result in a large early release.
The characteristics of the accident sequences that occur in TW-E POS 1 and 2 can have the potential for a large early
release. Accident sequences that occur in POS 3 or POS 1 and 2 of the late time window are assumed not to have the
potential for a large early release. These accident sequences do, however, have the potential for leading to a large late
release, which may not lead to early fatalities but can cause latent fatalities and land contamination.

Question 3: Does Core Damage Occur in a Time Frame with a Potential for Early Fatality?

This question is identical to that in Figure 4.2 and has the same answer.
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Question 4: Containment Status « Is the Containment Closed"

This quesnon relates to the status of the contamment Containment closed means that the contamment was initially
closed or can be re-closed such that it will hold design pressure. Containment open means that it was initially open and
cannot be re-closed such that it will hold design pressure. If the containment is not closed, then the conditional
probablhty of a large release is set equal 10 1.0. )

Question 5: Does the Containment Fail Early?

If the containment is closed there is a small conditional probability of early failure of 0.01 for low pressure sequences
at full power. This value is based on the response to Question 6 in Figure 2.1 of Chapter 2.

PWR Ice Condenser Plants

Figure 4.6 shows an event tree for PWRs with an ice eondenser containment that allows allocation of CD sequences
to large early release, large late release or no release.

Question 1: Core Damage

This is the interface between the Level 1 PRA results and the simplified containment event trees (CETs). Refer to-
Chapter 1 for a discussion on this interface. The frequency and characteristics of the accident sequence under
consideration are required.

Question 2: Do the Accidents Ocecur in POS 1 and 2?

This selects from the Level 1 PRA results those accident sequences that can potentially result in a large early release. -
The characteristics of the accident sequences that occur in TW-E POS 1 and 2 can have the potential for a large early
release. Accident sequences that occur in POS 3 or POS 1 and 2 of the late time window are assumed not to have the
potential for a large early release. These accident sequences do, however, have the potential for leading to a large late
release, which may not lead to early fatalities but can cause latent fatalities and Jand contamination.

Question 3: Does Core Damage Occur in a Time Frame with a Potential for Early Fatality?

This question is identical to that in Figure 4.2 and has the same answer.

Question 4 Containment Status - Is the Containment Closed?

This question relates to the status of the cpniainmenL Containment closed means that the containment was initially
closed or can be re-closed such that it will hold design pressure. Containment open means that it was initially open and
cannot be re-closed such that it will hold design pressure. If the containment is not closed, then the conditional
probability of a large release is set equal to 1.0. If the containment is closed, then Question 5 is applicable.
Question 5: Are the Hydrogen Igniters Available?

For PWR ice condenser plants, with containment closed, there are no technical specifications for the hydrogen igniter

system to be operable once shutdown is entered. The operability of the igniter system has a strong influence on the
conditional probability of containment failure as discussed below.
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Figure 4.6 PWR Ice Condenser Containment Event Tree
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Question 6: Does the Containment Fail Early? -

If the igrxiters are not operable, the containment is vulnerable to hydrogen combustion events and the conditional
probability of a large release is assumed to be 0.6 based on the full power data provided in the response to Question 7
in Fi zgure 2.2. '

"However, if the igniters are operable or can be recovered By operater action, then the likelihood of early fanlnre is
significantly reduced. The conditional probability of early failure isassumed to be 0.01 as discussed in the low pressure
sequences under Question 7 in Figure 2.2.

4.3

1.
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APPENDIX A
DEFINITION AND POTENTIAL SPECIFICATION OF LERF -

A 1 Introductmn

' Draft Regulatory Guxde DG-1061 {1} adopts core damage frequency (CDF) and large early release frequency (LERF)
“suitable metrics for making risk-informed regulatory decisions.”. LERF is “defined as the frequency of those
aceidents leading to significant, unmitigated releases from containment in a time frame prior to effective evacuation of
 the close-in population such that there is a potential for early health effects.” Itis stated in DG-1061 that LERF is used
asa “surmgate for the early fatahty QHO (quatmtanve health objecnve) r»o

The objectwe of using LERF (and CDF)is to evaluate from ansk perspectwe the unpact on the current licensing basis
(CLB)of any changes (in plant procedures, etc.) Proposed by a licensee. Since most plants have not performed Level 3
PRAs, it is difficult to address the significance of proposed changes in terms of their impact on the Safety Goals (e.g.,
the early fatality QHO) directly. However, since most plants have undertaken a Level 2 PRA (for example, in the IPE
program), it is, in principle, more feasible to obtam information regarding the timing and magnitude of various types
of potential releases from severe accidents whxch are sngmficant for the early fatality calculation.

The early fatality QHO defined in the NRC Safety Goal Pollcy [2] is:

*The risk to an average individual in the vicinity of a nuclear pOWer plant of prompt fatalities that might result from
reactor accidents should not exceed one-tenth of one percent (0.1 percent) of the sum of prompt fatality risks
resulting from other accidents to whlch members of :he U S populanon are generally exposed.”

: Forpurposes of comparison wnh the results of probablhsue nsk assessments (PRAs), this QHO has been translated into
a numencal ohjeeuve as follows: .

(1) - . Early Fatalities QHO The individual nsk of an early fatalny from all “other accidents to which members of

: the U.S. population are generally exposed,” such as fatal automobile accidents, etc. is about 5 x 10™ per year.

One-tenth of one percent of this figure implies that the individual risk of prompt fatality fromareactor accident

should be less than 5 x 107 per year.  The "vicinity” of a nuclear power plam is understood to be a distance

- extending to 1 mile from the reactor exclusion area boundary. The "average" individual risk is determined by

- dividing the number of prompt fatalities to 1 mile due to all accidents, weighted by the frequency of each
accident, by the total population to 1 mxle from the plant and summmg over all ace:dents

The individual risk of early fatality (IREF) embodled in the early fatahty QHO can be written as

IREF = 2;:=.,.a>w1u~‘)i o - ST )
!
where
F -frequency of thel release class, N
(PWRF), = populauon welghted risk factor for the i" release class

= No. pf early fatalities to 1 mile from the i release class
Total Population to 1 mile - o

and the sumin Equation (1) is over all release classes. If a large early release is considered to be the bnly type of release
that could potentially give rise to an early fatality, then ¥, F, in Equation (1) would be identically equal to the LERF.

Al
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Generally, a Level 3 probabilistic consequence assessment (PCA) code, such as MACCS [3], is used to evaluate the
population weighted risk factor. In the absence of a Level 3 PCA calculation, however, some approximations have to
be developed to provide a link between the LERF and the early fatality QHO. Some insights on the population weighted
risk factor, as a function of the source term, can be obtained from the calculations carried out in support of the Large
Release Study {4] and summarized in the document SECY-93-138 [5]. One set of calculations in the Large Release
Study attempted to specify a set of source terms which had a potential to cause one early offsite fatality within 1 mile
of the plant boundary.

A large number of MACCS code calculations were performed at a generic “80th percentile” site, defined from the
standpoint of meteorological characteristics, that otherwise varied in population density and exclusion area boundary
distance. The site meteorological parameters, such as average windspeed, atmospheric stability class, and rainfall, were
obtained from the data contained in the Sandia Siting Study [6] of 29 National Weather Service sites based on existing
reactor sites in the U.S. These parameters were used to define an "80th percentile” site from the standpoint of
consequences. They were selected to ensure conservative but realistic consequences for a given source term. A
description of the procedure used to define the 80th percentile site is provided in the study which reassessed the
adequacy of the basis for siting of nuclear power plants from a Safety Goal perspective [7].

In the Large Release Study, for each given séurce term, the early fatalities to 1 mile were calculated assuming: (i) no
evacuation, (ii) an evacuation based on NUREG-1150 assumptions, and (iii} a "conservative" evacuation with a longer
delay time, a slower evacuation speed, and a lesser participation (95% versus 99.5% in NUREG-1150). Candidate
source terms for a large release were derived from six sets of simplified source terms based on the five plants studied
in NUREG-1150 [8] and the La Salle Independent Risk Assessment. For each set of candidate source terms, the timing
of the release to the environment and the release fractions of the volatile and semi-volatile radionuclides, principally
iodine, cesium, and tellurium, were varied so as to result in 1 mean early fatality within one mile of the site boundary.

The results of the Large Release study, which used the MACCS code, indicate that for early releases (within about
4 hours of accident initiation) a release fraction of approximately 2.5% to 3% of the iodine inventory and/or the
tellurium inventory will give rise to one mean early fatality within 1 mile of the plant boundary. Another resuli of the
study pertaining to the population weighted risk showed that, in the mean, the plume spreads at most over one-third of
each of the 16 angular sectors around the plant. This result was obtained by locating one person in each of the 16
angular sectors around the plant and using a source term which would give rise to at least one early fatality. If one early
fatality occurs, the population weighted risk would be identical to 1/16 or 0.06. However, the mean population weighted
risk for the extreme release was about 0.02 which shows that the plume extends laterally only to about one-third of the
width of one angular sector in the mean {(averaged over the weather).

If the early fatality QHO, or IREF, in Equation (1) is written as
IREF = LERF * PWRF

and we assume, based on the discussion above, that the PWRF = (.02, then, given that the IREF < 5E-Q7 per year, the
LERF < 2.5E-05 per year. With some margin for uncertainty, the LERF value can be rounded off to 1E-05 per year.

DG-1061 proposes an acceptance guideline of 10-* per reactor year for CDF and 10°° per reactor year for LERF as a
basis for risk-informed decision making. These guidelines are intended for comparison with full-scope PRAs, i.e., PRAs

which include internal and external initiating events and all plant operating conditions including full power, low power,
and shutdown operation.

A.2 Bases and Sources for Estimating LERF

There are basically three sources for obtaining information pertaining to LERF estimation from publicly available data:
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n the results of the NUREG-1 150 program for 5 plants and the La Salle mdependent risk assessment; these were
all Level 3 PRAs which calculated integrated nsk and for whrch a quanuty analogous to LERF can be inferred
“from the contamment failuré mode matrix,

2) the IPE program [9 10] whrch provrded pomt estimates of contamment fatlure mode conditional probabrlmes
and source term characterization for internally initiated events, and

3) the IPEEE program which extended the IPE results to ex't'ernally‘initiated events.

These sources have been utilized to provide information relating to LERF for theipla'nts which were studied in Appendix
B to this report using the simplified event tree procedure. These plants are (by containment type):

' Large DryISub-atmospherlc PWR:" Surry, Davis Besse and Palo Verde
- Ice Condenser PWR: Sequoyah, McGuire
" Mark I BWR: Peach Bottom, Oyster Creek

Mark I BWR: Limerick- - -

Mark Il BWR: Grand Gulf. = -

- Four of the above plants, Surry, Sequoyah, Peach Bottom, and! Grand Gulf were evaluated in NUREG-1150. A LERF
estimate can be obtained as the sum of the frequency of the containment bypass and the early containment failure modes
evaluated in NUREG—I 150; distribution of these frequencres are provrded in the NUREG 1150 reports [8}.

IPE mformanon is supphed inthe formofa contamment farlure mode matrix which dlsplays the conditional probability

of various modes of containment failure--bypass, early failure, late failure, basemat meltthrough, and no failure, foreach

plant damage state. Each containment failure mode is associated with a number of release classes which are defined

by the release fractions of various fission product radionuclide groups, such as the noble gases, iodine, cesium,
7 tellunum, strontrum, ruthenjum, cenum, and banum, belongmg to each release class _

Three types of assumptions have been utlltzed in analyzmg the above mformatron in the IPE database for exploring a
possible definition of LERF:

) LERF consists of the total frequency of all release classes that ‘occur under the early containment failure or
containment bypass categories of the contamment faxlure mode matrix.

2 LERF consists of the frequency of release classes associated with the early failure and bypass containment
failure modes which have release fractions of the volatrlelserru-volatrle fissron products (Iodine, Cesium,
Tellurium) equal to or greater than about 2.5% to 3% (based on the msrghts of the Large Release Study

_discussed above). . , o

3) A third alternative, based on a memorandum prepared for. the ACRS [11},is that LEREF is the frequency of

early failure and bypass containment failure modes that have a release fraction of rodme equal to or greater than
about 10%, based on calculanons performed by Kaiser [12]

A3 References

1. USNRC, “An Approach for Usmgr Probabilistic Risk Assessment in Risk-Informed Decisions on Plant-
“Specific Changes tothe CurrentchensmgBams,” DraftRegulatoryGurde, DG-1061,U.S. Nuclear Regulatory
Commlssron, 'February 28 1997 :

2. USNRC, “Safety Goals for the Operatlon of Nuclear Power Plants; Policy Statement,” Federal Register,
Vol. 51, No. 149, U.S. Nuclear Regulatory Commrssron, August 4, 1986.

A-3 '



Appendix A. Definition and Potential Specification of LERF

3.

10.

11.

Chanin, D. 1., J. Rollstin, J. Foster, and L. Miller, “MACCS Version 1.5.11.1: A Maintenance Release of the
Code,” NUREG/CR-6059, SAND92-2146, Sandia National Laboratories, June 1993.

Hanson, A. L., R. E. Davis, and V. Mubayi, “Calculations in Support of a Potential Definition of Large
Release,” NUREG/CR-6094, BNL-NUREG-52387, Brookhaven National Laboratory, May 1994.

USNRC, “Recommendation on Large Release Definition,” SECY-93-138, U. S. Nuclear Regulatory
Commission, May 19, 1993,

Aldrich, D. C,, et al., “Technical Guidance for Siting Criteria Development,” NUREG/CR-2239, Sandia
National Laboratories, 1982.

Davis, R. E., A. L. Hanson, and V. Mubayi, “Reassessment of Selected Factors Affecting Siting of Nuclear
Power Plants,” NUREG/CR-6295, BNL-NUREG-52442, Brookhaven National Laboratory, February 1997.

USNRC, “Severe Accident Risks: An Assessment for Five U.S. Nuclear Power Plants,” NUREG-1150, U.S.
Nuclear Regulatory Commission, December 1990.

USNRC, "Individual Plant Examination of Severe Accident Vulnerabilities - 10 CFR 50.54(f),” Generic Letter
GL-88-20, U.S. Nuclear Regulatory Commission, November 23, 1988.

USNRC, “Individual Plant Examination Program,” NUREG-1560, U.S. Nuclear Regulatory Commission,
November 1996.

Sherry, R., “Considerations for Plant-Specific Site-Specific Application of Safety Goals and Definition of
Subsidiary Criteria,” Memorandum to ACRS Members, June 27, 1997.

Kaiser, G. D., “The Implications of Reduced Source Terms for Ex-Plant Consequence Modeling,” ANS
Executive Conference on the Ramifications of the Source Term, March 12, 1985, Charleston, SC.



'APPENDIX B
CASE STUDIES

B.l '»Introduction

This appendix summarizes several case studies [1, 2] that were performed using the ongmal gmdance in Appendlx B
of Draft DG-1061 [3]. One objective of these case studies is to use the simplified approach and compare the results with
Level 2 results for the same plants. The purpose is to identify causes for discrepancies, especially in cases where
Appendix B guidance leads to underestimation or sxgmficam over estimation of large early release frequency (LERF).
The objective is also to identify special PRA assumptions and/or design and operational features that are driving the
results and the estimates of split fractions recommended in Draft DG-1061. The results of this exercise are described

in Section B.2. Another important objective is to extend the scope of Draft DG-1061 guidance to include external
~ events and modes of operation other than full power. Section B.3 summarizes ways in which the guldance in Draft DG-
1061 can be expanded to cover a wider scope. Based on the results of the comparisons, improvements to the guidance
and potenual modxficatxons to the event trees were deve]oped These recommendauons are presented in Section B.4.

B.2 ”Appmach | IR

In the case studies, the individual plant exanﬁnaﬁons (IPEs) of nine plants were used with the simplified event tree

*. approach to estimate the LERF for each plant. These plants were selected so that the five different containment types

in Draft DG-1061 were covered in the study. Different methods were used to estimate the LERFs, based on the
information provided in the IPE submittals.. The methods are discussed below: - .

Method 1)

The bypass and early containment failure frequencles reports in the Level 2 portion of the IPE submittals were summed
to provide an estimate of the LERF. This approach is similar to the simplified approach in Draft DG-1061 and simply
considers early failure and bypass events without considering the ‘magnitude of the environmental source terms.
However, not all early containment failures result in large source terms and there is a threshold below which early
fatalities will not occur. The threshold for early fatalities depends on several factors. In the Large Release Study [4],
many calculations were performed to determine the conditions under which an off-site early fatality could occur as a
function of the fraction of the core inventory released of different radionuclide groups. A threshold of I, Cs, > 0.03 was
determined based on a spectrum of these calculations. This threshold is used as the basis for method 2 below.

Method (2)

The frequencies of release categories teportcd in the IPEs that resulted in at least 3 percent release of I, Cs, and/or Te
were summed to provide an alternate estimate of LERF based on the calculations reported in Appendix A above. The
release fractions were extracted from the IPE database compiled at Brookhaven National Laboratory (BNL).
Method (3)

This approach is similar to Method 2 above but uses larger release fractions to define LERF. The frequencies of release
categories reported in the IPEs that resulted in at least 10 percent release of I and Cs were summed to provide another

estimate of LERF. The 10 percent release fractions were used because several utilities used this threshold to define a
large release in their IPE submittals. The release fractions were extracted from the IPE database compiled at BNL.

B-1.



Appendix B. Case Studies

Method (4)

The simplified event tree approach described in Draft DG-1061 was used with each of the Level 1 analyses reported
in the IPEs to calculate LERF. The estimates of LERF obtained from the Draft DG-1061 approach were compared to
the other LERF estimates.

B.3 Summary of Results

In this section, the results of applying the simplified event tree approach are discussed and compared with the other
approaches described in Section B.2. The results of the various approaches are summarized in Table B-1.

The trends shown in Table B-1 are generally as expected. The LERF values derived directly from the IPE Level 2
results indicate that by summing the frequencies of all early failure and bypass events (Method 1) the highest estimate
of LERF is obtained. Lower estimates of LERF are obtained as source terms with progressively larger release fractions
are used to define LERF. The difference between the values of LERF derived from these approaches based on the IPE
Level 2 analyses is not too significant for the pressurized water reactor (PWR) plants (i.e., Surry, Davis Besse, Palo
Verde, Sequoyah, and McGuire). However, for the boiling water reactor (BWR) plants (i.c., Peach Bottom, Oyster
Creek, Limerick, and Grand Gulf) the variation in LERF estimates using the different approaches is more significant.

The major reason for the lack of variation in the PWR results is that LERF tends to be dominated by bypass events with
relatively large source terins. Large structural failures of the containment in which the source terms are also generally
predicted to be very high can also be important contributors to LERF. This means that the frequency of bypass and early
failures is very similar to the frequency of relatively large source terms. This is however not the case for BWR plants
where bypass events (such as interfacing systems loss-of-coolant accidents [LOCA]) tend to be minor contributors to
LERF and source terms from early containment failure can be significantly reduced by suppression pool scrubbing. The
differences between the frequencies of early failure and bypass and the frequencies of large source terms are very
significant for the BWR plants.

Estimates of LERF obtained using the simplified event tree approach (refer to Table B-1) are generally higher than
LERF estimates derived from the IPE Level 2 results. This is to be expected as the simplified event trees were
constructed to provide bounding estimates of LERF. However, there were a number of exceptions, and as the
underlying reasons for the higher LERF estimates using the Draft DG-1061 approach might warrant revising the
simplified event trees, they were explored in more detail.

B.3.1 PWR Large Dry or Subatmospheric Containments

Surry

The application of the Draft DG-1061 guidance to Surry produced an estimated LERF that compared well to the more
detailed Level 2 PRA results reported in the Surry IPE (refer to Table 2-1 and Appendix A). The LERF predictions
obtained from the various approaches for Surry are close largely because LERF is dominated by bypass events (i.e.,
steam generator tube ruptures and interfacing systems LOCA) and the simplified approach captures these events with
a conditional probability of unity.



Table B-1 Comparison of LERF Estimates Calculated Using Different Methods

LERF Calculational Method

Nuclear Power Plant Core Damage - .
Considered Frequency Derived from IPE Level 2 Results Derived from IPE Level 1
‘ : Results
Method 1 Method 2 Method 3 Method 4
Frequency of Bypass and Frequency of Source Frequency of Source Based on Guidance in
Early Failure Terms with I, Cs, and/or | Terms with I, Cs 2 0.1 | Draft DG-1061
Te 2 0.03

Surry 7.5¢-05 13¢-05 1.3¢-05 1.2¢-05 1.66-05

Davis Besse 6.5¢-05 | 7.6e-06 6.7¢-06 6.7¢-06 7.4¢-06

Palo Verde 9.7¢-05 1.4¢-05 1.4¢-05 1.3¢-05 1.0¢-05

Sequoyah . 17604 11605 1105 8.0¢-06 22¢-05

McGuire 4.0¢-05 1.9¢-06 | 9.6¢-07 2.2¢06 -

McGuire 3.46-05 2706 6.8¢:06

Seismic+Tomado ‘ , co

McGuire 1.4¢-05 2.8¢-06

Seismic ‘

McGuire 1.96-05 4.0¢-06

Tornado ’

McGuire 8.1e-08 1.7¢-08

Fires _ o

Peach Bottom 5.5¢-06 1.3e-06 2.6e-07 2.7¢-08 4.2¢-06

Oyster Creck 3.7¢-06 7.8¢-07 3.3¢-07 3.3¢-07 1.8¢-06 .

Seismic 3.6¢-06 7.1e-08 3.3¢-06

Fires 1.3¢-07 2.5¢-08 5.2¢-08

Limerick 4.3e-06 1 4.0e-07 1.6e-07 2.6e-08 1.3¢-06

Grand Gulf 1.7e05 7.3¢-06 6.0¢-06 5.4¢-07 3.46-06
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Davis Besse

The dominant cause of early containment failure is due to side wall contact with the core debris. This failure mechanism
is not specifically addressed in the simplified event tree approach. Induced steam generator tube rupture (SGTR) was
also modeled in the IPE but its contribution is small. The simplified event tree method estimates alower value of LERF
than obtained from the IPE Level 2 analysis. This is due to the high probability, 0.2, used in the IPE for side wall
contact with the core debris for some core damage sequences.

Palo Verde

The simplified event tree approach did not provide a bounding estimate of LERF because the approach assumes that
a TW sequence will not lead to early fatalities. In the IPE, TW sequences were assumed to lead to early fatalities and
therefore contributed to LERF.

B.3.2 PWR Ice Condenser Containment
Sequoyah

The IPE result is dominated by SGTRs, followed by failure of containment due to direct contact of containment by core
debris through the in-core instrumentation cable tunnel. Interfacing LOCAs were found to contribute very little to the
core damage frequency (CDF). The Sequoyah IPE reported that the cavity design is such that the core debris could
under some circumstances reach and fail the seal table, and from there reach the containment liner. The simplified event
tree approach does not include a discussion of early containment failure due to direct contact of core debris with the
containment for this containment type. As a result, LERF estimated by the simplified approach is dominated by SGTR
and seal LOCAs caused by loss of support systems leading to a station blackout type of scenarios. The igniters are
available, the RCS is at high pressure, and the dominant containment failure modes are induced SGTR and direct contact
of debris with containment.

McGuire

An interesting result of the McGuire IPE is that the conditional early fatality risk is reported to be significantly different
for containment bypass and early failure. The conditional probability of early fatality risk due to a containment bypass
is much higher than the risk associated with early containment failure. This is due to the different source terms
associated with these different scenarios.

Based on the IPE, flooding is a contributor to induced SGTR. The contribution of other SGTR scenarios and interfacing
system LOCAs is much smaller. Another contributor to LERF is containment failure caused by severe accident loads
generated during a station blackout type scenario.

The LERF estimated from the simplified event tree approach does not have much contribution from flood scenarios,
while the dominant contributor is a station blackout type scenario. Induced SGTR is one of the possible causes of
containment failure/bypass in a station blackout. However, due to the blackout, restarting a reactor coolant pump (RCP)
is not possible, making an induced SGTR less likely.

Seismic events and tornados contribute significantly to the total core damage frequency. The dominant scenarios include
a loss of offsite power caused by the initialing event and independent failure of the diesel generators. The frequency
of seismic events and tornados is more than an order of magnitude lower than the frequency of loss of offsite power.
What makes these events important is that offsite power is not recoverable.



B.3.3 BWR Mark I Containments
Peach Bottom |

The Peach Bottom IPE core damage sequences are dominated by station blackout, transients with failure to depressurize,
and ATWS scenarios. These sequences are high pressure sequences with no water in the drywell. Comamment bypass
sequences are very small contributors to the CDFin lhc Peach Bottom IPE.

Application of the Draft DG-1061 guidance to the Peach Bottom Level 1 results produced an estimate of LERF about
a factor of 3 larger than the frequency of early containment failure and bypass reported in the Level 2 IPE results. This -
higher LERF estimate is due to the bounding estimates of early containment failure in the simplified event trees in Draft
DG-1061. A much smaller fraction of the core damage accident sequences were assumed toresult in early containment
failure in the Level 2 ana]ysns reporied in the Peach Bottom IPE. :

In addmon (as noted above), there is 51gn1ﬂcant variation in the magnitude of LERF if the size of the source term’ is
taken into account (refer to Table B-1). This variation can be attributed to the potential for suppression pool scrubbing,
which can significantly reduce the source term even if the containment is predicted to fail early. This explains the
differences in the LERF estimates derived from the Level 2 IPE results in Table B-1. However, the BWR simplified
event trees do include a question that is intended to capture the potential for suppression pool scrubbing, The relatively
hxgh value of LERF derived from the simplified event trees therefore implies that the full potential for pool scrubbing
is in fact not being taken into account. The guidance for this question in the simplified trees should be reviewed.

Opyster Creek

Based on the IPE, the most dominant early containment failure mode is over pressurization. This agrees with the result
of the simplified event tree. The dominant sequence is a station blackout type scenario with safety valves cycling.
After vessel breach the fire water system is assumed to be available for injection, i.e., there is water in the cavity. Early -
containment failure occurs due to over-pressurization, and there is no scrubbing in the reactor building. The simplified
event tree gives a probability of 1 for containment failure under these circumnstances. -

The external event analysis was performed using the same plant damage state (PDS) groups defined for internal events.

External events were found to have no significant impact on containment performance. Based on IPEs for external

events (IPEEE) results, the dominant cause of core damage is the NIHx PDS [2). Based on the definition of the PDS,

the simplified event tree gives a probability of I for containment failure. The seismic results do not have PDS with “L”

representing late failure as the second letter. Fire induced LERF is dominated by PDS xIxx with containment intact at
- onset of core damage.

Based on the results of the simplified event tree ai)i)roéch, thévover' all LERF is dominated by seismic events.

B.3.4 BWR Mark II Containments

Limerick

The most dominant core damage scenarios involve loss of inventory in which the pressure in the reactor preésure vessel
remains high. Application of the Draft DG-1061 guidance to the Limerick Level 1 results produced comparisons with

the other approaches that followed similar trends to those observed for the Peach Bottom application (as noted above).
The Peach Bottom discussion is therefore generally applicable to the Limerick application.
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B.3.5 BWR Mark III Containments
Grand Gulf

The simplified event tree approach did not produce a bounding value of the LERF for Grand Gulf. The lower LERF
estimate is due to the fact that reactor pressure vessel (RPV) venting after vessel breach is modeled in the IPE but not
modeled in the simplified event tree approach. In the emergency procedure guidelines prepared by the BWR owners’
group (BWROG), the operator is instructed to open the main steam isolation valves (MSIVs) to flood the drywell and
vent the RPV. In order to model this mode of containment failure, a top event should be added to the simplified event
tree.

In addition, some sequences were classified in the IPE as loss of containment heat removal sequence. The Draft

DG-1061 guidance suggests there is sufficient time for evacuation for these sequences and therefore no potential for
carly fatalities. However, it was assumed in the IPE that such sequences could potentially lead to early fatalities.

B.4 Extension of Scope to External Events and Shutdown

This section provides a description of ways in which the scope of the guidance in Draft DG-1061can be extended to
include external events and modes of operation other than full power. The extension can be accomplished by modifying
the event trees, and providing more guidance specifically related to external events and shutdown.

Modification of Event Trees

For external events, such as earthquakes, hurricanes, and tornados, evacuation may not be possible. Asaresult, alate

containment failure may lead to early fatalities. The potential for late containment failure is not modeled in the current

version of the event trees. It is necessary to expand the event trees to differentiate between no containment failure and

late containment failure for accidents initiated by external events that can impede evacuation.

Additional Guidance

Seismic Events

. The probability of recovering the emergency core cooling system (ECCS) before vessel breach should be set
to zero, since such recoveries are only applicable to loss of off-site power events and offsite power is not

expected to be recovered after a severe seismic event.

. The guidance for loss of containment sequences (usually designated as TW) should include additional
consideration on the impact of seismic events on evacuation.

. The effect of a seismic event on containment isolation should also be explicitly accounted for in the guidance.
Tornados and Hurricanes

. The probability of recovering ECCS before vessel breach should be set to zero, since such recoveries are only
applicable to recovery of off-site power which is not likely after these initiating events.

. The guidance on TW sequences should include additional consideration on the impact of these events on
evacuation.
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Fire Events
. The probability of recovering ECCS befbre vessel breach should be set to zero, since loss of ac as a result of
- fire damage is assumed not to be recoverable in the time frame of interest.

. The effect of the initiator on containment systems, e.g., venting, isolation and cooling, should be explicily
accounted for in the guidance.

Shutdown Evem‘s

. The decay of short lived radionuclides, such as iodine and tellunum, can significantly reduce the early fatality
consequence. This should be discussed in the guidance for the simplified event trees and the appropriate time
lines after which LERF would not be of concern should be identified.

. Containment could be open or its pressure retaining capacity may be degraded dunng shutdown events.
Guidance should be provided on how to deal wnh this plant configuration.

. Additional guidance should be provided for shutdown accidents with the containment closed. For example,
are the current event trees adequate for this condition or should the split fractions be adjusted for shutdown
conditions?

. The containment spray could be exther xsolated or under repair durmg some shutdown scenarios. 'Ihe basis for

" taking credit for recovery of the spray system should be provided.

«  Due to reduced decay heat, the probability of arresting the core damage before vessel breach could be
' significantly higher than that used for accident scenarios occurring during full power operation. Specific
guidance on the recovery probability during shutdown therefore should be provided.

B.5 Lessons Learned and Recbmmendations

As a result of the trial applications of the simplified approach a uumber of potenual unprovemems to the gmdance and
1o the structure of the event trees became apparent. The guidance should be clarified to indicate that the input to this
approach is a Level 1 PRA, and the output is an estimated LERF. It should be pointed out that additional analysis
beyond a Level 1 PRA is needed. For example, in order to answer the question related to containment isolation failure
in the simplified event trees additional analysis is required beyond that normally done for a Level I PRA. In addition,
the hydrogen igniters need to be modeled in order to quantify the event trees. Also, information on the reactor cavity
design has to be collected to determine the likelihood of direct contact of the core debris with containment.

The guidance in Draft DG-1061 was prepared for 5 containment types. Most of the top events in the event trees are

similar but the guidance associated with the same top event in different event trees can vary from one tree to another.

It is also confusing if the guidance provided for a top event refers to the guidance of the same top event for a different

containment type (as was done in a few case in Draft DG-1061). In other cases, the same guidance was duplicated with

the minor changes to account for the difference in containment types. For example, the guidance provided for the
“reactor coolant system (RCS) depressurized” top event for the two PWR event trees are of different lengths. Itis not

obvious if the longer discussion provided for a dry contammem is also applicable to an ice condenser containment. It

is important to ensure that the guidance for each contammem type has enough detail in itself without the need to have

such cross references
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Appendix B. Case Studies
Containment Isolated or Not Bypassed

It should be pointed out that this first question in the event trees represents containment failure modes that are not
associated with accident progression, while the rest of the top events in the trees model containment failure events
associated with the accident progression. For example, for some TW sequences, containment failure occurs before core
damage.

It should be mentioned that the containment isolation system needs to be modeled using a Level 1 PRA type system
analysis, in order to determine the likelihood of containment isolation failure. A few PWRs found that containment
isolation failure is the most important cause of early containment failure. For external events, potential containment
failures caused by the initiating event should also be modeled.

RCS Depressurization

This question is intended to determine the RCS pressure at the time of vessel breach. It is clearly beyond the scope of
aLevel 1 PRA. To answer this question, some rules can probably be established in terms of the availability of relief
valves and safety valves, and how the RCS was depressurized to allow for injection of the low pressure systems. For
those sequences with depressurization capability available, the human errors in actuating the depressurization function
prior to vessel breach become an important contributor. In some cases, deterministic analysis may have to be performed
to determine the RCS pressure prior to vessel breach. In general, the guidance provided is rather brief and does not
consider all possible scenarios. Improving the guidance for this question would be helpful. For example, for PWRs,
the number of available power operated relief valves (PORVs), the availability of secondary heat removal, and whether
or not core damage occurs during the ECCS recirculation phase are factors that can affect the likelihood of a
depressurized RCS. For BWRs, the number of available safety relief valves (SRVs) and whether or not core damage
occurs during the ECCS recirculation phase are factors that can affect the answer to this question. It is therefore
desirable to specify guidance in terms of these factors. The basis for any assumptions made should also be provided.
Note that the criteria used for this purpose may not be the same as the success criteria used in the Level 1 PRA.

Core Damage Arrest Before Vessel Breach

This top event in the simplified event trees currently only deals with the situation in which loss-of-offsite power is the
cause of core damage. Under these circumstances, recovery of offsite power allows coolant injection to be restored and
vessel breach can be prevented. Therefore, it should be made clear in the guidance for application of the simplified
event trees, that the non-recovery probability of offsite power is the probability of failure to prevent vessel breach. In
addition, no justification is provided for the recovery time prescribed in the current guidance and greater flexibility
should be allowed.

No Potential for Early Fatality

This is the only top event that attempts to account for the timing of releases from accidents. The guidance is clear for
the TW sequences. No guidance is provided for sequences in which containment fails after vessel breach, say, due to
over pressurization caused by loss of containment heat removal. Are these sequences considered “late” containment
failures? Late failures are important for external events in which evacuation is not possible. For that purpose, it may
be necessary to have a transfer from those sequences with no containment failure at vessel breach to an event tree that
determines if a late containment failure is likely. To account for the decay of isotopes that cause early fatalities in
shutdown accidents, some guidance should be provided on the probability of early fatality as a function of the time after
reactor shutdown.

Hydrogen Igniter Operability

The information needed to address this question is generally not modeled in a Level 1 PRA. The igniters require ac
power to operate and are usually started manually. In principle, a detailed fault tree could be developed and integrated
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into the Level 1 model. Without deveIOpmg a fault tree a way to quannfy this quesuon isto snmply assume that the
1gmters are available as long as ac power is available.

Containment Venting

Consideration should be given to addmg a‘new quesnon 10 the sxmplnfied ‘event trees to take into account Vemmg
strategies for the BWR plants. Venting was found to be an important contributor to LERF for Grand Gulf and because
it was not modeled in the simplified event trees, they under predicted LERF when compared with the IPE Level 2
results.

Drywell Ventmg

The BWROG have developed emergency procedure gmdehnes (EPGs) that i mstruct the operators to flood the drywell
after vessel breach, and vent the drywell using drywell vents or vent the RPV by opening the main steamisolation valves
(MSIVs). This operator action is an accident management strategy that can potentiaily contribute to LERF. In the
Grand Gulf IPE, RPV venting is a dominant contributor to LERF. In the Duane Amold IPE, venting was found to
release 6% of the core inventory of Cs and I. Consideration should therefore be given to adding this venting strategy
as a top event in the event tree, unless it can be shown that the release is‘n'ot going to cause early fatalities.

Loss of Containment Heat Removal (CHR) and T\}V’Seqoenow ' 7

These sequences are typically defined by containment failure caused by loss of CHR which in turn causes loss of coolant
injection and ultimately core damage. Both containment failure and core damage could occur many hours after the

* initiating event.  However, core damage could occur shortly after containment failure. This is the case for some
sequences neponed in the Palo Verde IPE in which the releases exceeded 3% of lodine. These sequences should be
categorized as potentially leading to LERF even though the time of containment failure is late. The procedure guide
should clearly define the TW sequences (the current definition is ambiguous). The procedure guide should also
specifically state that such TW sequences without effective evacuation should be treated as LERF contributors.
Therefore, the burden is on the utility to demonstrate an effective emergency evacuation procedure for such TW
scenanos before assuming that they will not result in. early fatalities. -

Induced SGTR

This failure mode is discussed in the two PWR event trees. However, for some PWRs, the probability of such a failure
is significantly lngher than the containment failure probability used in the event tree. This high probability of SGTR can
be due to scenarios in which the operators are expected to re-start the RCP, which enhances the heat transfer and
~ increase the likelihood of the failure mode. A possible way to address this is by adding a top event questioning the re-
start of the RCPs. Pressure-induced rupture of the SG tubes can occur when the differential pressure across the tubes
is increased. This can happen, for example, in scenarios where the secondary side of the SGs becomes depressurized
for any reason including operator actions directed by emergency operating procedures (EOPs), severe accident
management guidance (SAMG), steam line relief valves that may stick open, and leakage of main steam line (or other)
isolation valves that may not be capable of maintaining secondary side steam pressure once the water inventory has been
depleted

Induced Failure of Isolation Condenser

For Mark I BWRs with an‘isolation condenser, the potential for an induced failure of the isolation condenser tubes
should also be evaluated. This issue should be evaluated for potential inclusion in the simplified event trees.

Direct Contact of Debris with Containment =



Appendix B. Case Studies

This failure mode is usually associated with BWR Mark I containments; however, a few PWRSs (including Davis Besse,
Sequoyah, and Watts Bar) also found it to contribute to the frequencies of early containment failure. The guidance for
the PWR trees should be enhanced to capture this potential failure mode.

Floor Drain in BWR Mark II and III Plants

The pedestal cavity and the drywell floor are connected by drain lines that may be further connected to the reactor water
cleanup system outside the containment. The conditions under which this containment bypass path will be open should
be identified and included in the simplified event trees.

Containment Spray System

In some PWR IPEs, the operation of the containment spray system before, during, and after vessel breach was credited
for reducing the containment failure probability due to direct containment heating (DCH), and lowering the source term
releases to the environment. The reduction in release fraction by itself could reduce the chance for early fatalities. The
enhanced/expanded event trees should include the impact of the containment spray.

Split Fractions

Quantitative split fractions were specified only for the top event on containment failure before vessel breach. All other
top events do not have guidance on how to determine a split fraction or whether or not a yes/no answer is adequate. This
needs to be explained at the beginning. For example, the discussion related to the “potential for early fatality” addresses
the timing to be considered without quantitative guidance. Similarly, the discussion related to accidents during
shutdown highlights the effect of decay but without quantitative guidance. How is the time available for evacuation to
be used to determine a split fraction? There also appears to be a difference in the guidance between the PWR and BWR
event trees. If split fractions are required instead of a yes/no answer as stated at the beginning of the Mark I
containment discussion, then more guidance should be provided.

Anticipated Transients Without Scram (ATWS)

More explicit guidance is needed for accidents of this type. For BWRys, it is probably reasonable to assume that core
damage caused by an ATWS would also fail the reactor coolant boundary and containment. As a result, the RCS is at
low pressure prior to vessel breach. For PWRs, ATWS scenarios could generally be divided into two categories, one
with adequate pressure relief capability, and the other without adequate pressure relief capability. In the former
category, rupture of the primary system, (specifically containment bypass caused by SGTR), is expected. In the latter
category, the containment could be failed early after core melt and vessel rupture. Generally, all ATWS scenarios have
the potential for contributing to LERF. This should be reflected in the guidance portion of the enhanced/expanded event
trees.
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