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PREFACE




ABSTRACT

This document presents the concepts and methodology necessary to
perform flood risk analysis for nuclear power plants, once the
flooding 1level versus probability {is known. The wmethodology 1is
consistent with accepted probablilistic risk assessment (PRA)
techniques and is usable either during the normal course of a PRA or
as an “"add on" analysis for an existing PRA. The methodology fulfills

many of the requirements for flood analysis suggested by the Nuclear
Regulatory Commission's recent PRA Procedures Guide {NUREG/CR-2300).

The basic {nputs to the methodology are:

. accldent sequences and thelr consequence
categories,

fault trees for the events that comprise the
acclident sequences,

occurrence probabilities for the accident
sequences and the events that comprise the
acclident sequences,

w basic event failure data,

- baslic event vulnerability elevations for
flood events, and

. flood occurrence probabilities.

The flood analysis procedure allows screening of the accident
sequences to determine the accident sequences that are potentially
significant contributors to risk due to flooded effects. A
qualitative flood simulation identifies flooded minimal cut sets and
critical flood levels for system fafilures using the system fault
trees. The quantitative analysis uses these results to calculate the
flood's contribution to:

. system fallure probability,
- accident sequence occurvence frequency, and
. consequence category occurrence frequency.

The Appendices to this report describe twe example applications
of the flood risk methodology to systems of the Surry Power Station,
the pressurized water reactor (PWR) used in the Reactor Safety Study
(WASH-1400) . The first application considers an external flooding
scenarfo and the second application considers an internally generated
flood. The results include the contributions of these floods to the
Reactor Safety Study results as a function of flood probability.
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Additional results of the project are two computer programs that
ald 1in the accident sequence screening and qualitative flood
simulation segments of the floed risk analysis. These programs are
described in a separate report.
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FLOOD RISK ANALYSIS
METHODOLOGY DEVELOPMENT PROJECT

FINAL REPORT

1. INTRODUCTION

This document s the final report of the Flood Risk Analysis
Methodology Development Pro ject. The project 1{s directed toward
development of a methodology for analyzing the effects of floods on
nuclear power plant systems.

The Reactor Safety Study(1) and the Lewls Committee
Report(z) identify floods as external hazards that warrant further
fovestigation 1in assessing the risk associated with nuclear power
plants. The importance of floods results from their potential to
produce multiple component fallures by submerging 1individual
components. These multiple component fallures are called common cause
fatlures(3), These component failures can result in system fallures
which contribute to the overall risk from nuclear power plants. Thus,
conslderation of common cause failures due to floods is an important
aspect of the overall risk assessment of nuclear power plants.

1.1 Purpose and Scope of the Project

The purg ,e of this project is to develop a forwmal basis for
assessing the 1mpact of floods on nuclear power plant systems. No
attempt is made to identify the source of the flood or the prubability
assoclated with the occurrence of the flood. The project coansiders
only the effects of a specified flood on the plant. The methodology
identifies system components which are falled (or degraded) by a flood
and describes the flmpact of these component falilures on the system
fatlure probability. The methodology 1is demonstrated by application
to existing nuclear reactor systems.
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K demonstrate the methodology by application to
existing reactor systems.

In addition, the methodology 1s structured so that it can be applied
as an add-on analysis to existing risk assessments or be included from
the beginning of a risk assessment effort. The remalning sectioans of
this decument describe the flood risk analysis methodology that is the
result of accomplishing these objectives.

1.4 Organization of this Reporc

Section 2 presents the concepts and definitions of the flood risk
analyslis methodology. Section 3 describes che flood screeaing
analysis procedures. System qualitative flood risk analysis and the
NOAH computer program are discussed in Section 4. System failure and
accldent sequence quantiication is the subject of Section 5. Section
f discusses the limitations of the methodology. A review of the two
example applications of the methodology 1s presented in Section 7.
Appendices A through E contaln detalled discussions of the two example
applications.



2. CONCEPTS AND DEFINITIONS OF TW¥ 100D RISK METHODOLOGY

This vection presents the concepts and definitions of the flood
risk analysis methodology. Several of the terms are event tree and
fault tree terminology and are reproduced here to provide the reader a
compact glossary for the flood risk methodology.

2.1 Flood Description

The flood risk analysis methodclogy 1s independent of the source
of the flood belng considered. Regardless of the source, the level of
the resulting flood can be characterized as a function of time. A
hypothetical flood level profile {s shown 1in Figure 2.1. In the
general case, the flood level profile will show an increase in flood
level from the onset of the event until it attains a maximum value,
followed by a period of decreasing level as the flood recedes.
Components that are affected by a given flood event can be {dentified
by their vulnerability elevation and the flood level profile.

Either a discretized or linear flood level profile 1is used as
fnput to the flood analysis computer program. Examples of these
profiles are shown in Figures 2.2 and 2.3. The discretized profile
reflects the assumption that once the flood has reached a discrete
level in the plant, that entire level is flooded.

2.2 Component Vuln.rnbllitz Elevation

The "vulnerability elevation"™ for the component is defined as the
lowest physical elevation that the flood level must surpass to affect
the component. The vulnerability elevation allows proper treatment of
the case where a component may be affected by the flood but aot yet
submerged itself. For example, a pump whose function is dependent on
electrical connections at a lower elevation than the pump 1s assigned
the lower vulnerability elevation. However, 1f the pump's vital
electrical connections are physically higher than the pump, the pump's
vulnerablility elevation 1is the physical elevation of the pump. A
component's vulnerability elevation 1s physically higher than the
ccaponent 1f a barrier prevents the flood from affecting the component
until the flood overflows the barrier. In this case, the
vulnerability elevation corresponds to the physical elevation where
the flood overflows the barrier.

2.3 Flooded Minimal Cut Sets

The flood analysis methodology uses a fault tree and other {input
to i{dentify minimal cut eets that have all thelr associated components

submerged by the flood. These flooded minimal cut sets are the
failure modes of interest since the occurrence of a single minimal cut

set guarantees the occurrence of the system fallure.
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2.4 Partially Flooded Minimal Cut Sets

Partially flooded minimal cut sets are defined for the
purpose of this project as those minimal cut sets in which at least
one component {s flooded and one or two components are not flooded.
These minimal cut sets are potentially significant contributors to a
system fallure since they require only one or two components to fail,
in addition to flood effects, to cause a system failure. Partially
flooded minimal cut sets are particularly important in flood analysis
when the flood of interest does not flood an entire minimal cut set.

2.5 Flood Protecticn Sets

A flood protection set is a group of components that, if they all
are not flooded, guarantee the system is not failed as a result of the
flood event. Flood protection sets can be synthesized from the
flooded minimal cut sets (or partially flooded minimal cut sets) for
each flood level of interest. The flood protection sets provide
valuable qualitative information for determining where system flood
protection efforts will be most effective.

2.6 Critical Flood Level

The "critical flood level” is defined as the minimum flood level
where the first flooded minimal cut set is found. This is the minimum
flood level where the system failure of interest can be directly
caused by the flood.

2.7 Failure Flood Level

The "failure flood level” is defined as the minimum flood level
where all the components in at least one minimal cut set are flooded
and failed with probability one, thus resulting in a system failure
probability of one. This is the minimum flood level where the system
fallure of interest 1is guaranteed to occur, given a flood to that
level has occurred.

2.8 Event Sequence

Event trees are event sequence models that graphically display
postulated accident scenarios (Figure 2.4). The elements of an event
sequence, or accident sequence as they are often called, are =
initiating event, branching operator fallures and an identificatior of
the consequence category to which the sequence leads. An initiacing
event is an undesirable event (component or system failure, transient,
or external event) that starts an accident sequence. The branching
operators generally represent actions taken by plant systems or
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personnel which, if successful, act as barriers to the propagation of
the event sequence or mitigate the effects of the initiating event.
The rtuccess or fallure of these branching operators determines the
magnirude of the consequence of an accident. The consequence category
fdent!.fication definzs the consequence to which the accident sequence
leads.

2.9 Accident Sequence Occurrence Frequency

The occurrence frequency of a particular accident sequence is the
product of the initiating event occurrence frequency and the
conditional probablilities of fallure on demand of the branching
operators. The probabilities of failure on demand of the branching
operators are usuzlly very small; therefore, the probabilities of
success on demand of the branching operators are very close to unity
for systems normally encountered in nuclear power plants. In
practice, the success on demand probabilities are conservatively
assumed to be unity and the accident sequence occurrence frequency
contains only failure events.

2,10 Flood Risk Analysis Procedure

The flood risk analysis procedure contains five steps that lead
to quantification of flocd effects 1in the accident sequence and
consequence category occurrence frequencies. These five steps are:

. analyst prescreening,

. event sequence screening,

. system qualitative flood analysis,

5 system quantitative evaluation, and

B accident sequence and consequence category

quantitative evaluation.
Figure 2.5 is a flow diagram of the flood risk anulysis procedure.

Inputs and outputs of each step are indicated in the flow diagram.
The following three sections discuss the methodology in detall.
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outside the physical structure of the plant may also be considered as
potential external flood sources. Internal flood sources are the
large g.antities of liquid 1inside the plant. Examples of internal
sourcee include rupiure of service water lines and inadvertent
operation of a fire sprinkler system. The analyst must consider both
of these sources of floods fir a complete flood risk analysis.

3.1.2 Prescreening of Consequence Categories

Individual consequence categories are pres:reened by comparing
the occurrence frequency of a potential flood to the occurrence
frequency of the consequence category. If the occurrence frequency of
the flood is insignificant compared to the occurrence frequency of the
ccnsequence category, further analysis of the accident sequences
within the category is not necessary.

An additional prescreening consideration 1is available when
considering consequence categories that represent minor consequences
in terms of risk. These minor consequences may be insignificant
relative to the overall consequences of the flood (flooded cities,
property damage, etc.) required to affect the plant. The analyst may
elect not to consider a consequence category where the potential
Increase In the occurrence frequency of the consequences is completely
overshadowed by the overall consequences of the flood itself.

3.1.3 Prescreening of Flood Sources

The analyst may eliminate one of the two types of flood sources
from consideration on the same basis as the consequence category
prescreening. Occurreace frequency comparisons for both types of
flood sources are performed for each consequence category that passes
the category prescreening. Prescreening the flood sources allows the
analyst to focus c¢a the more important flood sources for the accident
sequence screening.

3.2 Accident Sequence Screening
3.2.1 Screening Procedure

To perform accident sequence screening, the an:lyst must identify
accldent sequence elements (initiating eve ts or tranching operators)
that are coansidered susceptible to flood eiiects. An accident
sequence element 1s coansidered flood-susceptible if it is expected to
fall or be significantly degraded in the event a flood occurs.
Determining which sequence elements are flood-susceptible requires
qualitative considerations. Factors that indicate flood
susceptibility {nclude:

14



- the vulnerability elevation of equipment
within a system,

K structural barriers to flooding,

“ proximity of equipment to internal flood
sources or flood pathways,

- the timing involved in demanding a system
relative to the time the flood first affects
the plant, and

. the capability of equipment to functicn in an
extreme environment.

The analyst's assessment of a system's (branching operator)
susceptibility to flooding is aa important factor in the results of
the accident sequence screening.

The analysis requires accicent sequence screening for each
consequence category that passes the analyst prescreening. The
analyst screens all accident sequences within a consequence category
in the following manner.

1. All flood-susceptible elements in the
accident sequence are assumed to be failed
with a probability of one. 1If the sequence
contains no flood-susceptible elements, the
sequence s eliminated from the analysis.

2. The analyst calculates the flooded occurrence
{requency of the accident sequence. The
flooded occurrence frequency is the product
of the occurrence frequency of the flood and
the occurrence probabilities of the sequence
elements, assuming that the flood-susceptible
elements have an occurrence probability of
unity.

3. The accident sequence's flooded occurrence
frequency 1s compared to a significance
criterion; for example, a specified
percentage of the consequence category's
occurrence frequency.

4. Accident sequences considered significant,
based on thelr flooded occurrence frequency,
are retained for further analysis. Accident
sequences deemed insignificant are discarded.

The analyst repeats this process for each accident sequence within a
consequence category. The results for each category include:

15






. the initfating events or braaching operators
that are considered flood-susceptible and
appear 1an potentially significant accident
sequences, aand

. an estimate of the total consequence category
occurrence frequency, which includes both
unflooded and flooded effects.

In addition to the above Iinformatior, ESP rauks the poteatially
significant accident sequences in order of contribution to the flooded
occurreace frequency of a consequence category. Reference 4 is the
user's wanual for the ESP computer prograa.

17



SYSTEM QUALITATIVE FLOOD RISK ANALYSIS




a description of the flood level profile
versus time (optional).

The fault tree description input to NOAH is identical to the fault
tree description input to the mMocus( and PREP(®) computer programs.

The output of the NOAH program depends on whether the analysis

reaches the critical flood level.

found, the baslc output consists of:

1.

If the

The critlical flood level - This {s the flood
level where the first flooded minimal cut set
is found. The critical flood level can be
determined without determining flooded
minimal cut sets.

The flooded minimal cut sets for each flood
level - This list identifies the minimal cut
sets that have all their components flooded
at each flood level increaent.

The flood protection sets for each
level - This list 1identifies groups of
components that, {f they are all made
fnvulnerable to floods, would prevent the
system as modeled from falling as a result of
a flood.

Flooded components for each flood
level - This list {dentifies the components
thact are flooded within each flood level
fncrement, that {is, the order of component
submersion.

analysis does not reach the critical flood level,

basic output consists of:

l.

Partlally flooded minimal cut sets - This
list {dentifies minimal cut sets that have
all but one or two of thelr components
flooded when the highest flood level for the
analysis 1s reached. Partially flooded
minimal cut sets are not determined {f
flooded minimal cut sets are found during the
flood analysis.

Flood protection sets for the maximum level
analyzed - This 1list {dentifies groups of
components that, 1{1f they are all made
favulnerable to floods, would prevent the
system as modeled from falling as a result of
a flood and single or double random failures.

20
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3. The components that are flooded at the
maximum level analyzed.

In addition to the flood simulation, the NOAH computer program has the
capability to {identify a specified component's role in the flood
analysis results. For example, if the analyst requests the role of
pump A in the flood analysis results, NOAH will identify and list the
following information for pump A:

1. The flooded or partially flooded minimal cut
sets which contain pump A. These minimal cut
sets are grouped according to the flood level
where the minimal cut set is flooded.

2. The valnerability elevation of each component
in the minimal cut sets.

Reference 4 i{s the user's manual for the NOAH computer program.

21



5. QUANTITATIVE FLOOD RISK ANALYSIS

Stepe four and five of the flood risk analysis procedure consist
of quanti{fylag the flood effects on system faflure probability and
accident sequence occurrence frequency. Both point estimates and
time-dependent analyses are possible. The required {inputs for the
quantitative flood analysis are:

1. the order of component submersion,

2. the time polint corresponding to each
component 's submersion (for time-dependent
analysis only),

3. each component's initial failure probability
and normal (unflooded) failure rate,

4. the flooded and/or partlally flooded minimal
cut sets from the system fault tree, and

5. the component's flood response.

The NOAH computer program provides Inputs 1, 2, and 4 in the results
of the qualitative flood risk analysis. Input 3 i¢ etandard input to
existing quantitative reliability analysis techniques and can be
obtalned from the plant's PRA. The component's flood response, Input
5, Is characterized in one of three ways:

| No effect - Some coamponents 1n the system
fault trees remain unaffected upon submersion
by the flood. For example, the submersion of
a structural member has no effect on that
member. This response requires no additional
input for the quantitative evaluation.

2. Degraded - In this case, the system component
is subjected to a non-normal operating
environment which the component might be able
to tolerate for some period of time. A
degraded component has a discontinuous
increase 1{n unavailability at the time of
submersion or a subsequent increase in
fatlure rate, or both. Fo- this response,
the component's {ncrease 1in unavailability
upon submersion, 1if any, and the component's
flooded fallure rate are required as input to
the quantitative evaluation.

3. Failed - The system component is subjected to

a non-normal operating environment which the
component cannot tolerate, and therefore

23



fails with probability one upon submersion by
the flood. For the quantitative evaluation,
the component's unavailability is set to one
at the time of submersion.

These three component flood responses are shown graphically in Figure
S.1.

The results of the quantitative flood analysis are:

- time~dependent or point estimates of the
probabilistic fallure characteristics for the
system failure of {interest and flooded or
partially flooded minimal cut sets,

- the expected occurrence frequency of accident
sequences and consequence categories that
include the effects of the flood, and

. the fatlure flood level, defined as the
mintmum flood level where all the components
in at least one minimal cut set are flooded
and falled with probability one, thus,
resulting in a system failure probability of
one.

Quantitative importance rankings for the flooded minimal cut sets and
accident sequences are additional results from the quantitative flood
analysis.

The KITT-2 computer program(6) is applicable for the
time-dependent analysis of flood effects. The program accepts
component 1initial failure probabilities and allows changes 1in a
component's failure rate and unavailability at specified time points,
allowing a complete description of the component's flood response.
Preparing the time-dependent {input for KITT-2 to describe the
component flood responses can be tedious. The NOAH computer program
contains output options that prepare portions of the KITT-2 input for
the analysis. KITT-2 calculates and prints time-dependent reliability
characteristics for the components, the minimal cut sets, and the
system failure of interest.

The KITT-2 prograr 1is also applicable for point estimate
evaluations of the flood effects. As in the time-dependent case, only
the degraded and failed compcnent flood responses require changes in
the component's characteristics wupon submersion. The estimated
failure probabilities for the components, the components' times of
submersion, and the system minimal cut sets are input to KITT-2 to
estimate the system failure probability. For this application, the
individual components are described as inhibit conditions 1in the
KITT-2 inpat.

24
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f: f()di = P(f3) - P(fa) for damage state C, and (7)

j;' £(4)di = B(f,) for damage state D. (8)
Rewriting equation 3 (Sectfon 5.1) to include this amulti-level flooded
contribution results In:

P(X) = B(X| D) + [P(£)) - R(£)].(p(x| £)) - B(X| D))

+ [P(Ey) = P(£)]-[B(X| £,) - R(X| )

+ [P(fy) = B(£,) - [R(X] £5) - P(x| )]

+ PCE)(R(X| £,) - B(X| D). (9
Equation 9 includes a flooded contribution for each specific flood

damage state and corresponding flood occurreance probability. Equation
9 can be written in general form as:

L=1
POO = RCX| T + ) {(eee ) - pCEy - (x| £ - pex I D
=1

+ P(fL)[P(XI £) - px| D], (10)
where

fj = the event a flood equal to or exceeding level j exists,
and

L. = the number of flood damage states.

A comprehensive flood risk analysis will include assessment of
multiple flood damage states as the flood progressively affects more
and more components or systems in the plant. The following sections
present both single-~ (flood damage) state and multi- (f'ood damage)
state equations for quantitative flood risk analysis.

5.3 Basic Event Occurrence Probability

The flood respoanse of a basic event, shown graphically in Fijure
5.1, is described by equation 3 in Section 5.1. Redefining the eveat
variables, the appropriate single-state equation for the basic event's
occurrence probablility is:

P(B) = B(8| ) + P(E)[P(B| £) - P(B| D)), (11)
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where

B = the event the basiec event B existe, and
P(B) - the occurrence probability of basic event B.

Equation 11 1is also the multi-state equation for basic event
occurrence probability. Since the basic event is allowed only cue
flood response (Tection 5), 1t experiences only one flood damage
state.

5.4 Minimal Cut Set Occurrence nounuq

A minimal cut set {s a group of baslc events that are
coliectively sufficient to result in the system fallure of {nterest.
The minimal cut set therefore represents the logical intersection of a
group of basic events. The probability of a logical intersection is
the product of the Individual events; therefore, the appropriate
single-state equation for a minimal cut set is:

m m
ne(By | £) - mes | D), (12)
- 1

m
1 BBy | T) + PCE)
1 i=

i=1 i

P(M)

where
M K the event the minimal cut set M exists,
¥ 1) - the occurrence probability of minimal cut set M,

By - the event basic event ‘l of minimal cut set M
exists, and

m - the number of basic events comprising minimal
cut set M.

The appropriate multi-state equation for . minimal cut set is:
m L~1 m m
o -1f1p(51 I» +J-):1{"“J) ) P(fl*l”'ltflruil ‘y -leﬁl Ho
m

m
+ P(f ) ne(B, |f)~-npB, | H. (13)
N 1' ¥t 1|

The aaximum flood damage state for a minimal cut set {s the flood
level where ti.e minimal cut set is totally flooded. A minimal cut set
can experience as many flood damage states as there are basic events
{n the minimal cut set.
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7. EXAMPLE APPLICATIONS OF THE FLOOD RISK ANALYSIS METHODOLOGY

Two example applications of the flood risk analysis methodology
serve to demonstrate the use of the methodology and the results that
can be achleved. Both applications relate to the Surry Power Station,
the pressurized water reactor (PWR) wused in the Reactor Safety
Study.(l) The Reactor Safety Study provided the desired inputs fror
an existing risk assessment, that (s, accident sequences and thelr
occurrence frequencles, a consequence category structure, system
fallure probabilities and system fault tree models. A plant visit in
February 1980 and design information from the Nuclear Regulatory
Commission provided additional Information for developing component
vulnerability elevations. The project applied the flood risk analysis
methodology to two flood scenarios using this {nformation.

The first application considers the effects of a flood from an
external source on the Auxiliary Feedwater System at the Surry Power
Station. The analysis results show the flood effects on the
probablility of the dominant acclident sequences* of the WASH-1400
transient event tree that involve fallure of the Auxiliary Feedwater
System. Filgure 7.1 shows a typical result from the study - the core
melt probability due to the dominant transient event accident
sequences as a function of flood probabllity for a 10-foot flood
(measured inside the plant). The flood coatribution to the total
probability for the case shown here considers only the dominant
transient event accident sequences which {nvolve fallure of the
Auxiliary Feedwater System. Appendix A describes this application and
presents the results.

The second application considers the effects of a flood from an
internal source at the Surry Power Station. The source selected is
the rupture of a main steam or feedwater line in the maln steam valve
housing (MSVH) area. The Reactor Saf-ty Study discusses this event's
effect on the Auxiliary Feedwater System. This study also considers
effects on the Contalinment Spray Injection System due to {ts proximity
to the Auxiliary Feedwater System. Figure 7.2 shows a typical result
from the study; the f'ood contribution to the coansequence category
occurrence frequencie. for all translent event accident sequences for
a flood probability of 7.5 x 1073 per year. Appendix E describes
this application and presents the results.

The results present=zd in Appendices A through E are demonstration
examples for the flood risk analysis methodology. They should not be
interpreted as a statement of the risk from the Surry Power Station
since no effort has been expended to evaluate the applicable flood
probabllities. For this reason, all results are presented as a
function of flood probability.

*A complete flood analysis could require consideration of otherwise
non-dominant accident sequences since the flood can {increase the
occurrence frequency of a sequence.
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Core Melt Probability Due to Dominant
Transient Sequences (per year)

Figure 7.1
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Core Melt Probability (per year) Due to the Dominant
Transient Event Accident Sequences as a Function of Flood
Probability for a 10-Foot Flood (measured internally) at
the Surry Power Station
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Case B i
Fiood Probability = 7.5x10 per year
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Figure 7.2 Flooded Contribution to Individual Consequence Category
Occurrence Frequencies for All Transient Event Accident
Sequences apd the MSVH Flood, Case B, Flood Probability
= 7.5 x 1077 per year
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8.  SUMMARY

The flood risk analysis methodology presented in this report
offers several advantages for assessing the 1impact of floods on
nuclear power plant risk. These advantages are:

1. The flood risk analysis procedure 1is
applicable at any stage of the probabilistic
risk assessment (PRA) effort. The analyst
can perform the flood risk analysis in
parallel with the unflooded risk analysis or
as an "add on" analysis after completion of
the unflooded PRA.

2. Flooded contributions to risk can be
determined for any quantity of {interest 1n
the PRA, for exanple, system failure
probability, accident sequence occurrence
frequency, or consequence category occurrence
frequency.

3. The qualitative flood simulation provides
valuable {nformation for specifying flood
protection measures, 1i.e., flood protection
sets.

4. The analysis effort 1s reduced by analyst
prescreening and accident sequence screening
that eliminates {insignificant contributors
prior to detailed analysis efforts.

These advantages and the avallable computer aids provide the analyst
with a viable tool for performing flood risk analysis and allow a more
comprehensive assessment of the risks resulting from nuclear power
plants.

The results of the flood risk analysis are useful in both the
licensing and regulatory process. The analysis results can be
compared with risk criteria to determine the suitability of a nuclear
power plant site or the adequacy of flood protection barriers. The
analysis also provides information that 1s valuable in speciiying
flood protection measures (barriers or procedures) for individual
safety systems or the power plant as a whole. Owners of nuclear power
plants can also use the analysis results for {dentifying flood
protection measures for {ncreased plant availability or for
demonstrating compliance with regulatory requirements.

Additional applications of the flood risk analysis methodology
are needed to refine the analysis procedure. An extensive, full-scale
application will uncover problems assoclated with the procedure that
are not apparent in the example applications discussed in this report.
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APPENDIX A

A FLOOD ANALYSIS
OF THE SURRY POWER STATION

AUXILIARY FEEDWATER SYSTEM



A.l INTRODUCTION

This appendix describes a flood analysis of the Auxiliary
Feedwater System (AFWS) of the Surry Power Station. The analysis
demonstrates the methodology developed for the Flood Risk Analysis
Methodology Development Project. This analysis 1s a part of the FYS0
tasks of the project.

No attempt {is made to quantify the probabllity of the flood
consldered or Iidentify the source of the flood. The flood analysis
methodology determines the flood effects on the system using existing
system models obtained from the Reactor Safety Study as {input.
Results of the Reactor Safety Study analysis of the Surry AFWS are
reviewed here to provide a reference for assessing the flood effects.
Estimated changes 1in the probabilities of the Reactor Safety Study
domirant accident sequences from the transient event tree are also
presented. No effort was made to determine if accident sequences that
were negligible contributors to the Reactor Safety Study results
become significant contributors in the event of a flood. The analysis
conslders only acclident sequences that were determined to . dominant
in the Reactor Safety Study.

47



A.2 PROBLEM DESCRIPTION

A.2.1 Auxiliary Feedwater System Description

The function of the Auxiliary Feedwater System (AFWS) 1is to
provide feedwater to the secoadary side of the steam generators upon
loss of main feedwater. This function 18 necessary to (1) maiatain an
adequate coolant {nventory in the steam generators and (2) traansfer
heat to the eavironment following a transieat eveat that results in
loss of the Maln Feedwater System. A loss of both the Main and
Auxillary Feedwater Systems for more than one and one-half hours after
the transient event could result {n core melttngfl).

Figure A.1 is a simplified flow diagram of the AFWS. The system
has three pumps, two electric motor-driven with a capacity of 250
gallons per minute each, and onc turbine-driven with a capacity of 700
gallons per ainute. The pumps can be started either automatically or
manually. The electric pumps start automatically wlen:

1. a Safety Injection Control System ({SICS)
signal is present,

2. loss of offsite power is detected,
3. the main feedwater pumps are shut off, or

b low water level (s detected ia a steam
zenerator.

The turbine pump scarts automatically when:

1. low water level 1is detected in a steam
generator, or

2. loss of offsite power is detected.

All the pumps are aligned to the 110,000 gallon condensate storage
tank via separate suction lines at all times, except when maintenance
is being performed on a pump. The three pumps deliver water to two
headers which penetrate containment. Inside containment, each steam
generator can receive condensate from either header.

All the decay heat produced can b2 removed by any one of the
three pumps delivering feedwater to any one of the three steanm
generators. The amount of feedwater needed decreases with time. The
operator can throttle flow to the steam generators by shutting off
redundant pumps and then, utilizing the motor-operated valves inside
containment, decrease the flow as necessary to match the steam
produced and released.

The 110,000 gallon condensate storage tank contalus enough water
to allow cooldown for approxlaately eight hours. If the AFWS is
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requirzd for a longer period, the operator nmust take actlon to wvalve
fn additional water sources. Therz ares two sources available; a
300,000 gallon storage tank and the filre maln which makes avallable at
least 400,000 gallons with up to 409 gallons per waiaute ceplacement
from wells.

A.2.2 Flood Scenario at the Surry Power Station

The Surry Nuclear Power Statlon {3 located in easteru Virglata oan
the James River. The James River provides coollng water for the
statlon's condeasers via an Inlet canal apstream of the statlon.
After removing heat from the coadensers, the water (s discharged to
the James River via an outlet canal downstream of the station.
Simplifile. elevation and plan views of the Surry Station arz shown In
Figures A.2 and A.3.

As shown, the statlon cons.sts of two nuclear reacto* plauc
uanits. The two contalaoment bulldings each contala a nuclear steam
supply system conslstlng of a pressurized watec rceactor (PWR) and
three steam generators. The steam generators of each unlt supply
steam to separate turblne generators located in the turbine building.
The annulus and auxiliary bulldings coantain process aad safety
systems. The control rooms and relay rooms are located in the service
buflding between the auxiliary building and turbine building.

The local 3zrade elevation at the site (s 27 feet above the mean
water level in the outlet canal and 6 feet above the mean level in the
falet canal., The elte 1s afforded some protection by levees between
tne Inlet canal and the plant buildings. A flood at the plant site
woula occur {f the James River water level 1increased greatly. The
effects of floods at the plant site are discussed below.*

A.2.2.1 Flood Depths Less than Local Grade Elevation

Flood depths less than the local zrade elevation are assumed in
this stedy to have no effect on plant equipment. Floods of this
magnitude may result In fallures of the VEPCO grid supplied by the
Surry Plant. This would result i{n a plant trip unless an anticipatory
reduction {n plant power to house load was accomplished. Access to
and from the site could also be restricted.

* Site effects and flood pathways ianto the plant buildings were
obtained from a visit to the Surry Plant on Februaiy 21, 1980.(9)
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A.2.2.2 Flood Depths Above Local Grade Elevation

In coatrast to flood depths less than local grade elevation,
floods with a depth only slightly above local grade elevation (less
than 2 fest above) are expected to fall a majority of the plant's
equipment . Flood depths above local grade elevation will result i(n
water flow into the buildings through grade level doors and eveatually
submerge the portlons of the bulldings that are bhelow local grade
elevation. The exteat to which a building fills will depend on the
duration of the flood and the flow rate into the buildiags. For
purposes of this study, non-sealed bulldings are assuased to fill to
the exterlor flood elevation. The assumptions coaceralag the
poastulated flood on the site bulldings are:

. Contalnment = The conatalament bullding 1s
gealad and no flood pathways exist lato the
huflding.

. Turbine - If a flood above 1loecal grade
elevation occurs, the turbine buildiag would
heglin to flood through many grade level doors
(including large corrvugated "roll-up" doors).
Flooding 1n the lower levels of the turbine
bullding (elevation less than 10 feet)
results in loss of mala feedwater to both
plants due to fallure of the coandensate
pur $.

As the water level {in the turbine building
rises above the 10-foot elevation floor,
water spills over the 2-foot high barrier
separating the turbine building from the
relay room located {n the service building.
The relay room then fleods from leakage
around the doors or through the doors If the
hydrostatic pressure opens the doors. This
flood flow path 1is schematically shown 1
Figure A.4. Flooding the relay room results
in shortliag all electric power, control and
sensor clrcuits of the Surry unit.

. Auxiliary - The equipment located {in the
auxiliary bulflding requiress electric power
for {ts operation. Since electric power is
assunnd lost Jue to flooding of the ralay .
room, no additional fallures ar: postalated.
The additional effects of auxiliary buflding
flooding are restricted access to the
building and possible additional post-flood
recovery problems.
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The effects of a flood greater than two feet above local grade
elevation are expected to be similar to those of up to two feet above
local grade elevation floods. The major differences are reduced
access to plant areas other than the contalnment buildings, and that
the steam turbine-driven puamp mu.t operate while submerged. Although
this pump/driver {s not guaraanteed to fail when submerged, the pump's
reliability in this operating mode s significantly reduced.

A.2.2.3 Flood Profile for the Surry AFWS Analysis

Figure A.5 shows a flocd level profile for the Surry AFWS based
on the flood scenario discussed abeve. The profile indicates that the
analysis considers two flood levels, 10 feet and greater than 29 feet,
and these are related to external flood levels in Table A.l1. The zero
flood level corresponds to the system's unflooded state. The time
scale details are not {mportant in this analysis since time-dependent
system fallure characteristics are not used once the flood begins.
When the external flood level rises above 27 feet (local grade
elevation), portions of the buldings below loczl grade elevation begin
to fill. The flood level of 10 feet is considered since that {s the
elevation of the plant's relay room. At a flood level above 29 feet,
the AFWS pumps are submerged. A more finely resolved discretized
flood level profile would not affect the results of the analysis
presented here because of the location of the AFWS equipment in the
Surry Plant.

A.2.3 AFWS Fault Trees

The Nuclear Regulatory Commission provided fault trees for the
Surry AFWS for use in the Surrv AFWS flood analysis. The fault trees
are based on the assumptions that:

1. Removal of decay heat from the primary system
via the steam generators requires a ainimum
flow rate of 350 gallons per minute.

2. The 110,000 gallon condensate storage tank
contains sufficient water to supply auxiliary
feedwater for eight hours.

1. If the AFWS 1is required beyond 8 hours, the
fire main supply must be valved In and
sufficient steanm to operate the
turbine-driven pump 1is not available. Also,
the electric pumps are assumed to be running
and do not require restarting.

4. The requirement for the AFWS includes either:
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Table A.1 Relation of External Flood Levels to AFWS Flood Levels

AFWS
Flood Level Relation to External Flood Level
(feet)

0 A flood level less than 27 feet above
mean water level; therefore, below local
grade elevaticn. The AFWS is not
affected.

10 A flood level slightly above 27 feet
begins to flood the AFWS. The 10 foot
AFWS flood level is important because it
submerges the relay room.
>29 A flood level greater than 29 feet above

mean water level; therefore, greater than
2 feet above local grade elevation. The
AFWS pumps are submerged at this flood
level.
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a. a small LOCA,

b. loss of offsite power, or

¢. any other transient which causes loss
of main feedwater.

5. Loss of offsite power affects both Units 1
and 2 of the Surry Power Station; however,
only Unit 1 AFWS is considered in this study.

As a result of assumptions 2 and 3, two fault trees are required to
describe the AFWS, one for the time period from start through eight
hours, and one for the time period exceeding eight hours. The system
fallure ot {interest for both time periods 1s "Zuxiliary Feedwater
System Fallure”, which fs defined as insufficient flow to all three
steam generators.

The analysis evaluated these fault trees based on the postuiated
flood scenario at the Surry Plant, and modified thke fault trees to
reflect the followlng assumptioans:

1. The probability of AFWS starting on demand {is
assumed to be unaffected by the flood. This
assumption 1s justified by the observation
that the wminimum {nternal elevation fcr
equipment {mportant to the AFWS is 10 feet,
.., the relay room. As flood water enters
the buildings, elevations below 10 feet will
fill first, fallling the main feedwater system
via the condensate pumps. Therefore, the
demand for auxiliary feedwater will occur
prior to flooding the equipment necessary to
start the AFWS. Due to this assumption, the
probabllity of failure to start of the AFWS
is assumed to be equal +to the probability
used 15 the Reactor Safecy Study.

2. Many of the failure events represented in the
AFWS fault tree are assumed to be unaffected
by submersion. These events {nclude pipe
ruptures, check valve fallures aixd normally
open manual valve fallures. Also, components
located inside the contalnment building are
assumed to be {isolated from the flood
effects.

Applying these two assumptions resulted in the modified AFWS fault
trees shown 1In Figures A.6 and A.7. Figure A.R shows test and
maintenance contributions to AFWS fallures in the start to eight-hour
time period. Appendix B contalns the eveat code definitions.
Appendix 11 of the Reactor Safety Study(l) contains a detalled
discusslon of the fault tree events rapresented in the fault trees.
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A.2.4 Electric Power System Fault Trees

The Nuclear Regulatory Commission also provided fault trees for
the Surry Flectric Power System for use 1in the Surry AFWS flood
analysis. The AFWS 1{nterfaces with the electric power system.
Fallure of elther 4160 volt AC bus (1H or 1J) will disable an electric
pump . Faflure of the 480 wvolt AC bus (1H) will fail the
motor-operated valve which admits steam to the turbine. Failure of
the 125 wvolt DC buses (1A or 1B) will each fail an electric pump
control circuit.

The analysis evaluated the Electric Power System fault trees
based on the postulated flood scenario at the Surry Plant and the
assumptions made i modifying the AFWS fault trees. The results of
the evaluation were:

1. Electric power i{s assumed to be unaffected by
the flood at the time of demand for the AFWS.
Therefore, electric power fallures are
adequately duscribed by the failure
probabilities presented in the Reactor Safety
Study.

Z. After AFWS has started, only 4160 volt AC
buses (1H and 1J) are essential to operation
of the AFWS. Since all electric power falls
upon submersion of the relay room (internal
elevation = 10 feet), det:.leu development of
the faults that contribute (o the failure of
the 4160 wvolt AC buses 1s wunnecessary.
Therefore, the 4160 volt AC bus fallures are
incorporated directlir {into the AFWS fault
trees as single events.

A.2.5 Vulnerability Elevations of AFWS Components

The “component vulnerablility elevation” is defined as the lowest
physical elevation that the flood level must surpass in order to
affect the component. Most of the events contained in the AFWS fault
trees experlence no effects from submersion or are isolated from the
flood {Section A.2.3). Those events that are expected to experience
significant effects due to suwersion are listed with their
vulnerability elevation in Table A.2
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Table A.2

Vulnerability Filevations {(ue AFWS Baslic Events That Are

Expected to Fa.l upon Submersion

Basic Event Vulnerability
Code Description Elevation
(Feet)
JAOOFAIL Power Bus 4160-1J Fails 10
JBUOFAILL Power Bus 4160-1H Fails 10
PPMTURBF Turbine Pump Fails tec Run 29
PPMFW3AF Electric Pump A Fails to Run 29
PPMFW3BF Electric Pump B Fails to Run 29

64



[TATIVE EVALUATION

Critical Flood level

yoded Minimal




Table A.3 Flooded Minimal Cut Sets for the AFWS analysis

AFWS
Flood Level Flooded Minimal Cut Sets

(feet)

Start to B Hours

>29 1. Turbine Pump, Electric Pump A and Electric
Pump B Fail to Run.

2. Turbine Pump and Electric Pump A Fail to
Run and Power Bus 4160-1J Fails.

1. Turbine Pump and Electric Pump B Fail to
Run and Power Bus 4160-1H Fails.

4. Turbine Pump Fails to Run and Power Buses
4160-1J and 4160-14 Fail.

8 to 24 Hours

10 1. Power Buses 4160-1J and 4160-1H Fail.
>29 1. Electric Pump A and Electric Pump B Fail
to Run.

2. Power Bus 4160-1H Fails and Electric Pump
B Fails to Run.

3. Power Bus 4160-1J Fails and Electric Pump
A Fails to Run.
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A.4.2 Failure Date

Appendix II of the Reactor Safety Study provided the fallure
probability estimates used in this study for the Auxiliary Feedwater
System analysis. Appendix V provided the probablilities for
quantifying the accident sequences. Therefore, all assumptions in the
Reactor Safety Study that apply to the failure data are also
applicable to this study. Appendix B 1lists these failure
probablilities for the AFWS components.

A.4.3 Quantitative Results
A.4.3.1 Failure Flood Level

The failure flood level 1s defined as the minimum flood level
where all the components In at least one minimal cut set are flooded
and failed with probability one, resulting 1Iin a system failure
probability of one. For the start to eight hours case, the fallure
flood level 1is 29 feet. For tlme periods exceeding eight hours, the
fallure flood level 1is 10 feet. The reduction in the faillure flood
level is due to the turblne-driven AFWS pump's being unavailable after
elight hours.

A.4.3.2 AFWS Failure Probability

The analysis determined AFWS fallure probabilities for two types
of initiating transients. These transients are:

1. small pipe break and transients excluding
loss of off-site power, and

2. loss of off-site power.

Table A.5 glves the AFWS failure probability from the Reactor Safety
Study, which represents the system's unflooded state, and the values
for the 10-foot and 29-foot fluods calculated as part of the flood
analysis for each initisting event. Once the flood has reached a
level of 10 feet, the AFWS failure probabilities for the two types of
initiating transients are equivalent. This is because loss of power
occurs (both off-site and on-site) upon flooding the plant's relay
room at a flood level of 10 feet.

A.4.4 Flood Effects on Accident Sequence Probability
The analysis determined individual accident sequence

probabilities as a function of flood probability. Two cases are
analyzed for each of the flood levels considered.
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Table A.5 AFWS Failure

Probabilities

Failure Probability (Per Year)

Initiating Event Time Period Unflooded 10-Foot >29-Foot
(Reactor Safety Study) Flood Flood
.,

Small Pipe Break Start to 8 Hours 3.7 x 1072 2.2 x 107+ 1.0
and Transients
excludiag Loss
of Off-site Power

8 to 24 Hours 1.2 x 1073 1.0 1.0
Loss of Off-site Start to 8 Hours 1.5 x 1074 2.2 x 1972 1.0
Power

3 to 24 Hours 3.8 x 1073 1.0 1.0




1. Best case - Only flood effec:s on the AFWS
were Incorporated into the accident sequence
probability. All other contributors, except
the transient event probability, were heid
constant at thelr Reactor Safecy Study
values.

2, Worst case - In addition to the flood effects
on the AFWS, events M and B' were assumed
falled with probability one by the flood.
The M event 1s non-recovery of the main
feedwater system, and the B' event is
nonrecovery of offsite electric power.

For both cases, the transient initiating event was assumed to occur
with probability one given the flood had occurred. Also, the analysis
considers no flood effects on the containment failure mode
probabilities; therefore, these probabilities are held conscant at
their Reactor Safety Study values.

Figures A.9 and A.10 show results of these evaluations. These
figures show the core melt probability per year due to floods (the sum
of the Individual sequence probabilities due to floods) as a function
of flood probablility for the 10-foot and greater than 29-foot floods.
Appendix D gives the results for the individual accident sequences.
Each graph 1is marked to indicate the flood doubling probability. The
flood doubling probability is the flood probability that results in an
accldent sequence probability, due to floods, that 1is equal to the
accident sequence probabllity reported in the Reactor Safety Study;
thereby, doubling the total accident sequence probability. For
example, consider the best case curve shown in Figure A.9. The flood
doubling probability for the 10-foot flood is 1.36 x 1073 per year.
At this flood probability, the total core melt probability is 1.88 x
1077 per year, 50% (9.4 x 10'6) of which is due to the fiood effects.

Figures A.1l and A.12 show the flood effects on the total core
melt probability due to the dominant transient event accident
sequences for th: 10-foot and greater than 29-foot floods,
respectively. These curves glve the total core melt probability due
to transients as a function of flcod probability. The total core melt
probability {ncludes only the dominant transient event accident
sequences identified in the React. - Safety Study. The flood effects
contribution 1is the vresult of the dominant transient accident
sequences that involved failure of the AFWS (7 of 12 dominant
transient sequences involve the AFWS).
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Core Melt Probabiiity Due to Dominant
Transient Sequences (per year)
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APPENDIX B

BASIC EVENT DESCRIPTIONS
AND DATA FOR

THE SURRY AFWS FLOOD ANALYSIS



Table B.1 AFWS Basic Event Descriptions and Data for the Time Period Start to 8 Hours

6L

Basic Event Basic Event Vulnerability Unflooded Failure Flooded Failure
Code Description Elevation Probability Probability
JAOOJBOO Common Failure of Power Buses 10 1x10™2# 1.0
JBOOFAIL Power Bus 4160-1H Fails 10 3.7x10 2% 1.0
JAOOFAIL Power Bus 4160-1J Fails 10 3.7x107 2% 1.0
PPMTURBF Turbine Pump Fails to Run 29 1x10~3 1.0
PPMFW3AF Electric Pump A Fails to Run 29 2.4x10™4 1.0
PPMFW3BF Electric Pump B Fails to Run 29 2.4x10™% 1.0
TURBSOVF Solenoid Operated Valve to Turbine Closed  NA** 1x1073 NA®*
SGLEFAIL Single Failures NA 3.05x1072 NA
*okk
PXVTESTY All Normally Open Manual Valves Closed for NA 3x10™3 NA
Pump Test are Inadvertently Left Closed
PTKCONDF  COND TK (1-CN-TK-1) Does Not Supply Water NA 3.6x1078 NA
PCPHO2CR  Weld Cap on End of No. 2 Header (Cont. NA 1x10~7 NA
Side) Comes Off
PCPHO2PR  Weld Cap on End of No. 2 Header (MSVH NA 1x10~7 NA
Side) Comes Off




08

Table B.1 Continued

Basic Event Basic Event Vulnerab.'ity Unflooded Failure Flooded Failure
Code Description Elevation Probability Probability
PCPHOICR Weld Cap on End of No. 1 Header (Cont. NA 1x10™7 NA

Side) Comes Off
PCPHOLPR Weld Cap on End of No. 1 Header (MSVH NA 1x10~7 NA
Side) Comes Off
PPPHDO2R No. 2 6" Header Ruptures NA 3.6x1078 NA
PPPHDOIR  No. 1 6" Header Ruptures NA 3.6x1078 NA
DBLEFAIL Double Failures NA 4x1078 NA
S
PCVO133C  Check Valve 133 in Header No. 1 Fails NA 1x10™% NA

Closed on Demand

PCVO131C  Check Valve 131 in Header No. 1 Fails NA 1x10™~ NA
Closed on Demand

PCVO137C Check Valve 137 in Header No. 2 Fails NA 1x10™4 NA
Closed on Demand

Fails NA 1x10™% NA

~

PCV0138C Check Valve 138 in Header No.
Closed on Demand




Table B.l1l

Continued

Basic Event

Basic Event

Vulnerability

Unflooded Failure

Flooded Failure

Code Description Elevation Probability Probability
TURBSGLE Turbine Pump Single Failures NA 6.2x10"3 NA
PXV4041Y Turbine Pump Manual Valve 4041 Does NA 3x1073 NA
Not Open
PCVO142C  Turbine Pump Check Valve 142 Closed NA 1x10™4 NA
PXVO153C  Turbine Pump Manual Valve 153 Closcs NA 1x10™% NA
x
- PXV0153Y Turbine Pump Menual Valve 153 Not Open NA 3x10~3 NA
PPPMSVHR Pipe Break in MSVH NA 7.5%1072 NA
PMPASGLE Electric Pump A Single Failures NA 1.09x10°2 NA
PXV5556Y Electric Pump A Manual Valve 5556 Not Open NA Ix1073 NA
PCVO157C Electric Pump A Check Valve 157 Closed NA 1x10™% NA
PPMFW3AA  Electric Pump A Fails to Start NA 1x10~3 NA
PXV0168C Electric Pump A Manual Valve 168 Closes NA 1x10™4 NA
PXV0168Y Electric Pump A Manual Valve 168 Not Open NA 3x10™3 NA




Table B.l Continued

i8

Basic Event Basic Event Vulnerability Unflooued Failure Flooded Failure
Code Description Elevation Pr-bability Probability
PST3ACNT  Electric Pump A Control Circuit Fails NA 3.7x1073 NA

PMPBSGLE Electric Pump B Single Failures NA 1.09x1072 NA
PXV7071Y Electric Pump B Manual Valve 7071 Not Open NA 3x1073 NA
PCVO172C Electric Pump B Check Valve 172 Closed NA 1x104 NA
PPMFW3BA Electric Pump B Fails to Start NA 1x10™3 NA
PXV0O183C Electric Pump B Manual Valve 183 Closes NA 1x10™4 NA
PXV0O183Y Electric Pump B Manual Valve 183 Not Open NA 3x1073 NA
PST3BCNT Electric Pump B Control Circuit Fails NA 3.7x1073 NA

—_—
PUMPAT&M Electric Pump A Test and Maintenance NA 7.9x1073 NA
PUMPBT&M Electric Pump B Test and Maintenance NA 7.9x1c"3 NA




£8

Table B.1 Continued

Basic Eveut Basic Event Vulnerability Unflooded Failure Flooded Failure
Code Description Elevation Probability Probability
TPSOVT&M Solenoid Operated Valve to Turbine Test NA 5.8%10"3 NA
and Maintenance
PUMPT&M Turbine Pump Test and Maiatenance NA 7.9x1073 NA
* This basic event is considered oanly for the initiating transieat Loss of Offsite Power. Its

* %

*ok ke

contribution is negligible for the Small Pipe Break transients.

NA signifies that the basic event is either unaffected by subme 'sion or isolated from the flood.
Therefore, no vulnerability elevation or flooded failure probability is required.

The basic events contained within the bracket were represented throughout the analysis by the event
name immediately preceding the bracket.



%8

Table B.2 AFWS Basic Event Descriptions and Data for the Time Poriod 8 to 24 Hours
Basic Event Basic Eveut Vulnerability Unflooded Failure Flooded Failure
Code Description Elevation Probability Probability
JBOOFAIL Power Bus 4160-1H Fails 10 4.8x107 2% 1.0
JAOOFAIL Power Bus 4160-1J Fails 10 4.8x10™ 2% 1.0
PPMFW3AF Electric Pump A Fails to Run 29 2.4x1074 1.0
PPMFW3BF Electric Pump B Fails to Run 29 2.4x1074 1.0
PXV0169C Manual Valve 169 Closed NA** 5.4x10™% NAR*
PXVO184C Manual Valve 184 Closed A 5.4x10™4 NA
PXV0185C Manual Valve 185 Closed NA S.kxIO'A NA
PXV0120C Manual Valve 120 Closed NA 5.4x107% NA
PPPMSVHR Pipe break in MSVH NA 7.5x1073 NA
PCPHO2CR Weld Cap on End of No. 2 Header (Cont. NA 1x10~7 NA
Side) Comes Off
PCPHO2PR Weld Cap on End of No. 2 Header (MSVH NA 1x10~7 NA
Side) Comes Off
PCPHO1CR Weld Cap on End of No. 1 Header (Cont. NA 1x10~7 NA

Side) Comes Off




Table B.2 Continued

Basic Event Basic Event Vulnerability Unflooded Failure Flooded Failure
Code Description Elevation Probability Probability
PCPHO1PR Weld Cap on End of No. 1 Header (MSVH NA 1x10~7 NA
Side) Comes Off
PPPHDO2R No. 2 6" Header Ruptures NA 3.6x10"8 NA
PPPHDO1R No. 1 6" Header Ruptures NA 3.6x1078 NA

c8

* See footnote to Table B.l.

** See footnote to Table B.1l.



APPENDIX C

MINIMAL CUT SETS
FOR THE

AFWS MODIFIED FAULT TREES
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Table C.1

Minimal Cut Sets for the AFWS for the Time Period

Start to 8 Hours

H

AFWS Flood

Level (Feet)

Minimal Cut Sets

>29

NA*

PPMTURBF
PPMFW3BF
PPMTURBF
PPMTURBF

SGLEFAIL
DBLEFAIL
PPPMSVHR
PPPMSVHR
PPPMSVHR
TURBSGLE
PPMFW3BF
PPMTURBF
TURBSGLE
TURBSGLE
TURBSGLE
PMPBSGLE
PPMTURBF
PPMTURBF
TURBSGLE
TURBSGLE
TURBSGLE
TURBSGLE
PPMTURBF
PPMTURBF
PPMFW3BF
JAOOFAIL

PPMFW3AF
PPMTURBF
PPMFW3AF
JBOOFAIL

TURBSGLE
TURBSOVF
PPMTURBF
PMPASGLE
TURBSGLE
PMPASGLE
PPMFW3AF
PMPASGLE
PMPASGLE
TURBSOVF
PMPASGLE
PMPASGLE
PPMFW3AF
PPMFW3AF
JBOOFAIL
JBOOFAIL
PPMFW3AF
JBOOFAIL
TURBSOVF
TURBSOVF

PPMFW3BF
JBOOFAIL
JAOOFAIL
JAOOFAIL

PPMFW3BF
JBOOFAIL
PPMFW3BF
PPMFW3BF
JAOOFAIL
PMPBSGLE
JBOOFAIL
JAOOFAIL
PMPBSGLE
JAOOFAIL
PMPBSGLE
JAOOFAIL
PMPBSGLE
PPMBSGLE
PMPBSGLE
JBOOFAIL
JBOOFAIL

=

* NA - At least one basic event in the minimal cut set is not affected
by submersion or is not submerged by the flood.
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Table C.2 Minimal Cut Sets for the AFWS for the Time Period

8 to 24 Hours

AFWS Flood
Level (Feet)

Minimal Cut Sets

10

>29

NA*

JBOGFAIL

PPMFW3AF
JBOOFAIL
PPMFW3AF

PXV0185C
PPPMSVHR
PCPHO2CR
PCPHO2PR
PCPHOL1CR
PCPHO1PR
PPPHDO2R
PPPHDOLR
PXV0120C
PXVO169C
PPMFW3AF
PXVO169C
PXVO169C
JBOOFAIL

|
|

JAOOFAIL

PPMFW3BF
PPMFW3BF
JACOFAIL

PPMFW3BF
PXVO184C
PX\'0184C
JAOOFAIL
PXV0O184C

* NA - At least one basic event in the minimal cut set 1is not
affected by submersion or is not submerged by the flood.
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Table C.3 Minimal Cut Sets for the AFWS Test and Maintenance
Fault Tree

SO 1NN DWW

—
p—

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25,

26.

PPPMSVHR
PPPHSVHR
PPMTURBF
PPMTURBF
JAOOFAIL
PMPBSGLE
PPMFW3AF
JBOOFAIL
PMPASGLE
PMPASGLE
PPMFW3AF
PPMFW3AF
JBOOFAIL
JBOOFAIL
PPMTURBF
TURBSGLE
TURBSGLE
PPMTURBF
TURBSGLE
TURBSGLE
PY.[FW3BF
PMPALGLE
PPMTURSF
PPMTURLF
TURBSGLE
TURBSGLE

TPSOVT&M
TPUMPTEM
PUMPBT&M
PUMPBT&M
TPSOVT&M
TPSOVT&M
TPUMPT&M
TPUMPT&M
TPUMPT&M
TPUMPTAM
TPUMPT&M
TPUMPT&M
TPUMPT&M
TPUMPT&M
PUMPAT&M
PUMPAT&M
PUMPAT&M
PUMPBT&M
PUMPBT&M
PUMPBT&M
TPSOVT&M
TPUMPT&M
PUMPAT&M
PUMPAT&M
PUMPBT&M
PUMPAT&M

PPMFW3AF
JBOOFAIL
JBOOFAIL
JBOOFAIL
PPMFW3BF
PPMFW3BF
JAOOFAIL
PMPBSGLE
JAOOFAIL
PMPBSCLE
JAOOFAIL
PMPBSGLE
PPMFW3EF
JAOOFAIL
PMPBSGLE
PMPASGLE
PPMFW3AF
JBOOFAIL
JBOOFAIL
PPMFW3BF
JAOOFAIL
PMPBSGLE
PMPASGLE
FPMFW3BF
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APPENDIX D

GRAPHS OF THE INDIVIDUAL ACCIDENT SEQUENCE RESULTS
AS A FUNCTION OF FLOOD PROBABILITY

FOR THE SURRY AFWS FLOOD ANALYSIS
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APPENDIX E

AWALYSIS OF AN INTERNAL

FLOOD SOURTE AT THE

SURRY POWER STATION
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E.1 INTRODUCTION

This appendix describes the second example application of the
flood risk analysis methodology. This example differs from the first
analysis (Appendix A) in that the flood considered is the result of an
internal source rather than an external source. Also, the flood risk
analysis methodology is more fully developed as a result of FYS8I
tasks.

The analysis centers on the Surry Power Station so that
{nformation from the results of the pressurized water reactor (PWR)
evaluation presented in the Reactor Safety Study(l) can be used. The
Surry Power Station is the PWR plant in the Reactor Safety Study. The
Nuclear Regulatory Commission provided additional plant design
i{nformation and layout diagrams for the Surry Power Station.

The analysis makes no attempt to quantify the probability of the
flood considered although the analysis identifies a specific flood
source. Instead, a range of flood probab’lities are considered, and
the results are presented as a function of the flood probability.

101



E.2 PROBLFM DESCRIPTION

This section describes the internal flood scenatio at the Surry
Pisat and the systems affected by the flood. Appendix A (Section
A.2.2) gives a general description of the Surry Plant site and the
plant layout.

E.2.1 Flood Source

This analysis considers the effects of an internal flood source
on the results of the Reactor Safety Study's PWR risk assessment. The
fnternal flood source considered here s a main steam or feedwater
pipe rupture in the main steam valve housing (MSVH) area of the Surry
Power Station. The Reactor Safety Study identifies this event as a
potential source of component falilure due to flooding or extreme
environment .

E.2.2 Systems Affected
The analysis considers three separate systems susceptible to

potentfal flood damage from the postulated pipe rupture in the MSVH.
These systems are:

. the Main Feedwater System,
- the Aux’liary Feedwater System, and
“ the Containment Spray Injection System.

E.2.2.1 Main Feedwater System

The analysis considers the Main Feedwater System susceptible to
the postulated internal flood source. This susceptibility is due to
the assumption that the pipe rupture Involves a main steam or
feedwater line, rather than flooding of Main Feedwater System
components. For this reason, the analysis assum2s that the Main
Feedwater System is failed for the duration of the event.

E.2.2.2 Auxiliary Feedwater Syctem

All three Auxiliary Feedwater System (AFWS) pumps reside in the
MSVH area and are exposed to the 2ffects «f the postulated flood
event. The analysis assumes that all electrical components ian the
MSVH fail due to the flood. This results in the AFWS's being totally
dependent on the turbine-driven pump train of the system. Appendix A
(Section A.2.1) contains a description of the AFWS.
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E.2.2.3 Containment Spray Injection System

The analysis considers the Contalnment Spray Injection Systea
(CS518) susceptible to the postulated flood because the two containment
spray pumps are located in a room adjoining the AFWS pump room (Figure
E.l1). A doorway jolns the two pump rooms and provides a degree of
protection to the CSIS pumps if the door 1is secured. The analysis
considers a range of effects on the CSIS pumps.

The principal function of the Contalnment Spray Injection System
i{s to reduce the pressure of the containment by delivering cold water
through spray heads to the containment volume. The CSIS consists of
two essentially fdentical subsystems, each fully capable of delivering
sufficient spray to the containment. Both subsystems draw suction
from the refueling water storage tank (RWST) aad are required to
operate only until the water supply in the RWST is exhausted. Figure
E.2 is a simplified flow diagram of the CSIS.

E.2.2.4 Internal Flood Scenario

This analysis considers a varlety of flood effects arising from
the flood effects of the postulated pipe rupture In the MSVH area.
Three specific cases are defined for analysis. These cases are:

- Case A - Only Main and Auxillary Feedwater
Systems equipment receive damage due
to the flood event. Case A assumes
that the Contalament Spray Injection
System {s fully protected from the
flood.

. Case 8 - In addition to the flocd effects to
the Main and Auxiliary Feedwater
Systems, Case B assumes flood damage
to one of the two CSIS punmps.

- Case C - Case C assumes flood damage to both
CSIS pumps, in addition to Main and
Auxiliary Feedwater System fallure.

The following sections describe the analysis of these three Internal
flood scenarios.
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E.3 ACCIDENT SEQUENCE SCREENING

The analysis used the ESP computer progra-(“) to screen all
accldent sequences from the Reactor Safety Study event trees for
significance in the event of the postulated flood. The ESP compurer
program screens accident sequences within a consequence category to
determine potentially significant accident sequences for further
analysis. The analysis screening criterion 1is five percent of the
consequence category's occurrence frequency for each type of
initiating event (transient, small LOCA, etc.). That is, any accident
sequence that has a potential flooded occurrence frequency greater
than five percent of its consequence category occurrence frequency is
fdentified as a potentlally significant accident sequence. The flood
probability chosen for the screening criterion (7.5 X 1072 per year)
is the Reactor Safety Study's probability estimate for a pipe rupture
in the MSVH area.

Table E.1 lists the 14 potentially significant accident sequences
fdentiflied in the screening analysis. All 14 sequences are from the
Reactor Safety Study transient event tree. This 1s because the
postulated flood even: introduces a transient event (loss of main
feedwater) with a probability of one. The flood event has little or
no effect on loss of coolant accident (LOCA) initiating event
frequencies, and therefore, the LOCA accident sequence flooded
occurrence frequencies are {nsignificant contributors for the flood
under consideration.

None of the transient event accident sequences identified in
Table E.l are dominant accident sequences as i{dentified in the Reactor
Safety Study. The dominant transiert event accident sequences in the
Reactor Safety Study result from the {nitiating transient "loss of
off-site power”. As with the LOCA sequences, the negligible effect of
the flood event on the initiating transient "loss of off-site power”
prevented the identification of the dominant transient event accident
sequences as potentially significant accident sequences. Loss of main
feedwater initiates all the accident sequences listed in Table E.l.

The screening analysis did not eliminate any of the flood

susceptible systems (Section E.2.2) at this stage of the analysis.
Section E.4 describes the qualitative flood analysis of these systems.
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Table E.1 Potentially Significant Accident Sequences Identified in
the Accident Sequence Screening Analysis

— —— ——
Unflooded ESP Estimated
Occurrence Flooded
Consequence Accident Frec ¢y Occurrence
Category* Sequence** (WAS. .400) Frequency
1 ™LC-a 8.9x10" 11 7.5x1077
1 T™LQC- a 8.9x10"13 7.5x1077
2 TMLC- 2.1x1077 1.8x1072
2 ™LC- 6 5x10~2 4.2x1073
2 LQC- 2.1x10"11 1.8x10~7
2 T™LQC- 6 sx10~11 4.2x1077
3 ™L-a 3.7x10~8 7.5x10~7
3 ™LQ-a 3.7x10~10 7.5x1072
5 ™L- 6 1.9x10~10 3.8x10™9
5 T™LQ- 8 1.9x10"12 3.8x10" 11
6 T™MLC- ¢ 1.7x1072 1.4x1073
6 TMLQC~ ¢ 1.7x10~11 1.4x10~7
7 T™ML-¢ 5.7x1076 7.4x1073
7 ™LQ-¢ 1.7x10™8 7.4x1077

*There are no category 4 accident sequences resulting from
transient initiating events.

**T = Transient Event, Loss of Main Feedwater
M = Fallure of the Main Feedwater System
L = Fallure of the Auxiliary Feedwater System
Q = Failure of the primary system safety relief valves to
reclose after opening
C = Failure of the Contalnment Spray Injection System

a = Contalnment rupture due to reactor vessel steam explosion
f = Contalament fallure resulting from inadequate isolation of
containment openings and penetrations

= Contalnment fallure due to hydrogen burning

Containment failure due to overpressure

€ = Contalnment vessel melt-through

On =
L}
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E.4 QUALITATIVE FLOOD ANALYSIS

The NGAH computer progran“) performed the qualitative flood
simulation for both the Auxiliary Feedwater System (AFWS) and the
Contalnment Spray Injection System (CSIS). Appendix A contains the
fault trees used In the AFWS analysis. Figure E.3 shows the fault
tree used in the CSIS analysis.

The Auxiliary Feedwater System contains only partially flooded
minimal cut sets for the postulated flood event. This is true for all
three cases defined in Section E.2.2.4. The flood-damaged components
are the two electric motor-driven AFWS pumps. These two events
combine with the failure of the turbine-driven AFWS pump and the
fallure of the solenold operated valve that admits steam to the
turbine to form the lmportant partially flooded minimal cut sets.

Fur Case A. the Contalnment Spray Injection System has no
flood-damaged components and remains unaffected by the flocd event.
The analysis considers one CSIS pump flood-damaged in Case B. This
resulis in partiaily flooded minimal cut sets when combined with
fallures In the second train of the CSIS. In Case C, the analysis
assumes botn CSIS pumps are flood-damaged, resulting in a single
flooded minimal cut set for the system.

No qualitative flood analysis is required for the Main Feedwater

System since the analysis assumes that the postulated flood event
disables the Main Feedwater System.
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E.5 QUANTITATIVE EVALUATION

The quantitative evaluation determined the AFWS and CSIS fallure
probabilities for each of the three cases defined in Section E.2.2.4.
Appendix Il of the Reactor Safety Study provided the component failure
probability estimates used in the quantitative evaluation of the AFWS
and CSIS. Therefore, all assumptions in the Reactor Safety Study that
apply to the fallure data are also applicable to this analysis.

This evaluation assumes a failure probability of one for the
flood~-damaged components In each case. The anal 'sis also assumes a
fallure probability of one for the Main Feedwater System and the
occurrence of the transient event, given the postulated flood event
has occurred.

E.5.1 System Failure Probabilities

Tabl: E.2 gives the AFWS and CSIS failure probabilities for the
unflooded case and for each of the three flcod-damaged cases. In each
of the three cases, the AFWS relies totally on the turbine-driven AFWS
pump to deliver feedwater to the steam generators. The CSIS 1is
undamaged in Case A and relies on a single CSIS pump in Case B. For
Case C, both CSIS pumps are flood-damaged and the system 1is failed
with a probablility of one.

E.5.2 Accident Sequence Quantification

The acclident sequence quantification step evaluated the
potentially significant accident sequences identified in the accident
sequence  screening analysis (Section E.3)  using the system
flood-damaged failure probabilities for each of the three cases. The
analysis used the single-state flood equations of Section 5 to
determine the flocd contribution to each consequence category as a
function of flood probability. In each case, the unflcoded
contribution {s the value for the consequence category occurrence
frequency due to transient initiating events, prior to application of
the category smoothing technique used in the Reactor Safety Study.
Figures E.4 «through E.6 show the flood contribution to each
consequence category for each of cthe three cases, respectively,
assuming a flood probability of 7.5 x 1072 per year, the Reactor
Safety Study estimate for the pipe rupture in the main steam valve
housing area. Figures E.7 through E.9 display the same {information
for a flood probability of 7.5 x 10-4 per year. Figure E.10 18 a
graph of the total flooded contribution (sum of the consequence
categories' flooded contributions) to the probability of core melt as
a function of flood probability. Figure E.1l1 shows the total core
melt probability resulting from all transient event accident sequences
as a function of flood probability, including both flooded and
unflooded contributions, for all three cases. Figure E.12 shows the
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Table E.2 Failure Probabilities for the AFWS and the CSIS for Each

of the Three Cases

Failure Probability

(Per Year)

Case AFWS CSIS
Unflooded (WASH-1400 value) 3.7x1075 2.4x1073
Case A 2.2x10°2 2.4x1073
Case B 2.2x10™2 2.4x1072
Case C 2.2x1072 1.0
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