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This document is bound in two volumes: Volume 15 contains the main report and
Appendix A; Volume 16 contains Appendices B D. ;
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. FOREWORD
#

This report pmvides the 1991 results of the Nuclear Regulatory Commission's ongoing-
Accident Sequence Precursor (ASP) Program. The. ASP Program provides a safety
significance perspective of nuclear plant operational experience. The program uses event '

tree models and probabilistic risk assessment technique:, tu prmide estimates of operating -
. event significance in terms of the potential iar core .danage. The types of events
evaluated include initiators, degradations of plant conditions, and safety equipment i

failures that could increase the probability of postulated accident sequences.

Several precursors involving phenomenological problems w:re experienced during 1991.
Two precursor events involved the potential for gas binding of high pressure injection
pumps due to hydrogen gas entrainmeca : Another precursor concerned the potential
hydraulic lockup of motorized valves in low-pressure coolant injection systems. The
motorized valves are required for operation given a Irss-of-coolant accident.

>

The precursor estimated to have the highest significance involved undetected common- -

cause water hammer damage to two relief valves in the high-pressure injecdon pump
"miniflov " lines. The relief valves are intended to allow a minimum recirculation flow
and prevent pump overheating while operating under deadhead (no-flow) conditions.
The damaged valves opened at a much lower than normal pressure. If safety injection
had been required, as it is for responding to a loss-of-coolant accident, sufficient flow

may have been diverted through the failed relief valves to cause the loss of the safety
function.

Several other precursors involved the common-cause failure of a safety function. One
.

such precursor involved potential failure of a high-pressure injection system because.the -

pump output relief valve serpoints were too close to the normal. operating pressure.
Another commonicause precursor involved undetected failure of logic power supplies
and subsequent loss of uninterruptible power supplies. One other significant precursor
of this type involved damage to a boiling water reactor's automatic cepressurization
system due to improperly installed thermal insulation.

- Thomas M. Novak
Division of Safety Programs
Office for Analysis and Evaluation

. of Operational Data, NRC
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PREFACE

!

The Accident Sequence Precesor (ASP) Program was established at the Nuclear Operations
Analysis Center (NOAC) at Oak Ridge National Laboratory in the summer of 1979. The first major
report of that program was published in June 1982 and received extensive review. A total of nine reports
documenting ti.s review of operational events for precursors have been previously published in this
program:

1969-1979 Precursors to Potential Severe Core Damage Accidents: 1969-1979, A Status Report,
NUREG/CR-2497, June 1982 i

1980-1981 Precursors to Potential Severe Core Damage Accidents: 1930-1981, A Status Report, ,

NUREG/Ca.3591, July 1984
1984 Precursors to PotentialSevere Core Damage Accidents: 1984, A Status Report,

NUREG/CR-4674, Vols. 3 and 4, hiay 1987
1985 Precursors to PotentialSevere Core Damage Accidents:1935 A Status Report,

. NUREG/CR-4674, Vols.1 and 2, December 1986
1986 Precursors to PotentialSevere Core Damage Accidents:1936, A Stasus Report,

NUREG/CR-4674, Vols. 5 and 6, May 1988
1987- Precursors to PotentialSevere Core Damage Accidents:1987, A Status Report .

NUREG/CR-4674, Vols. 7 and 8. July 1989
1988 Precursors to PotentialSevere Core Damage Accidents: 1988, A Status Report. -

NUREG/CR 4674, Vols 9 and 10, February 1990
1989 Precursors to PotentialSevere Core Damage Accidents: 1939. A Status Report,

NUREG/CR-4674 Vols.11 and 12, September 1990
1990 Precursors to PotentialSevere Core Damage Accidents: 1990, A Status Report.

-NUREG/CR 1674, Vols.13 and 14, August 1991

The current effort was undertaken on behalf of the Office of Analysis and Evaluation of
Operational Data of the Nuclear Regulatory Commission (NRC). he NRC Technical Monitor for the
project is F. M. Manning.

3

The methodology developed ar,d utilized in the ASP Program permits a reasonable estimate of
the significance of operational events without the labonous detail associated with evaluation using event ~
trees and fault trees down to the component level,'while including observed human and system
intemctions. The present effort is a continuation, for 1991, of the assessreent undertaken in the previous
reports for operational events that occurred in 1969-1981 and 1984-1990..

'He operational events selected in the ASP Program form a unique database of historical system
failures, multiple losses of redundancy, and infrequent core damage initiators. Rese events are useful in -
identifying significant weaknesses in design and operation, for trends analysis concerning industry
performance and the impact of regulatory actions, and for probabilistic risk assessment-related
information,

Gary T. Mays, Director
Nuclear Operations Analysis Center.
Oak Ridge NationalLaboratory
P.O. Box 2009
Oak Ridge,TN 37831-8065
615-574-0394 -
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PRECURSORS TO POTENTIAL SEVERE CORE DAMAGE ,

ACCIDENTS: 1991, A STATUS REPORT

J. W. Minarick'
J. W. Cletcher
D.A, Copinger
B.W. Dolan*

ABSTRACT

Twenty-seven operational events with conditional probabilities of
subsequent severe core damage of 1.0 x 10-6 or higher occurring at
commercial light water reactors during 1991 are considered to be
precursors to potential severe core damage. These are described along
with associated significance estimates, categorization, and subsequent
analyses. This study is a continuation of earlier work, which evaluated .

1969-1981 and 1984-1990 events. The report discusses (1) the general
rationale for this study, (2) the selection and documentation of events as
precursons, (3) the estimation and use of conditional probabilities of
subsequent severe core damage to rank precursor events, and (4) the plant
models used in the analysis p ocess.

1. INTRODUCTION

The Accident Sequence Precursor (ASP) Prog:am involves the review oflicensee
event reports (LERs) of operational events that have occurred at light water reactors-
(LWR's) beginning it 1969 to identify and categorize precursors to potential severe core
damage accident sequences. The present report is n ' continuation of"the work published in
NUREGICR-2497, Precursors to PotentialSevere Core Damage Accidents: 1969 1979,
A Status Reporst and NUREGICR-3591, Precursors to PotentialSevere Core Damage
Accidents: 1980-1981, A Status Report,2 as well as in earlier volumes 'of this

"

document.3 9 This report details the work of the ASP Program in its review and
evaluation of operational events that occurred in 1991 The requi ements for LERs are -rg

[ described in NUREG-1022, Licensee Event Retwrt System, Description of System and

| Guideli.:es for Reporting 10 as well as in the supplements to NUREG-1022 (Refs.

L i 1,12). LERs reviewed for precursors are described in Chap. 2.-

L

* Science Applications International Ovporation, Oak Ridge, Tennessee
.

_ . _ . . _ _ _ _ . _
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1.1 - Background

The ASP Program owes its genesis to the Risk- Assessment Review Group,13 -
which concluded that " unidentified event sequences significant to risk might contribute...
a small increment... [to the overall risk) " The report continues, "It is important, in our
view, that potentially significant [ accident] sequences, and precursors, as they occur, be
subjected to the kind of analysis contained in WASil-1400" (Ref.14). Evaluations done
for the 1969-1981 period were the first efforts in this type of analysis.

Accident sequences of interest in this study are those that, if additional failures
had occurred, would have resulted in inadequate core cooling and that would have
potentially resulted in severe core damage. Accident sequence precursors are events that
are important elements in such accident sequences. Such precursors could be infrequent

,

initiating events or equipment failures that, when coupled with one or more postulated - 1

events, could result in a plant condition leading to severe core damage. Precursors were
selected and evaluated using an evaluation process and significance quantification
methodology similar to that used in previous yearly assessments. All 1991 LERs were
computer screened to identify events that could potentially be precursors. Such events
were subjected to an engineering evaluation that identified, analyzed, and documented the

precursors, as described in Chap. 2.

In addition to the events selected as accident sequence precursors, events
involving loss of containment function and other events that are considered serious but
that are not modeled in the ASP Program were identified during the 1991 LER review.-
These events are also documented in this report.

A study of this nature is subject to certain inherent limitations. The results were,

based on limited data, and the study may be biased by many of the decisions inherent in

the process as well as in the methodology itself. A determined effort is being made in __

this program to address these limitations. Although uncertainties exist in the numeric
probability estimates associated with each event addressed iti the report, the identification
of the more serious events from a core damage standpoint is considered reasonably
cetin.

L2 Organization of the Renort

This effort has been divided into several tasks, the results of which may be found -

in the sections indicated:

Srction Insk

Chap,2 Detailed review of 1991 LERs fer accident sequence

precursors and quantification of precursor significance

I

.
- ..

--
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Chap.3 ; Discussion of results

Appendix A- ASP analysis methodology and plant models ;

Appendix B Precursors (including copies of applicable LERs)
- Appendix C Containment related and other event documentation (including .

copies of applicab!e LERs)
Appendix D Events that were considered impractical to analyze

In addition, a list of acronyms and a glossary are provided. I

1.3 References i

1. J. W. Minarick and C. A. Kukielka, Union Carbide Corp., Nuclear Div., Oak
Ridge Natl. Lab., and Science Applications, Inc., Frecursors to Potential Severe
Core Da;nage Accidents: 1969-1979, i. Status Report, USNRC -Report
NUREG/CR.2497 (ORNL/NOAC-232, Vol.1 and 2),1982.*

2. W. B. Cottrell, J. W. Minarick, P. N. Austin, E. W, llagen, and J. D, Harris,
Marti.n Marietta Energy Systems, Inc., Oak Ridge Natl, Lab., and Science
Applications International Corp., Precursors to Potential Severe Core Damage
Accidents: 1980-81, A Status Report, USNRC Report ? ' REG /CR-3591, Vols.
I and 2 (ORNUNSIC-217/V1 and V2), July 1984.*

3. J. W. Minarick et al., Martin Marietta Energy Systems, Inc., Oak; Ridge Natl.
'

Lab., and Science Applications International Corp., Precursors to Potential
Severe Core Damage Accidents; 1985, A Status Report, USNRC Report
NUREG/CR-4674 (ORNL/NO.AC-232, Vols.1 and 2), December 1986 *

4. J. W. Minarick et al., Martin Marietta Energy Systems, Inc., Oak Ridge Natl.
Lab., and Science Applications International Corp., Precursors to Potential
Severe Core Damage Accidents; 1984, A Status Report, USNRC Report
NUREG/CR-4674 (ORN!JNOAC-232, Vols. 3 and 4), May 1987.*

5. J. W. Minarick et al., Martin Mar',etta Energy Systems, Inc., Oak Ridge Natl.
Lab., and Science Applications International Corp., Precursors to Potential
Severe Core Damage Accidents,1986, A Status Report, USNRC Report

L NUREG/CR-4674 (ORNUNOAC-232, N ols. 5 and b), May 1988.*

6. J, W. Minarick et al., Martin Marietta Energy Systems, Inc., Oak Ridge Natl.
_

_

Lab.; Science Applications' international Corp.; and Professional Analysis,-Inc.; ,

- Precursors to Potential Severe Core Damage Accidents: 1987, A Status Report,
! USNRC Report NUREG/CR-4674.(ORNL/NOAC-232, Vols. 7 and M, July.
'~ _

1989.*

* Available for purchase from National Technical Infixmation Smice. Springfield, Virginia 22161.
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Lab.; Science Applications Internatioial Corp.; and Professional Analysis, in:..
Precursors to Potential Severe Core Damage Accidents: 1989, A Status Report,

USNRC Report NUREG/CR-4674 (ORNL/NOAC-232, Vols.11 and 12),
September 1990.*

;

9. J. W. hiinarick et al., h1artin hiarietta Energy Systems, Inc., Oak Ridge Natl.
Lab.; Science Applications International Corp.; and Professional Analysis, Inc.;
Precursors to Potential Severe Core Damage Accidents: 1990, A Status Report,
USNRC Report NUREG/CR-4674 (ORNL/NOAC-232, Vols.13 and 14),
August 1991.*

10. Licensee Event Report System, Description of System and Guidelines for
Reporting, NUREG-1022, U.S. Nuclear Regulatory Commission, September
1983.

|

11. Licensee Event Report System, Description of System and Guidelines fo.-
Reporting, NUREG-1022, Supplement 1, U.S. Nuclear Regulatory
Commission, February 1984.

12. Licensee Event Report System, Evaluation of First Year Results, and-
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2. ACCIDENT SEQUENCE PRECURSOR IDENTIFICATION AND .

-

|QUANTIFICATION

2.1 Accident Seauence Precursoridentification

The ASP. Program is concerned with the identification and documentation of ;

i
operational events that have involved portions of core damage sequences, and with the

iestimation of frequencies and probabilities associated with them.
|

Identification of precursors requires the review of operational events for instances
iin which plant functions that provide protection against core damage have been

challenged or compr Tmised. For core damage to occur, fuel temperature must. increase.
Such an increase requires the heat generation rate in the core to exceed the heat removal I

rate. This can result from either a loss of core cooling or excessive core power. The
following functions are provided at all plants to protect against these two conditions.

Reactor suberiticality. The reactor must be placed in a suberitical condition,-.

normally by inserting control rods into the core to terminate the chain reactim i,

"

Reactor coolant inventory makeup. Sufficient water must be provided to the+

reactor coolant system (RCS) to prevent core uncovery.

RCS integrity. Loss of RCS integrity requires the addition of a significant*

quantity of water to prevent core uncovery.
,

Decay heat removal. Heat generated in the core by fission product decay must-

be removed.

Containment integrity. [ Containment integrity (containment heat removal,-+

isolation, and hydrogen contrel) is not addressed in the precursor analyses
unless core decay heat removal capability is impacted.] _

System-based event trees were developed to model potential sequences to core
damage. The event trees are specific to eight plant classes that reflect differences in

. design among plants in the U.S. LWR population. The initiators addressed in the event
trees are: trip _[which includes loss of main feedwater (LOFW) within its sequences],-

_

lov of offsite power (LOOP), and small-break loss-of-coolant accident (LOCA). These
three initiators are primarily associated with loss of core cooling. [ Excessive core power :

- associated with anticipated transient without scram (ATWS) is represented by a failure-to-
trip sequence but is not developed.] Based on previous experience with reactor plant .
operational events, it is known that most operational events can be directly or indirectly J
associated with these initiators. Detailed descriptions of the plant classification scheme-
and the event tree models are included in Appendix A. Operational events that cannot be~

. . _ .. - _ _ _
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associated with one of inese initiators are accomnnlated by unique unleling.

Armed with a knowledge of the primary core damage initiator types plus the-
syssems that provide protection against core damage (based on the event tree models),
ASP Proxram staff memlers examine 1.ERs to detennine the impact of operational events i

on potential core damage sequences. While sequences detailed on the event tree nulels .

do not describe all possible paths to core damage, they fonn a primary basis for selecting
an operational event as a precursor -- operational events are also reviewed in a more

;
general sense for their impact on the protective functions described alove.

IdentiGeation of precursors within a set of LERs involves a two-step process.
3

First, each LER was reviewed by two experienced enginects to detennine if the reported
^

event should be examined in detail. This initial review was a bounding review, meant to
capture events that in any way appeared to deserve detailed review but to eliminate events-

that were clearly unimportant. This was done by eliminating events that satisfied pre-
defined criteria for rejection and accepting all others as potentially significant and
requiring analysis. In some cases events are impractical to analyze due to lack of
infonnation or inability to reasonably model within a probabilistic risk t.ssessment (PRA)
framework, considering the level of detail typically available in PRA models. It must
also be noted that elimination of events from further review was sometimes dictated by

'

programmatic constraints. Any event with an impact that can be mapped onto the ASP
core damage models can,in principle, be assessed.

LERs were climinated from further consideration as precursors if they at most
involved:

a component failure with no loss of redundancy,-

a loss of redundancy in 7nly one system,-

a seismic design or qualification error, .

-

an environmental design or qualification error. - I-

l
a structural degradation,-

an event that occurred prior to initial criticality (since the core is not-

'

considered vulnerable to core damage at this time and since distinguishing
'

initial testing failures from operational failurts is difficult),

a design error discovered by reanalysis,-

an event impact bounded by a reactor trip or LOFW,-

_ _ _

"P''-ri-- g,gy-,y p g. y,re p g., gig _. p y g,,. , ys,,,,_,p,, ,,, , .- ,,, y__, __ .,_,.,,, -gg .,-g,9 -,q-ggp .g *- g , - -q,y,ag 9 ,, , - - - -
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an event with no appreciable impact on safety systems, or.

an event involving only post-core damage impacts (selected containment-.

related events are documented).

Events identified for further consideration typically included:

unexpected core damage initiators (l.OOP and small break LOCA);.

all events in whhh reactor trip was demanded and a safety-related componente

failed;

all support system failures, including failures in cooling water systems,.

instrument air, instrumentation and control, and electric power systems;

any event where two or more failures occurred;.

any event or operating condition that was not predicted or that proceeded.

differently from the plant design basis; and

any event that, based on the reviewers' experience, could have resulted in or.

significantly affected a chain of events leading to potential severe core
damage.

Operational events that were not eliminated in the first review received a more
extensive analysis to identify those events considered to 1 pecursors to potential severe
core damage accidents either because of an initiating event or because of failures that
could have affected the course of postulated off-normal events or accidents. These
detailed reviews were not hmited to the LERs; they also used final safety analysis reports

(FS ARs), their amendments, and other infonnation available at the Nuclear Operations
Analysis Center.

The detailed review of each event considered (1) the immediate impact of an

initiating event or (2) the potential impact of the equipment failures or operator errors on
readiness of systems in the plant for mitigation of off-normal and accident conditions.

In the review of each selected event, three general scenarios (involving both the

actual event and postulated additional failures) were considered.

1. If the event or failure were immediately detectable and occurred while the
plant was at power, then the event was evaluated according to the likelihood
that it and the ensuing plant response could lead to severe core damage.

2. If the event or failure had no immediate effect on plant operation (i.e.,if no
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initiating event ocwrred), then the review considered whether the plant would
require the failed items for mitigation of potential severe core damage
sequences should a postulated initiating event occur uuring the failure period.

3. If the event or failure occurred while the plant was not at power, then the
event was first evaluated according to whether it could have occurred while at -

'power or at hot shutdown immediately following power ope.ation. If the -
event could only occur at cold shutdown, then its impet on continued decay
heat removal was assessed.

For each actual occurrence or postulated initiating event associated with an
operational event reported in an LER, the sequence of operation of various mitigating _
systems required to prevent core damage was considered. Events were selected and
documented as precursors to potential severe core damage accidents (accident sequence
precurson) if they included one of the following attributes that impacted core damage
sequences:

an unexpected core damage initiator (such as a LOOP, steam line break, or-

small-break LOCA);

a failure of a system (all trams or a multiple train system) requin d to mitigate.

the consequences of a core damage initiator;

concurrent degradation in more than one system required to mitigate the -.

consequences of a core damage initiator, or

a transient or LOFW with a degraded mitigating system;+

and if the conditional probability of subsequent core damage (described later) was at least
1.0 x 10-6,

Events oflow significance are thus excluded, allowing the reader to concentrate
on the more important events. Tnis approach is consistent with the approach used to -
define 1987-1990 precursors, but is different from earlier ASP reports, which addressed
all events meeting the precursor selection criteria, reganiless of conditional core damage _ |
probability.

Events that occurred in 1991 ivere only reviewed for precursors if they satisfied
an initial significance screening. This approach, which _was similar to that used in the
review of 1988-1990 events, eliminated many insignificant events from review and'

permitted come increase in the amount of documentation provided for precursors. Two
approaches were used to select events to be reviewed for precursors.

LERs were reviewed for precursors if they were identified as significant by.

g

|

!
._ ~_ __ . __- - . ._ -
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NRC's Office for Analysis and Evaluation of Operational Data'(AEOD). AEOD'so

screening process identifies operating occurrences involving, in part:

violation of a safety limit:a

an alert or higher emergency classification:.

an on-demand failure of a safety system (except surveillance failures);.

events involving unexpected system or component performance with serious.

safety significance or generic implications;

events where improper operation, maintenance, or design causes a common-.

mode / common-cause failure of a safety system or component, with safety

significance or generic implications;

safety-significant system inteWs;.

events involving cognitive hm.au errors with safety significance or generic
'

.

implications;

safety-significant events involving earthquakes, tornadoes, floods, and fires;.

;;

a scram, transient, or engineered safety features (ESP) actuation with failure.
,

or inoperability of requisrd equipment;

on site work related or nuclear-incident-related death, serious injury, or.

exposure that exceeds administrative limits; r

unplanned or unmonitotec' releases of radioactivity, or planned releases that-

exceed Technical Specificanon limits; and

infrequent or moderate frequency events.-

AEOD-designated significant events also involve operating conditions, where a .

|- - failure or accident has not occurred but where the potential for such an event is identined.

In addition to review if they were identified as significant by AEOD, LERs were
'

also reviewed if they were identified'through a computerized search using the Sequence -
Coding and Search System (SCSS) data base of LERs _ -.This computerized searc_h- -

identified LERs potentially involving (1) failures in plant systems that provided thel
protective functions described earlier and (2) initiating events addressed in the ASP
models. -Ilased on a review of the 1984-87 precursor evaluations, this computerized

.

.

search successfully_ identifies almost all precursors within a subset of approximately one-

quarter of all LERs.

- - . . - . . - - - - _ _ - - ._. .
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While review of LERs identined by AEOD and through the use of SCSS is
expected to identify almost all precursors, it is possible that a few precursors exist within
the set of unreviewed LERs. Some potential precursors, which would have been fotind ; -

if all 1991 LERs had been reviewed, may not have been identified. Because of this (plus
modeling changes that impact precursor probability somewhat),it should not be assumed
that the set of 1988-91 precursors is consistent with precursors identined in 1984-87.

Following AEOD and SCSS computerized screening,616 LERs from 1991 were
reviewed for precursors. Twenty-seven operational events with conditional probabilities
of subsequent severe core damage 21.0 x 104 were identined as accident sequence
precursors.

Individual failures of boiling-water reactor (BWR) high press Te coolant injection -

(IIPCI), high-pressure core spray (HPCS), and reactor core isolation cooling (RCIC)
systems (all single-train systems), and trips and LOIAVs without additional mitigating-
system failures were not selected as precursors. The impact of such events was
determined on a plant class basis. The results of these evaluations are provided in,

Appendix A.

In addition to accident sequence precursors, events involving loss of containment
functions [ containment cooling, containment spray, containment isolation (direct p.,ths to
the environment only), and hydrogen control] were identified in the review of 1991
LERs. Other events that were not selected as precursors but that provided insight into
unusual failure modes with the potential to compromise continued core cooling are also
identified. Events identified as precursors are documented in Appendix B; the remaining
events are documented in Appendix C.

2.2 Estimation of Precursor Signiftfad .
_

Quantification of accident sequence precursor significance involves determination
of a conditional probability of subsequent se"ere core damage given the failures observed
during an operational event. This is estimated by mapping failures observed during the
event onto the ASP event trees, which depict potential paths to severe core damage, and
calculating a conditional probability.of core damage through the use of event tree branch --
probabilities modified to reflect the event. The effect of a precursor on' event tree

. branches is assessed by reviewing the oprational event specifics against system design
infomtation and translating the results of the review into a revised conditional probability..
of system failure given the operational event.

In the precursor quantification process, it is assumed that the failure probabilities
for systems observed failed during an event are equal to the likelihood of not recovering
from the failure or fault that actually occurred.- Failure probabilities for systems observed
degraded during an operational event are assumed equal to the conditional probability that

_ _

- . -
.

_
_

__-__.___.._-m.__
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the system would fail (givei. that it was observed degraded) arid the probability that it
would not be recoveied within the required time period. The failure probabilities
associated with observed successes and with systems unchallenged during the actual
occurrence are assumed equal to a failure probability estimated from either system failure
data (when available) or by the use of system success criteria and typical train and
common-mode failure probabilities, with consideration of the potential for recovery. The
conditional probability estimated for each precursor is useful in ranking because it
provides an estimate of the measure of protection against core damage remaining once the

observed failures have occurred.

Because the frequencies and failure probabilities used in the calculations are
derived in part from data obtained across the LWR population, the conditional probability _

estimated for a precursor may not be equivalent to the actual probability of severe core
damage associated with the event at the reactor plant at which it occurred. The
probabilities calculated in the ASP study are homogenized probabilities considered
representative of probabilities resulting from the occurrence of the selected events at
plants representative of the plant class.

The ASP calculational process is described in detail in Appendix A. This
appendix documents the event trees used in the 1988-1991 precursor analyses, changes
to these trees from prior years, the approach used to estimate event tree branch and
sequence probabilities, and example calculations, as well as provides probability values
used in the calculations. The overall precursor selection process is illustrated in
Fig. 2.1.

2.3 Documentation of Events Selected as Accident Sequence Precurson

Each 1991 precursor is documented in Appendix B. A description of the
,

operational event is provided along with additional information relevant to the assessment
of the event, the ASP modeling assumptions and approach used in the analysis, and
analysit results. Two figures are also providd that (1) visually describe the dominant
core damage sequence postulated for the event and (2) provide a graph of the relative
significance of the event compared with other potential events at the plant.

An additional item, the conditional core damage calculation, documents the
calculations perfomled to estimate the conditional core damage probability associated whh
the precursor and includes probability summaries for end states, the conditional
probability for the more important sequences, and the branch probabilities used. Copies
of the LERs relevant te the event are also provided.

Appendix C int ades similar documentation for other events selected in the ASP
Program (containment-related and other events). No probabilistic analysis is performed
on these events.
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| LIRs ruptrmg review |
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4

Figure 2.1 ASP analysis process -
s.
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2.4 Inhul;ttiennLSrketed Events

The 1991 events selected as accident <>equence precursors are listed in Table 2.1. .

|
"Ihe precursors have been nrranged in numerical order by plant docket and LER numbers,
and the following information is included:

1. docket /LER number associated with the event (DOC /LER NO);

2 date of the even'(E DATE);

3. a brief description of the event (DESCRil'IlON);
4. plant name w here the event occurred (r>LANT);

5. abbreviations for the primary system and component involved in the event
(SY, COMPl.

O, plant operating status at the time of the event (O);

7. discovery method associated with the event (operational or testing) (D):
8, whether the event involved human error (E);

ge (in years) of the plant from criticality at the time o' ''c event (AGE);9. a

10, condiilonal probability of potential severe core damat,. associated with the
event (CDPROll);

1 1.' plant power rating, type, vendor, architect-engineer, and licensee (RATE,
T, V, AE, OPR); 1

12. plant criticality date (CRITICAL); and
13. initiator associated with the event or unavailability it no initiator was

involved (TRANS).

The information in Tabic 2.1 has been sorted in several ways to provide"

additional perspective.

Inbk Sorted by

2.2- Plant name and LER number
)

2.3 Event date

2.4 Initiator or unavailability

2.5 System

2.6 Component
i 2.7 . Plant operating status

2.8 Discovery method

2.9 Conditional core damage probability

2.10 *)lant type and vendor

2.11 .< ditect. engineer _;

2.12 Operating utility _.

Abbreviations used in each table (Tables 2.1 - 2.12) are defined in Table 2.13.

;

_ . _ _ _ _ _ _ _ _ . - _ _ , . , _ . . . . . _ . -
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2.5 Potentially Significant thents That Con]d Not De Analvred
:

A number of Ll!Rs identified as potentially significant were considered |
impractical to analyre. !!xamples of such events include component degradations where ,

'

the extent of degradation could not be determined (for example, biological fouling of
room coolers) or where a realistic estimate of plant response could not be made (for j

example, high energy line break concerns), Other events of this type include cable
routing not in accordance with Appendix R requirements for fire protection, andi

inoperability of flood barriers. For both of these situations, detailed plant design
infannation, and preferably an existing fire or flood PRA analysis, are required to i

reasonably estimate the significance of the event.

; For many evenis classified as impractical to analyze, an assumplica that the
impacted component or function was unavailable over a 1-yr period (as would be donc
using a bounding analysis) would result in a conclusion that a very significant condition
existed. This conclusion was not supported by the specifies of the event as reported in
the LliR or by the limited en};ineering evaluation performed in the ASP Program. A
reasonable estimate of rignifkance for such events rrquires far more analysis resources
than can be applied in the ASP Program.

Brief descriptions of events considered impractical to analyze are pmvided in .

Appendix D.
2.6 PeltnLiaLSmitres of l'rror

As with any analytic procedure, the availability of information and modeling
assumptions can bias results. In this section, several of these potential sources of error
are addressed.

1

1. Evaluation ofonly a subset of1991/ERs. For 1969 81 and 198487, all
Ll!Rs reported during the year were evaluated for precursors. For 1988 91, only a

|
subset of LIIRs were evaluated in the ASP Pmgram following a computerized search of
the SCSS database and screening by NRC personnel. While this subset is believed to
include most serious operational events, it is possible that some events that would
nonnally be selected as precursors were missed because they were not included in the
subset that was screened.

L. 2 Inherent biases in the selection process. - Although the criscria for
identification of an operational event as a precursor are fairly well defined, the selection.
of an LliR for initial review can be somewhat judgmental, even though criteria for that
selection are established. I! vents selected in the study were more serious than most, so
the majority of the LliRs selected for detailed review would likely have been selected by
other reviewers with experience in LWR systems and their operationi llowever. ame
differences would be expected to exist thus, the selected set of precursors should ns.. be
considered unique.

_ _ _ _ .~. _ , _ . . _ . _ _ _ - . - _ _ _ _ . ._. -_ __._-_--_--___u
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3. lack ofappropriate inthimation in the LER. *lhe accur.\cy and completeness j

of the LliRs in reflecting pertinent operationalinfonnation is questionable in some cases. !

'

Requirements associated with Ll!R reporting (i A,10 CFR $0.73), plus the approach to
event rep <nting pmeticed at panicular plants, can tesult in variation in the extent of events i

reponed and repor details among plants. Although the revised LliR rule has reduced the
,

variation in reported details, some variation still exists. In addition, only details of the !

sequence (or partial sequences for failures discovered during testing) that actually
occuned are usually provided; details conceming potential alternate sequences ofinterest.

in this study must often be infened.

| 4. Accuracy of the ASP models andprobability data. 'lhe event uees used in the ,

analysis are plant. class specific and reflect differences between plants in the eight plant '

classes that have been defined. While major differences between plants arc iepresented in i
Ithis way, the plant unlels utilized in the analysis may not adequatel', c.flect all important'

dif ferences. Known problems concern the representation of high pressure injection for
some PWRs, long-term decay heat removal for llWRs, and AC power recovery
following a LOOP and battery depletion (station blackout issues). Modeling
improvements that address these problems are being pursued in the ASP Progran. ;

llecause of the sparseness of system failure events, data from many plants must
be combined to estimate the failuie probability of a muhi train system or the frequency of

;

low and modemte frequency events (such as LOOPS and small break LOCAs). Ih cause !

of this, the modeled response for each event wl;l tend toward an average response for the
plant class. If systems at the plant at which the event occurred are better or worse than
average (this is difficult to ascertain without extensive operating experience), the actual
conditional probability for an event could be higher or lower than that calculated in the
analysis.

5. IMfficulty in determining the potentialfor recovery offalls d equipment. ;

Assignment of recovery credit far an event can have a significant impact on the '

assessment of the event. The approach used to assign recovery credit is described in
detail in Appendix A. The actual likelihood of failing to r:ccover from an event at a
panicular f.lant is difficult to assess and may vary substantially from the values cunently '

used in the ASP analyses. This difficulty is demonstrated in the genuine differences in
opinion among analysts, operations and maintenance personnel, etc., concerning the
likelihood of recovering from specitic failures (typically observed during tesung) within a
time period that would prevent core damage following an actual ini'iating event.

'

Programmatic constraints have prevented substantial efforts H estimating actual !

recovery class distributions. The values currently used were ds .cloped ba&d on a :

review of recovery actions during historic events,'in addition to connieration of human -

enor during recovery. These values have been reviewed both witHn :md out.ide the

!
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ASP Pmgram, While it is acknowledged that substantial uneenainly exb,ts in them, they !
me telieved adequase for ranking purposes, which is the piimary goal of the eunent :

precursor calculations. This assessment is supported by the sensitivity and uncertainty
calculations thicumented in the 198041 tepon 1 These calculations demonstrated only a
small impact on the relative ranking of events from changes in the numeric values used 6-

ifot each recovery class.
!

6. Assumption of a 1 month test interval. The core damage probability for
precursor . involving unavailabilities is calculated based on the exposure time associated f

with the event. For failmes discovered during testing, the time perialis related to the test
interval. A test interval of 1 month was assumed unless another interval was specified in .

the LliR.

If the test interval is longer th.,n this, on the average, for a particular system, then
the calculated pn3bability v/ill be lower than that calculated using the actual test interval.
thamples of longer test intervals would be situations in which (1) system valves are ,

operated monthly but a system pump is only started quanerly or (2) valves are partially
stroked monthly but fully operated only during refueling. Conversely, more fiequent
testing will result in a higher calculated failure probability than that calculated using the
actual, shorter test intcrval. (Test interval assumptions can also impact system failure
probabilitics estimated from precursor events, as described in Ref,1.)

2.7 Rdrfrnte

1. W. IL Cottrell, J. W. Minatick, P. N. Austin, E. W. llagen, and J. D. Ilanis,
Martin Marietta Energy Systems, Inc., Oak Ridge Natl, Lab., and Science *

Aprilentions International Corp., Precursors to Potential Severe Core Damage
Arndents.1980.S1, A Status Report, USNRC Repon NUREG/CR+3591, Vols,
I and 2 (ORNIJNSIC-217/V1 and V2), July 1984.' !

_

|

* AvailaNe foTpun hase fram National Technical Infonnation Service, Springfiehl, Virginia 7216L
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'lh~s sluptes stoanuti/es u sults of the 1991 ellott. The piiinaty sesult of the.

ASI' Progs nu for 1991 is the identiheation of operational events satisfying one o' the
three precursor selection (iitesia: a cose danuge initiato: 1equiring safety system
respanse, the f ailu:e of a syst(m lequiteil to tuiti" ate the consequences of a cote damage.

ini iator, or degratLlion of uu . thim one system tequite ', far initigation. These eventst

ale dL*"utnCnted in Appel"lis ".I1 1 M enty= seven such events Wele idelltified foi l991.

llecause of the changes in the plant imxich used in the analysis of 1988 91
events,its 'he evabaden ni only a postion of 19911.lill.s by the project team (at
described in section 21), & set of 1991 pieeursois may lie dif ferent from the set that -

wouh! have sesuhed if the 19S.147 plant nnxiels had tren used and if all 1991 I hits had
been seriewed. These dificiences may bias comparisons between resulta for 1988 o1
and 198187. llecause of this, only limited observations ate provided bescin. P,tfer to
the l';86 and 1987 precursor repu tsu for a diseuuion of observations for 1984 86 and
1987 events.

3.1 llFPunanthentiwn

Thirteen precursors with conditional cose damage probabilities equal to or greater
than 104 weie identified for 1991. livents with such conditional probabilities have
naditionally been considescd significant in the ASP Prognuo.1 or 1991, these events
include:

At Yankee 1(ou (1. lilt 029/91002), offsite power was lost because of a
lightning strike. As a result of the hghtning, fuses for the nonnal DC supplies to luth

'

120 VAC instrument bus invertens blew, lloth inverters transferred to their alte nate -

eme gency diesel georiator (filXi) sources. Ilowever,if the !!DGs had failed,120 VAC
instruoent pawer wouhl also have been lost.

At Oconec (1. lilt 269/91-010), analysis of inaximum letdown storage tank
pressure detettnined that hydrogen in the tank would enter the high pressute injection
(llPI) pump suctions and gas bind the pumps for small 1.OCA scenarios involving the
faihue of a horated water storage tank (llWST) outlet valve to open. This problem has
attected eat h Oconee unit since criticality.

Ai Ver nunt Yankee (LI!!< 271/91009), a loss of offsite power (1,00P) occurred
durmg swits hyard maintenance activities. Itecovery of olfsite power, which taok ~13 h,
was complicated by conununications and organi/ational difficulties and travel time for
support personnel from Provi:!cnce, RI.

At l'each llottom 3 (1.l!R 278/91-017), improperly installed insulation on the

i

. _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - _ _ - _ - - -_
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automatic depresstuitation system ( ADS)/ safety relief valves (SitVs) resulted in danuge
to the SRV control wiring and SRV unavailability under conditions of Hph containment

,

temperatvies, This condition existed throughout the scrueling cycle; high-pressure
oxdant injection (llPCI) v;as unavailable for significant periods of time dnting this
interval as well. .

At Pilgiim (Lillt 293/91024), a LOOP occurred 21/2 h af ter the plant was shut |
down during a stonn, RCIC tripped twice Guing mitigation of the 1.OOP, One of these |
trips was caused by a trip of the RCIC invester when an RilR pump was staited. Start of
the RilR pump caused an AC voltage transient, which in turn caused a DC voltage

'

transient because of poor battery charger regulation. The DC voltage transient exceeded
;he inverter overvoltage setpoint and tripped the ?nverter.

.

At Wen 2 (Ll!R 301/91002), multiple deluge system actuations sprayed a station
auxiliary transfornvr ed resulted in a I.OOP. One !!!XI was ou of service for
maintenance at the time of use cve..t. In addition, feed and bleed capability was degraded
when one power-operated rehef valve (PORV) tvas unavailable because of a failed air
line.

At Millstone 2 (1.l!R 336/91-009), both I!DGs were found to exhibit erratic load

control, a result of either a resistance change in the " droop" potentiometers in the
electmnic governor controls or contaminated oil in the hydraulle attuator units. '

At Arkansas Nuclear One, Unit 2 (Ll!R 368/91012), criors during traveling
screen maintenance caused signineant quantities of debris to carry over inio the service
water (SW) pump suction pits Pemp discharge strainers became fouled, resulting in
inoperability of luth SW trains.

At McGuire 1 (LIIR 369/91-001), errors and equipment failures during -

installation of new switchyard relay protecth3n resulted in the opening of all switchyant
breakers connecting the unit to the grid, An excessive cooldown rate resulted in safety -

injection (SI) actuation and main ste,. 7 isolation valve (MSIV) closure.

At liruris (Ll!R 400/91008), relief valves and associated pipitg in the alternate
minimum recirculation lines for the llPI pumps, whleh are used following Si, wcre

_

found failed llad high head Si been demanded, sufficient flow would have been
-diverted to fail the injection function and also cause loss of emergency sump inventory

'

during high pressure recirculation (llPR).

At Nine Mile Point 2 (LliR 410/91-017). a main transformer fault caused a
tuibine trip and reactor scram, Following the transforme: fault,- five uninterrujitible
power supplies deenergired, removing power from nonsafety-related instrumentation and -
equipment and affecting rod position indicators, control room annunciators, lighting, and

,
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conununications systems. Since tod position indication could not be verified, ADS was
inhibited. Two of three trains of the low-pressure coolant injection (LPCI) system were
initially unavailable, having previously been removed Dom service for maintenance.

At Millstone 3 (1.1111423f>1-01!), relief valves in the high pressme Si systeni
were found to lift at a pressure only slightly above normal operating pressures.
Perturbations in system pressure, including those resulting hom operation at minimum
flow conditions, would result in lifting the valves. Flow from the relief valves could
result in a loss of ~160 rpm in injection flow. In addition, flow from these valves would
tesult in tbc loss of emergency sump inventory outside containment after switchover to
llPit.

_

At Perry 1 (1.1111440f)l 009), both !!DGs failed their surveillance test. One liDG
failed because its field contactor failed to close. 'the second liDG failed to synthtunire to

the grid because of governor speed control problems.

3.2 NumbrLnErrcutwrildent'!kdL

Twenty-seven precursors (p(core damage) 210*] were identified in 1991. The
distributior, of precursors as a function of conditional probability is shown in Table 3.1.
'this distribution compares as follows with events identified in 1988-90:

Number of precursors

p(cd)210 pled)210 '' p(cd)%10 64

198S 7 21 32

'

PISV 7 18 M
..

1990 6 * 17 ** 28 **

1991 13 21 27

' including one event at cold shutdown
* * including two events at cold shMdown

As can be seen in Table 3.1,8 of the 13 precursors with p(ed) 2104 selected for
1991 are PWit evt 'ts. This is roughly equivalent to the fraction of each type in the U.S.
1.Wil population. This differs f rom the resuhs for 1988-90, w here almost all of the more
significant evnts xcurred at PWits. For all 1991 precursors,9 were associated with
itWits and I8 with PWits, also roughly equivalent to the fraction of each type of plant in
the U.S. LWit population.

. .
.

_
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'lable 3.1. Precmsors for 1991 ranted liy order of magnitude4

Cond!!ional
probability Events tanled by wmhtional probability of
unge subsequent core d.unage

!

10-1 to 1 None

10 2 to jo-1 gone

104 to 10 2 liigh-head $1 unavailable at lla:ris due to failed relief valves and
awocated piping in the minimum recirculation Oc,w lines used
during SI (,100/9Idos).

10"8 to 10 3 LOOP at Yankee Rowe and failure of DC fuses to the 120 VAC
instrument bus _ inverters because of a lightning strike (029N1
(X12).

Potential for gas binding of the llPI pumps with hydrogen from
the letdown storage tank on all three Oconce units for small.
break LOCA scenarios with failure of a borated water storage
tank (llWST) isolation valve to open (269N1-010].

LOOP at Vermont Yankee with delayed recovery caused by
commumcations and organization dilficulties and travel time for
support personnel (27IN1-009).

Improperly installed insulation on ADS valses at Peach Bottom
3 resulted in damaged control wiring and valve inoperability '

under certain contairunent conditions (278N1-017). !

'

LOOP at Pilgrim with a subsequent RCIC inverter trip caused
by nn electrical system disturbance when an RiiR pump was
started (293N14)24).

LOOP at Zion 2 when a deluge system sprayed a transformer.-
One EDG was out of service for maintenance and one PORV was
failed, which degraded feed and bleed (Bl#14X)2).

Unavailability of both EDGs at Millstone 2. Both EDGs
exhibited erratic load control (336N1-009). ,

Loss of service water (SW) at Arkansas Nuclear One, Unit 2. '

Ettors during traveling screen maintenance resulted in debris
clogging both operating SW pump strainers (368N1012). .

. .

*

LOOP at McGuire 1 (369N11001).

Failure of five uninterruptible power supplies at Nine Mile Point -
~

2 following a transformer fault and scram, resulting in loss of
rod position indication, control room armanciators, lighting, and
communications. Because nxi position could not be verified, " '

- ADS was inhibited 01081-017).

5

'

. .,n- ,:-,. , . - - -.,v,w--v --w..no e-.e ----,w,. = ,..,r ,-nn-~,--ve-v.,,nw.n..vr- , .a n,- v -w or r. mw,,- . - - - , - - - - -, , , -
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Relief valves in the high prewure Si systern at Millstone 3 were
found to hft at nortnal system pressures, flow through the relief
valves could result in loss of injection and would result in loss
of emergency surnp inventory outside containment (423N1-011),-

lloth !!DG5 failed surveillance testing at l'ary due to unretated
causes (440N1409).

$ o 104 H events10 t

10 6 to 10 5 6 events
'

3.3 Likelv Sequences

Precursors with conditional probabilities of 2104 hat were identified for 1991t

were reviewed to detennine the most likely core damage sequences associated with each ! ,
6

event. These sequences inglude the observed plant state plus additional postulated
failures, beyond the operational event, required for core damage. For the events that i

occurred or could have occurred at power and with core damage probabilities
210 , the following dominant core damage sequences were identified:4

PWRs Small-break LCCA with failure ofIIPI
Small break LOCA with failure ofIIPR .

LGOP with failure of secondary-side cooling and feed aad bleed
LOOP with failure of emergency power, a resulting RCP seal LOCA, and

failure to recover AC power prior to core uncovery
_

*LOOP with failure of emergency power and failure to recover AC power
,

prior to battery depletion

DWRs LOOP with failure of emergency power and failure to recover AC power
prior to battery depletion

'

Smah-break LOCA'with failure ofIIPCI and ADS
LORV and failure of long-tenn core cooling

3.4 EricEncis

1. J. W. Minarick et al., Martin Marietta Energy Systems, Inc., Oak Ridge Natl.
Lab.,'_and Science Applications international Corp., Precursors to Potential
Severe Core Damage Accidents; 1986, A Status Report, USNRC Report
NUREG/CR-4674 (ORNIJNOAC 232, Vols. 5 and 6), May 1988.*

2. J. W. Minarick et al., Martin Marietta Energy Systems. Inc.,' Oak Ridge Natl.
Lab.; Science App"catiens International Corp.: and Professional Analysis,Inc.;.
Precursors to Potential Severe Core Damage Accidents: 1987, A Status Report,
USNRC Repon NUREG/CR;4674 (ORNt/NOAC-232, Vols. 7' and 8), July ,

1989.* ,

* Available for purchase from National Technical Infonnation Sersice, Springfield. Virginia 22161,

.a.-__-.-. .=- - . . . - . - . - - . - - . . - - . - . .. . . . - - . , -
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GI OSS AlW

Accident. An unexpected event (frequently caused by equipt.ient failure or some
misoperation as the result of human error) that has undesirable consequences.

Accident sequence precursor. A historically observed e' .nent or condition in a
postulated sequence of events leading to some undesirable consequence. For
purposes of the ASP Study, the undesirable w. 7quence is usually severe core
damage. The identification of an operational event as an accident wquence
precursor does not of itself imply that a significant potential for severe core -
damage existed. It does mean that at least one of a series of protective features
designed to prevent core damage was compromised. The likelihood of severe
core damage, given an accident sequence precursor occurred, depends on the
effectiveness of the remaining protective features and,in the case of precursors
that do not include initiating events, the probability of such an initiator.

Availability. The characteristic of an item expressed by the probability that it will be
operational on demand oc at a randomly selected future instant in time.

Conunon-causefailures. Multiple failures attributable to a common cause.

Common mode failurcs. Multiple, concurrent, and dependent failures of identical
equipment that fails in the same mode.

Components, items from which equipment trains and/or systems are assembled (e.g.,
pumps, pipes, valves, and vessels).-

Conditionalprobability. The probability of an outcome given certain conditions exist.

Core damage. See severe core damage.

Core-mcit accident. An event in a nuclear power plant in which core materials melt.

Coup /cdfailure. A common-cause or common-mode failure of more than one piece of-
equipment. - See common-causefailures and common-modefailures.

Dcgraded system. A system with failed components that still meets minimum operability -
standards.

Demand. A test or an operating condition that requires the availability of a component or
a system. In this study,a demand includes actuations required during testing and
because ofinitiating events. One demand is' assumed to consist of the actuation of :

all redundant components in a system, even if these were actuated sequentially (as
is typical in testing multiple-train systems).

__. - _ _ _ _ _ .
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!Dernandfailure. A failure following a demand. A demand failure may be caused by a
failure to actuate when trquired or a failure to run following actuation. |

'

Dependentfailure. A failure in which the likelihood of failure is influenced by the failure
of other items. Common cause failures and common-mode failures are two types

of dependent failures.

Dominant sequence. The sequence in a set of sequences that has the highest probability i
'

of leading to a common end state.
i

Emergency-corc-cooling system. Systems that provide for removal of heat from a reactor
*

following either a loss of nomul heat removal capability or a 1,0CA.

Enginected sq/cty/catures. Equipment and/or systems (other than reactos trip or those
used only for normal operation) designed to prevent, limit, or mitigate the release .

of radioactive material. ;

.

Event. An abnormal occunence that is typically in violation of a plant's Technical-
Specifications. .

Event sequence. A particular path on an event tree.

Event tree. A logic model that represents existing dependencies and combir,ations of
actions required to achieve defined end states following an initiating event.

Fallure. The inability to perfonn a required function, in this study, a failure was
considered to have occurred if some component or system perfonned at a level

below its required minhnum perfonnance level without human intervention. The
likelihood of recovery was accounted for throut,h the use of recovery factors.
See recoveryfactor.

Failure probability. He long tenn frequency of occurrence of failurec of a component,
system, or combination of systems to operate at a specified performance level

- when required. In this study, failure includes both failure to start and failure to
operate once started.

Failure rate. The expected number of failures of a given type, per item, in a given thi ?
interval (e.g., capacitor short-circuit failures per million capacitor hours).

Front.llne system. A system that directly provides a mitigative function included on the
event trees used to model sequences to an undesired end state, in contrast to a

support system, which is required for operability of other systems.

Inunediately dctccrable. A failure is considered to be immediately detectable ifit results in

|

L
i
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a plant response that is apparent at the time of the ft. Nre.

Independent. Two er more entities are said to be independent if they do not exhibit a
common failure nnie for a panicular type of event.

Initial criticality. The date on which a plant goes critical for the first time in first-cycle

operation.

Initiating event. An event that starts a trans.ent response in the operating plant systems.
In the ASP study, the concern is only with those initiating events that eculd'

potentially lead to severe core damage.

'nscc Event Reports. Those reports submitted to NRC by utilities who operate _

nuclear plants as described in NUREG-1022. LERs describe abronnal operating
occurrences at plants where, generally, the Technical Specifications have been

violated.

Multiple failure events. Events in which more than one failure occurs. These may
involve independent or dependent failures.

Operational event. An event that cecurs in a plant and generally constit es a reportable
occurrence under NUREG-1022 as an LER.

l'ostulated event. An event that may happen at some time in the course of plant life.

I'orential severe core damage. A plant operating condition in which, following an
initiating event, one or more protective functions fail to meet minimum operability
requirements over a period sufficiently long that core damage could occur. This
condition has been called in other studies " core melt," " core damage," and " severe

'

core damage," even though actual core damage may not result unless further
degradation of mitigation functions eccurs.

Precursor. See accident sequence precursor.

Reactorycars. Tne accumulated total number of years of reactor operation. For the ASP
study, operating time starts when a -eactor goes critical, ends when it is
permanently shut down, and includes all intervening outages and plant
shutdowns.

'J

Recoveryfactor (recovery class). A measure of the likelihoo? of not recovering a failure.
Failures were assigned to a narticular recovery class based on an assessment of
likelihood that recovery would not be affected, given event specifics. Ccnsidered
in the likelihood of recovery was whether such recovery would be required in a
moderate- to high-stress situation following a postulated initiating event.

. ..

-

-
- _ _ _ . .
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Redundant equipment or system. A system or some equipment that duplicates the
essential function of another system or other equipment to the extent that either
may perfonn the required function regardless of the state of operation or failure of

the other.

Reliability. He characteristic of an item expressed by the probability that it will perform
a trquired function under stated conditions for a stated period of time.

Risk. A measure of the frequency and severity of undesired effects.

Scruitivity analysis. An analysis that deten..ines the variation of a given function caused
by changes in one or mort narameters about a selected reference value.

-

Sercre core damage. The result of an event in which inadequate core cooling was
provided, resulting in damage to the reactor core. See parential severe core
damage.

Technical Specifications. A set of safety-related limits on process variables, control
system settings, safety system settings, and the performance levels of equipment
that are meluded as conditions of an operating license.

Unavailability. The probability that an item or system will not be operational at a future
instant in time. Unavailability may be a result of the item being tesed nr may
occur as a result of malfunctions. Unavailability is the complement of
availability.

d

Unit. A nw car steam supply,its asst.ciated turbine generator, auxiliaries, and liSFs.

_

h
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Appendix A

ASP MODELS

Note: The models used in the analysis of 1991 precursors are the same as
those used for 1989-90 precursors. Infonnation concerning txith the ASP
modeling approach and tne event trees is included in this report for the
convenience of the reader.

This appendix provides infonnation concerning the methods and models used to
estimate event significance in the Accident Sequence Precurser (ASP) Program.

A.I. herursor Sienificance Estimation __

Quantificuion of accident sequence precursor significance involves determination
of a conditional probability of sutuequent severe core damage givta the failures observed
during nn operational event. This is estimated by mapping failures observed during the
event onto event trees depicting potential paths to severe core damage and calculating a
conditional probability of core damage through the use of event tree branch probabilities
modified to reflect the event, in the quantification processes,it is assumed that the event
tree branch failure probabilities for systems observed failed during an event are equal to
the likelihood of not recovering from the failure or fault that actually occurred. Event tree
branch failure probabilities for systems observed degraded during an operational event
are assumed equal to the conditional probability that the system would fail (given that it
was observed degraded) and the probability that it would not be recovered within the
required time petiod. Event tree branch failure probabilities used for systems observed to
be successful and systems unchallenged during the actual occurrence are assumed equal
to a failure probability estimated from either system failure data (when available) or by the
use of system success criteria and typical train and common-mode failure probabilities. -

The conditional probability estimated for each precurmr is useful in ranking because it
provides an estimate of the measure of protection against core damage remaining once the
observed failures have occurred.

ASP Event Tree Models. Models used to rank precursors as to significance
consist of plant-class specific event trees that are linked to simplified plant-specific
system models. These models describe mitigation sequences for three initiating events: a
nonspecific reactor trip [which includes loss of main feedwater (LOFW) within the
modelJ, loss of offsite power (LOOP), and small-break loss-of-coolant accident (LOCA).
The event tree models are system based and include a raodel applicable to each of eight
plant classes: three for boiling-water reactors (BWRs) and five for pressurized-water
reactors (PWRs).
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Plant classes are defined based on.the use'of similar systems in providing ;

protective functions in response to transients, LOOPS, and small break LOCAs. System .

designs and specine nomenclature may differ among plants included in a particular class;
,

but functionally, they are similar in response. Plants whe:e certain mitigating systems do
not exist, but which are largely analogous in their initiator response, are grouped into the
appropriate plant class, in modeling events at such plants, the event tree branch
probabilities are malified to reflect :he actual systems available at the plant. For
operational events that cannot be described using the plant-class specific event trees,

'

unique nodels are developed to describe the potential sequences to severe core damage.

liach event tree includes two undesired end states. The undesired end states are
designated as (I) core damage (cd), in w hich inadequate core cooling is believed to exist;
and (2) anticipated transient without scram (ATWS), for the failurc+to. scram sequence.
The end states are distinct; sequences associated with ATWS are not subsets of core
damage sequences. The NIWS sequence,2f fully developed, would consist of a number
of sequences ending in either success or core damage. Successful operation is designated
"ok"in the event tiees included in this appendix.

nrcuncLinerten I! vent Trrd!ntaches The effect of a precursor on event tree
- branches is assessed by reviewing the operational event speci6es against system design
infonnation and translating the results of the review into a revised conditional prohvity.
of system failure given the operational event. This translation process is simplified in
many cases through the use of train based models that represent an event tree branch. If -
a train-based siiodel exists, then the impact of the operational event need only be
detenoined at the train level, and not at the system level.

Once the impact of an operational event on systems included in the ASP event tree
nulels has been detennined, branch probability values are modified to reflect the event,
and the event trees are then used to estimate a conditional probability of subsequent core -
damage, given the precursor.

Ih11malicanlinitiatintlimithenutacies ituillrnnttlniluttfmbabilitictusnt.

willuhe livent Tree Maids A set of initiating event frequencies and system failure
-

probabilities was_ developed for use in the quantification of the event tree models
'

u associated with the precursors. The approach used to develop frequency and probability

i estimates employs failure or initiator data in the precursors themselves when sufficient
data exists. When precursor data are available for a system, its failure probability is
estimated by counting the effccuve number of nonrecoverable failures in the observation -
period, making appropriate demand assumptions, and then calculating the effective
number of fatiures per demand. The number of demands is calculated based on the
estimated munber of tests per reactor year plus any additional demands to which a system

,

! would be expected to respond This estimate is then multiplied by the number of.
L applicable reactor years in the observauon penod to determine the total number of-
l'
i

I-
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demands. A similar approach is employed to estimate lnitiator frequencies per reactor
year (RY) from observed initiating events.

The potential for recovery is addressed by assigning a recovery action to each
,

system failure and initiating event. Four classes are currently used to describe the-- i

different types of recovery that could be involved:
..

Likelihood of

Recovery class nonrecovery Recovery characteristic

R1 1.00 The failure did not appear to be recoverable in
the required period, either from control room or
at failed equipment.

R2 0.34 The failure appeared recoverable in the required
period at the failed equipment, and the
equipment was accessible; recovery from
control room did not appear possible.

R3 0.12 The failure appeared recoverable in the required
period from control room, but recovery was
not routine or inyolvec substantial operator-
burden.

R4 0.04 The failure appeared recoverable in the regt: ired
.

period from the control room and was
considered routine or procedurally based.

The assignment of an event to a mcovery class is based on engineering judgment,
which considers the specifics of each operational event and the likelihood of not
recovering from the observed failure in a moderate to high stress situation following an

~

initiating event. For analysis purposes, consistent probabilities of failing to recover an
observed failure are assigned to each event in a particular recovery class. It must be
noted that the actual likelihood of failing to recover from a event at a particular plant is
difficult to assess and may vary substantially from the vaiaes listed. This difficulty is
demonstrated in the genuine differences in opinion among analysts, operations and
maintenance personnel, etc., concerning the likelihood of recovering specific failures
(typically observed during testing) within a time period that would prevent core damage
following an actual initiating event.*

* Programmatic constraints have prevented substantial efforts in estimating actual recovery class
distributions. The va|ues currently used were developed based on a review of events with the potential for
shon-term recovery,in addition to consideration of human error during recovery. These values have been
reviewed both within and outside the ASP Program, While it is acknowledged that substantial
uncertaimy exists in them, they are believed adequate for ranking purposes, which is the primary goal of
the currect precursor calculations This' assessment is supported by the sensitivity and uncertainty.
calculaticas documented in the 1980-81 report. These calculations demonstrated little impact on the
relative ranking of events from variance in recovery class values.

,

- _, _ , . . ~ , . -
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The branch probability estimation process is illustrated in Table A.I. Table A.1
r

lists two operational events that occurred in 1984-86 involving failure of steam generator
isolation. For each event, the likelihood of failing to recover from the failure is listed

(Column 3). The effective number of nonrecoverable events (1.04 in this case)is then
divided by an estimate of the total number of demands in the 1984-86 observation perial
(1968) to calculate a failure on demand probability of 5.3 x 10 4

The likelihood of system failure as a result of hardware faults is combined with
the likelihood that the system could not be recovered,if failed, and with an estimate of the
likelihood of the operator failing to initiate the system,if manualinitiation were required,
to estimate the overall failure probability for an event tree branch. Calculated failure
probabilities are then used to tailor the probabilities associated with train-based system
models. Such an approach results in system failure probability estimates that reflect, to a
certain extent, the degree of redundancy actually available and pennits easy revision of

~

these probabilities based on train failures and unavailabilities observed during an
opuational event.

Conditional Probability]mSjaltd with I'acLLPrecursor. The calculation process
for each precursor involves a determination of initiators that must be modeled and their
probability, plus any modifications to system probabilities necessitated by failures
observed in an operational event. Once the branch probabilities that reflect the conditions
of the precursor are established, the sequences leading to the modeled end states (core
damage and ATWS) are calculated and summed to produce an estimate of the conditional
probability of each end state for the precursor. So that only the additional contribution to
risk (incremental risk) associated with a precursor is calculated, conditional probabilitics

for pre,;ursors associated with equipment unavailabilities (during which n ) initiating
event occurred) are calculated a second time using the same initiating event probability but

with all branches assigned normal failure probabilities (no failed or degraded states) and
subtracted from the initially calculated values. This eliminates the contribution for _

sequences unimpacted by the precursor, plus the normal risk contribution for impacted
sequences during the unavailability. This calculational process is summarized in Table
A . 2.

Because the frequencies and failure probabilities used in the calculations are
derived in part from data obtained across the light-water reactor (LWR) population, even
though they are applied to sequences that are plant-class specific in nature, the conditional
probabilities determined for each precursor cannot be directly associated with the
probability of severe core .lamage resulting frorn the actual event at the specific reactor
plant at which it occurred. The probabilities calculated in the ASP study are homogenized
probabilities considered representative of probabilities resulting from the occurrence of
the selected events at plants representative of the plant class.

- - - _ _ - _ - _ _ - _ - _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Ihamnle Calculations. Three hypothetical events are used to illustrate the
calculational pmcess. <

~1. "the first event assumes a trip' and LOFW but no other observed failures -
during mitigation. 'An event tree for this event is shown in Fig. A.I. On '

the event tree, successful operation is indicated by the upper branch and
failure by the lower branch With the exception of relief valve lift, failure
probabilities for branches are indicated. For IIPI, the lowest branch -
includes operator action to initiate feed and bleed. Success probabilities ,

-are _1 - p(failure). Thi: likelihood of not recovering the initiator (trip) is
assumed to be 1.0, and the likelihood of not recovering main feedwater is _ :

'assumed to be 0.34 in this exampic. Systems assumed available were-
assigned failure probabilities currently used In the ASP Program. The
estimated conditional probabilities for undesirabic end states associated
with the event are then:

.

4[1.0 x (1 3.0 x 10 ) x (1 - 9.9 x 104) x 4.0 x 10-2 xpiseq,11]p(cd) =

3.3 x 10-4 x (1 - 8.4 x 104) x 1.1 x 104)

+ p[ seq.12] it.0 x (1 - 3.0 x 104) x (l~- 9,9'x 103) x 4.0 x 10 2 x

3.3 x 104 x 8.4 x 10 4)

+ p[ seq'.13] [1.0 x (1 - 3.0 x 104) x 9.9 x 104 x (1 - 0.34) x 4.0 x
,

10 2 x 3.3 x 104 x (1.0 - 8.4 x'104) x 1.1 x 1001 '

+ plseq._14] + plseq.15] + p[ seq.16] + p[ seq.17]

7.7 x 10 7 -=

|

| p(ATWS) - = piseq.18]
_

3,0 x 10 5=.

2. The second example event involves failures that would prevent high-
_ pressure injection (HPI) if required to mitigate a small break LOCA or if
n: quired for feed and bleed. Assume such failures were discovered
during testing. This event impacts mitigation of a small-break LOCA
initiator and potentially impacts mitigation of a _ trip and LOOP, should.a
transient-induced LOCA occur or should feed and bleed be required upon

loss of auxillary feedwater (AFW) and main feedwater (MFW). The ,

event tree for a postulated small break LOCA' associated with this example

precursor is shown in Fig. A.2. The failure probability associated _with ~
the precursor event (unavailability of IIPI) is assigned based on the

.

4

, . , , ~ - , ,
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likelihood of not recovering from the failure in a 2000 min time frame
(assumed to be 1.0 in this case). No initiating event occurred with the
example precursor; however, a failure duration of 360 h was estimated
based on one; half of a monthly test interval. The estimated small-break
LOCA' frequency (assumed to be 1.0 x 10-6/h in this example),. ;

' combined with this failure duration, results in an estimated initiating event

probability of 3.6 x 104 during the unavailability. The probabilities for
small-LOCA sequences involving undesirable end states (employing the -
same calculational method as above and subtracting the nominal risk

_

during the time interval) are 3,6 x 10-4 for core damage and 0.0 for
ATWS. Note that the impact of the postulated failure on the ATWS
sequence is zero because liPI success or failure does not impact that-
sequence as modeled.

For most unavailabilities, similar calculations would be required using

the trip and LOOP event trees, since these postulated initiators could also - '

In this example, neither of these two initiators contributesoccur.
substantially to the core damage probability associated with the event.

3. The third example event involves a trip with unavailability of one of two
trains of service water. Assumed unavailability of the service water train
results in unavailability of one train of high-pressure injection, high-

'

pressure recirculation, and AFW, all because of unavailability cf cooling
to the respective pumps. In this example, service water cooling of two
motor-driven AFW pumps is assumed. An additional turbine driven
pump is assumed to be self-cooled. Since service water is not explicitly-

<

,

addressed in the ASP event trees, the probabilities of front-line systems

impacted by the loss of service water are instead modified.

Fig. A.3 shows a transient event tree with branch failure probabilities j
'

modified to reflect unavailability of-one train of service water. The
4

likelihoods of not recovering failed front line systems are assumed to be
unchanged, since the failure mechanisms for (observed) non-faulted trains
are expected to|be consistent with historically ' bserved failures. Theo

conditional probability of core damage given the trip and one service water-
train unavailable is 1,1 x 104. If the second train of service water were to

fail, HPI and high pressure recirculation (HPR) (and hence feed and
bleed) would be rendered unavailable; however, the turbine-driven AFW
pump would still be operable, lii this case, the likelihood of not
recovering HPI and HPRLis assumed to be 1.0 until3ervice' water is

: recovered. _ Sequences associated with loss of both service water trains'

increase the core damage pmbability associated with the event. The extent

i(,
- - ~ -- - , _ . . ,
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dof this increase is dependent in PWRs on the' likelihood of a reactor-
'

. cooling pun $ (RCP) seal failure following the loss of service water (since
seal injection and seal cooling would be typically lost). Assuming that the :
conditional' probability of loss of the second service water train is 0.01,
that the likelihood of not recovering service water is 0.34, and that the - !

failure probability of the turbine-driven AFW pump is 0.05i the increase -
#

i icore damage probability is 1.7 x 104 if no RCP seal failure occurs, and -t

,
- 3.4 x 10-3 if the likelihood of seal failure is 1.0.

1

Event Tree Chances from Pre-1988 Event Models. Two changes were made to-
the event trees used in the 1988-91 precursor assessments: ' core vulnerability sequences. !
on trees used for 1984 87 assessments were reassigned as success or core damage-

,

'

sequences, and the likelihood of PWR RCP seal LOCA following station blackout was -
>

cxplicitly modeled. :

In the prior models, the core vulnerability end state was assigned to sequences in
which core protection was expected to be provided but for which no specific analytic -

,

basis was generally available or which involved non proceduralized operator actions.
Core vulnerability sequences were assigned to either success or core damage end states in
the current models, as follows:

Core vulnerability seauence tvoe Revised end state

Stuck-open secondary-side relief valve with a Success ,

failure ofIIPIin a PWR .

Steam generator (SG) depn ssurization and use of condensate Core damage-

system following failure of ARV, MFW, and feed and (except for PWR4

bleed in a PWR Class H)-

| Use of contamment vennng as an alternate core cooling method Core damage- o
L in a BWR -

The net effect of this change is a significant reduction in the complexity'of the.
event trees, with little impact on the relativ6 significance estimated for each precursor.

'

The impact of this modeling change _on conditional probability cstimates for_1987 '

precursors is described in section 3.6 of Ref.1, (Alternate calculations using models-
-with_ the above changes were petfonned on 1987_ events.). As illustrated in.Ref,1,--
modest differences existed- between ! he core damage, core damage plus coret

vulnerability, and revised core damage model conditional probability estimates for most
of the more significant events. -Where differences did exist, the sum of probabilities of
_ core damage and core vulnerability (all non-ATWS undesirable end states in the earlier

~ ~

- models) was closer to the core damage probability estimate'd with the revised models.
-

& _ _ - - . . ._ - . _ .. . . . .
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Three 1987 event's had substantially higher ".4um" probabilities - these events involved

trips with single safety-related train unavailabilities, for which the dominant core
vulnerability sequence was a stuck-open secondary-side relief valve with IIPI failure
(assigned to success in the revised models).

The second modeling change was the inclusion of PWR RCP seal LOCA in
"

blackout sequences. The impact of such a 3eal LOCA on the core damage probability
estimated for an event had previously been bounded by the use of a conservative value
for failure to recover AC pawer prior to battery depletion following a LOOP and loss of

emergency power,

The PWR event trees h.,ve been revised to eddress potential seal LOCA during

station blackout through the use of seal LOCA and electric power recovery branches, as

shown below:

M. INtilN1- 43w 3 g g,g ,a 1} gyg

b KIAllotAll kl31 AT

a
,

3 1 GWhlMhiAGE

2 O *h lMhW & ,

M
,
I 1 O*EIMMAGE

f4 O*E !MMAUb

I
I 1 GWL DAMAGE

6 O *h !MhW M

M
,
I 7 M*h!MMAUH

8 O*h DAMAGE

Two time periods are represented in the sequences in the above figure. Auxiliary-

feedwater, power-operated relief valve / safety relief valve (PORV/SRV) challenge, and
PORV/SRV rescat are short term responses following loss of thci diesel generators. If
turbine-driven AFW is unavailable, or if an open PORV/SRV fails to close, then core
damage is assumed to occur, since no high pressure injection is available as an alternate
means of core cooling or for RCS makeup. SEAL LOCA, EP REC LONG, and 11P1 are ,

branches applicable in the long term. SEAL LOCA represents the likelihood of a seal
_

LOCA prior to restoration of AC power. Eli REC LONG represents the likelihood of not
restoring AC power prior to core uncovery (if a seal LOCA exists) or prior to batteryF
depletion (in the case af no seal LOCA). Once the batteries are depleted. core damage is'
assumed to occur, since control of turbine-driven pumps and the ability to monitor core
and RCS conditions are lost.- IIPI represents the likelihood of failing to provide HPI

i-

, _ _
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following a' seal LOCA to prevent core damage. The ASP models have been simplified
somewhat by assuming that 11PI is always adequate to make up for flow from a failed

'

seal or seals.

'Ite three seal LOCA-related sequences are illustrated in sequences 1,2, and 3.
- In sequence 1, a seal LOCA occurs prior to restoration of AC power, AC power is -
successfully restored prior to core uncovery, but HPI fails to provide makeup flow, in
seqt'ence '1, a seal LOCA also occurs, and AC power is not restored prior to core
uncovery. In sequence 3, no seal LOCA occurs, but AC power is not recovered prior to
battery depletion. The likelihood of seal LOCA prior to AC power restoration and the
likelihood of AC power recovery are time dependent, and this time-dependency is
accounted for in the analysis. A more detailed description of the changes associated with

explicitly modeling RCP seal LOCA is included in Ref. 2.

In addition to elimination of core vulnerability sequences, two other changes were

made to simplify the previously complex BWR event trees:

Failure to trip with soluble boron injection success was previously developed-

in detail and involved a large number of low probability sequences. All
failure to trip sequences are now assigned to the ATWS end state.

The condensate system was previously modeled as an alternate source oflow--

pressure injection water. This use of the condensate system is now
considered a recovery action. This reduces the number of sequences on the
event trees without substantially impacting the core damage probability
estimates developed using the trees. Systems addressed on the event trees for

,

low-pressure injection include LPCS, LPCI, and RHRSW,

A.2 Plant Categorization
!.

Both the 1969-79 and 1980-81 precursor reports (Refs. 3 and 4) used simplified,
functionally based event trees to model potential event sequences. One set of event tres-

- was used to model for PWR initiating events: LOFW, LOOP, small break LOCA, and
steam line break. A separate set of event trees was used to model BWR response to the
same initiators. Operational events that could not be modeled using these " standardized"
event trees were addressed using models specifically developed for the event.

.

It was recognized during the review of the 1969-79 precursor report that plant
designs were sufficiently different that multiple models would be required to more-

- correctly describe the impact of an operational event in different plants. In 1985,
substantial effort was expended to develop a categorization scheme for all U.S. LWRs
that would pennit grouping of plants with similar response to a transient or accident at the

- system or functionallevel, and to subsequently develop eight sets of plant-class specific
event tree models. Much of the categorization and early event sequence work was done

1

1
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at the University of Maryland (Refs. 5 and 6)I The ASP Program has generally
employed these categorizations; however, some modifications have been required te
reflect more closely the specific needs of the precursor evaluations.

in developing the plant categorizations, each reactor plant was examined tox
determine the systems used to perform the following plant functions required in response
to teactor trip, LOOP, and small-break LOCA initiators to prevent core damage: reactor
suberiticality, reactor coolant system integrity, reactor coolant inventory, short-tenn core
heat removal, and long-term core heat removal.

Functions related to containment integrity (containment overpressure protection
and containment heat removal) and post-accident reactivity removal are not included on
the present ASP event trees (which only concern core damage sequences) and are not
addressed in the categorization scheme.

For each plant., systems utilized to perform each function were identified. Plants
E were grouped based on the use af nominally identical systems to perform each function;

that is, systems of the same type and function without accounting for the differences in-
the design of those systems.

Three BWR plant classes were defined. BWR Class A consists of the older
plants, which are characterized by isolation condensers (ICs) and feedwater coolant
injection (FWCI) systems that employ the main feedwater pumps. BWR Class B -

consists of plants that have ICs but a separate high-pressure coolant injection (HPCI)
system instead of FWCI. BWR Class C includes the modern plants that have neither ICs
nor FWCI. However, they have a reactor core isolation cooling (RCIC) system that
Classes A and B lack. The Class C plants could be separated into two subgroups, those
plants with turbine-driven HPCI systems and those with motor driven high pressure core

tspray (HPCS) systems. This difference is addressed instead in the probabilities assigned
to branches impacted by the use of these different system designs,'

PWRs are separated into five ciasses. One class represents most Babecak &
Wilcox Company plants (Class D). These plants have the capability of performing feed
and bleed without the need to open the PORV. Combustion Engineering plants are i

separated into two classes, those that provide feed and bleed capability (Class G) and- I
those that provide for secondary-side depressurization and the use of the condensate
system as an alternate core cooling method, and for which no feed and bleed is available
(Class H),*

* Maine Yankee Atomic Power Plant was built by Combustion Engineering but has a response to
initiating events more akin to the Westinghouse Electrie Corporation design, so it is grouped in a class .
with other Westinghouse plants. Davis Besse Nuclear fower Station was also placed in a Westinghouse
plant class because its HPl system design requires the operator to open the PORV for feed and bleed, as in
most Westinghouse plants. The requirement to open the PORV for feed and bleed is a primary difference
between event trees for Westinghouse and Babcock and Wilcox plants. Plant response differences -
resulting from the use of different SO designs are not addressed in the models.

I
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The remaining two classes address Westinghouse plants- Class A is associated

with plants that require the use of spray systems for core heat removal following a
LOCA, and Class B is associated with plants that can utilize low-/high-pressure
recirculation for cere heat removal.

Plants in which initiator response cannot be described using plant-class models
are addressed using unique models, for example, the now deactivated Lacrosse BWR.

Table A.3 lists the class associated with each plant.

A.3 Event Tree Models

The plant class event trees describe core damage sequences for three initiating
events: a nonspecific reactor trip, a LOOP, and a small-break LOCA. The event trees

~

constructed are system based and include an event tree applicable to each plant class
defined.

System designs and specific nomenclature may differ among plants included in a
particular class; but functionally, they are similar. Plants where certain mitigating
systems do not exist, but which are largely analogous in their transient response, were
grouped into the plant classes accordingly. In modeling events at such plants, the event
tree branch probabilities were modified to reflect the systems available at the plant.
Certain events (such as a postulated steam line break) could not be described using the

plant-class event trees presented in this appendix. In these cases, unique event trees were ,

: developed to describe the sequences of interest.

This section (1) describes the potential plant response to the three initiating events

? described above, (2) identifies the combinations of systems required for the successful

mitigation of each initiator, and (3) briefty describes the criteria for success of each
-

'

system-bastd function. The sequences are considered first for PWRs and then separately
for BWRs. PWR Class B event trees are described first, along with those for Class D,
which are similar. (The major difference between Class B and Class D plants is that
PORV operability is not required for feed and bleed on Class D plants.) The event trees
for the combined group apply to the greatest number of operating PWRs. Therefore,
these are discussed first, followed by those for PWR Classes G, H, and then A. For the
BWR event trees, the plant Class C models are described first, because these are
applicable to the majority of the BWRs, followed by discussions for the A and B BWR
classes, respectively. The event trees are constructed with branch (event or system)
success as the upper branch and failure as the lower branch. Each sequence path is read
from left to right, beginning with the initiator followed by subsequent systems required to

'preclude or mitigate core damage.

The event trees can be found following the discussion sections and are grouped

_ _ ____- - _ _ - _ _ __
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| according to plant classes, beginning with the PWR classes and followed by the llWR

| classes. The abbreviations used in the event tree models are defined in Table A.16
preceding the event trees. Sequence numbers are provided on the event trees for
undesirable end states (core damage and ATWS). Because of the similarities among

PWR sequences for different plant classes, common sequence numbers have been
assigned when possible. PWR Class B sequences were used as a basis for this.
Sequence numbers beyond those for Class B are used for unconunon sequences on other
plant classes. * bis approach facilitates comparison of sequences among plant classes.
This approach could not be used for BWRs because of the significant difference in
systems used on plants in the three plant classes. For BWRs, sequences are z. umbered in
increasing order moving down each event tree. The following sequence number groups
are employed for all event trees: transient with reactor trip (RT) success, Il-39; LOOP
with RT success,40-69; small-break LOCA with RT success,71-79, ATWS sequences,

91-99.

The trees art presented in the following order:

Figure No. Event tree

A.4 PWR Class A nonspecific reactor trip

A.5 PWR Class A loss of offsite power

A.6 PWR Class A small-break loss-of-coolant accident
-

A.7 PWR Classes B and D nonspecific reactor trip

A.8 PWR Classes B and D loss of offsite power i

A.9 PWR Classes B and D small-bicak loss-of-coolant accident

A.10 PWR Class G nonspecine reactor trip

A.11 PWR Class G loss of offsite power
A,12 PWR Class G small-break loss-of coolant accident
A,13 PWR Class 11 nonspecific reactor trip

A.14 PWR Class 11 loss of offsite power

A.15 PWR Class 11 small-break loss-of-coolant accident

A.16 BWR Class A nonspecific reactor trip

A.17 BWR Class A loss of offsite power

A.18 BWR Class A small-break loss-of-coolant accident

A.19 BWR Class B nonspecific reactor trip

A.20 BWR Class B loss of offsite power

A.21 BWR Class B small-break loss-of-coolant accident

A.22 BWR Class C nonspecific reactor trip

A.23 BWR Class C loss of offsite power
'

A.24 BWR Class C small-break loss-of coolant a,;cident

|
1
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A.3.1 E. R Event Seouence ModelsW

The PWR event trees describe the impact of the availability and unavailability of

front-line systems in each plant class on core protection following three initiating events:
reactor trip, LOOP, and small-break LOCA. The systems modeled in the event trees are
those associated with the generic functions required in response to an initiating event, as
described in Sec. A.2. The systems that are assumed capable of providing these

functions are:

Elulclion Sylln11

Reactor suberiticality Reactor trip -

Reactor coolant system integrity Addressed in small break If3CA models
plus trip and LOOP sequences
involving failure of primary relief
valves to close

'

Reactor coolant inventory liigh-pressure injection (assumed
required only following a LOCA)

Short-term core heat removal Auxiliary feedwater
Main feedwater
liigh-pressure injection and PORY (feed

and bleed, PWR Classes A, B, D,

and G)
Secondary-side depressurization and use

of condensate system (PWR Class 11) .

Long tenn core heat removal Auxiliary feedwater
Main feedwater
High-pressure recirculation (PWR

Classes B and D)(also required to

support RCS inventory for all classes)
Secondary-side depressurization and use

of condensate system (PWR Class H)
Containment spray recirculation (PWR

Classes A and G)
-

*

PWR Notisnteific Reactor Inp

The PWR nonspecific reactor trip event tree constructed for plant Classes B and D

is shown in Fig. A.7. The event-tree branches and the sequences leading to severe core

_ - - _ _. _ _ _ - _
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damage and ATWS follow.

1. Initiating event (transient). The initirting event for the tree is a transient or upset
event that requires or is followed by a rapid shutdown of the plant. LOOP and
small-break LOCA initiators are modeled in separate event trees. Large-break-

' LOCA or large steam-line break (SLB) initiators are not addressed in the models
described here.

2. Reactor trip. To achieve reactor soberiticality and thus halt the fission process,
the reactor protection system (P,PS) is required to insett control rods into the core.

If the automatically initiated RPS fails, a reactor trip may be initiated manually.
Failure to trip was considered to lead to the end state ATWS and was not
developed further.

3. Auxiliary feedwater. AFW must be provided following trip to remove the decay
heat still being generated in the reactor core via the steam generators. Successful
AFW operation requires flow from one or more AFW pumps to one or more
steam generators over a period of time ranging from 12 to 24 h (typically, one,

pump to one steam generator is adequate).

4. Main feedwater, in lieu of AFW, MFW can be utiFled to remove the post-
shutdown decay heat. Depending on the individual plant design, either main or
auxiliary feedwater may be used as the primary source of secondary-side heat
removal.

5, PORV or SRV challenged. For sequences in which both reactor trip und steam
generator feedwater flow (MRV or AFW) have been successful, the pressurizer,

L PORV may or may not lift, depending on the peak pressurizer pressure following
-

the transient.- (In most transients, these valves do not lift.) The upper branch
indicates that the valve or valves were challenged and opened. Because of the
multiplicity of relief and safety valves, it was assumed that a sufficient number
would open if the demand from a pressure transient exists.

The lower branch indicates that the pressurizer pressure was not
sufficiently high to cause opening of a relief valve. - For the sequence in which
both AFW and MFW fail following a reactor trip, at least one PORV or SRV was
assumed to open for overpressure protection.

6. PORV or SRV rescats. Success for this branch requires the closure of any open
relief valve once pressurizer pressure has decreased below the relief valve set
point. If a POrlV sticks open, most plaAts are equipped with an isolation valve
that allows for manual termination of the blowdown. Failure of e primary-side"

relief valve to close results in a transient-induced LOCA that is modded as part of

,
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this event tree.

7. liigh presrure injection. In the case of a transient-induced LOCA, llPI is
rcquired ta provide RCS makeup to keep the core covered. Success for thic

j
branch requires introduction of sufficient borated water to keep the core covered, :

considcring core decay heat. (Typically, one IIPI train is sufficient for this |

purpose.)

8. IIPI and PORV open, if normal methods of achieving decay heat removal via the
steam generators (MRV and ARV) are unavailable, core cooling can be
accomplished on most plants by establishing a feed and bleed operation. His
operation (1) allows heat removal via discharge of reactor coolant to the
containment through the PORVs and (2) reactor coolant system (RCS) makeup
via mjection of borated water from the IIPI system. Except at Class D plants,
successful feed and bleed requires the operator to open the PORV manually. _ At -

Class D plants, the llPI discharge pressure is high enough to lift the primary side
safety valves, and feed and bleed can be accomplished without the operator
manually opening the PORVs. IIPl success is dependent on plant design but
requires the introduction of sufficient amounts of borated water into the RCS to
remove decay heat and provide sufficient reactor coolant makeup to prevent core
damage.

9, Iligh-pressure recirculation. Following a transient-induced LOCA (a PORV or
SRV fails to rescat), or failure of secondary-side cooling (ARV and MRV) and
initiation of feed and bleed, continued core cooling and makeup are required.

This requirement can be satisfied by using HPI in the recirculation mode. In this
-

nnie the HPI pumps recirculate reactor coolant collected in the containment sump
and pass it through heat exchangers for heat removal. When MRV or ARV is

i available, heat removal is only required for HPI pump cooling; if ARV or MRV
l -is not available, HPR is required to remove decay heat as well. Typically, at

Class B and D plants, the low-pressure injection pumps are utilized in the HPR
mode, taking suction from the containment sump, passing the pumped water ,

through heat exchangers, and providing net positive suction head to the HPI
pumps.

The event tree applicable to a PWR Class G nonspecific reactor trip is shown in
Fig. A.10, Many of the event tree branches and the sequences leading to successful ,

transient mitigation and core damage are similar to those following a nonspecific reactor
trip transient for plant Class B. At Class G plants, however, the HPR system performs
both the high- and low-pressure recirculation function, taking suctwn directly from the
containment sump without the aid of the low-pressure pumps. -Decay heat removal is
accomplished during recirculation by the containment spray recirculation (CSR) system.
The event-tree branches and sequences are discussed further.

.. - .. - --- . . - ,
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1. Initiating event (transient). The initiating event is a nonspecific reactor trip,
similar to that described for PWR Classes B and D, The following branches have
functions and success requirements similar to those following a transient at PWR ;

Class B. 'I<

2. Reactor trip.

3. Auxiliary feedwater or main feedwater.

4. PORV or SRV challenged /rescats.

5. High-pressure injection.

6. liPI and PORV open (feed and bleed). - Success requirements for feed and bleed
are similar to those following the plant Class B transient. Feed and bleed with '
operator opening of the PORV is required in the event that both AFW and MFW
are unavailable for secondary side cooling. In addition, decay heat removal was
assumed required to prevent potential core danuge. This is provided by the CSR
system.

7. Ifigh-pressure recirculation.- In the event of a transient-induced LOCA, continued
high pressure injection via sump recirculation is needed to provide makeup to the |

break to prevent potential core damage. In addition, HPR is required when both !
AFW and MFW are unavailable following a transient, to recirculate coolant
during the feed and bleed procedure. If HPR fails and normal seconoary-side
cooling is also failed, core damage will occur. In Class G plants, initiation of
HPR realigns the HPI pumps to the containment sump. The use of LPI pumps
for suction-pressure boosting is not required.

8. Containment spray recirculation. When feed and bleed (HPI, HPR, and PORV
open) is required, the CSR system operates to remove decay heat from the reactor
coolant being recimulated. Without the CSR system, the feed and bleed operation - ;

could not remove decay heat. Successful operation of feed and bleed and CSR ]
was assumed to result in successful mitigation of core damage. {

.

The event tree for PWR Class H non-specific reactor trip _is shown in Fig. A.13e

L This class of plants is different than other PWR classes in that PORVs are not included in
the plant design and feed and bleed cannot be used to remove decay heat in the event of 1
main and auxiliary feedwater unavailability. If main or auxiliary feedwater cannot be

,

recovered, the atmospheric dump valves can be used to depressurize the steam generators

| to below the shutoff head of the condensate pumps, and these can be used,if available,-
for RCS cooling. Because of the need for secondary side cooling for all success-u

sequences, a requirement for containment cooling to prevent vore damage has not been
'

|
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modeled.

1. Initiating event (transient). The initiating eum is a nan-specific reactor trip,
similar to that described for the previous PWR classes. "i .c following branches
have functions and success requirements similar to those following a transient at
PWRs associated with previously described PWR classes. -

2. Reactor trip,

3 Auxiliary feedwater.

4. Main feedwater. u

5. SRV challenged. The upper branch indicates that at least one safety valve has
lifted as a result of the transient. In most transients in which reactor trip has been
successful and main or auxiliary feedwater is available, these valves do not lift.
In the case where both main and auxiliary feedwater are unavailable, at least one
SRV is assumed to lift. The lower branch indicates that the pressurizer pessure
was not sufficiently high to cause the opening of a relief valve.

6. SRV rescat. Success for this branch requires the closure of any open safety valve

once pressurizer pressure has been reduced below the safety valve set point.

7. High-pressure injection. In the case of a transient-induced LOCA, HPI is
'

required to provide RCS makeup to keep the core covered.

8. High-pressure recirculation. The requirement for continued core cooling duriag
mitigation of a transient-induced LOCA and following depletion of the refueling
water tank can be satisfied by using HPI in the recirculation mode. In Class H -

plants, initiation of HPR realigns the HPI pumps to the containment sump. The-
use of LPI pumps for suction-pressure boosting is not mquired.

9. Steam generator depressurization. In the event that main and auxiliary feedwater
are unavailable, the atmospheric dump valves (or turbine bypass valves if the
main steam isolation valves are open) may be used an Class H plants to
depressurize the steam generawrs to the point that the condensate pumps can be
used for steam generator cooling. In the event of main and auxiliary feedwater
unavailability, failure to depressurize one steam generator to the operating
pressure of th condasate system is assumed to result in core damage.

10. Condensate J umps. As described above, use of the condensate pumps on Class
H plants along with secondary-side depressurization can provide adequate core
cooling. Flow from one condensate pump to one steam generator is assumed
adequate. Unavailability of the condensate pumps in the event of failure to

l

_ _ _ _
.
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b.

recover main and auxiliary feedwater is assumed to result in core damage.

The event tree applicable to PWR piani Class A nonspecific reactor trip is shown
in Fig. A.4. Many of the event-tree branches and the sequences leading to successful
transient mitigation and severe core damage are similar to those following a nonspecific
reactor trip transient for plant Classes 11 and G.

Like the Class G ple,ts, the Class A plants have a CSR system that provides
decay heat removal during high pressure recirculation. Use of CSR for decay heat
removal was assumed to be required if ARY and MRV were unavailable. LPI pumps
are required to provide suction to the llPI pumps during recirculation. The event-tree
branches and sequences are discussed further telow. -

1. Initiating event (transient). The initiating event is a nonspecific reactor trip,
similar to that described for the other PWR plant classes. The following branches
have functions and success requirements similar to those following a transient at
PWRs associated with plant Classes II, D, and G.

2. Reactor trip.

3. Auxiliary feedwater

4. Main feedwater.

5. PORV or SRV challenged.

6. PORV/SRV reseats.

7. Iligh pressure injection.

8. High-pressure recirculation. In the event of a transient-induced LOCA ' IPR can
provide sufficient makeup to the break to terminate the transient. The LPI pumps
provide suction to the high-pressure pumps in the recirculation mode. In the
event that feed and bleed is required (following a transient in which both ARV
and MRV are unavailable), HPR success is required.

9. Containment spray recirculation. The CSR system provides decay heat remeval
daring high-pressure recirculation when ARV and MFW are not available. In
transient-induced LOCA sequences, HPI and HPR success is required to mitigate
the event. In the event that secondary-side cooling via AFW or MRV is
unwailable, feed and bleed with CSP, for decay heat removal is considered
sufficient to prevent core damage.

10. PORV open. The PORV must be opened by the operator below its set point to

-__ _ _ _ _ _ - _ _ _ _ _ _ - _ _ ____ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - - _ _ _ _ - _ _ _ _ _ _ - - _ - _ - _ _ _ - _ _ _ _ -__
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establish feed and bleed operation in the event that secondary-side cooling via

AFW or MITV is unavailable.

Sequences resuhing in core damage or ATWS following a PWR transient, shown
>n event trees applicable to each plant class, are described in Table A,4.

Many of the sequences are the same for different plant classes, the primary
differences being the use of CSR on Class G and Class A, and the use of RG

o

depressurization and condensate pumps for RCS cooling in lieu of feed and bleco on
Class 11. Because of this simihtrity, consistent sequence numbers have been used for like

sequences in different PWR plant classes. All sequences, required branch success and
failure states, and the applicaudity of each sequence to each plant class are summarized in

-

Table A.S.

EWR loss of Offste Power

The event trees constructed define representative plant responses to a LOOP. A

LOOP (without turbine runback on plants with this feature) will result in reactor trip due
to unavailability of power to the control rod drive mechanisms and a loss of MIAV
because of the unavailability of power to components in the condensate and condenser

cooling systems.

The PWR LOOP tree constructed for plant Classes B and D is shown in Fig. A.8. ,

The event-tree branches and the sequences leading to core damage follow.

1. Initiating event (LOOP). The initiating event for the tree is a grid or switchyant
disturbance to the extent that the generator must be separated from tiie grid and all

offsite power sources are unavailable to plant equipment. The capability of a
runback of the unit generator from full power to supply house loads exists at
some plants but is not considered in the event tree. Only LOOPS that challenge
the emergency power system ree addressed in the ASP Program.

2, Reactor trip given LOOP. Unavailability of power to the control rod drive
mechanisms is expected to result in a reactor trip r.nd rapid shutdown of the plant.
If the reactor trip does not occur, the transient was considered to proceed to
ATWS and was not developed further.

3. Emergency power. Given a LOOP and a reactor trip, electric power would be
lost to all loads not backed by battery power. When power is lost, diesel
generators are automatically started to provide power to the plant safety-related
loads. Emergency power success requires the starting and loading of a sufficient
number of diesel generators to support safety-related loads ia systems required to

mitigate the transient and maintain u.e plant in a safe shut ;own condition.

--- _ _ _ _ _ _ _ _ _ _ _ - _ - ___ _ _ _ _ _ _
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4. Auxiliary feedwater.1The' ARV system functions to remove decay heat via the
steam generator secondary side. Success requirements for this branch are
equivalent to those following a nonspecific reactor trip and unavailability _ of
MRV. Both MRV and condensate pumps would be unavailable following a
LOOP. Therefore, with emergency power and ARV failed, no core cooling _
would be available, and acre damage would be expected to occur. Because
specific ARV systems may contain different combinations of turbine-driven and
motor-driven AFW pumps, the capability of the system to meet its success
requirements will depend on the state of the emergency power system and the
number of turbine-driven ARV pumps that are available.

5. PORV or 3RV challenged. The upper and lower states for this branch are similar
to those following a' nonspecific reactor trip. The PORV or SRV may or may not
lift, depending on the peak pressure following the transient. '

6. PORV or SRV rescats. The success requirements for this branch are similar to
those following a nonspecific reactor trip. However, for the sequence in'which
emergency power is failed and the PORV fails to reseat, the HPl/HPR system
would be without power to mitigate potential core damage.

7. Seal LOCA. In the event of a loss of emergency power following LOOP, both
service water and component cooling water (CCW) are faulted. This results in
unavailability of RCP seal cooling and seal injection (since the charging pumps
are also without power and ecoling water). Unavailability of seal cooling and
injection may result in seal fauare after a period of time, depending on the seal
design (for some seal designs, seal iailure can be prevented by isolating the seal

return isolation valve).

The upper event tree branch represents the situation in which seal failure occurs
prior to restoration _of AC power. The lower branch represents the situation ~ in-
which a seal LOCA does not occur.

|

8. Electric power recovered (long term). For sequences in which a seal LOCA has -

y occurred, success requirements are the restoration of AC power [either through
" recovery of offsite power or recovery of a diesel generator (DG)] prior to_ core - ,

uncovery. For sequences in which a seal LOCA does not occur, success requires j
the recovery of AC power prior to battery depletion, typically 2 to'4 h. 1

q

9. High-pressure injection and recirculation. The success requirements for this
branch are similar to those following a nonspecific reactor trip. Because all
HPIAIPR systems use motor-driven pumps, the capability of the HPI or HPR-
system to meet its success requirements depends on the success of the emergency _

power system.
_.
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10. PORV open (for feed and bleed). The success requirements for this branch are
similar to those following a nong.ecific reactor trip. The PORV is opened in
conjunction with feed and bleed operations when secondary-side heat removal is
unavailable. Por Class D plants, the PORV does not have to be manually opened
to establish feed and bleed because the llPI pump discharge pressure is high

enough to lift the . JRV or primary relief valve.

The event tree constructed for the PWR Class G LOOP is shown in Fig. A.11.
Most of the event-tree branches and the sequences leading to successfm mitigation and

core damage are similar to those following a LOOP at Class Il plants. IIowever, at Class

G plants, decay heat removal during recirculation is provided by the CSR system, not the
llPR systerr.. l'he event-tree branches and seqi ences are discussed further below.

1. Initiating event (LOOP). The initiating event is a LOOP similar to that described
for PWR plant Classes 11 and D. The following branches have functions and
success requirements similar to those following a LOOP at PWRs associated with

all of the plant classes defined.

2. Reactor trip given LOOP.

3. Emergency power.

4. Auxiliary feedwater.

5. PORV or SRV challenged.

6. PORV/SRV rescats.

7. Seal LOCA.

8. Electric power recovered (long term).

9. liigh-pressure injection and recirculation.

10. lY)RV open (for feed and bleed).

I1. Containment spray recirculation. The success requirements for this branch are
similar to those following a nonspecific reactor trip. The CSR system provides
decay heat removal for sequences ;n which secondary-side cooling is unavailable.

The event tree constructed for a PWR Class 11 LOOP is shown in Fig. A.14.

Many of the event tree br mches and sequences leading to successful mitigation and core
damage are similar ;o those following a LOOP at Class Il plants, llowever, Class 11
plants do not have feed and bleed capability and rely instead on secondary-side

--

-
- - _.
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r
-

<

A-24

depressurization and the condensate system as an alternate decay heat removal method.
The condensate system is assumed unavailable following a LOOP, which limits the
diversity of decay heat removal methods on this plant class following this initiator. The
event branches and sequences are discussed further below.

1. Initiating event (LOOP). The initiating event is a LOOP similar to that described
for BWR Classes B and D. The following branches have functions and success .
requirements similar to those following a LOOP at PWRs associated with all of ;

the plant classes defined.

2. Reactor trip given LOOP.
_

3. Emergency power.

-4 Auxiliary feedwater.

5. SRV challenged. The function of this bnmch is similar to that described under the
PWR Class H transient.

6. SRV rescat. Success requirements for this branch are similar to those described
under the PWR Class H transient.

7. Seal LOCA.

8. Electric power recovered (long-tenn).

9. High pressure injection and recirculation.

The event tree constructed for the plant Class A LOOP is shown in Fig. A.5. All
of he event-tree branches ahd the sequences leading to successful transient mitigation,t

potential core vulnerability, and severe core damage are analogous to those following a-
LOOP at Class B -lants-with the addition of the CSR branch, which is required for -

,

successful feed and bleed. At Class A plants, decay heat removal during high-pressure I

recirculation is accomplished by the CSR system; whereas at Class B and D plants, decay
- heat removal is an integral part of the HPR system. Additional information on the use of

3
the CSR system is provided in the discussion of the PWR Class A nonspecific reactor j

trip event tree, j
Sequences resulting in core damage and ATWS following a PWR LOOP, shown 1

on event trees applicable to each plant' class, are described in Table A.6.

Many of the sequences are the same'for different plant classes, the primary
~

. differences being the use of CSR on Class G and Class A, and the tmavailability of feed
and bleed on Class H. As with the PWR transient sequences, this similarity permits

,

;

|

|
L
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consistent numbering of a large number of sequences. - All sequences, required branch
success and failure states, and the applicability of each sequence to each plant class are

summanzed in Table A.7.

$V1Small-fireak thss-of-CoolardAfrident

l' livent trees were constructed to define the responses of PWRs to a small-break
LOCA. The LOCA chosen for consideration is one that would require a reactor trip and

continued high pressure injection for core protection. !!ccause of the limited amount of
borated water available, the mitigation sequence also includes the requirement to
recirculate horated water from the containment sump.

l

The LOCA event tree constructed for PWR plant Classes 11 and D is shown in
Fig. A.9. The event-tree branches and the sequences leading to core damage follow. !

1. Initiating event (small-break LOCA). The initiating event for the tree is a small-
break LOCA that requires reactor trip and continued high pressure injection fcr
core protection.

a

2. Reactor trip. Reactor trip success is defined as the rapid insertion of sufficient
control rods to place the core in a suberitical condition. Failure to trip was
considered to lead to the end state ATWS.

.

3. Auxiliary feedwater or main feedwater. Use of AFW or MRV was assumed - ,

necessary for some small breaks to reduce RCS pressure to the point where llPI
is effective. At Class D plants, the e?! pumps operate at a much higher
discharge pressure and hence can function without secondaty-side cooling from
the AFW or MISV systems.

4. liigh pressure injection. Adequate injection of borated water from the llPI-

| system is required to prevent excessive core temperatures and consequent core -
'

| damage.

5. liigh-pressure recirculation. Following a small break LOCA, continued high-
pressure injection is icquired. This is typically accomplished with the RilR
system, which takes suction from the containment sump and returns the lost
reactor coolant to the core via the llPI pumps. The RilR system includes heat .

exchangers that remove decay heat prior to recirculatirig the sump water to the
RCS.

6. PORV open, in the event AFW and MRV are unavailable following a small--
break LOCA, opening the PORV can result in core cooling using the feed and
bleed mode. Depending on the size of the small break, opening the PORV may
not be required for success. PORV open is not required for success for Class D.

.
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The event tree constructed for a small break lor'A at Class G plants is shown in >

Fig. A.12. The' LOCA event tree for Class G plants is r a.ilar to that for Class B and D '

plants except that long-term cooling is provided by the CSR system rather than by the
HPR system. The event-tree branches and sequences are discussed further below.

t:

1. Initiating event (small-break LOCA),~ The initiating event is a LOCA similar to-

that described for PWR plant Classes B and D. The following branches have !
functions and success requirements similar to those following a small break 1

: LOCA at PWRs associated with all of the plant classes defined.

2. Reactor trip.

3. Auxiliary feedwater and main feedwater.

4. High-pressure injection.

5. High-pressure recirculation.

6. PORV open.

7. Containment spray recirculation. In the event that normal secondary-side cooling
(AFW or MFW) is unavailable following a small LOCA, cooling via the CSR
system during HPR is required to mitigate the transient,

,

The ever.t tree constructed for a small-break LOCA at PWR Class H plants is -
shown in Fig. A.15. The event tree has been- developed assuming that SG
depressurization and condensate pumps can provide adequate RCS pressure reduction in
the event of an unav ilability of AFW and MFW to permit HPI and HPR to function in .
these plants. The c'.ent tree branches and sequences are discussed further below.

1. Initiating event (small-break LOCA). The initiating event is similar to that
- described above for PWR Classes B, D, and G. The following branches have j
functions and success requirements similar to those discussed previously. |

2. Reactor trip.

3. . Auxiliary and main feedwater.

4. . High-pressure injection.
.

5. High-pressure recimulation.

6. SG depressurization.--In the event that AFW and MFW are unavailable following .
a small-break LOCA, SG depressurization combined with the use of the
condensate pumps can provide for RCS depressurization such that adequate HPI

.

,
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and llPR can be achieved. Success requirements are the same as those following
a transient with unavailability of AFW and M1 W.

7. Condensate pumps. Use of one condensate pump provided flow to at least one
steam generator as required in conjunction with SG depressuri7ation to provide
for RCS depressurization and cooling.

He event tree constructed for a small LOCA at Class A plants is shown in Fig.
A.6. The LOCA event tree for Class A plants is similar to that for Classes 11 and D
except that the CSR system is required in conjunction with IIPR in some sequences
where secondary cooling is not provided. The sequences that follow combined AFW and
MFW failure with IIPR and CSR success are identical to those that follow ilPR success -

at Class 11 and D plants; and sequences that follow IIPR or CSR failure at Class A plants
are identical to those that follow IIPR failure.

Sequences resulting in core damage or ATWS following a PWR small-break
LOCA, shown on event trees applicable to each plant class, are described in Table A.8.

As with the PWR transient and LOOP sequences, differences between plant
classes are driven by the use of CSR on plant classes A and G, and by the use of
secondary-side depressurization and condensate pumps in lieu of feed and bleed on PWR
Class 11. All small break LOCA sequences, required branch success and failure states,
and the applicability of each sequence to each plant class are summarized in Table A.9.

AhtmaKBnmrry Auioan

The PWR event trees have been developed on the basis that proceduralized
a recovery actions will be attempted if primary systems that provide protection from core y

damage are unavailable. In the event AFW and MFW are unavailable and c*mnot be
recovered in the short term, the use of feed and bleed cooling is modeled on all plants
except for Class 11, where SG depressurization and use of the condensee pumps is
modeled instead. In addition, the potential for short-tenn recovery of a faulted system is
also included in appropriate branch models (AFW, MFW, and ilPI, for example).

Two alternate recovery actions can potentially mitigate the effects of en initiating
event,if nonnal and alternate mitigation systems are unavailable. The first of these is the
use of SG depressurization and condensate pumps if AFW, MFW, and feed and bleed
are unavailable on PWR Classes A,11, D, and G. This recovery action requires that the
condensate system be available (even though AFW and MFW are unavailabb ), and that
adequate depressurization capability exist on a plant. Procedures to support this action
are known to exist on some plants.

The second recovery action is depressunzation follow' all-break. LOCA to



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ -

)
|

A 28 ,,
u

the initiation pressure of the decay heat removal system, and then proceeding to cold
shutdown. While plant precedures specify the use of sump recirculation fe!!owing a
small LOCA or feed and bleed, sufficient RWST inventory exists to delay this action until

nuny hours into the event, daring which recovery of faulted systems may be affected. It
is likely that operators will delay sump recirculation as long es possible while tryhg to
place the plant in a stable condition throut;h recovery of secondary-side cooling and the

use of RilR.

The potential use of these two alternate recovery actions are qualitatively
considered for high pmbability sequences when analyzing precursors, although they are
not modeled on the event trees.

A.3.2 BWR Event Sequence Models

'the BWR event trees describe the impact of the availability and unavailability of
front-line systen.s in each plant class on core protection following the same three
initiating events addressed for PWRs: trip, LOOP, and small break LOCA. The systems
modeled in the evait trees are those associated with the generic functions required in

response to any initiating event, as described in Sec. A.2. The systems that air assumed
capable of providing these functions are.

Function System

Reactor suberiticality Reactor scram

Reactor coolant system integrity Addressed in small break LOCA rnodels and
in trip and LOOP seque.~'es inw .mg
failure of primary reli:Tealves s tmeat

Reactor coolant inventory lligh-pressure injection systems [lIPCI or
HPCS, RCIC (non-LOCA situations),

control rod drive (CRD)(non-LOCA
situations), feedwater coolant injection

(FWCI)]
Main feedwater
low-pressure iajection systems following

blowdown [ low-pressure coolant injection
(LPCI)(BWR Classes B and C),
low-pressure core spray (LPCS), residual

heat removal (RIIR) service water or
equivalent}

.

. - . .. -.
-- .
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Short tenu core heat removal Power conversion system (PCS)
liigh pressure injection systems |IlPCI,

RCIC, CRD, FWCl (llWR Class A))

Isolation condenser (BWR Classes ' and B)
Main feedwater
Irw-pressure injection systems following

blowdown [LPCI (BWR Classes 11 and C),

LPCS) i

Note: Shon term core heat removal to the )
suppression pool (all cases where PCS is :

'

faulted) requires use of the RilR system for
containment heat rernoval in the long ternt

.

Long tenn core heat removal PCS '

Isolation condenser (IlWR Class A)
RilR [ shutdown cooling (SDC or

suppression pool (SP) cooling modes

(BWR Class C)]
Shutdown cooling (llWR Classes A and B)
Containment cooling (llWR Class A)

,
. LPCI [ containment cooling mode (IlWR {

Class D)] j
r

J1WR Nonsoccific ReactorTrip i

The nonspecific nactor trip event tree constructed for BWR plant Class C is
snown in Fig. A.22. The event tree branches and the sequences leading to potential

,
severe con: damage follow. The Class C plants are discussed first because all but a few
of the BWRs fit into the Class C category,

i

1. Initiating event (transient). The initiating event is a transient or upset event that i
results in a rapid shutdown of the plant. Transients that are initiated by a LOOP
or a small break LOCA are modeled in sep trate event trees. Transients initiated
by a large break LOCA or large SLB are not addressed in the event trees '

described here; trees applicable to such initiators are developed separately if :

required.

' 2. Reactor shutdown. To achieve reactor suberiticality and :hus halt the fission
Iweess, the reactor protection system (RPS) commands rapid insertion of the :,

control rods into the core. Successful scram requires rapid insertion of control
rods with no~more than two adjacent control rods failing to insert.

3. Power ,anversion system. Upon successful reactor scrum, continued operation

3

y

>
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of the power conversion system (PCS) weald allow continued heat removal via
i. the main condenser. This was considered successful mitigation of the transient.

Continued operation of the PCS requires the main steam isolatian valves (MSIVs)
,

to temain open and the operation of the condenser, the turbine bypass system, the
condensate pumps, the condensate booster pumps, and the feedwater pumps.

4. SRV challenged. Depending on the transient, one or more SRVs may open. The
upper brarch on the event tree indicates that the valves were challenged and
opened. If the transient is followed by continued PCS operation and successful
scram, the SRVs aic not expected to be challenged. If the PCS is unavailable, at
least some of the SRVs are assumed to be challenged and to open.

5. SRVs close. Success for this branch requires the resenting of any open relief a

valves once the reactor pressure vessel (RPV) pressure decreases below the relief
,

valve set point. If an SRV sticks open, a transient-induced LOCA is miunted.
'

6. Feedwater. Given unavailability of the PCS, continued delivery d feedwater ;

(FW) to the RPV will keep the core from becoming uncovered, This, in
~

combination with successful long term decay heat removal, will mitigate the
,

transient, preventing core damage. For plants with turbine driven feed pumps,
the PCS failure with subsequent FW success cannot involve MSIV closure, or a

loss of condenser vacuum, because this would disable the feed pumps, j

7. ifigh-pressure coolant injection or high pressure core spray. The primary
f unction of the llPCI or IIPCS system is to provide makeup following small- .

break LOCAs while the reactor is at high pressure (not depressurized). The
system is also used for decay heat removal following transients involving a loss
of feedwater, Some later Class C plants are equipped with HPCS systems, but i

the majority are equipped with IIPCI systems, ilPCI or IIPCS can pmvide the .
required makeup and short term decay heat removal when decay heat removal is
unavailable fmm the condenser and the FW system cannot provide makeup.

8. Reactor core isolation cooling. The reactor core isolation cooling system is
dew!:ned to provide high pressure coolant makeup for transients that result in
lor <,V. Both RCIC and IIPCf (or !!PCS) initiate when the reactor coolant
invemory drops to tt.c low-low level set point, taking suction from the condensate
stora),e tank or the suppression pool. IIPCI is manually secured after
iIPCl/RCIC initiation when pressure and water level are restored, to prevent
tripping of IIPCI and RCIC pumps on high water level. RCIC must then be
operated until the RliR system can be placed in service. Fallowing a transient,-
serain, and unavailability of the PCS, reactor pressure may increase, causing the
relief valves to open and close perioilically to maintain reactor pressure control.

. _ . . _ . _ _... _ m . _ _ Z - .~ ,, _ _. _ _ _ _ _ _ -.
_ _ _ _ _ _ _
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9. Control rod drive pumps, in transient induced sequences where heat removal and
minimal core makeup are required (i.e., not transiem induced LOCA sequences), .

the CRD pumps can deliver high-pressure coolant to the RPV. j

10. Depressurization via SRVs or the automatic depressurization system (ADS). In ;

the event that short-tenn decay heat removal and core makee are required and !

high pressure systems have failed to provide adequate flow, the RPV can be i

depressurized to allow use of the low pressure, high-capacity injection systems.
If depressudzation fails in this event, core damage is expected to occur. The ADS
will automatically initiate on high drywell pressure and low low reactor water !

level, and the availability of one train of the LPCI or LPCS systems, following a
time delay. The SRVs can be opened by the operators to speed the
depressurization process or to initiate it if ADS fails and if additional, operable
valves are available.

I 1. Low pressure core spray. Low pressure injection can be provided by the LPCS
system if required. The LPCS system performs the same functions as the LPCI
system (described below) except that the coolant, which is drawn from the
suppression pool or the condensate storage tank, is sprayed over the core.

t

12. Iow pressure coolant injection. The LPCI system can provide short term heat
removal and cooling water makeup if the reactor has been depressurized to the
operating range of the low head RilR pumps. At Class C plants, LPCIis a mode |.

'
of the RHR system; thus, the RiiR pumps opetate during LPCI. LPCI takes
suction from the suppression pool or the condensate storage tank and discharges

"

into the recirculation loops or directly into the reactor vessel. If LPCI is
successfulin delivering sufficient flow to the reactor,long term heat removal

,

success is still required to mitigate core damage. -

13. Residual heat removal shutdown cooling mode. In this mode, the RHR system
provides normal long-term decay heat removal. Coolant is circulated from the
reactor by the RHR pumps thmugh the RilR heat exchangers and back to the
reactor vessel. Long-term core cooling success requires that heat transfer to the
environment commence within 24 h cf the transient. RHR shutdown cooling
(SDC) success following successful reactor scram and high or low pressure
injection of water to the RPV will prevent core damage.

14. R11R suppression pool cooling mode. If RHR (SDC) is unavailable, the RHR
'

pumps and heat exchangers can be aligned to take water from the suppression
- pool (SP), cool it via the RHR hear exchangers, and return it to the~ suppression
pool. This (dignment can provide long-term cooling for transient mitigation.

15. Residual heat removal service water or other. This is a backup measure for

,
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providing water to the reactor to tellood the core and maintain core cooling if |

LPCI and 1.PCS are unavailable. Typically, the high pressure service water !

pumps are aligned to the shell side of the 1(llit heat exchangen, for delivery of
-

j water to one of the recirculation loops. |
.

1hc event tree constructed for a llWR plant Class A nonspecific reactor trip is
shown in Fig, A.16. 'lhe event tree is similar to that constructed for llWR Class C plants
with the following exceptions: Class A plants are equipped with isolation condensers and )

ISVCl systems instead of RCIC and llPCI (or llPCS) systems. The isolation
condensers can provide long term core cooling, Class A plants do not have LPCI
systems, although they are equipped with LPCS; SP cooling is provided by a system t

indeperulent of the shutdown cooling system. The event tree branches and sequences are

discussed further below.

1. Initiating event (transient). The initiating event is a nonspecific reactor trip similar i

to that described for llWR Class C plants. The following branches have
functions and success requirements similar o those following a transient at ;

ilWRs associated with Class C.
|

2. Reactor shutdown.
4

3. Power conversion system.

'

4. SRV challenged and closed.

5. Isolation condensers and isolation condenser makeup. If PCS is not available and i

significant inventory has not been lost via the SRVs, then the isolation condenser
(IC) system can provide for decay heat :moval and mitigate the transient. The IC
system is an essentially passive system that condenses steam pnxluced by the
cote, rejecting the heat to cooling water and returning the condensate to the-
reactor, Makeup is provided to the cooling water as needed, The system does
not pmvide makeup to the reactor vessel.

6, Feedwater or feedwater coolant injection liither ISV or 14VCl can provide short.
term transient mitigation. When FW or IAVCI is required and is successful, long-

- term decay heat removal is required for complete transient mitigation. (PCS
unavailability is assumed prior to FW or ISVCl demand.)_ FWCl or FW is
required for makeup in transient-induced LOCA sequences and for heat removal

|
in sequences when the IC system would have mitigated the translent but was not

; ava!!able.15VCl is initiated automatically on low reactor level and uses the
normal feedwater trains to deliver water to the reactor vessel,

t 7. Control nxl drive pumps.
|

- . - - . - _ - - . . . - . _ - . . . . . . _ - - . - . - . _ . - . - - _ , - - . - - - - - - - .
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8. Depressuritation via hith or ADS.

9. Iow-presi.use core spray.

10. 1; ire water or other. line water or other raw water systems can provide a
capability similar to that provided by the scivice water /RilR connection on Class
C IlWRs. As a hackup source, if all normal core cooling is unavailable, fire
water can be aligned to the 1.PCS injection line to provide water to the reactor
vessel.

11. Shutdewn cooling.1.ike the RilR system at Class C plants, the SDC system is a
closed h>op system that pe fonns the long tenn decay heat removal function by
circulatMg primary coolant from the reactor through the system's heat exchangers

-

and back o the teactor vessel. Success iequires the operation of at least one SDC

loop. longaerm decay heat removal is required to tenninate transients in which
high- or low pressure injection is required to mitigate the transient.

12. Containment cooling, if the SDC system fails to provide long-tenn decay heat
removal, the containment cooling system can remove decay heat. The system
utilizes dedicated containment cooling pumps, drawing suction from the
suppression pool, passing it through heat exchangers where heat is rejected to the
service water system and then either returning it directly to the suppression pool

or spraying it into the dry well.

The event tree constructed for a IlWR plant Class 11 nonspecific reactor trip is
shown in Fig. A.19. The event tree is most similar to that constructed for llWR Class A
plants. In fact, the branches and sequences are the same except that Class 11 plants are
equipped with llPCI systems instead of FWCl systems and they are equipped with a
LPCI system that represents an additional capability for providing low. pressure coolant
injection. Also, at Class 11 llWRs, the containment cooling system considered in the
event tree utilizes the LPCI pumps rather than having its own dedicated pumps.

Sequences resulting in core damage following a BWR transient, shown on event
trees applicable to each plant class, are described in Table A.10. llecause of diffen nees
in the mitigation sy,tems used in the three llWR classes,it is not possible to associate
most sequences among different plant classes, llecause of this, similar sequence
numbers used for sequences in different plant classes do not imply similarity among the
sepences, (llecause of the lack of similarity among sequences for the three BWR
classes, no sequence summary table has been provided.)

BWR Less of Offsildom

The event trees constructed define responses of BWRs to a LOOP in terms of
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sequences representing success and failure of plant systems. A LOOP condition will
result in a generator load rejection that would trip the turbine control valves and initiate a

reactor scram.

The event tree constructed for a LOOP at BWR Class C plants is shown in Fig.
A.23. The event tree branches and the sequences leading to core damage follow.

1. Initiating event (LOOP). The initiating event for a LOOF corresponds to any
situation in which power from both the auxiliary and startup transformers is lost.
This situation could result from grid disturbances or onsite faults.

2. Emergency power. Emergency power is provided by diesel generators at almost
all plants. The diesel generators receive an initiation signal when an undervoltage

-

condition is detected. Emergency power success requires the starting and loading
of a sufficient number of diesel generators to support safety related loads in
systems required to mitigate the transient and maintain the plant in a safe
shutdown condition.

3. Reactor shutdown. Given a load rejection, a scram signal is generated.
Successful scram is the same as for the transient trees: a rapid insertion of control
rods with no more than two adjacent contml rods failing to insert. The scram can
be automatically or manually initiated.

4. LOOP recovery (long term) Success ior this branch requires recovery of offsite
power or diesel backed AC power before the station batteries are depleted,
typically 2 to 4 h.

5. SRV challenged and closed. If one or more SRV is challenged and fails to close,
a transient-induced LOCA is initiated. ---

-

6. liigh pressure coolant injection (or high pressure core spray) or reactor core
isolation cooling. Success requirements for these branches are identical to those
following a transient at Class C BWRs. Either RCIC or liPCI (or liPCS) can
provide the makeup and short term core cooling required following mosto

transients, including failure of the emergency power system. HPCI and RCIC
only require DC power and sufficient steam to operate tb pump turbines. HPCS
systems utilize a motor-driven pump but are diesel backed and utilize dedicated
service water cooling. -

7 .- Control rod drive pumps. Given emergency power success, CRD pump success
requirements following a LOOP are identical to those following a transient: The.
CRD pumps can provide sufficient makeup to remove decay heat but not enough
makeup to mitigate a transient induced LOCA. Manual restart of the CRD pumps

_ . . . .. . _
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is required following the LOOP. |

8. Depressurinition via SRVs or the ADS.
~

9. LPCS, LPCI, or RilR service water. !

10. RilR shutdown cooling mode or RilR suppression pool cooling mode. For
emergency power success sequences, the success requirements for these branches ;

are similar to those following a nonspecific reactor trip transient at Class C ;

BWRs. Success for any one of these three branches can provide the long-tenn '

decay heat removal required for transient mitigation. If emergency power falls,it i

must be recovered to power long-tenu decay heat removal equipment. Ilowever,
long term decay heat removal is not required until several hours (up to 24 h)into

,

the transient. '

The event tree constructed for a LOOP at ilWR Class A plants is shown in Fig.
A.17. The event tree is similar.to that constructed for 13WR Class C plants with the
major exception that Class A plants are equipped with isolation condensers and FWCl
systems instead of RCIC and ilPCI (or IIPCS) systems. Ilowever, given a LOOP, |
FWCl would be unavailable, because it is not backed by emergency power. Also, +

additional long.tenn core cooling is not required with isolation condenser success, as
long as no transient induced LOCA is initiated, in the emergency power failure ,

sequences, the isolation condenser system is the only system that can provide core ;

cooling because FWCl would be without power. The event tree branches and sequences
are further discussed below.

1. Initiating event (LOOP). The initiating event is a LOOP similar to that described
3

for Class C BWRs. The following branches have functions and success .
requirements similar to those following a LOOP at BWRs associated with *

| previously described BWR classes.
_

'

!

2. Emergency power.

3. Reactor shutdown.

4. LOOP recovery (long-term).

5. SRV challenged and closed. !

6.- Isolation condensers. Following successful reactor scram, the IC system can
provide enough decay heat removal, in both the short and long tenn, to mitigate 5

the transient if a transient-induced LOCA has not been initiated. The IC system
cannot provide coolant makeup, which would be required in a transient i .duced .

;
LOCA. The IC system is an essentially passive system that does not require AC

i

,~,u- . . . , - . . - .,,- - -. _,.~. . .4,.,J,.,.,. .-~m,--- . .-- % ,-. +- - - . . , , - , - , - - , , - . , ,e - w,---- --- ,,,-w- ,.- - -. v-..
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power for succeu.

7. 17WCl. The PWCl syvem can provide Wort term core cooling and innkeup for
transient initigation. Ilowever,1%CI success icqui es normal power supplies
and cannot be powered by emergency power following a 1,00P.

8. Control rmi drive pumpi.

9 Depressuriration via SitVs or ADS.

10. Low pressure core spray, fire water, or other water source. Success
seguirements for these branches are similar to those following a nonspecific
reactor trip at Class A IlWits. With interiin high pressuic cooling unavailable,

_

cither LPCS or, as a last resort, fire water or another water source can be used to
,

provide low pressure water for core makeup and cooling.

l!. Shutdown cooling and containment cooling. The success requirements for these
branch:s are similar to those following a nonspecific reactor trip transient at Class
A IlWits.

The event tree constructed for a llWit plant Class 111 OOP is shown in Fig.
A.20. 'the event tree is most similar to that constructed for llWII Class A plants. In fact,
the bianches and sequences are the same, escept that Class 11 plants are equipped with
IIPCI systems instead of FWCl systems and are equippcd with a LPCI system, which
represents an additional capability for providing low pressuir coolant injection. At Class
11 llWl(s the containment cooling system utilltes the LPCI pumps rather than having its
own dedicated pumps. In emergency power failure sequences, either the IC or llPCI$

system can provide the required core cooling for short term transient mitigation.
Ilowever,if an SitV sticks open (transient induced LOCA), the ICs cannot pmvide the
makeup needed, and Ill'Cl is required. 'the ICs can also pmvide long term cooling, but
when only llPCI is operable, recovery of emergency power is necessary to power,

shutdown cooling related loads.

Sequences resulting in core damage following a llWit LOOP, as shown on each
plant. class event tree, are described in Table A.11. As in the case of IlWit transients,
similar sequence numbers do not imply similarity among the sequences, (llecause of the
lack of similarity among sequences for the three llWit classes, no sequence summary
table has teen provided.)<

DWILLmsmECwhatAcddem.

- The event trees constructed define th' response of IlWits to a small 1,0CA ine

terms of sequences representing success and failure of plant systems. 'the LOCA chosen -
for consideration is a small LOCA, one that would require a reactor scram and continued

..
. __
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operation of high piesture injection systemt A large i OCA would sequite operation of
the high volume / low pressure systems and is not addressed in the imdels.

'the 1,0CA event tice comtructed f er llWit Clau C plants k show n in liig. A.24.
'lhr event-tne branches and se(pences leading to coie damage and core vulnciabihty

f ollow.

1. Initiating event (small 1.OCA). Any bicach in the itCS on the reactor side of the
MSIVs tint te ults in coolant loss in escess of the capacity of the CitD potups is

comidered a I.OCA. A small 1.OCA is consideied to be one in which losses air
not gicat enough to reduce the system pressme to the operating range of the low-

ipressuie inject on sysicim.
-

2. Itcactor shutdown. Successful scram is defined as the rapid inseition of
sulficient contiuliods to place the core in a subciitical condition.

.L liigh pressure adant injection or high pressure cote spray, lil'Cl (or llPCS,
depending on the plant) can provide the required inventoiy makeup.

4. lieptessuritation via SitVs or ADS. The success icquirements Ior this branch are
similar to those following a nompecific scattor trip tramient. SitV/ ADS success
allows the use of low pressute systems to provide short tettu core cooling and
*uikeup.

5. l.PCS, l PCI, or ltillt scivice water. The success requirements for these
branches are similar to those following a nontpec ifie scactor trip transient. Any
one of these branches can provide shott-term cote cooling and makeup if

hitV/ ADS is successful.

6. !(esidual heat it aval (SDC mode) or itillt (SI' cooling mode). Success
iequirements for these branches are similar to those following a nonspecific
tractor trip tramient, except that heat rejection to the environinent may bc sequired
Miones than 24 h into the transient, depending on the break site These methals

each have the capability of providing long-team decay heat irmoval.1,ong-teim
decay heat retuoval is required in all sequences for I.OCA mitigation.

The I.OCA event tice constructed for llWit Class A plants is shown in Fig. A.18.
The event tree is similar to the 1.OCA tree constructed for itWit Class C plants except that

Class A plan's have I;WCl instead of IIPCI or llPCS systems and are, in general, not
equipped with 1.FCI systems (only 1.PCS systems). In addition, suppres ion pool and
containment cooling systems are independent of the shutdown coohng system. The event
tice bninches and sequences leading to core damage follow,

l. Initiating event (small 1 OCAL The initiating event is a small 1.OCA similar to

,
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that described for llWR Class C plants. The following branches lutve functions
and success requirements similar to those following a small 1,0CA at llWits
associated with the previously described llWit classes.

2. Itenetor shutdown.

3. 1:ecdwater coolant injection. The 1 WCl system has the capability to keep the core
covered and pmvide interim core cooling.16VCl initiates automatically on low
tractor water level.

4. Depressuritation via SRVs or ADS.

S. 1,l'CS or fire water (or other water source). The success requirements for these
_

branches are similar to those following a nonspecific reactor ulp transient at Class
A IlWRs. lilther of these systems (branches) can provide low pressure injection
for makeup and short tenn core cooling if high-pressure systems are unavailable.

6. SDC or containment cooling. The success requirements for these branches are
similar to those following a nonspeelfic reactor trlp transient at Class A IlWits,
except that heat rejection to the envhonment may be required sooner than 24 h
into the transient, depending on the size of the break. I!ither of these methods can
provide the long term decay heat removal required to mitigate a small LOCA.

The LOCA event ure constmcted for llWR Class 11 plants is shown in Fig. A.21.
The event tree is most similar to that constructed for llWit Class A plants. in fact, the
branches and sequences air the same, execpt that some Class 11 plants are equipped with
lil'Cl systerns instead of FWCl systems and Class !! IlWRs have a LPCI system, whleh
pmvides an additional capability for low pressure coolant injection. At Class 11 llWRs'

the containment cooling system uses the LPCI pumps rather than having its own -

dedicated pumps.

Sequences resulting in core damage following a llWR small break I,0CA, as -
shown on each plant class event tree, are described in Table A.12, As in the case of
IlWR transients, similar sequence numters do not imply similarity among the sequences.
(llecause of the lack of similarity among sequences for the three llWR classes, no
sequence summary table lias been pmvided.)

AltennttRecurrty_ Actions

The llWR event trees have been developed on the basis that procedurallred
recovery actions will te attempted if primary systems that pmvide protection ngainst core
damage are unavailable, if feedwater, llPCI, and RCIC are unavailable (ITVCl and
isolation condensers on llWR Classes A and 11) and cannot be recovered in the short
term, the use of the control rod drive pumps (provided no LOCA exists) and the use of

.

_ . ,
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ADS (to depressurire below the operating pressure of low-pressuie systems) are
modeled. In addition, the potential for short tenn recovery of a faulted system is also
included in the appropriate branch model.

Two alternate recovery actions can potentially mitigate the effects of an initiating
event,if normal and alternate mitigation systems are unavailable. He first of these is the

use of the condensate system for low pressure injection. This recovery action requires
that the condensate system be available (even though PCS and feedwater are unavailable)
and that the plant has tren depressuiired.

The second recovery action is the use of containment venting for long term decay
heat removal, provided an injection source is available. His core cooling method has
been addressed in some PRAs.

The potential use of these wo alternate recovery actions are qualitatively
considered for high probaNhty sequences when analyzing precursors, although they are
not modeled on the event utes.

>

A.4 Dranch Probability Estimales

Branch probability estimates used in the 1988 1991 precursor calculations were

developed using infonnation in the 1984 86 precursors when possible. Probability
values developed from precursor infonnation are shown in Table A.13. The process
used to estimate branch probability values used in the precursor calculations is described
in detail in Appendix C to Ref. 7 and in Ref. 2.

In addition to system failures caused by equipment failures, the likelihood of
failing to actuate manually actuated systems was also included in the models. Examples
of such systems are the decay heat removal system in BWRs and feed and bleed in

_

PWRs. For actions in the control room, revised failure to initiate probabilities consistent
with those utilized for 1987 precursor calculations were also used for 1988-1991
calculations. These revised values typically assume a failure probability of 0.001 for an
unburdened action and 0.01 for a burdened action. (The failure probability for
subsequent actions should be assumed to be higher. This assumption, plus a revised
approach for actions outside the control room, have not yet been incorporated into the
ASP models.) Operator action failure probabilities used in the 1988-1991 calculations an:
shown in Table A.14.

A.5 Reference Event Calculations

Conditional core damage probability estimates were also calculated for
nonspecific reactor trip, nonrecoverable LORV, and unavailabilities in cenain single. train
BWR systems (llPC1, HPCS, RCIC, and control rod drive cooling). These calculations

_ _ _ - .
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indicate the relative importance of these events, which are too numerous to warrant

individual c Jculation. 't he results of these calculations are lisied in Table A.lS. i
,

Table A.15 shows that nonspecific scactor trips without additional observed '

failures have conditional core damage protubilities below 5 x 104 per trip, depending on
.

plant class. The likelihood of an 1.Ol;W in conjunction with a trip is ine'. led in these !
calculations ! OliW conditional core damage ptobabilities are less than 4 x 104 per

'
i

1.OliW event, again depending on plant class, except for llWR Class A plants
(1,7 x 10 4). The conditional core damage probabilities associated with unavailabilities ,

of IIPCI and llPCS (single train llWR systems) are also above 10 , assuming a one-4
,

half month unavailabilhy.
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Table A.1 liranch psobability estiriulion prtreu, '

.-
,
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:
l

Table A.2 Itules, for calculating preettrsor significance |

1, IIvent sequences requiring calculation.
:

If an initiating event occurs as part of a precursor (l.c., the precursor consists of an initiating event :
plus pnsible additional failures), then uw the event (see awo iated with that initiator: otherwise,
use all event trees impacted by the obscrved unavailability. ,

t

2. Initiating event probability,

if an initiating event occurs as part of a precursor, then the initiator probability used in the I

calculation is the probability of falling to recover from the observed initiating event (i.e., the
numeric value of the recovery class for the event).

+

'

If an initiating event does not occur as part of a precutsor, then the probability used for the
initiating event is developed using the initiating event frequency and event duration, I! vent
duratiora (the period of time during which the failure existed) are tused on information included in |
the event report,if provided. If th event is discovered during testing, then one-half of tio test '
pesiod (15 days for a typical 30-day test interval)is assumed, unicss a specific failure duration is ;
identiikd. , ;

3. lirurn h probabiSty estimation.

For event tree branches for which no failed or degraded condition is observed, a isolubility equal to
the estimated branch failure prolchility is nuigned.

For event tree branches associated with a failed system, a probability equal to the numeric value
auociated with the recovery class is assigned.

For event tree branches that include a degraded system (i.e., a system that still meets minimum !

operability requirements but with reduced or no redundancy), the estimated failure probability is -

mmtified to reflect lie kiss of redundancy. - .

4. Support system unavailabilities.

Systems or trains rendered unavailable as a result of support system fallu a are modeled
recognising that, as long as the affected support system remains failed, all impacted systems (or
trains) are unavailable; but if the support system is recovered, all the affected systems are
recovered. This can be modeled through multiple calculations that address support system failure
and success. Calculated core damage probabilities for each case are normalized based on the
likelih(xxl of recovering the supgvirt system. - (Support systems, except emergency power, are not
directly modeled in the current AS * models.)

:

i

i

.f
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Table A,3 ASPreactorplant classes
3

Plant name Plant class

ANO . Unit 1 PWR Cicss D
- ANO - Unit 2 PWR Class G
licaver Valley 1 PWR Class A
Beaver Valley 2 PWR Class A 1

Ilig Rock Point IlWR Class A
Browns Ferry 1 BWR Class C
llrowns Ferry 2 BWR Class C
Ilrowns Ferry 3 BWR Class C ,

llraidwood 1 PWR Class il
,

Braidwood 2 PWR Class B o
Brunswick I BWR Class C
llrunswick 2 IlWR Class C
llyron1 PWR Class B
11yron 2 PWR Class 11
Callaway 1_- PWR Class B '

Calven Cliffs 1 PWR Class G
Calven Cliffs 2 PWR Class G
Catawba 1 PWR Class il
Catawba 2 PWR Class B
Clinton 1 BWR Class C
Comanche Peak PWR Class B
Coo!. : PWR Class B
Cook 2- PWR Class B

- Cooper Station BWR Class C
[- Crystal River 3 PWR Class D . .

! Davis-Besse PWR Class B
j

Diablo Canyon 1 PWR Class B
Diablo Canyon 2 PWR Class B

'

Dresden 2 . BWR Class B -
Dresden 3 BWR Class B
Duane Arnold BWR Class C
Farley 1 PWR Class Il !

Farley 2 - PWR Class B
Fermi 2 BWR Class C _!
Fitzpatrick _ BWR Class C
Fort Calhoun - PWR Class G-
Ginna - PWR Class B
Grand Gulf 1 BWR Class C

,

1
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Table A.3 ASP teactor p! ant classes (cont.)
,

Plant name Pli:nt class

lladdam Neck PWR Class Il
liarris 1 PWR Class 11

llatch 1 IlWR Class C
llatch 2 IlWR Class C
llope Creek i BWR Class C
Indian Point 2 PWR Class Il
Indian Point 3 PWR Class B
Kewaunce PWR Class 11

_

Lacrosse Unique
LaSalle 1 liWR Class C
LaSalle 2 IlWR Class C
Limerick I llWR Class C
Limerick 2 13WR Class C
Maine Yankee PWR Class 11 [
McGuire 1 PWR Class 11
McGuire 2 PWR Class B
Millstone 1 BWR Class A
Millstone 2 PWR Class G
Millstone 3 PWR Class A
Monticello BWR Class C
Nine Mile Point 1 BWR Class A
Nine Mile Point 2 BWR Class C
Nonh Anna 1 PWR Class A
Nonh Anna 2 PWR Class A
Oconec! PWR Class D
Omnee 2 PWR Class D
Oconee 3 PWR Class D
Oyster Creek BWR Class A
Palisades PWR Class G
Palo Verde 1 PWR Class 11

Pe.lo Venle 2 PWR Class 11
Palo Verde 3 PWR Class 11
Peach Bottom 2 BWR Class C
Peact' Bottom 3 IlWR Class C
Perry 1 BWR Class C
Pilgrim 1 BWR Class C
Point 13each 1 PWR Class B
Point Beach 2 PWR Class B

i

_ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ __ _ _ _ _ _
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:
Table A3 ASP reactor plant classes (cont.) |

1

Plant name Plant class i
|

Prairie Island 1 PWR Class !! !

- Prairie Island 2 PWR Class 11 ,

Quad Cities i llWR Class C !

Qum! Cities 2 IlWR Class C
Rancho Seco PWR Class D i

River llend 1 IlWR Class C
'

Robinson 2 PWR Class 11 !

Salem 1 PWR Class 11 ;

Salem 2 PWR Class B :

San Onofre 1 Unique
San Onofic 2 PWR Class 11 ;

San Onofre 3 PWR Class 11 i

Seabrook 1 PWR Class 11

Sequoyah1 PWR Class 11

Sequoyah 2 PWR Class 11 ,

South Texas 1 PWR Class 11

St Lucie! PWR Class G |
St.Lucie2 PWR Class O

'

Sununer 1 PWR Class Il
Surry 1 PWR Class A.
Surry 2 PWR Class A
Susquehanna 1 11WR Class C

,

Susquehanna 2 IlWR Class C
'

Three Mile Island 1 PWR Class D +

L Tmjan PWR Class 11 ;

Turkey Point 3 PWR Class 11
,

Turkey Point 4 PWR Class 13 .j
Vermont Yankee llWR Class C
Vogtle 1 PWR Class 11,

Vogtle 2 PWR Class Il
WNPSS 2 BWR Class C
Waterford 3 PWR Class 11

Wolf Creek i PWR Class B i

. Yankee Rowe - PWR Class 11 j

|: Zion 1. PWR Class 11 I
L Zion 2 PWR C' ass B i

i l
:|

P
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Table A.4. PWR transient core damage and ATWS sequences
:
=

Sequenee No. F.nd uate Descripuon

11 Core damare Unavailability of IIPR following successful trip
and AFW initiation, primary telief valve lif t and
failure to rescat, and successful llPl. (PWR
Classes A,11 D. G, and 11)

12 Core damage UnavailalGlity of lil'1 following successful trip and
AFW initlation, primary relief valve lift, and
primary relief valve failure to rescat. (PWR
Classes A, li. D, G, and 11)

13 Core damage Shnilar to sequence 11, but h1FW provides SG
cooling in lieu of AFW. (PWR Classes A,11 D,
G, and it)

14 Core damage Similar to sequence 12, but h1FW provides SG
cooling in lieu of AFW. (PWR Classes A,11, D,
G, und 11)

15 Core damage Unavailability of AFW and hiFW following
successful trip. Feed and bleed is initiated, but the
PORV fails to open. (PWR miasses A,ll, and G)

16 Core damage Unavailability of AFW and h1FW following
successful trip. Feed and bleed is initiated but fails
in the recirculation phase. (PWR Classes A,11, D,

r~
and G)

17 Core damage Unavailability of AFW and h1FW following
successful trip. Feed and bleed fails in the
injection phase. (PWR Classes A,11, D, and G)

18 KlWS Failure to trip following a transient requiring trip.
ATWS sequences are not further developed in the
ASP models. (PWR Classes A,11, D, G, and 11)

19 Core damage Unavailability of AFW and h1FW following
successful trip. Feed and bleed is successful but
CSR is unavailable. (PWR Class G)

20 Core damage Unavailability of CSR following successful trip
and AFW initiation, primary relief valve lift and

I

.

_

.
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Table A.4. PWR transient core damage and NrWS tequences (cont.)
.

r

Sequence No. End state Ikst ription
i

,,

failure to rescat, and successful liPl and ilPR.
(PWR Class A) i

21 Core damage Similar to sequence 11, but MFW provides SO !

cooling in lieu of AFW, (PWR Class A) |
.

22 Core damage Unavailability of AFW and MFW following |

successful trip. Feed and bleed is successful, but :
CSR is unavailable for containment heat removal.
This sequence is d!stinguished from sequence 19 - j

because of differences in the function of CSR on ;

Class A and G plants. (PWR Class A)-

23 Core darnage Unavailability of AFW and MFW following - !

successful trip. The SGs are successfully ' )
depressurized, but the condensate pumps fall to |
provide 50 cooling. (PWR Class 11) j

'

24 Core damage Unavailability of AFW and MFW following
successful trip, plus failure to dep.ressurize the SGs :

to allow for the use of the condensate pumps for
SG cooling. (PWR Class 11)

25 Core damage Unavailability of AFW and MFW following
'successful trip At least one open SRV fails to

-

rescat, but liFi and llPR are successful, .SO- :

depressurization is successful, but the condensate -

pumps fail to provide SO cooling. (PWR Class 11) .

26 Core daniage Simila* to sequence 25 except that SG
depresstairation fails. (PWR Class 11) . ,

27 Core damage Unavailability of AFW and1MFW following
successful trip. At least one SRV fails to rescat,
llPI is initiated but ilPR fails. (PWR Class 11) ,

28 Core damage Unavailability of AFW andiMFW following
successful trip, ' At least one SRV fails to rescat
and llPI fails. (PWR Class 11)

1

5
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Table A.5. PWR transient seque:xxs summary

Seq. End RT AFW MFW RV RV HPI HPR PORV CSR SG Condemate PWR Class -
,

No S: ate Chall Rescat Opm Dtp Pumps A B D G: H

11 CD S S S* F S F x x x x x
12' CD S S S* F F,

x x x x x
13 CD S- F S S* F S F s x x x x
14 CD S F S S* F F

! 15 CD S F F S S F
x x x x x
x x .x

16 CD S. F F S F x x x x
17 CD S F F F

,

x x x x'
18 ATWS F x x x x x

{ 19- G S F F S S S F x >| 20 CD S S S* F S S F x kj 21 CD' S F S S* F S S F x
22 CD S F F S S 5 F x
23 CD S F F S S F x
24 CD S F- F S F x*
25 CD S F F F S S S F x

; 26 CD S- F- F F S S F x
"27 CD' .S .F F F S F,

xj' 28 CD S F F F F x

Note- CD '- Cer: damage. -
*

S - Required and success #ui!y performs its function.
j F. - Required and fails to perform i:s functiert

S* - Relief valve dmI!cnged during the tra: ment (asst =ned fcr all knses of hxh AFW and MF%1
-

i
4

4

+
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Table A.6. PWR LOOP core damage and ATWS sequences
,

Sequence No. End state l)escription
.

,_ _ , . ~

40 A*lWS Failure to trip following a LOOP. (PWR Classes
'

A,11, D, G, and !!)

41 Cote damage Unavailability of 11PR following a LOOP with
successful trip, emergency power, and AFW:
primary relief valve lift and failure to rescat; and- !

successful llPl. (PWR Classes A,11, D, G, and
:

11)
>

42 Core damage Unavailability of IIPI following LOOP with
successful trip, emergency power and AFW;
primary relief valve lift and failure to rescat.- (PWR ;

Classes A,11, D, G, and II) . :

*

43 Core damage Failure of the PORV to open for feed and bleed
,

cooling following successful trip and emergency .
power, and AFW failure. (PWR Classes A, II,
and G)-

44 Core damage ' Failure of IIPR for recirculation cooling following
feed and bleed initiation. Trip and emergency
power are successful, but AFW fails. (PWR j_

Classes A, B, D, and G)

45 Core damage Unavailability of IIPI for feed and bleed cooling - -

following successful trip and emergency power
and AFW failure. (PWR Classes A, B, D, and G)

^

46 Core damage Unavailability of IIPR following 1.lPI success for
RCP seal LOCA mitigation. AC. power is
recovered following successful trip, emergency -;

power failure,-turbine driven AFW train (s) '

success, primary relief valve lift and rescat, and
asubsequent seal LOCA. (PWR Classes A, B, D.
O, and 11)

47 Core damage This sequence is similar to sequence 46 except that
llPI fails for RCP seal LOCA mitigation. (PWR
Classes A, B, D, G, and II) |

'
.

- .. . - - . - , - , . .. .-, - . . - . , . , , . , . .,-...:.. . . . . . . . . . . , , . L.n
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Table A,6. PWR LOOP core damage and ATWS sequences (cont.)-

!
Sequer4 e No. End state Description i

. - --

48 Core damage Failure to recover AC power following an RCP
seal LOCA. The seal LOCA occurs following l
successful trip, failure of emergency power, I

turbine-driven AFW train (s) succen, and primary
telief valve lift and closure. (PWR Classes A,11, '

D, G, and 11)
!

49 Core damage Failure to recover AC power following successful
trip and emergency power system faihire, AFW -
turbine train (s) success, and primary relief valve

,

lift and rescat. No RCP seal 1 OCA occurs in the
sequence. (PWR Classes A,11 D,0, and (1)

_{
50 Core damage Failure of a primary relief valve to n seat following ;

lift subsequent to a successful trip, emergency '

power system failure, and AFW turbine train (s)
success. (PWR Classes A. II, D, G, and 11)

51 Core damage This sequence is similar to sequence 46 except that
the primary relief valves are not challenged. (PWR
Classes A,11, D, G, and 11) .

52 Core dam:,ge This sequence is similar to sequence 47 except that '

the primary relief valves are not challenged, (PWR -
Classes A, II, D, G, and 11)

i

53 Core damage This sequence is similar to sequence 48 except that
the primary relief valves are not challenged. (PWR
Classes A,~ 11, D, G, and 11)

54 Core damage .This sequence is similar to sequence 49 except that :
,

the primary relief valves are not challenged. '(PWR |

Classes A, II, D, G, and iI)

55- Core damage Failure of AFW following successful trip and
emergency power system failure (PWR Classes A, .
II, D, G, and 11)-

. _ . - - . _ -- .. .._.m -. ma a . , - _ . . . - . . - . - - - _ ._ ._
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Table A.6. PWR LOOP core damage and ATWS sequences (cont.)

Sequ nce No. Fnd state Description

56 Core damage Failute of CSR in conjunction with successful feed
and bleed follawing trip, emergency power t.ystem
success, and AFW failure (1%VR Class G)

57 Core damage Failure of CSR following LOOP with sue:essful
trip, emergency power and AFW, primary relief
valve challenge and failure to rescat, and successful

llPI and itPR. (PWR Class A) -

58 Core damage Failure of CSR in conjunction with successful feed
and bleed following LOOP with successful trip and
emergency power initiation, and AFW failure.
(PWR Class A) s

59 Core damage Failure of CSR following successful llPI and ilPR
trquired to mitigtf te a seal LOCA. This sequence
involves a LOOP with successful trip, emergency
power system failure, primary relief valve
challenge and rescat, and a subsequent seal LOCA
with AC power recovery prior to core uncovery.
(PWR Class A)

60 Core damage This sequence is similar to sequence 59 except that
the primary relief valves are not challenged. (PWR _

Class A)

.

# . .

-. .
.
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Table A.7. PWR LOOP sega:res m.g-

Seq. 'End RT/ EP AFW RV RV Seal CP HPI HPR EDRV CSR PWR Oassr.

[ No. State LOOP Cha!! Resea LOCA mv Open A BDGH
.

,

40 ATNS F x x x x x
41 CD S S S S* F S F x x x x x
42 CD S S S S* F F x x x x x'
43 CD S S F S S F x x x

; 44 CD S S F S F x x x x
45 CD S S F F x x x x

"

46 CD S F S S* S S* S S F x x x x x
47 CD S F S S* S S* S F x x x x x'
48 CD S' F S S* S S* F x x x x x
49 CD S. F S S* 5 F x x x x x
50 CD S F S S* F x x x x x ;>

'

51 CD 5 F S S* S S F x x x x x hi ' 52 CD S F S S* 5 F x x x x x
! 53 CD S F S S* F x x x x x

54 CD S F S F x x x x x
53 CD S F F x x x x x,

56 CD S S F S S S F x
57 CD S S S- S* F S S F x4

*

58 (D S- S F S S S F x
! 59 CD S .F S S* S S* S S S F x
'

60 CD' S F S S* S. S- S F x
.i

Note: CD - Core W-
'

S - Required and hJcily reforms its function.
F - Required and fils to perform its fanctiott
$* - Relief valve chfieng:d dwing the tra: ment (ass =ned 1 alllosses of both AFW and MFW).-

4

_ _ . _ _ _ _ . . , . - . . -- =<w, ,-s n -r-- ~ ' ' '- M #- ' ' =~m'~ ' ' * * " ' ' '_

-



A 53-

|
Table A.8. PWR small. break LOCA core damage and A'lWS sequences

Sequence No. End state Description

,

71 Core damage Unavailability of IIPR following a small break
LOCA with trip,~ AINV and ilPI success. (PWR -

Classes A,11, D, G, and 11)

i

72 Core dar sge Unavailability of IIPI following a small break
LOCA with trip and AFW success. (PWR Classes
A, B, D, G, and II) 4

73 Core damage This sequence is similar to sequence 71 except that
MFW is utilized for SG_ cooling if AIAV is ;

unavailable. (PWR Classes A, D, D. G, and 11)

'

< 74 Core damage 'Ihis sequence is similar to sequence 72 except that
MFW is utilized for SG cooling _if AFW is
t navailable. (PWR Classes A, ll,' D, G, and 11)

75 Core damage Unavailability of AFW and MFW following a
small break LOCA and successful trip. The PORV >

is unavailable to depressurize the RCS to the llPI
pump discharge pressure. (PWR Classes A, B,
and G)

76 Core damage Unavailability of AFW and MIAV following a
small break LOCA with trip success. llPI is
successful but ilPR fails. (PWR Classes A, B, D,

_

,
'

G, and 11)
!

77 Core damage Unavailability of AFW and MISV following trip
success, llPl falls to provide RCS makeup.
(PWR Classes A, B, D, G, and 11)'

78 ATWS Failure of reactor trip following a small break'
LOCA. (PWR Classes A, B, D, G, and II)

1

79 Core damage Unavailability of CSR for containment heat
removal following a small break LOCA with trip
success, AFW and MFW failure, and feed and

bleed success. (PWR Class G)- ,

;

.

h
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Table A.8. PWR small break LOCA core damage and NnVS sequences (cont.)

Sequence No. End state Description

80 Core damage Unavailability of CSR following a small-break
LOCA with trip, ARV, I-IPI and llPR success.
(PWR Class A)

81 Core damage this sequence is similar to sequence 80 except that
MFW is used for SG cooling in the event ARV is
unavailable. (PWR Class A)

82 Core damage Unavailability. of CSR for containment heat
removal following a small break LOCA with trip
success, AFW and MFW unavailability, and feed

and bleed success. (PWR Class A)

83 Core damage Unavailability of the condensate pumps for SG
cooling following a small break LOCA with trip
success, unavailability of AFW and h"3V, and
successful SG depressurization. (PVm tass 11)

84 Core damage This sequence is similar to sequence 83 scept that
SG depressurization is unavailable. (PWR Class
11)

,

i

i

.i
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! Table A.9. PWR small-break LOCA sequences summary

Seq. End RT AFW hD% HPI HPR PORV CSR SG Condensare P%R Class

No. State Open Dep Pumps AB DGH
,

71 CD S S- S F x x x x x

72 CD S S F x x x x x

; 73 CD S F S S F x x x x x

74 CD S F S F x x x x x

75 CD S F F S S F x x x

76 CD S F F S F x x x x x

77 CD S F F F x x x x x

78 ATWS F x x x x x >
79 O S F F S S S F x 0
80 CD S S S S F x

81 CD S F S S S F x

82 .CD S- F F S S S F x

83 CD S F F S S S F x

84 G S F F S S F x

Note: CD - Core damage.
S - Requued and successfuHy performs its function.
F - Requind and fails to perform its function.

<

e v -
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Table A.10, BWR transient' core damage and ATWS sequences
p :Y

Sequence No. End state Dese;iption
- - -

-BWR Class A sequences

11 Core damage Unavailability of long-term core coo" (failure of J

shutdown cxling system and contali, nt cooling)
following suNessful scram and. failure of
continued power ' conversion system operation, (

'

safety def valve challenge and successful rescat,.
failure ofisolation condenser, and successful main -
feedwater.

12 Core damage Similar to Seg"ence 11 c' ..g tailure of main
feedwater an6 successful feedwater- coolant
injection,

13 Core damage Similar to Sequence 11 except failure of main
feedwater and feedwater coolant injection,
followed by successful control rod drive cooling.

14 Core damage Unavailability of long term core cooling (failure of
shutdown cooling system and containment cooling)
following successful scram and . failure of
continued power conversion system operation;
safety relief valve challenge and successful rescat;
failure of isolation condenser; failure of rain
feedwater, feedwater coolant injection and control
rod drive cooling; followed by successful vessel -
depressurization and low-pressure core spray, ;

15 Core damage Unavailability of fire water or othec equivalent
water source for- vessel makeup following
successful scram and failure of continued power

Lconversion system operation; safety relief valve
challenge and success of isolation condenser, main
feedwater, feedwater coolant injection, and control .
rod drive ccding. . Successful Wessel
depressurization and failure 'of. low-pressure core'

. spray,

16 Core damage Similar to Sequence 15 except the shutdown -
cooling system fai!s followed by successful

~

.

ce ainment cooling.

,

+--v .-
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Table A.10.- B% R transient core damage and A'lWS sequences (cont.)

Sequence No. End state Description

.

17 Core damage Unavailability of long term core cooling (failure of
shutdown cooling system and containment cooling)
following successful scram and; failure of
continued power conversion system-operation;
safety relief valve challenge and successful rescat;
failure of isolation co . denser, main feedwater,
feedwater coolant injection, and control rod drive
cooling systems; followed by successful ves 'l
depressurization 'and failure of low-pressure core
spray.

.

10 Core ( nage Unavailability of vessel depressurization following-
successful scram and failure of continued power
conversion system operation, and safety relief
valve challenge and successful rescat. Failure of
the isolation condenser, main feedwater, feedwater
coolant injecdon, and control rod drive cooling.

19 Core damage Unavailability of long-term core cooling (failure of
shutdown cooling system and containment coolir.g)
following successful ~ scram and failure of
continued power conversion system operation,
safety. relief valve challenge and unsuccessful-
rescat, and successful main feedwater,

f

20 Core damage .Similar to Sequence 19 except unsuccessful main
'

|- feedwater followed by successful bedwater
coolant injection.

21 Core damage Unavailability of long-term core cooling (failure of;,

shutdown cooling system and containment cooling)
following successful scram and- failure of
co'ntinued power conversion system operation,

- mfety relief valve challenge _ and unsuccessful:
rescat, unsuccessful main feedwater and followed
by successful vessel depressurization and low .
pressure core spray.

.

+ g , 4--- w. - % ., +,r-
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Table A.10. BWR transient core damage and ATWS sequences (cont.)'

Sequence No. End state . Description

.

-- 22 Core damage Unavailability of fire water or other equivalent-
water source for . vessel makeup following : - ;|

successful scram and failure of continued power :

conversion' system operation, safety relief valve
challenge and unsuccessful rescat, and failure of.
main feedwater and feedwater cwlant injection.
Successful vessel depressurization and failure of
low pressure core spray.

23 Core damage Similar to Sequence 22 except failure of the
shutdown cooling system . and successful
containment spray.

24 Core damage Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling)
following successful scram and failure of
continued power conversion system operation,
safety relief valve challenge and _ unsuccessful
rescat, unsucaful main feedwater and feedwater .
coolant injection, successful vessel de' c-ssur-
izatica, and unsuccessful low pressure core spray,

25- Core damage Unavailability of vessel depressurization following _
sucaessful scram and failure of continued power
conversion system operation, safety relief valve.
challenge and unsuccessful rescat, and failure of' H

the main feedwater and feedwater coolant injection.

!

26 Core damage . Similar to Sequence i1 except the safety relief 1

valves are not challenged.

L - 2 7 -- Core damage Similar to Ls quence 12 except the safety rclief
n valves are not challenged.

28 Core damage Similar to Sequence 13 except the safety relief-
valves are not challenged.

|
:'

-

:

. ,
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Table A.10.11WR transient core damage and ATWS sequences (cont.)

Sequence No. lInd state Description

29 Core damage Similar to Sequence 14 except the safety relief
valves are not challenged.

30 Core damage Similar to Sequence 15 except the safety relief
valves are not challenged.

31 Core damage Similar to Sequence 16 except the safety relief
valves are not challenged. -

32 Core damage Similar to Sequence 17 except the safety relief
valves are not challenged.

33 Core damage Similar to Sequence 18 except the safety relief
valves are not challenged.

99 ATWS Failure to trip following a transient requiring trip.
ATWS sequences are not further developed in the
ASP models.

Bu'R Class B sequences

11 Core damage Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling
mode of low-pressure coolant injection) following
successful scram and failure of continued power
conversion system operation, safety relief valve
challenge and successful rescat, and failure of
isolation condenser and successful main feedwater.

12 Core damage Similar to Sequence 11 except failure of main
feedwater followed by successful high-pressure
coolant injection.

13 Core damage Similar to Sequence 11 except failure of main
feedwater and high-pressure coolant injection
systems, followed by successful control rod drive
cooling.

\

l
r
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Table A.10. IiWR transient core damage and ATWN sequences (mnt.)

Sequence No. lind state Description
,

. _ _ _

14 Core damage Unavailability of long term core cooling (failure of
shutdown cooling system and containment cooling;
mode of low-pressure coolant injection) following
successful scram and failure of continued power
conversion system operation; safety relief valve' '

challenge and successful rescat; failure of isolation

condenser; failure- of main- feedwater, high-
pressure coolant injection, and control rod drive
cooling sprems; followed by successful vessel-
depressurization and low-pressure core spray,

15 Core dam::ge Unavailability of long-term core cooling (falinre of -
shutdown cooling system and containment cooling
mode oflow pressure coolant injection) following
successful scram and failure of continued power
conversion system operation: safety relief valve
challenge and successful rescat; failure of isolation = +

condenser; failure of _ mainD feedwatcr, high- [
pressure coolant injection, and control rod drive ,[
cooling systems; followed by successful' vessel
depressurization, and failure oflow pressum core ~
spray and successful low pressure _ coolant
injection, 1

,

16- Core damage Unavailability of firciv ater or other equivalent
- water source for reactor vessel makeup following q

successful scram and failure of continue'd power 1

conversion system operation; safety relief valve
challenge |and successful reseat;'a'id failure of

'
isolation condenser, main feedwater, high-pressure'
coolant injection, and control rod drive cooling :

_ _ _

-_, systems. Successful vessel depressurization,
failure of low pressure ere spray and low--
pressure | coolant injection, and successful
shetdown cooling system;

17 Core damage Similar to Sequw,.cc 16 except the shutdown.
cooling system. fails followed by successful :"

L
i.

?

i

!-

. = , ,. . - . . - . - . - . -. . , ,- , . ,



- _ - _ _ _ _ _ _ _

A-61

Table A.10. IlWR transient core damage and ATWS sequences (cont.)

Sequence No. End state Description*

containment cooling mode of the low-pressure
coolant injection system.

18 Core damage Similar to Sequence 15 except low-pressure
coolant injection system fails.

19 Core damage Unavailability of vessel depressurization following __

successful scram and failure of continued power
conversion system operation, and safety relief
valve challenge and successful rescat. Failure of
the isolation condenser, main feedwater, high-
pressure coolant injection, and control rod drive
cooling.

20 Core damage Unavailability oflong term core cooling (failure of
shutdown cooling system and containment cooling
mode of low-pressure injection) following
successful scram and failure of continued power
conversion system operation, safety relief valve
challenge and unsuccessful rescat, and successful

main feedwater.

21 Core damage Similar to Sequence 20 except unsuccessful main 7

feedwater followed by succersful high-pressure
cochmt injection.

22 Core damage Similar to Sequence 20 except unsuccessful main
feedwater and high-pressure coolant injection,
followed by successful vessel depressurization and

low-pressure core spray.

23 Core damage Similar to Sequence 20 except failure of main
feedwater and high-pressure coolant injection,
followed by successful vessel depressurization,
failure of low pressure core spray, and successful
low-pressure coolant injection.

,

- - - - - -
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Table A.10L llWR transient core damage and Kl'WS sequences (cont.)

Sequence Noi - End state - . Description -

24 Core damage Unavailability of fire water or other equinient
*

water source for reactor vessel makeup following i
Jsuccessful scram and failure of continued power

conversion system operation, safety relief valve-
challenge and unsuccessful rescat, and failure of'. l

main feedwater and high pressure coolant |

injection. Successful. vessel depressurization,
failure of . low-pressure core ~ spray and low-
pressure coolant injection, and successful shut-
down cooling. :

.

,

25 Core damage Similar to Sequence 24 except failure of the
shutdown cooling system and successful
containment spray mode of low-pressure core
injection.

26 Core damage Similar to Sequence 23 except unsuccessful low-
pressure coolant injection.

27 . Core damage Unavailability of vessel depressurirttion following. 3
successful scram and failure of continued power-
conversion system operation, safety relief valve
challenge and unsuccessful rescat, and failure ^of'
the main feedwater and high-pressure coolant ,

injy lonc j

28- Core damage Similar to Sequence 11 except the safety relief
valves are not challenged.-

29 Core damage . Similar to Sequence 12 except the safety. relief -
-

valves are not challenged.

30~ Core damage - Similar to Sequence -13 except'the safety relief
valves are not challenged.

31 Core damage - Similar to Sequence.14 fxcept the safety relief
-valves are not challenged.

- . _ . -- _ . , . _ , -
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Table A.10. IlWR transient core damage and ATWS sequences (cont.)

P_ Sequence No !!nd state Ikseription

32 Core damage Similar to Sequence 15 except the safety relief
valves are not challenged.

33 Core damage Similai to Sequence 16 except the safety relief
valves are not challenged.

34 Core damage Similar to Sequence 17 except the safety relief
valves are not challenged.

_

35 Core damage Similar to Sequence 18 except the safety relief
valves are not challenged.

36 Core damage Similar to Sequence 19 except the safety relief
valves are not challenged.

99 ATWS Failure to trip following a transient requiring trip.
ATWS sequences are not further developed in the
ASP models,

HWR Class C sequences

11 Core damage Unavailability of long-t mn core cooling (residual
heat removal shutdown cooling and suppression
pool cooling modes fail) following successful
scram and failure of continued power conversion
system operation, safety relief valve challenge and

-

successful rescat, and successful main feedwater.

12 Core damage Similar to Sequence 11 except failure of main
feedwater with successful high pressure coolant
injection.

13 Core damage Similar to Sequence 11 except failure of main
feedwater and high-pressure coolant injection
systems, with successful reactor core isolation
cooling.

14 Core damage Similar to Sequence 1I except failure of main
feedwater, high pressure coolant injection, and
reactor core isolation cooling, with successful
control rod drive cooling.

_-___ - _ _ ___ _ - -
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Table A.10. BWR transient core damage and ATWS sequences (cont]

Sequence No. End state Description

15 Core damage Unavailability of long-tenn core cooling (residual
heat removal shutdown cooling and suppression

pool cooling modes fail) following successful
scram and failure of continued power conversion
system operation, safety relief valve challenge and
successful resent, failure of main feedwater, high-

pressure coolant injection, reactor core isolation
cooling, and control rod drive cooling, with
successful vessel depressurization and low-
pressure core spray.

16 Core damage Similar to Sequence 15 except failure of low-
pressure core spray and successful lov.-pressure
coolant injection.

17 Core damage Unavailability of fire water or other equivalent
water source for reactor vessel makeup following
successful scram and failure of continued power
conversion system operation; safety relief valve
challenge and successful rescat; failure of main
feedwater, high-pressure coolant injection, reactor
core isolation cooling, and control rod drive
cooling systems. Successful vessel depressuri-
zation, failure of low-pressure core spray and low- -

pressure coolant injection, and successful residual
heat removal system in shutdown cooling mode.

18 Core damage Similar to Sequence 17 except the residual heat
removal system fails in the shutdown cooling mode
and succeeds in the suppression pool cooling
mode.

19 Core damage Similar to Sequence 16 except failure of low-
pressure coolant injection.

,

1
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Table A.10. IlWR transient core damage and NIWS sequences (cont.)

Sequence No. lind state Description

20 Core damage Unavailability of vessel depressurization following
successful scram and failure of continued power
conversion system operation, safety relief valve
challenge and successful rescat. Failure of the main
feedwater, high-pressure coolant injection, reactor
core isolation cooling, and control rod drive
cooling.

21 Core damage Unavailability of long-tenn core cooling (residual
' heat removal shutdown and suppression pool

cooling nules fail) following successful scram and
failure of continued power conversion system
operation, safety relief valve challenge with
unsuccessful rescat, and successful main
feedwater.

22 Core damage Similar to Sequence 21 except unsuccessful main
feedwater with successful high-pressure coolant
injection.

23 Core damage Unavailability of long-tenn core cooling (residual
he.:t removal shutdown and suppression pool
cooling modes fail) following successful scram and
failure of continued power conversion system -

operation, safety relief valve challenge with
unsuccessful rescat, unsuccessful main feedwater

and high-pressure coolant injection, followed by
successful vessel depressurization and low-
pressure core spray.

24 Core damage Similar to Sequence 23 except failure of low.
pressure core spray and successful low-pressure
coolant injection.

25 Core damage Unavailability of fire water or other equivalent
water source for reactor vessel makeup following
successful scram and failure of continued power

_ . _ _ _ - _ _ _ ____
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' Table A.10. BWR transient core damage and ATWS sequences (cont.) '

Sequence No. End state Description

conversion system operation, safety relicf valve
challenge and unsuccessful rescat, and failure of -
main feedwater and high pressure coolant
injection. Successful vessel-depressurization,

_

failure of low pressure - c' ore spray and low'-
pressure coolant injection, and successful residual

'
heat removal in shutdown cooling mode. .

_

26 Core damage Similar to Sequence 25 except the residual heat -
removal system fails in the shutdown cooling mode
and succeeds in the suppression pool cooling
mode.

27 Core damage Similar to Sequence 24 except failure of low-
pressure coolant injection.

28 Core damage Unavailability of vessel depressurization following .
successful scram and failure of continued power
conversion system operation, safety relief valve
challenge and unsuccessful rescat, and failure of
the main feedwater and high pressure coolant
injection systems.

29. ' Core damage Similar to Sequence 11 except the safety relief
valves are not challenged.

_

b

30 Core damage Similar to Sequence 12 except the safety relief
valves are not challenged.

_

31 Core damage Similar to Sequence 13 except the safety relief
valves are not challenged.

.

32 Core damage Similar to Sequence 14 except the safety relief -
valves are not challenged.

33 Core damage Similar to Sequence 15 except the safety relief
valves are not challenged.

34- Core damage Similar to Sequence _16_ except the safety relief
valves are not challenged.

_

I

_ _ _ _ _ _ _ . -
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Table A.10. ILWR transient core damage and N!WS sequences (con'..)

5equence No. !!nd state Description

35 Ox: d:unage Similar to Sequence 17 except the safety relief
valves are not challenged.

36 Core damage Similar to Sequence 18 except the safety relief
,

,

valves are not challenged.

37 Core darnage Similar to Sequence 19 except the safety relief
valves are not challenged.

38 Core damage Similar to Sequence 20 except the safety relief
-

valves are not challenged.

99 A'lWS Failure to trip following a transient requiring trip.
ATWS sequences are not further developed in the
ASl> nulets.

_. _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _
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Table A 1i. BWR LOOP core danuge and NITYS sequences

Sequence No. End state Description

BWR Class A sequences

41 Core damage Unavailability of long-tcam core cooling (failure of
shutdow n cooling system and containment cooling)
following a loss of offsite power with successful
emergency power, reactor scram, and safety relief
valve challenge and rescat. Failure of isolation
condenser and successful feedwater coolant
injection. {

42 Core damage Similar to Sequence 41 except failure of the
feedwater coolant injection and successful control

'

rod drive cooling.

43 Core damage Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling)
following a loss of offsite power with successful
emergency power, reactor scram, and safety relief
valve challenge and rescat. Failure of isolation
condenser, failure of the feedwater coolant
injection and control rod drive cooling systems,
with successful vessel depressurization and low-
pressure core spray.

44 Core damage Unavailability of fire water or other equivalent
-

k water source for vessel makeup following a loss of
offsite power with successful emergency power,
scram, and safety relief valve challenge and
successful rescat. Failure of isolation condenser,

,

}
feedwater coolant injection, and control rod drive
cooling. Successful vessel depressurization and
failure of low-pressure core spray.'

45 Core damage Similar to Sequence 44 except failure of the
shutdown cooling system and successful
containment spray.

,

_ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _
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Table A.11~ IlWR LOOP core damage and ATWS sequences (cont.)-:
.

Sequence No. lInd state . Description

46 ~ Core damage - Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling)

{ following a loss of offsite power with successful'

)! -
emergency power, reactor scram, and salety relief-
valve challenge and rescat, Failure of isolation
condenser, failure of feedwater coolant injection ' |

'

and control rod d ive cooling, with successful . j
vessel depressurization and failure of the low--

|
pressure core spray. g

i I
E .47 Core damage Unavailability of vessel depressurization following - '

a loss of offsite power with successful emergency
power and reactor scram. Challenge of the safety
relief valves and . successful- rescat with
unsuccessful isolation condenser,- feedwater'

~

coolant injection, and control rod drive cooling,

48 Core damage Unavailability oflong term core cooling (failure of :
shutdown cooling system and containment cooling) >

following a loss of offsite power with successful
emergency. power, reactor scram, and safety relief

'

valve challenge and unsuccessful rescat,. and g
successful feedwater coolant injection.

49 Core damage Similar to Sequence 48 except failure of feedwater
'

i . coolant injection followed by successful vessel
depressurization and low-pressure core spray. -I

50 Core damage Unavailability of fire water or other equivalent
L water source for vessel makeup following a loss of L
l

offsite power, successful emergency power and
scram, safety ' relief valve i challenge aml
unsuccessful rescat, and failure of feedwater
coolant injection. Successful vessel ~depressur-

|
ization, failure of low pressure core spray, and

L - successful shutdown cooling system.
L
L

|

l

-

.,
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Table A.11. BWR LOOP core damage and ATWS sequences (cont.)-'

Sequence No. End state Desenptiant

~

a.

51 Core damage Similar to Sequence 50 except failure of shutdown -
-

cooling system and successful containment :

cooling.'

52 Core damcge Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling)
following a loss of effsite power with successful
emergency power, reactor scram, and safety relief
valve challenge and unsuccessful reseat. Failure of
feedwater coolant injection, successful vessel
depressurization, and failure oflow pressure core
spray. j

o
53 Core damage Unavailability of vessel depressurization following 2

|
a loss of offsite power with successful emergency {

~ 4power and reactor scram. Safety relief valve
challenge and unsuccessful rescat, and failure of ;,

Ithe feedwater coolant injection system.

54 Core damage Similar to Sequence 41 except the safety relief
valves are not challenged.

J

55 Core damage Similar. to Sequence 42 except the safety relief-
valves are not challenged. 1

56 Core damage. Similar to Sequence 43 except the safety relief
valves are not challenged-

57 Core damage Similar to Sequence 44 except the safety relief'
valves are not challenged.

,,

58. Core damage Similar to Sequence 45 except the safety relief. :e

valves are not challenged.

. Similar to Sequence 4' except the safety-relief-6-59 Core damage
. valves are not challenged.

60. Core damage Similar to Sequence 47 except the safety relief.
.

valves are not challenged.

I-

|

_ . . _ , .
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Tal.le A.I1.11WR l.OOP core damage imd ATWS sequences (cont.)

Sequence No. 11nd smte Description

61 Core damage Umvailability of the isolation condenser follawing
a loss of offsite power, failure of emergency
power, successful scram, and safety relief s . <c
challenge and successful rescat.

62 Core damage Failure of an SitV to rescat following challenge
after n loss of offsite power with failure of
emergency power and successful reactor scram. ___

63 Core damage Similar to Sequence 61 except the safety relief
valves are not challenged.

64 Core damage Failure of recovery of electric power in the long-
term iollowing a :...u of offsite power, failure of
emergency power, and successful reactor scram.

97 KlWS ATWS following a loss of offsite power and
unavailability of emergency power, ATWS
sequences are not further developed in the ASP
models.

98 A~l W S ATWS following a loss of offsite power,
successful emergency power, and failure to scram
the reactor. ATWS sequences are not further
developed in the ASP models,

BlVR Class B sequences
.

41 Core damage Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling
mode of low-pressure coolant injection) following
a loss of offsite power with successful emergency
power, reactor scram, and safety relief valve
challenge and rescat. Failure of isolation
condenser and successful high pressure coolant
injection.

42 Core damage Similar to Sequence 41 except failure of high-
pressure coolant injectica and successful control
rod drive exling.

_ _ _ _ _ _ _ _ _ _ _ -
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Table A 11.1 IlWit LOOP core damage and NIWS sequences (cont.)

~

Sequence No. End state- Description

43 Core damage Similar to Sequence 4i except failure of the high-
pressure coolant injection and control rod drive
cooling, with successful vessel depressurization

- and low-pressure core spray,

44 Core damare Unavailability of long tenn core cooling (failure of-
shutdown cooling system and containment cooling;
mode of low-pressure coolant injection) following - -

a loss of offsite power with successful emergency
power, reactor scram, and safety relief valve
challenge and' resent, Failure of isolation
condenser, failure of the high pressure coolant
injection and control rod drive cooling systems,
with successful vessel depressurization, failure ofi
low-pressure core spray, an.1 successful low-

,
pressure coolant injection,

45 Core damage Unavailability of fire water or other equivalent-
water source for reactor vessel makeup following a
loss of offsite power with successful emergency
power, scrum, and safety relief valve challenge and
successful rescat, Failure of isolation condenser,
high-pressure coolant injection,' and control rod
drive cooling, Successful vessel depressurization, -
failure of low-pressure core- spray, and low .

-pressure- coolantiinjection with successful.

shutdown cooling,

g 46 - Core damage Similar to Sequence 45 except failure of the-
shutdown cooling ' system and successful---

containment spray mode low-pressure coolant
injectioni

47 Core damage Similar to: Sequence 44 except failure of low-
pressure coolant injcetion.

|0 i
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Table A.ll. DWR LOOP core damage and ATWS sequences (cont.)

Sequence No. End state Description

; 48 Core damage Unavailability of vessel depressurization following
a loss of offsite power with successful emergency
power and ceactor scram, challenge of the safety
relief valves and successful resent with
unsuccessful isolation condenser, high-pressure
coolant injection, and control rod drive cooling.

49 Core damage Unavailability of long-term core cooling (failure of
shutdown cooling system and con:ainment cooling
made of low-pressure coolant injection) followinga
loss of offsite power with successful emergency
power, reactor scram, and safety relief valve
challenge and unsuccessful rescat, and successful
high-pressure coolant injection.

50 Core damage Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling
mode of low-pressure coolant injection) following
a loss of offsite power with successful emergency
power, reactor scram, safety relief valve challenge
and unsuccessful reseat, and failure of high-
pressure coolant injection followed by successful
vessel depressurization and low-pressure core
spray.

51 Core damage Similar to Sequence 30 except failure of low-
pressure core spray and successful low-pressure

coolant inWetion.

52 Core damage Unavailability of fire water or other equivalent
water source for reactor vessel makeup following a
loss of offsite power, successful emergency power
and scram, safety relief valve challenge and
unsuccessful reseat, and failure of high-pressure
coolant injection. Successful vessel
depressurization, failure of low-pressure core
spray and low-pressure core injection, and
successful shutdown cooling system.

h
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-Table A.ll, BWR 1,00P core damage and ATWS sequences (cont.)
.

~

Sequence No. End state ' - Description 4

53- Care damage Similar to Sequence 52 except failure of shutdown
cooling system and successful containment cooling .
mode of low-pressure coolant injection; a

54 Core damage Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling
mode of low-pressure coolant injection) following
a loss of offsite power with successful emergency

'

power, reactor scram, and safety relief valve
challenge and unsuccessful reseat. Failure of high.
pressure coolant injection,. successful vessell ,

depressurization and failure of low-pressure core
spray and low-pressure coolant injection.

,

55 Core damage Unavailability of vessel depn:ssurization following
a loss of offsite power with s_uccessful emergency
power and reactor scram. Safety relief valve-
challenge and unsuccessful rescat,' and failure of
the high-pressure coolant injection system.

56 Core damage Similar to Sequence 41 except the safety relief
valves are not challenged.

57 Core damage Similar to' Sequence 42 except the safety relief
valves are not challerged.

58 Core damage Similar to Sequence 43 except the safety relief,
valves are not challenged.;

59 Core damage Similar to Sequence 44 cxcept the safety relief
valves are not challenged.

160 Core damage Similar to Sequence 45 except the safety relief-
valves are not challenged.-

.61 Core damage . Similar to Sequence 46 except the safety. relief
valves are not challenged.-s.

62 Core damage Similar to Sequence 47 except the safety relief |
valves are not challenged.

.

_

l
|

_ _ _ . _ __
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Table A.ll. IlWR LOOP core damage and ATWS sequences (cont.)

Sequence No. End state Description

63 Core damage Similar to Sequence 48 except the safety relief
valves are not challenged.

64 Core damage Unavailability of long-tenn core cooling (failure of
shutdown cooling system and containment cooling
mode of low-pressure coolant injection) following
a loss of offsite power, failure of emergency
power, successful reactor scram, successful long- ._

tenn recovery of electric power, safety relief valve
challenge and rescat, failed isolation condenser,
and successful high pressure coolant injection.

65 Con damage Unavailability of high-pressure core injection
following a loss of offsite power, fa' lure of
eraergency power, successful reactor scram, safety
relief valve challenge and rescat, and failed
isolation condenser and high pressure coolant
injection systems.

66 Core damage Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling
mode of low-pressure coolant injection) following
a loss of offsite power, failure of emergency
power, successful reactor scram, successful long-
term recovery of electric power, safety relief valve -

challenge and failure to rescat, and successful high-
pressure coolant injection.

67 Core damage Unavailability of long term core cooling (failure of
shutdown cooling system and containment cooling
mode of low-pressure coolant injection) followinga
loss of offsite pwer, failure of emergency power,
successful reactor scram, successful long-temi
recovery of electric power, safety relief valve
challenge and failure to rescat, and failure of high-
pressure coolant injection.

68 Core damage Simihr to Sequence 64 except the safety relief
valves are not challenged.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table A.11. InVR LOOP core damage and ATWS sequences (cont.)

- Sequence No. - End state - Description -

,

69 Core damage Similar to Sequence 65 except the safety relief
valves are not challenged.

84 Cort damage Failure of long-term recovery of electric p.ver
following a loss of offsite power. Ath failure of =

emergency power and successful reactor scram.

91 A nVS ATWS following a loss of offsite power and :-
unavailability of emergency power. . ATWS
sequences are not further developed in the ASP
models,

98 ATWS ATWS - following a - loss of offsite power,
successful emergency power, and intiure to scram
the reactor. ATWS sequences arc not further -
developed in the ASP models.

BWR Class C sequences

40 Core damage Unavailability of long-term core cooling (failure of
. residual heat removal in shutdown and suppression
cooling modes) following a loss of offsite power -: ..

with successful emergency power, reactor scram,:
safety relief valve challenge and- rescat, and
successful high-pressure coolant injection.

41 Core damage Similar to Sequence 40 except failure of the high-
pressure coolant injection system and successful i

reactor core isolation cooling..

42 Co e damage Similar to Sequence 40 except failure of the high -
.

'

pressure coolant injection and reactor core isolation
cooling systems with successful control rod drive
cooling.

-43 Core damage Unavailability of long-term core cooling (failure of
residual heat removal in shutdown and suppression
cooling modes) following a loss of offsite power

;
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Table A 11, BWR LOOP core damage and ATWS sequences (cont.)

-1

Sequence No,- End state.. Description - !
!

l

with successful emergency power, reactor scram, )-

and safety relief valve challenge and rescat; failure j
of the high-pressun: coolant injection, reactor core |

isolation cooling and control rod drive cooling |

systems, with successful vessel depressurization
. and low-pressure core spray.

44 Core damage Similar to Sequence-43 except failure of low-
pressure core spray and successful low pressure-
coolant injection.

45 Core damage Unavailability of fire water or other equivalent
water source for reactor makeup following a wss

|- of offsite power wir.h successful emergency power, .
scram,-and safety relief valve challenge and
successful reseat. Failure of high-pressure coolant c
injection, reactor core isolation cooliwg, and control
rod drive cooling systems. Successful vessel-'

depressurization, and failure of low-pressure core
spray and low-pressure coolant injection with

.

successful residual heat removal in shutdown
cooling mode.

|

- 46- Core damar Similar to Sequence 45 except failure.of the '

residual heat removal system in shutdown cooling
mode and success in suppression pool cooling.-
mode.

47 Core damage Similar to Sequence.44 except failure of low-
pressure coolant injection.

-48 Core damage - Unavailability of vessel depressurization following

| a loss of offsite power with successful emergency-
' power and reactor scram. Challenge of the safety,

~~

. relief valves and successful rescat with high.
- pressure coolant injection, reactor core isolation .
cooling, and control rod drive cooling.

.

_-

gi

'

- . . -
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Table A.11. BWR 1.OOP core damage and A'IWS sequences (cont.)

Sequence No. End state Description

49 Core damage Unavailability of long-term core cooling (failure of
residual hear removal system in shutdown and
suppression pool cooling modes) following a loss
of offsite power with successful emergency power,
reactor scram, safety relief valve challenge and
unsuccessful rescat, and successful high pressure
coolant injection.

50 Core damage Unavailability of long term core cooling (failure of
residual heat removal system in shutdown and
suppression pool cooling modes) following a loss
of offsite power with successful emergency power,
reactor scram, safety relief valve challenge and
unsuccessful rescat, and failure of high-pressure
coolant injection followed by successful vessel
depressurization and .aw pressure core spray.

51 Core damage Similar to Srqvnce 50 except failure of low-
pressure core spray and successful low-pressure
coolant injection.

52 Core damage Unavailability of fire water or other equivalent
water source following a loss of offsite power,
successful emergency power and scram, safety
relief valve challenge and unsuccessful rescat, and

failure of high pressure coolant injection.
Successful vessel depressurization, failure of low-

~

pressure core spray and low-pressure coolant
injection, and successful residual heat removal in
shutdown cooling mode.

53 Core damage Similar to Sequence 52 except failure of the
residual heat removal sytem in shutdown cooling
mode and success in suppression pool cooling
mode.

54 Core damage Similar to Sequence 51 except failere of low-
pressure coolant injection.

)

1

1
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f Table A.11. BWR I.GOP core damage and ATWS sequences (cont.)

Sequence No. End state Description

55 Core damage Unavailability of vessel depressurization following
a loss of offsite power with successful emergency
power and reactor scram. Safety relief valve
challenge and unsuccessful reseat, and failure of
the high-pressure coolant injection system.

56 Core damage Similar to Sequence 40 except the safety relief
valves are not challenged.

_

57 Core damage Simihtr to Sequence 41 except the safety relief
valves are not challenged.

58 Core damage Similar to Sequence 42 except the safety relief
valves are not challenged.

59 Core damage Similar to Sequence 43 except the safety relief
valves are not challenged.

iJ

60 Core damage Similar to Sequence 44 except the safety relief
valves are not challenged.

61 Core damage Similar to Sequence 45 except the safety relief
valves are not challenged.

62 Core damage Similar to Sequence 46 except the safety relief
valves are not challemed. _

63 Core damage Similar to Sequence 47 except the safety relief
valves are not challenged.

64 Core damage Similar to Sequence 48 except the safety relief
valves are not challenged.

65 Core damage Unavailability of long-tenu core cooling (failure of
the residual heat removal cystem in shutdown and
suppression pool cooling modes) following a loss
of offsite power, failure of emergency power,
successful reactor scram, successful long-term
recovery of electric power, safety relief valve
challenge and reseat, and successful high-pressure
coolant injection.

_ _ _ - _ - _ _ -



. .- . . ..

: A-80:

Table A.11.11WR I. 00P core danbge and NIWS sequences (cont )-

Sequence No. I?.nd state - Description
.

~

66 Core damage - Similitr to Sequence 65 except high pressure -
coolant injection fails with successful reactor core

;
isolation cooling.

67 Core damage Unavailability of long term core cooling (failure of *

the residual heat removal system in shutdown and
suppression pool cooling modes) following a loss -

of offsite power, failure of emergency power,
successful reactor scram, successful long term
recovery of electric power, safety; relief valve -
challenge and rescat, with failures of high pressure .
coolant injection and reactor core isolation cooling.

68 Core damage Similar to Sequence 65 except the safety relief '
valves fail to rescat.

69 Core damage Failure of high pressure coolant injection following
^

a loss of offsite power, with emergency power
failure, successful reactor scram, safety relief valve '-
challenge, and unsuccessful rescat,

80 Core damage Unavailability of long-term core cooling (failure of
residual heat removal system in; shutdown and
suppression cooling modes) following a loss of
offsite power, failure ~of cmergency power,
successful reactor scram, and long; term recovery;

,

of electric power. -The safety relief valves are not -- ]
challenged, and high pressure coolant injection is
successful.

81 Core damage Similar to Sequence 66 except.the safe'y relief
valves are not challenged. ,

82 Core damage . Sim:!ar to Sequence 67 except the safety relief
valves are not challenged,

-]



- - _ _ _ _ _ _ -

) A-81t-

I
i

Table A.11. IlWR 1.OOP cc % mage and ATWS sequences (cont )'

Sequence No. I!nd state 1kseription

83 Core damage Unable to recover long term electric power
following a loss of offsite power, failute of
emergency power, and successful reactor scram.

97 A'I W S ATWS following a loss of offsite power and
unavailability of emergency power. ATWS
sequences are not further developed in the /,S"
matels.

~

98 NIWS ATWS following a loss of offsite r wer,
successful emergency power, and failure tt . cram
the reactor. ATWS sequences are not further

,

developed in the ASP models.

.

- - - _ - - - - _ - - _ _ - _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ , _ _ _ _ _ _ _ _
_ _



a - .

- .> ,

A-82' -

l{

.e . . .
. - ..

Table A.12; 11WR small-break LOCA core damage and NIWS sequences -

Sequenbe Noc End state Description

illl'R Class A sequences

71 Core damage Unavailability of long-term core cooling (failure of.-
shutdown cooling system and containment cooling)
following a loss of coolant accident, successful
scram, and successful feedwater coolant injection.-

72 Core damage Unavailability of long term core cooling (failure of
shutdown cooling system and containment cooling)
following a loss of coolant accident, successful .

. scram, failure of feedwater coolant injection
system, and successful vessel depressurization and

low-pressure core spray.

73' Core damage Unavailability of-fire water or other equivalent
water source for vessel makeup following a loss of -

.

". coolant accident, successful reactor scram, and -
failure of feedwater coolant injection | Successful |
vessel depressurization and failure of low-pressure
core spray, and successful shutdown cooling

- system.

a
74' Core damage - Similar to Sequence 73 except failure of the

shutdown cooling system and successful. ,i
containinent cooling,

75: Core damage :Similar to Sequence-72 except failure of low-
pressure core spray, !

- 76 - Core damage ' Unavailability of vessel depressunzation following --

a -loss of coolant accident,' successful reactor -
scram, and failure-of the feedwater coolant
injection system.

:

96. klWS ATWS following a loss of coolant accident. ATWS '

sequences are not further developed in the . ASP:
: models,

!,

. - . - . -- - . . - - -- - -- _ ---
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Table A.12._11WR small-break LOCA core damage and ATWS sequences (cont.)
'

Sequence No.- End state Description

BWR Class B sequences

71 Core damage Unavailability of long term core cooling (failure of|
shutdown cooling system and containment cooling
mode of low-pressure coolant injection) following

-

a loss of coolant accident, successful scram, and

successful high-pressure coolant lajection.

72 Core damage Unavailability of long-term core cooling (failure of -
shutdown cooling system and containment cooling
mode of low pressure coolant injection) followingc

| a loss of coolant accident, successful scram, failure

of high-pressure coolant injection, and successful;

!_ vessel depressurization and low-pressure core

j spray,

p 73 - Core damage Similar to Sequence 72 except failure of low-

! pressure core spray and successful low-pressure
coolant injection.

;

74 Core damage Unavailability of fire water or other equivalent

! water source for reactor vessel makeup following a

L loss of coolant accident, successful reactor scram,

and failure of the high-pressure coolant injection

[ system. Successful vessel depressurization, failure
' of-low pressure core spray and low-pressure -

_

coolant injection, and successful shutdown cooling

| system.-

75 Core damage Similar to Sequence 74 except failure of the
shutdown cooling system and suMssful
containment cooling mode oflow pressure coolantt

i -- injection.
|-
! 76 Con: damage Similar to Sequence 73 except failure- of low-

pressure coolant injection.-o

:

'

_ _ _ _ _
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Table A.12. IlWit amall-break 1.OCA core damage and ATWS s.quences (cont.)
._- - .

Sequence No. lind state Description

.
- . - . - .

77 Core damage Unavailability of vessel depressurization following
a loss of coolant accident, successful reactor
serain, and failure of the high-pressurs coolan'
injection.

96 NIWS KlWS following a lo,s of cookmt accident. ATWS
sequences are not f arther developed in the ASP
models.

Bil'R Class C sequences

71 tore damage Unavailability of long-term core cooling (failure of
residual heat removal system in shu:down and
suppression pool cooling modes) following a loss
of coolant accident, successful scram, and

successful high-pressure coolant injection.'

72 Core damage Unavailability of long-term core ;ooling (failure 01
residual heat removal syv v in shutdown :md

- suppression pool cooling modes) follosving a loss
of coolant accident, successful scram, fa!!ure of the

high pressure coolant injection system, and
successful vessel deptessurization and low-
pressure core spray.o

73 Core dmnage Similar to Sequence 72 except failure of low-
pressure core spray, and successi ' low-pressure
coolant injection.

74 Core damage Unavailability of fire water or other equivalent
water source for reactor vessel makeup following a i

loss of coolant accides , successiul reactor scram,

and failure of the high pressure coolant injection
system. Successful vessel depressurization, failure

'of low pressure core spray and low-pressure
coolant injection, and successful residual heat
removal system in shutdow a cooling mode.

1

|
'

|
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Table A.12. IlWR small-bteak 1.OCA core damage and ATWS sequences (cont.)

Sequence No. lind state Description

.~

75 Core damage Similar to Sequence 74 execpt failure of the
residual heat removal system in the shutdown
cooling nuxle and tuccess in the suppression pool
emling nuxle.

% Core dan age Similar to Sequence 73 except failure of low-
pressure coolant injection.

77 Core damage Unavailability of vessel depressuriration following
-

a loss of coolant accident, successful reactor
scram, and failure of the high pressure coolant

injection system.

96 ADVS A'lTVS following a loss of coolant accident. A'lTVS

sequences are not further developed in the ASP
inodels,

9

-

%
+-
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Table A.13 nverage initiating eunt.hequcney and branch failure probability
estiinatts denloped lioni 10E 1 1986 precursot s

iniual

initiator /br anch estin c te (no Nontecovery Total

iccover;/ attenipted) estinute

_ _ . _ . _ _ ___-

I'\\'R1
IIK)P 4.1 x 101/ye.tr 0.39 1.6 x 10 2/ year *

Snull bical 13 K'A 1.$ x 10 '/ year 0 43 6 4 x 10 3/ year

Ausihary f eohvater 3.8 x 10 4 0.26 9.9 x 10 5

l hch nev.uic inja tion h l x 10 4 0.84 5.1 x 10 4i
$ 1.00 1.5 x 10 4Long term cose cooling 13 x '.0

,
-

(high picssure ircux ulanon)

.

linierrency power h.1 x 10 4 0. / 8 5.0 x 10'4 -

SG isolation (hlSIVO H.3 x 10 4 0.64 5.3 x 10 4
: HWRs

!DOP 1.0 x 101/ year 0.32 3.3 x 10 2/ year'

Sn ull incal liC A 2.0 x 10 J/> car 0 50 1.0 x 10 2/ year

!!! ('l/llClO 1.7 x 10 0.49 8.4 x 10 44

1(V isolation 1.7 x 10 4 1.00 1.7 x 10 3

l_PCI 1.0 x 10 0.71 7.4 x 10--41
-

litocrgency powcr 1.0 x 10 4 0.85 8.9 x 10 5

Autontatte depressuriution 3.7 x 10 3 0.71 2.(i x 10 3

'hronsos uk ulanom nutve P nt :-Fcthe ID >P hequency ntinmte'. develoFd from irdormation inL

l'. W. \tarauwski. In! . .twn of : ta:wn lil.n hn.t As e idents at % frar I'vwer I'lants, NURi G lO32,.

8June 196.

_

#

,

1

- - - - - - -- _ _ _ - ._ _ _ ______ _____.___- _-_ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _
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Table A.14 Operator action failuie probabilities

-

1:ailure

Operator action probability

BWRs
Condensate /feedwater recovery 0.001

Containment venting 0.01

Control n(1 drive water use 0.01

initiation of Rllit service water. 0.01

fire water
Shutdown cooling 0.001

Standby liquid conuol in'itiation 0.01

i PWRs
Condensate /MI:W recovery 0.01

Containment spcay recirculation 0.001

litnergency core cooling recirculation 0.001

1: ail to block stuck-open FORVs 0.001

Open l'ORVs for feed and bleed 0.0004

SG depressurization 0.001

Use feed and bleed to cool core 0.01

-
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Table A.15 Reference event conditional probability values

Conditional
Postulated operational event core damage

probability

llWR Class A nonspecine teactor trip 2.8 x 10 6
IlWR Class A 1.0FW l.7 x 10 4
IlWR Class 11 nonspecific reactor trip 7.7 x 10 8
IlWR Class B LOI W t.3 x 10 6
IlWR Class C (turbine-driven feed pumps) nonspecific reactor trip 1.2 x 10 6
liWR Class C Ourbine-driven feed pumps) Lolw 1.5 x 10 5
PWR Class A nonspecine rewor trip 1.8 x 10 7
FNR Class A LOFW 2.4 x 10 6
PWR Class 11 nonspecific reactor trip 1.8 x 10-7
PWR Class 11 LOFW 2.2 x 10 6
PWR Class D nonspecific reactor trip 4.7 x 10-7
PWR Class D LOFW 6.8 x 10 6
PWR Class G nonsnecine reactor trip 1.8 x 10-7
PWR Class G LOFW 2.4 x 10 6
PWR Class 11 nuaspecific reactor trip 4.9 x 10 6
PWR Class 11 LOl'W 3.9 x 10 $
13WR Class C llPCI unavailability (turbine driven feed pumps, 1.0 x 10 5

360 h unavailability)a
llWR Class C llPCS unavailability (turbine-driven feed pumps, 1.4 x 10 5

360-h unavailability)a
IlWR Class C RCIC unavailability (turbine-driven feed pumps, 3.8 x 10 8

360-h unas allability)a
11WR Class C CRD cooling unavailability (turbine-driven feed 6.2 x 10 8

pumps,360 h unavailability)a
-

aThe probability of a transient, LOOP, or small-break LOCA during the 360 h
unavailability was estimated as described in section A.I. .

,

l,

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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Table A.16 Ablurviations used in event trees

Abbrevia90n Description
_

PWR event trees

AITV auxiliary feedwater f ails

NiWS anticipated transient without scram end state

COND condennite system fails

CD core damage end state

CSR containment spray tecirculation fails

lip emergency power f ails

lil' It!!C (LONG) long-term recovery from LOOP or emergency
r -er failure fails

i1P1 Ab , " e 4.j ction fails,

- ion failsllPR e y + o .- wit. u

IDCA ,# t a.1 - M su,lar.1 accidentu

IDop loa m ; . e pour

MITV main feedwater fails

PORV OPliN power-or:rnied relief valve fails to open for feed
and bleed cooling

PORV/SRV Cil ALL power operated relief valve or safety relief valves
challenged (challenge rate)

PoltV/SRV RiiSilAT power operated relief valve and/or safety relief
valve fails to rescat

RT reactor trip fails

RT/ IDOL' reactor trip fails given a loss of offsite power

SilAL LOCA ItCP seal LOCA occurs

S!!C SIDE Dl!P secondary side depressurization fails

SEQ NO sequence number

SRV ClIALL safety relief valves challenged

SRV illiSliAT safety relief valve fails to rescat

TRANS nonspecific reactor-trip transient

IIWR Event Trees

CC containment cooling fails

CRD control ral drive cooling fails

EP emergency power fails

171RiiWTR or OTill!R fire water or other equivalent water source fails

TSV unavailability of main feedwater

ISVCl failure of feedwater coolant injection system

IIPCI or llPCS high pressure coolant injection or high pressme
core spray fails

..

. - . - - - . _ _ - _ _ _ _ _ . - . _ _ - - - ___ _
, , _ , _
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Table A.16 Abbreviations used in event trees (cont.)

Abbreviation Description

IC/lC hillP isolation condenser or isolation condenser makeup
fails

11X:A small break loss-of coolant accident
iDOP loss of of fsite power
I.OOP lt!!C (l.ONG) long term recovery from LOOP or emergency

power failure fails
I.I'Cl low-pressure coolant injection fails
Li'Cl (CC h10Dli) containment cooling nule of low pressure coolant

injection system fails
I.PCI(111111) residual heat removal mode of low pressure

coolant injection system fails
I.PCS low-pressure core spray fails
PCS failure of continued power conversion system

operation
11CIC reactor core isolation cooling fails

i Illlit (SDC h10Dl!) residual heat-removal shutdown cooling mode fails
111111(SP COOLING h10Dl!) residual heat removal suppression pool cooling

mode fails
itillt SW or OTill!!( residual heat removal service water or other water

source fails
I<X SIIUTDOWN reactor fails to scram
SDC shutdown cooling system fails
SitVs/ ADS safety relief valve (s) fail to open for

depressurization or automatic depressurization
system fails

SitV ClIAL safety relief valve (s) challenged (challenge rate)
Sit V C safety relief valve fails to close
llMb'S]I!NT nonspgi[K.texter-trip transient

i

i

(

, ..
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