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FOREWORD

This report provides 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 teckniques tc provide estimates of operating
event significance in terms of the potential | or core dan.age. The types of events
evaluated include initiators, degradations of plant conditions, and safety equipment
failures that could increase the probability of postulated accident sequeies,

Several precursors involving phenomenological problems were experienced during 1991,
Two precursor events involved the potential for gas binding of high-pressure injection
pumps due to hydrogen gas entrainme 1. Another precursor cencerned the potential
hydraulic lockup of motorized valves in low-pressure coolant injection systems, The
motorized valves are required for operation given a le ss-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 injec*on pump
“miniflov. " lines. The relief valves are intended to al'ow a minimum recirculation flow
and prevent pump overheating while operating under deadhead (no-flow) conditi.as.
The damaged val res 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 1o 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 setpoints were 100 close to the normal operating pressure.
Another common-cause 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 wepressurization
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

Jhe Accident Sequence Precursor (ASP) Program was established at the Nuclear Operations
Analysis Center (NOAC) at Ouk Ridge National Laboratory in the summer of 1979, The first major
report of that program was nublished in June 1982 and recetved eatensive review. A total of nine reports
documenting te review of operational events for precursors have been previously published in this
program:

1969-1979 Precursors te Potentigl Severe Core Damage Accidenis' 1969-1979, A Status Report,
NUREG/CR-2497, Junc 1982

19801981 Precursors to Potential Severe Core Damage Accidents: 1980-1981, A Siatus Report,
NUREG/C®™.3591, July 1984

1984 Precursors to Potential Severe Core Damage Accidents: 1984, A Status Report,
NUREG/CR-4674, Vols. 3 and 4, May 1987

1985 Precursors to Potential Severe Core Damage Accidents: 1935, A Status Report,
NUREG/CR-4674, Vols, 1 and 2, December 1986

1986 Precursors 1o Potential Severe Core Damage Accidents: 1986, A Staius Report,
NUREG/CR-4674, Vols, § and 6, May 1988

1987 Frecursors to Potential Severe Core Damage Accidents: 1987, A Status Report,
NUREG/CR-4674, Vols. 7 and 8, July 1989

1988 Precursors to Potential Severe Core Damage Accidents: 1988, A Status Report,
NUREG/CR-4674, Vols. 9 and 10, February 1990

1989 Precursors to Potential Severe Core Damage Accidents: 1989, A Status Report,
NUREG/CR-4674, Vols. 11 and 12, September 1990

1990 Precursors to Potential Severe Core Damage Accidents: 1990, A Status Report,

NUREG/CR-4674, Vals, 13 and 14, August 1991

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

The methodology developed and utilized in the ASP Program permits a reasonable estimate of
the significance of operational events without the laborious detail associated with evaluation using event
trees and fault rees down o the component level, while including observed human and system
interactions. The present effort is a continuation, 1or 1991, of the assessn.ent undertaken in the previous
reports for operatonal events that occurred in 1969-1981 and 1984- 1990,

The operational events selected in the ASP Program form a unique database of historical sysiam
failures, multiple losses of redundancy, and infrequent core damage initiators. These events are useful in
idenufying sigmificant weaknesses in design and operation, for wends analysis concerning industry
pcftformnncc and the impact of regulatory actions, and for probabilistic risk assessment-related
information.

Gary T. Mays, Director

Nuclear Operations Analysis Center
Oak Ridge National Laboratory
P.O. Box 2009

Ouak Ridge, TN 37831 8065
615-574-03%4
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PORV pilot- or power-operated relief valve
PRA probabilistic risk assessment
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RCIC reacior core isolation cooling

RCP reactor coolant pump
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PRECURSORS TO POTENTIAL SEVEKE CORE DAMAGE
ACCIDENTS: 1991, A STATUS REPORT

J. W. Minarick®
J. W, Cletcher
DA, 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
precursots, (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 process.

1. INTRODUCTION

The Accident Sequence Precursor (ASP) Progiam involves the review of licensee
event reports (LERs) of operational events that have occurred at light-water reactors
(LWRs) beginning i, 1969 to identify and categorize precursors to potential severe core
damage accident sequences. The present report is a continuation of the work published in
NUREG/CR-2497, Precursors to Potential Severe Core Damage Accidents: 1969-1979,
A Status Report' and NUREG/CR-3591, Precursors to Potential Severe Core Damage
Acciderts: 1980-1981, A Status Report? as well as in earlier volumes of this
document. ¥ This report details the work of the ASP Program in its review and
evaluation of operational events that occurred in 1991, The requirements for LERs are
described in NUREG-1022, Licensee Event Report System, Description of System and
Guideli.es for Reporting'® as well as in the supplements to NUREG-1022 (Refs.
11,12). LERs reviewed for precursors are described in Chap. 2.

* Science Applications International Corporation, Oak Ridge, Tennessee
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Chap. 3 Discussion of results

Appendix A ASP analysis methodology and plant models

Appendi., B Precursors (including copies of applicable LLERs)

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

Appendix D Events that were considered impractical to analyze

In addition, u list of acronyms and a glossary are provided.
1.3 References

1. J. W. Minarick and C. A, Kukielka, Union Carbide Corp., Nuclear Div., Oak
Ridge Natl, Lab., and Science Applications, Inc., Precursors to Potential Severe
Core Damage Accidents: 1969-1979, # Status Report, USNRC Report
NUREG/CR-2497 (ORNL/NOA.C-232, Vol. ! and 2), 1982.°

"

W. B. Cortrell, J. W. Minarick, P. N. Austin, E, ‘W, Hagen, and J. D. Harris,
Martin 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.
| and 2 (ORNL/NSIC-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/NOAC-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 (ORNL/NOAC-232, Vols. 3 and 4), May 1987.*

- B J. W. Minarick ¢t al., Martin Mar.etta Energy Systems, Inc., Ouk Ridge Natl,
Lab., and Science Applications International Corp., Precursors to Poiential
Severe Core Damage Accidenis; 1986, A Status Peport, USNRC Report
NUREG/CR-4674 (ORNL/NOAC-232, Vois. § and 6), May 1988 *

6. 1. 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 ana ®), July
1989.°

* Available for purchase from National Technical Information Service, Springfield, Virginia 22161,







2. ACCIDENT SEQUENCE PRECURSOR IDENTIFICATION AND

QUANTIFICATION
21 e .W‘Ijgﬂ! Sc“”:nr: P"S'S‘”ﬁﬂ[ ldﬂnllﬁs*ﬂlinﬂ

The ASP Program is concerned with the identification and documentation of
operational events that have involved portions of core damage sequences, and with the
estimation of frequencies and probabilities associated with them.

Identification of precursors requires the review of operational events for instances
in which plant functions that provide protection against core damage have been
challenged or compr vmised. 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
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 subcriticality, The reactor must be placed in a subcritical condition,
normally by inserting control rods into the core to terminate the chain reactic

+ 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 adJressed in the event
trees are: trip {which includes loss of main feedwater (LOFW) within its sequences],
los~ 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 articipated 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
associated with these initiators. Detailed descriptions of the plant classification scheme
and the event L. 2¢ models are included in Appendix A. Operational events that cannot be
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associated with one of tnese initiators are accommadated by unique modeling.

Armed with a knowledge of the primary core damage initiator types plus the
syswems that provide protection against core damage (based on the event tree models),
ASP Program staff members examine LERs to determine the impact of operational events
on potential core damage sequences. While sequences detasded on the event tree models
do not describe all possible paths to core damage, they form a primary basis for selecting
an op rational event as a precursor — operational events are also reviewed in a more
general sense for their impact on the protective funcuons described above,

Identification of precursors within a set of LERs involves a two-step process.
First, each LER was reviewed by two experienced engineers to determine if the reported
event should be examined in detail. This inival review was a bounding review, meant to
capture events that in any way appeared to deserve detailed review but 1o eliminate eveats
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
information or inability to reasonably made! within a probabilistic risk tssessment (PRA)
frumework, considering the level of d tail typically available in PRA models. It must
also be noted that elimination of events from further review was sometimes dictated by
programumatic constraints. Any event with an impact that can be mapped onto the ASP
core damage madels can, in principle, be assessed.

LERs were eliminated from further consideration as precursors if they at most
mvolved:

« acomponent failure with no loss of redundancy,
+ i loss of redundancy in nly one system,

*  aseismic design or qualification error,

* anenvironmental design or qualification error,

* astructural 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 failures is difficult),

* adesign error discovered by reanalysis,

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

e e o R D L e e WIS N = R i R NV S T TR
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initiating event s urred), then the review considered whether the plant would
require the failed hems for mitigation of potential severe core damage
sequences should a postulated initiating event occur uring the failure period.

3. 1f the event or failure occurred while the plant was not at power, then the
event was first evaluated according 10 whether it could have occurred while at
power ar at hot shutdown immediately following power ope.ation. If the
event could only occur at cold shutdown, then its imp..ct on continued decay
heat removal was assessed.

For each sctual occurrence or postulated initiating event associated with an
operational event reported in an LER, the sequence of operation of various mitigating
systems required 1o prevent core damage was considered. Events were selected and
documented as precursors to potential severe core damage accidents (accident sequence
precursors) 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);

* afailure of a system (all trauus oi a multiple train system) required 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

+ atransient 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 of low significance are thus excluded, allowing the reader to concentrate
on the more important events. ‘i nis 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, regasdless of conditional core damage
probability.

Events that occurred in 1991 were only reviewed for precursors if they satisfied
an initial significance screening. This approach, which was similar to that used in the
review of 1985-1990 events, eliminated many insignificant events from review and
permitted come increase in the amount of documentation provided for precursors. Two
apyroaches were used to select events to be reviewed for precursors.

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




NRO's Office for Analysis and Evaluation of Operational Data (AEOD). AEOD’s
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screening process identifies operating occurrences involving, in parn:

violation of a safety hmit,
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, raaintenance, or design causes a common-
mode/common-caase failure of a safety system or component, with safety
significance or generic implications;

safety-significant system inte ~ »s;

events involving cognitive b .aa errors with safety significance or generic
implications;

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

a scram, transient, or engineered safety features (ESF) actuation with failure
or inoperability of required equiprent;

on-site work-related or nuclear-incident-related death, serious injury, or
exposure that exceeds administrative limits;

unplanned or unmonitored releases of radioactivity, or planned releases that
exceed Technical Specification 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 identified.

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 search
identified LERs potentially involving (1) failures in plant systems that provided the
protective functions described earlier and (2) initiating events addressed in the ASP
models. Based 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 al' LERs.












2.4 Tabulguon of Selecied Events

The 1991 events selected as accident sequence precursors are listed in Table 2.1,
The precursors have been srranged in numerical order by plant docket and LER numbers,
and the iollowing information s included

1. dockeVLER number sssocigted with the event (DOC/LER NO);

date of the ever* (E DATE),

a brief description of the event (DESCRIPTION),

plant name where the event occurred (PLANT);

abbreviations for the primary system and component involved in the event

(SY, COMPY,

0.  plant operating status at the time of the ¢vent (O);

7. discovery method associated with the event (operational or testing) (D),

%.  whether the event involved human error (E),

9. age (in years) of the plant from criticality at the time ¢” “e event {AGE);

10.  condivional probability of potential severe core dama,,. associated with the
event (COPROB);

11. plant jower rating, type, vendor, architect-engineer, and licensee (RATE,
T, V., AE, OPR);

12, plant eriticality date (CRITICAL); and

13, initiator associated with the event or unavailability it no initiator was
involved (TRANS).

LF SN

The information in Table 2.1 has been sorted in several ways to provide
additional perspective.

Table Soried by

2.2 Plant name and LER number
2.3 Event date

2.4 Initiator or unavailability

2.5 System

2.6 Component

2.7 Plant operating status

2.8 Discovery method

29 Conditional core damage probability
2.10 Mant type and vendor

2.11 “hitect-engineer

2.12 Operating utility

Ahbbreviations used in each table (Tables 2.1 - 2.12) are defined in Table 2.13, ’
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A number of LERs identified as potentially significant were considered
impractical to analyze. Examples 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 estimute of plant response could not be made (for
example, high energy line break concerns). Other events of this type include cable
routing not in accordance with Appendix R requirements for fire protection, and
inoperability of flood barriers. For both of these situations, detailed plant design
information, and preferably an existing fire or flood PRA analysis, are required o
reasonably estimate the significance of the event.

For many evens classified as tmpractical w analyze, an assumption that the
impacted component of function was unavailable over a 1-yr period (as would be done
using a bounding analysis) would result in a conclusion that a very significant condition
existed. This conclusion was not sapported by the specifics of the event as reported in
ths LER or by the limited engineering evaluation performed in the ASP Program. A
reasonable estimate of significnce for such events requires far more analysis resources
than can be apphed in the ASP Program

Rrief descriptions of events considered impractical to analyze are provided in

Appendix D,
2.6 Paenual Sources of Error

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.

|, Evaluation of only a subset of 1991 LERs, For 196981 and 1984-87, all
LERs reported during the year were evaluated for precursors. For 198891, only a
subset of LERs were evaluated in the ASP Program 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 thiut would
normally be selected as precursors were missed because they were not included in the
subset that was screened,

2 Inherent biases in the selection process. Although the criteria for
identification of an operational event as a precursor are fairly well defined, the selection
of an LER for initial review can be somewhat judgmental, even though criteria for that
selection are estublished. Events selected in the study were more serious than most, so
the majority of the LERs selected for detailed review would likely have been selected by
ather reviewers with experience in LWR systems and their operation, However, - sme
differences would be expected to exist; thus, the selected set of precursors should ny., be
considered unique.




3. Lack of appropriate information in the LER . The acouracy and completeness
of the LERSs in reflecting pertinent operational information is guestionable in some cases.
Requirements associated with LER reporting (1.2, 10 CFR 50.73), plus the approach to
event reporting practiced at particular plants, can result in variation in the extent of events
reported and repor detuils among plants. Although the revised LER rule has reduced the
variation in reported details, some variation still exists, 1o addition, only details of the
sequence (or partial sequences tor failures discovered during testing) that actually
occurred are usually provided; details conceming potential alternate sequences of interest
n this study must often be inferred,

4. Accwracy of the ASP maodels and probability data. The event tees used in the
analysis ure plant-class specific and reflect differences between plants in the eight plant
classes that have been defined. While major differences between plants are represented in
this way, the plant models utilized in the analysis may not adequatelr < flect all importan’
ditferences. Known problems congcern the representation of high-pressure injection for
some PWRs, long-term decay heat removal for BWRs, and AC power recovery
following a LOOP and batery depletion (station blackout issues),  Modeling
improvements that address these problems are being pursucd in the ASP Progras,

Because of the sparseness of system failure events, data from many planis must
be combined to estimate the failure probability of & multi-tain system or the frequercy of
low and moderate frequency events (such as LOOPs and small-break LOCAs). Bucause
of this, the modeled response for each event wil tend sowurd an average response for the
plant class. If systems at the piant at which the event oecurred are better or worse than
average (this 1s difficult 1o ascertain without extensive aperating experience), the actusl
conditional probability for an event could be higher or lower than that calculated in the
analysis,

S, Difficulty in determning the potential for recovery of failed equipment,
Assignment of recovery credit ior an event can have a significant impact on the
assessment of the event. The approach used to ussign recovery ¢redit is described in
detail in Appendin A. The actual likelihood of falding to recover from an event at a
particular flant is difficult 10 assess and may vary substantially from the values cuirently
used in the ASP analyses, This difficulty is demonstrated in the senuine differences in
opinion among analysts, operations and maintenance personne!, ele.,, concerning the
likelihood of recovering from specific fuilures (typically obsorved dunng tesung) within a
tme period that would prevent core damage following ar “cwal (nitiating event.

Programmatic constraints have prevented substantial efforts  estimating actual
recovery class distributions.  The values currently used were & . cloped bas=d on 4
review of recovery actions during historic events, in addition to cons deration of hurman
ertor during recovery. These values have been reviewed both within and outs'de the
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ASP Program. While it s acknowled ged that substuntial uncertainty exists in them, they
are believed adeguate for ranking purposes, which is the primary goal of the current
precursor culoulations. This assessewent is supported by the sensitivity and uncertainty
calculations documented in the 1980 81 report.! These caleulations demonstrated only a
stall smpact on the roletive ranking of events from changes in the numenic values used
for each recovery class,

6. Assumption of a I-month test interval. The core damage probability for
precursor involving unavailabilines is caleulated based on the exposure time associated
with the event. For failures discovered during testing, the time penicad is related 10 the tos
interval. A test imterval of 1 motith was assumed unless another interval was specified in
the LER.

I the test interval is longer than this, on the average, for a particular system, then
the caloulated probability vall be lower than that calculated using the actual test interval,
Examples of longer test intervals would be situntions in which (1) system valves are
operated monthly but @ system pump is only started quarterly or (2) valves are partially
stroked monthly but fully operated only duning refueling. Conversely, more frequent
testing will result 'n s higher calculated fullure probability than that calculated using the
actual, shorter sest intorval. (Test interval assumptions can also impact system failure
probabilitics estimated from precursor events, as described in Ref. 1.)

2.7 Reference

I WO B Conrell, 10 W, Minarick, P. N, Austin, E. W, Hagen, and J. D. Haris,
Murtin Marietts Energy Systems, Inc., Oak Ridge Natl, Lab, and Science
Applications International Corp,, Precursors to Potential Severe Core Damage
Accidents. 1980-81, A Stius Report, USNRC Report NUREG/CR-3591, Vols,
Land 2 (ORNI/NSIC-217/V1 and V2), July 1984.°
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avtomatic depressurization system (ADS)/safety rehief valves (SRVs) resulted in damage
to the SRY control wiring and SRV unavailability under conditions of Figh contanment
temperatvres,  This condition existed throughout the refueling oyele; high-pressure
coolant injection (HPCH voas unavailable foo significant periods of time duning this
interval as well

At Pilgrim (LER 29381024, a LOOP occurred 2:172 b after the plant was shut
down during a storm. RCIC inpped twice daring mitigation of the LOOP, One of these
wips was caused by a trip of the RCIC inverter when an RHR pump was started. Start of
the RHR pump caused an AC voltage transient, which in tarn caused a DC voltage
transient because of poor battery charger regulation. The DC voltage transient exceeded
Hie inverter overvoltage setpoint and tripped the (verter,

At en 2 GUER 304M1-002), multiple deluge system actuutions sprayed a station
auxiliary transtormer a=d resulted in o LOOP. One EDG was out of service for
maintenance st the time of we Cvel L Inoaddition, feed and bleed capability was degraded
when one power-operated relief valve (PORV) wvas unavailable because of a fuiled air
line,

At Millstone 2 (LER 336/01-009), both EDGs were found 1o exhibit erratic load
control, u result of either o resistunce change in the “droop™ potentiometers in the
electronic governor controls or contaminated il in the tydraulic actustor units,

At Arkansas Nuclear One, Unit 2 (LER 368/91.012), errors during traveling
soreen maintenance caused significant quantties of debris to carry over ino the service
witer (SW) pump suction pits, Pomp discharge strainers became fouled, resulting in
moperability of both SW trains,

At McGuire 1 (LER 369/91.001), errors and equipment failures during
installation of new switchyard relay protection resulted in the opening of all switchyand
breakers connecting the unit 1o the grid. An excessive cooldown rate resulted in safety
njection (81 actuation and main ste . ¢ 1solation valve (MSIV) closure.

At Harris (LER 400/91-008), relief valves and associated pipic2 in the alternate
minimum recirculation lines for 1oe HPL pumps, which are used fotlowing S1, were
found failed. Had high-head SI been demanded, sufficient flow would have been
diverted 10 fail the mnjection function and also cause loss of emergency sump inventory
during high-pressure recirculation (HPR).

At Nine Mile Point 2 (LER 410/91-017), a main transformer fault caused a
turbine trip and reactor scram.  Following the transformer fault, five uninterruptible
power supplies deenergized, removing power from nonsafety-related instrumentation and
equipment and atfecting rod position indicators, control room annunciators, lighting, and

B S O S Al o i ¢







16

Table 3.1 Procursons for 1991 unbod by erder of wagnitude

Condtional

probability Events tanked by contiionad probubility of

ninge subsoquent core damage

1071101 None

10210 10°1 N

10410102 High-hezd S1 unavailable st Hacris due 1o fai'ed relief valves and
assocasted pipang in the mnimum recirculadion Now lines used
during S1(400/91-00K)

10410103 LOOP at Yaokee Rowe and failure of DC fuses 10 the 120-VAC

instrument bus inverters because of @ lightning strike (02991-
(n2).

Potential for gas binding of the HPI pumps with hydrogen from
the letdown storage tank on all three Oconee unus for small-
hreak LOCA scenarios with failure of a borasted water storage
tank (BWST) isolation valve t open (26941-010!

LOOP wt Vermont Yankee with delayed recovery caused by
communications and organization difficulues and travel tme for

support personnel (271/91-009).

Improperly installed insulation on ADS valves at Peach Bottom
3 resulted in damaged control wiring and valve inoperability
under certain containment conditions (278/1-017),

LOOP at Pilgnim with a subsequent RCIC inverter wip caused
by an electrical system disturbance when an RHR pump was
started (29301-024).

LOOP at Zion 2 when a deluge system sprayed a transformer,
One EDG was out of service for maintenance and one PORY was
failed, which degraded feed and bleed (30441-002),

Unavailability of both EDGs at Millstone 2. Both EDGs
exhibited erratic load control (33691-009),

Loss of service water (SW) at Arkansas Nuclear One, Unit 2,
Errors during vaveling screen muintenance resulted in debris
clogging both operating SW pump strainers (368/91-012).

LOOP at McGuire 1 (369/91-001).

Faulure of five uninterruptible power supplies at Nine Mile Point
2 following a wansformer fault and scram, resulting in loss of
rod position indication, control room aatanciators, lighting, and
communications.  Because rod position could not be verified,
ADS was inhibited | 110/91-017),

i e i i
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Relief valves i the Gigh-pressare ST sysiem st Millstone 3 were
found 1o Lt at normal systom pressures, Flow through the reliel
valves could resalt an doss of mgection and would result in loss
of emergency sump investony outside contatnment (42391.011).

Both EDGs (ailed syrveillance wsting at Poory doe 10 unrelated
causes (440/91.009)

10°% 10104 K events

10610108 6 events

i o i e A . ——s ——

33 Likely Sequences

Precursors with conditional probabilities of 2104 that were identified for 1991
were reviewed to determine the most likely core damage sequences associared with each
event. These sequences in_lude the observed plant state plus additional postulated
failures, beyond the operational event, required for core damage. For the events that
occurred or could have occurred at power and with core damage probabilities
2104, the following dominant core damage sequences were identified:

PWRs Small-break LCCA with failure of HPI
Small break LOCA with failure of HPR
LOAP with failure of secondary-side cooling and feed aad bleed
LOOP with failure of emergency power, 4 resulting RCP seal LOCA, and
failure to recover AC power prior 1o core uncovery
LOOP with failure of emergency power and failure to recover AC power
prior 1o battery depletion

BWRs LOOP with failure of emergency power and failure to recover AC power
prior to battery depletion
Smal; break LOCA with failure of HPCI and ADS
LOFW and failure of long-term core cooling

14 Ragrences
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GLOSSARY

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

Accident sequence precursor. A histonically observed ¢l ment or condition in a
postulated sequence of events leading 10 some undesirable consequence. For
purposes of the ASP Study, the undesirable ¢ ~ruence is usually severe core
damage. The identification of an operational event as an accident seaience
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 seguence 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 o. at a randomly selected future instant in time.

Common-cause failures. Multipie failures attributable to a common cause.
p

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

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

Conditional probability. The probability of an outcome given certain conditions exist.
Core damage. See severe core damage.
Core-melt accident. An event in a nuclear power plant in which core materials melt,

Coupled failure, A common-cause or common-maode failure of more than one piece of
equipment. See common-cause failures and comman-maode failures.

Degraded 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, 1 demand includes actuations required during testing and
hecause of initiating 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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Demand failure. A failure following a demand. A demand failure may be caused by a
failure to actuate when required or a failure to run following actuation.

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

Dominant sequence. The sequence in a set of sequences that has the highest probability
of leading to a common end state.

Emergency-core-cooling system. Systems that provide for removal of heat from a reactor
fallowing either a loss of normal heat removal capability of a LOCA.

Engineered safety features. Equipment and/or systems (other than reacto. trip or those
used only for normal operation) designed 1o prevent, limit, or mitigate the release
of radioactive material.

Event. An abnormal occurrence 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 combinations of
actions required 10 achieve defined end states following an initiating event.

Failure. The inability to perform a required function. In this study, a failure was
considered 10 have occurred if some component or system performed at a level
below its required minimum performance level without human intervention. The
likelihood of recovery was accounted for through the use of recovery factors,
See recovery factor.

Failure probability. The long-term frequency of occurrerce of failures of a component,
system, or combination of systems 1o operate at 4 specified performance level
when required. In this study, failure includes both failure to start and failure o
operate once staried.

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

Froni-line system. A system that directly provides a mitigative function included on the
event trees used to model sequences 1o an undesired end state, in cortrast to a
support system, which is required for operability of other systems.

Immediately deteciable. A failure is considered to be immediately detectable if it results in
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Plant classes are defined based on the use of similar systems in providing
protective functions in response 1o wansients, LOOPs, and small-break LOCAS, System
designs and specific nomenclature may ditfer among plants included in a particular class;
but functionally, they are stemibar in response, Plants where certain mitigating systems do
not exist, but which are largely analogous in their intiator response, arc grouped into the
appropriate plant class,  In modeling events at such plants, the event tree branch
probabilities are modified o reflect he actual systems available at the plant.  For
operational events that cannot be described using the plent-Class specific event trees,
unigue miodels are developed 10 describe the potential sequences 1o severe core damage.

Fach event tree includes two undesired end states. The undesired end states are
designated as (1) core damage (ed), in which inadequate core cooling is believed 1o exist,
and (2) anticipated transient without scram (ATWS), for the fatlure 10-scram sequence.
The end stutes are distingt; sequences associnted with ATWS are not subsets of core
damage sequences. The ATWS sequence, ‘£ Hully developed, would consist of a number
of sequences ending in either suoeess or core damage Successful operation is designated
“ok™ tn the event tices included n this appendix.

Precursor bmpact on Lvent Tige Branches. The effect of a precursor on event tree
branches is assessed by reviewing the operational event specifics against system design
indormation and wanstating the results of the review into a revised conditional prob. -~ ity
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 model exists, then the impact of the operatonal event need only be
determined at the trinn level, and not at the system level.

Once the impact of an operationas] event on systems included in the ASP event tree
miadels has been determined, branch probability values are maodified to reflect the event,
and the event trees are then used to estimate a conditional probability of subsequent core
damage, given the precursor,

| Estimation of Initating Event Frequencies and Branch Failure Probabilines Used

with the Event Tree Models. A set of initiating event frequencies and system failure
| probabilities was developed for use in the quantification of the event tree models
i assoctated with the precursors. The approach used to develop frequency and probability
; estimates employs failure or initimor data i the precursors themselves when sufficient

data exists, When precursor data are avatlable for a system, its fitlure probability is
t estimated by counting the effective number of nonrecoverable tailures in the observation
l period, making appropriate demand assuraptions, and then calculating the effective
; number of fauures per demand. The number of demands 1s calculated based on the
i, estimated number of tests per reactor year plus any additional demands to which a system
| would be expected to respond  This estimate 1s then multiplicd by the number of
r applicable reactor years in the observation period to determine the total number of
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demands. A similar approach is employed to estimate initiator 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
different types of recovery that could be involved:

Likelihood of
Recovery class nonrecovery Recovery charactenistic

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 appearnd recoverabie 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 rootn, but recovery was
not routine or involvew substantial operator
burden.

R4 0.04 The failure appeared recoverable in the required

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

The assignment of an event to a recovery 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 2 particular recovery class. It must be
noted that the actual likelihood of failing to recover from .~ event at a particular plant is
difficult to assess and may vary substantially from the vauues 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
(typicaliy 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 values currently used were developed based on & review of events with the potential for
short-term recovery, in addition o consideration of human error during recovery. These values have been
reviewed both within and outside the ASP Program. While it is acknowledged that substantial
uncertainiy exists in them, they are believed adequate for ranking purposes, which is the primary goal of
the current precursor calculations This assessment is supported by the sensitivity and uncertainty
calculaticns documented in the 1980-81 report. These calculations demonstrated little impact on the
relative ranking of events from variance in recovery class values.






Example Calculations Three hypothetical events are used to illustrate the
calculational process.

1. The first event sssumes a trip and LOFW but no other observed failures
during mitigation. An event iree for this event is shown in Fig. A.1. 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 HPI, the lowest branch
includes operator action to initiate feed and bleed. Success probabilities
are 1 - p(failure). The likelthood of not recovering the initiator (trip) is
assumed 10 be 1.0, and the likelihood of not recovering main feedwater is
assumed to be 0.34 in this example. Systems assumed available were
assigned failure probabilities currently used in the ASP Program. The
estimated conditional probabilities for undesirable end states associared
with the event are then:

plseq. 1] [10x(1-30x10%x(1-99x10%) x40x 102 x
33x 104 % (1- 8R4x 104 x 1,1 x 109)

pled)

+ plseq. 12) 10X (1-30x10%)x(1-99x10%)x4.0x102x
33x 1049 x84x 104)

+ plseq. 13)  [LOx(1-30x 105 x99 x 105 x(1-0.34) x 4.0 x
102x 33x 104 % (1.0 - 84 x 104 x 1.1 x 10

+ plseq. 14] + plseq. 15] + plseq, 16] + p[seq. 17]
= 7.7x 107
pMATWS) = plseq. 18]
= 30x103

3 The second example event involves failures that would prevent high-
pressure injection (HP1) if required to mitigate a small-break LOCA or if
required 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
ransient-induced LOCA occur or should feed and bleed be required upon
loss of auxiliary 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 HPI) is assigned based on the
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likelihcod of not recovering from the failure in a 20-30 min time frame
‘assumed to be 1.0 in this case). No initisting event occurred with the
example precursor, however, a failure duration of 360 h was estimated
based on one-half of & monthly test interval, The estimated small-break
LOCA frequency (assumed to be 1.0 x 10-%/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 for core damage and 0.0 for
ATWS. Note that the impact of the postulated failure on the ATWS
sequence is zero because HPI 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
occur. In this example, neither of these two initiators contributes
substantially to the core damage probability associated with the event.

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 « f 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 probabuiities
modified to reflect unavailability of one train of service water. The
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 observed failures. The
conditional probability of core damage given the trip and one service water
train unavailable is 1.1 x 10°®, 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 In this case, ihe likelihood of not
recovering HPI and HPR is assumed to be 1.0 until service water is
recovered. Sequences associated with loss of both service water trains
increase the core damage probability associated with the event. The extent
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of this increase is dependent in PWRs or the likelihood of a reactor
cooling pumip (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 0.05, the increase
inn core damage probability is 1.7 x 104 if no RCP seal failure occurs, and
3.4 x 102 if the likelihood of seal failure is 1.0.

Event Tree Changes 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
exphicitly 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:

Stuck-open secondary-side relief valve with a Success
fatlure of HPI in a PWR

Steam generator (SG) depressurization and use of condensate Core damage
system following failure of AFW, MFW, and feed and (except for PWR
bleed in a PWR Class H)

Use of containment venting as an alternate core cooling method Core damage
ina BWR

The net effect of this change is a signiticant reduction in the complexity of the
event trees, with little impact on the relative significance estimated for each precursor,
The impact of this modeling change on conditional probability estimates for 1987
precursors is described in section 3.6 of Ref. 1. (Alternate calculations using models
with the above changes were performed on 1987 events.). As illustrated in Ref. 1,
modest differences existed between the core damage, core damage plus core
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 undesirabic end states in the earlics
models) was closer 1o the core damage probability estimated with the revised models.
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Three 1987 events had substantially higher “sum” probabilities - these events imvolved
trips with single safety-related train unavailahilities, for which the dominant core
vulnerability sequence was a stuc-open secondary-side rehef valve with HPI failure
(assigned to success in the revised maodels).

The second modeling change was the inclusion of PWR RCP seal LOCA in
hiackout sequences. The impact of such a scal LOCA on the core damage probability
estimated for an event had previously been bounded by the use of a conservative value
fur failure to recover AC power prior to battery depletion following a LOOP and loss of
emergency power.

The PWR event trees hve been revised to eddress potential seal LOCA during
station blackout through the use of seal LOCA and electric power recovery branches, as
shown below:
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Two time periads are represented in the sequences in the above figure. Auxiliary
feedwater, power-operated relief valve/safety relief valve (PORV/SRV) challenge, and
PORV/SRY reseat are short-term responses following loss of the diesel generators. If
turbine-driven AFW is unavailable, or if an open PORV/SRYV fails to close, then core
damage is assumed to oceur, since no high-pressure injection 15 available as an alternate
means of care cooling or for RCS makeup., SEAL LOCA, EP REC LONG, and HPI are
branches applicable in the long term. SEAL LOCA represents the likelihood of a seal
LOCA prior o restoration of AC power. EP REC LONG represents the likelihood of not
restoring AC power prior to core uncovery (f a seal LOCA exists) or prior to battery
depletion (in the case ~f no seal LOCA). Once the batteries are depleted, core damage is
assumed to oceur, since control of turbine-driven pumps and the ahility to monitor core
and RCS conditions are lost. HPI represents the likelihood of failing to provide HPI
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following a seal LOCA to prevent core damage. The ASP maodels have been simplified
somewhat by assuming that HPI is always adequate 1o make up for flow from a failed
seal or seals.

The three seal 1LOCA-related sequences are illustrated in sequences 1, 2, and 3,
In sequence 1, a seal LOCA cccurs prior to restoration of AC power, AC power is
successfully restored prior to core uncovery, but HPI fails to provide makeup flow. In
sequencs ?, 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 tirne-dependency is
accounted for in the analysis. A moie detailed description of the changes associated with
explicitly modeling RCP seal LOCA is included in Rel. 2.

In addition to elimination of core vulnerability scquences, two other changes were
made to simplify the previously complex BWR even, trees:

+  Failure to trip with scluble boron injection success was previously developed
in detail and involved a large number of low probability sequences. All
failure 1o trip sequences are now assigned to the ATWS end state.

+ The condensate system was previously modeled as an alternate source of low-
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, LPCIL, and RHRSW.

A2 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 uees
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 initiaiors. 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 permit grouping of plants with similar response to a transient or accident at the
system or functional level, and o suosequently develop eight sets of plant-class specific
event tree models. Much of the categorization and early event sequence work was done



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

In developing the plaat categorizations, each reactor plant was examined to
determine the systems used to perform the following plant functions required in response
to 1eactor trip, LOOP, and small-break LOCA initiators to prevent core damage: reactor
subcriticality, reactor coolant system integrity, reactor coolant inventory, short-term core
heat removal, and long-term core heat removal,

Functions related to containment integrity (containment overpressure protectior
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
were grouped based on the use of nominally identical systems to perform each funcuon;
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 charactenized by isolation condensers (1Cs) 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 FWCL 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 HPCl systems and those with motor-driven high-pressure core
spray (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 Baleo -k &
Wilcox Company plants (Class D). These plants have the capability of performing feed
and bleed witheut the need to open the PORV. Combustion Engineering plants are
separated into two classes, those that provide feed and bleed capability (Clas: G) and
those that provide for secondary-side depressurization and the use of the condensate
system as an altemate 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 o
iniuating events more akin 1o the Westinghouse Electric Corporation design, o 1t is grouped in & class
with other Westinghouse plants. Davis-Besse Nuclear Power Station was also placed in a Westinghouse
plant class because its HPI system design requires the operator 10 open the PORV for feed and bleed, as in
most Westinghouse plants. The requirement (o 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 SG designs are not addressed in the models,
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damage and ATWS follow.

1.

Initiating event (transient). The init-ting event for the tree is a transient or upset
event that requires or is followed by a rapid shurdown 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.

Reactor trip. To achieve reactor suberiticality and thus halt the fission process,
the reactor protection system (PPS) is required to insert control rads into the core.
If the automatically ininated 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,

Auxiliary feedwater. AFW must be provided following trip to remove the decay
heat stll 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 1o one steam generator is adequale).

Main feedwater. In lieu of AFW, MFW can be uti!’zed 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.

PORYV or SRV challenged. For sequences in which both reactor trip and steam
generator feedwater flow (MFW or AFW) have been successful, the pressurizer
PORYV 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 rehief and safety vaives, 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 1ot
sufficiently high to cause opening of a relief valve. For the sequence .n which
both AFW and MFW fail following a reactor trip, at least one PORV or SRV was
assumed to open for overpressure protection,

PORY or SRV reseats. 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 PORV sticks open, most plaats are equipped with an isolation valve
that allows for manual termination of the blowdown. Failure of » primary-side
relief valve to close results in a transient-induced LOCA that is moeled as part of
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this event iree

L 5 High pressure injection.  In the case of a transient-induced LOCA, HPI 1s
required 1w provide RCS makeup to keep the core covered. Success for thic
branch requires introduction of sufficient borated water 1o keep the core covered,
considering core decay heat, (Typically, one HPI train is sufficient for this

purpose. )

8. HPI and PORV open. If normal methods of achieving decay heat removal via the
steam generators (MFW and AFW) are unavailable, core cooling can be
accomplished on most plants by establishing a feed and bleed operation. This
operation (1) allows heat removal via discharge of reactor coolant to the
containment through the PORVs and (2) reactor coolant system (RCS) makeup
via injection of borated water from the HPI system. Except at Class D plants,
successful feed and bleed requires the operator to open the PORV manually. At
Class D plants, the HPI 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. HPI success is dependent on plant design but
requires the introduction of sufficient amounts of boraied water into the RCS 10
remove decay heat and provide sufficient reactor coolant makeuvp to prevent core
damage.

9. High-pressure recirculation. Following a transient-induced LOCA (a PORV or
SRV fails to reseat), or failure of secondary-side cooling (AFW and MFW) 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
mode the HPI pumps recirculate reactor coolant collected in the containment surnp
and pass it through heat exchangers for heat removal. When MFW or AFW is
available, heat removal is only required for HPI pump cooling; if AFW or MFW
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
inode, taking suction from the containment sump, passing the pumped water
through heat exchangers, and providing net positive suction head to the HPI
putnps.

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 lcading 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 suction 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) syster.
The event-tree branches and sequences are discussed [urther.
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1. Initiating event (transient). The initiating event is 4 nonspeaific reactor trip,
similar to that described for PWR Classes B and 1. The following branches have
functions and success requirements similar to those following a transient at PWR

Class B.
- 3 Reactor trip.
3, Auxiliary feedwater or main feedwater.

4. PORYV or SRV challenged/reseats.
S. High-pressure injection.

6. HPI and PORYV open (feed and bieed). 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 damage. This is provided by the CSR
system.

7. High-pressure recirculmion. In the event uf & transient-induced LOCA, continued
high-pressure injection via sump recirculation is needed to provide makeup 10 the
break to prevent potential core damage. In addition, HPR is required when both
AFW and MFW are unavai'able following a transient, to recirculare coolant
during the feed and bleed procedure. If HPR fails and normal seconaury-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 1s noi required.

8. Continment 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 recirculated. 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 suown in Fig. A.13,
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
main and auxiiiary 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
sequences, & requirement for containment cooling to prevent vore damage has not been
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Auxiliary feedwater. The AFW system functions 1o 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
MFW. Both MFW and condensate pumps would be unavailable following a
LOOP. Therefore, with emergency power and AFW failed, no core cooling
would be available, and ~ore damage would be expected 10 occur, Because
specific AFW 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 AFW pumps that are available.

PORYV or SRV 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.

PORYV or SRV reseats. The success requirements for this branck: 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 HPI/HPR system
would be without power to mitigate potential core damage.

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 cooling water). Unavailability of seal cooling and
injection may result in seal fanare after a period of time, depending on the seal
design (for some seal designs, seal tailure can be prevented by isolating the seal
return isolation valve).

The upper event wree 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.

Electric power recovered (long term). For sequences in which a seal LOCA has
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
the recovery of AC power prior to battery depletion, typically 2to 4 h.

High-pressure injection and recirculation. The success requirements for this
branch are similar to those following a nonspecific reactor trip. Because all
HPI/HPR 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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depressunzation 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 imtating event is a LOOP similar to that described
for BWR Classes B and D. The following branches have functions and success
requireraents similar to those following a LOOP at PWRs associated with all of
the plant classes detined.

2. Reactor trip given LOOP.
b Emergency power,
4, Auxiliary feedwater,

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

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

7. Seal LOCA
8. Electric power recovered (long-term).
9. High pressure injection and recirculation.

The event tree constructed for the plant Class A LOOP 1s shown in Fig. A.S. All
of the event-tree branches and the sequences leading to successful transient mitigation,
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
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
the CSR system is provided in the discussion of the PWR Class A nonspecific reactor
wip event tree,

Sequences resulting in core damage and ATWS following a PWR LOOP, shown
on event trees applicable to each plant class, are described in Table A6,

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 unavailability of feed
and bleed on Class H. As with the PWR transient sequences, this similarity permits
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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 10 cach plant class are
summanzed in Table A7,

PWR Small-Break Loss-of- Coolant Acgident

Event trees were constructed 1o define the responses of PWRs to @ small-break
LOCA. The LOCA chosen for consideration is one that would require a reactor trip and
continued high-pressure injection for core protection, Because of the limited amount of
borated water available, the mitngation sequence also includes the requirement to
recirculate borated water from the contwnment sump.

The LOCA event tree constructed for PWR plant Classes B and D is shown in
Fig. A9. The event-tree branches and the sequences leading to core dumage follow.

K 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.

o

Reactor trip. Reactor trip success is defined as the rapid insertion of sufficient
control rods 1o place the core in a subcritical condition.  Failure 1o trip was
considered to lead to the end state ATWS,

- Auxiliary feedwater or main feedwater. Use of AFW or MFW was assumed
necessary for some small breaks to reduce RCS pressure to the point where HPI
is effective. At Class D plants, the 21 pumps operate at a much higher
discharge pressure and hence can function without secondary-side cooling from
the AFW or MFW systems,

4. High-pressure injection. Adequate injection of boruted water from the HPI
system is required to prevent excessive core temperatures and consequent core
damage.

5. High-pressure recirculation. Following a small-break LOCA, continued high-
pressure injection is required.  This is typically accomplished with the RHR
system, which takes suction from the containment sump and returns the lost
reactor coolant to the core via the HPI pumps. The RHR system includes heat
exchangers that remove decay heat prior to recirculating the sump water to the
RCS

6. PORY open. In the event AFW and MFW are unavailable following a small-
break LOCA, opening the PORY 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 LO™ A, at Class G plants is shown in

Fig. A12. The LOCA event tree for Class G plants is s wilar 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,

i.

?J

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

Reactor trip.

Auxiliary feedwater and main feedwater.
High-pressure injection.

High-pressure recirculation.

PORYV open.

Jontainment 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 everit 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 :lability of AFW and MFW 1o permit HPI and HPR to function in
these plants. The ¢ ent tree branches and sequences are discussed further below.

1.

o

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
functions and success requirements similar to those discussed previously.

Reactor trip.

Auxiliary and main feedwater.
High-pressure injection.
High-pressure recirculation.

SG depressurization. In the event that AFW and MFW are unavailable following
a small-break LOCA, £G depressurization combined with the use of the
condensate pumps can provide for RCS depressurization such that adequate HPI
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High- pressure injection systems | HPCI,
RCIC, CRD, FWCT (BWR Class AY)

Isolation condenser (BWR Classes * and B)

Main feedwater

Low-pressure injection systems following
blowdown [LPCI (BWR Classes B and C),
LPCS)

Note: Short-term core heat removai to the
suppression pool (all cases where PCS is |
faulted) requires use of the RHR system for |
containment heat removal in the long term,

Shon-term core heat removal Power conversion system (PCS)
|
l

Long-term core heat removal PCS '
Isolation condenses (BWR Class A) |
RHR | shutdown cooling (SDC or f
suppression pool (SP) cooling modes
(BWR Class C)) |
Shutdown cooling (BWR Classes A and B)
Containment cooling (BWR Class A) |
LPCI [containment cooling mode (BWR
Class B)|

i
!

The nonspecific 1zactor trip event tree constructed for BWR plant Class C is
shown in Fig. A.22. The event tree branches and the sequences leading to potential
severe core damage follow. The Class C plants are discussed first because all but a few
of the BWRs fit into the Class C category. f

| 1. Initiating event (transient). The initiating event 18 a transient or upset event that
results in a rapid shutdown of the plant. Transients that are initiated by a LOOP
or a small-break LOCA are modeled in separate 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
process, 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.

T R ———

3, Power | onversion system. Upon successful reactor scram, continued operation
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of the power conversion systern (PCS) wiild allow continued heat removal via
the main condenser. This was considered successful mitigation of the transient,
Continued operation of the PCS requires the main steam isolatton valves (MS1Vs)
o remain open and the operation of the condenser, the turbine bypass system, the
condensate pumps, the condensate booster pumps, and the feedwater pumps.

SRV challenged. Depending on the transient, one or more SRVs may open. The
upper bran % on the event tree indicates thas the valves were challenged and
opened. 1f the transient is followed by continued PCS operation and successful
scram, the SRVs e not expected 1o be challenged. If the PCS is unavailable, at
least some of the SRV s are assumed to be challenged and to open.

SRVs close. Success for this hranch requires the reseating of any open relief
valves once the reactor pressure vessel (RPV) pressure decreases below the relief
valve set point. 1f an SRV sticks open, a transient-induced LOCA is mitated.

Feedwater. Given unavailability of the PCS, continued delivery i feedwater
(FW) 10 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
loss of condenser vacuum, because this would disable the feed pumps.

High-pressure coolant injection or high-pressure core spray. The primary
runction of the HPCL or HPCS system is to provide makeup following small-
break LOCAs while the reactor is at high-pressure (not depressurized). The
vystem 18 also used for decay heat removal following transients involving a loss
of feedwater. Some later Class C plants are equipped with HPCS systems, but
the majority are equipped with HPCI systems. HPCI or HPCS can provide the
tequired makeup and short-term decay heat removal when decay heat removal is
univailable from the condenser and the FW system cannot provide makeup.

Reactor core isolation cooling, The reactor core isolation cooling system is
dest ined to provide high-pressire coolant makeup for transients that result in
LOrW. Both RCIC and HPCI (or HPCS) imitinte when the reactor coolant
mveniory drops o the low-low level set point, taking suction from the condensate
“torage tank or the suppression pool. HPCI is manually secured after
HPCYRCIC initiation when pressure and water level are restored, 1 prevent
tipping of HPCI and RCIC pumps on high water level. RCIC must then be
operaied until the RHR system can be placed in service, Fullowing a transient,
serary, and unavailability of the PCS, reactor pressure may increase, causing the
relief valves to open and close periodically to maintain reactor pressure control.

P T E———
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Control rod drive pumps. In transient-induced sequences where heat renoval and
minimal core makeup are required (1., not ransieni-induced LOCA sequences),
the CRD pumps can deliver high-pressure coolant 10 the RPV,

Depressurization via SRVs or the automatic depressurization system (ADS). In
the event that short-term decay heat removal and core maker + are required and
high-pressure systems have failed to provide adequate flow, the RFV can be
depressurized to allow use of the low-pressure, high-capacity injection systems.
If depressurization 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.

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.

Low-pressure coolant injection. The LPCI system can provide short-term heat
remowval and cooling water makeup 1f the reactor has been depressurized to the
operating range of the low-head RHR pumps, At Class C plants, LPCI is a mode
of the RHR system; thus, the RHR pumps opetate during LPCL. 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
successful in delivering sufficient flow to the reactor, long-term heat removal
success is still required to mitigate core damage.

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 through the RHR heat exchangers and back 1o the
reactor vessel. Long-term core cooling success requires that heat transfer to the
environment commence within 24 h of the transient. RHR shutdown cooling
(§DC) success following successful reactor scram and high- or low-pressure
injection of water to the RPV will prevent core damage.

RHR 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 alignment can provide long-term cooling for transient mitigation,

Residual heat removal service water or other. This is a backup measure tui
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providing water o the rescior 1o reflood the core and mainain core cooling 1
LPCI and LPCS wre unavallable. Typically, the bigh-pressure service water
pumps are aligned 1o the shell side of the RHR heat exchangers for delivery of
water 1o one of the recirculation loops

The event tee constructed for 8 BWR plant Class A nonspecific reactor inp is

shown in Fig. 216, The event tree is similar to that constructed for BWR Class C plants
with the following exceptions: Class A plants are equipped with isolation condensers and
FWCT systems instead of RCIC and HPCL (or HPCS) 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 1s provided by a system
independent of the shutdewn cooling system. The event tree branches and sequences are
discussed further below.

!

*d

Initiating event (trunsient). The initiating event is a nonspecific seactor inp similar
o that described for BWR Class C plants.  The following branches have
functions and success requirements similar * those following a transient o
BWRs associated with Class C.

Reactor shutdown.
Power conversion system,
SRV challenged and closed.

Isolation condensers and isolation condenser makeup. If PCS is not available and
significant inventory has not been lost via the SRVs, then the isolation condenser
(1) system can provid= for decay heat :moval and mitigate the transient. The 1C
system is an essentially passive system that condenses steam produced by the
core, rejecting the heat 10 cooling water and returning the condensate 10 the
reactor. Makeup is provided 10 the cooling water as needed. The system does
not provide makeup to the reactor vessel.

Feedwater or feedwater coolant injection. Either FW or FWCI can provide short
ferm transient mitigation. When FW or FWCT is required and is successful, long-
term decay heat removal i required for complete wransient mitigation. (PCS
unavailability is assumed prior 1o FW or FWCI demand.) FWCI or FW is
required for makeup in transient-induced LOCA sequences and for keat removal
in sequences when the 10 systemn would have mitigated the transient but was not
avidlable, FWCL is initiated automatically on low reactor level and uses the
normal feedwater trains 1o deliver water to the reactor vessel,

Control rod drive pumps,
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is required following the LOOP,
Depressurization via SRVs or the ADS.
LPCS, LPCI, or RHR service water,

RHR shutdown cooling mode or RHR suppression pool cooling mode. For
FINETEENCY POWET SUCCess sequences, the success requirements for these branches
are similar 1o those following a nonspecific reactor trip transient at Class C
BWRs. Success for any one of these three branches can provide the long-term
decay heat removal required for transient mitigation. If emergency power fails, it
must be recovered 1o power long-term decay heat removal equipment. However,
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 BWR Class A plants is shown in Fig,

A.17. The event tree is similar to that constructed for BWR Class C plants with the
major exception that Class A plants are equipped with isoladon condensers and FWCI
systems instead of RCIC and HPCI (or HPCS) systems, However, given a LOOP,
FWCI would be unavailable, because it is not backed by emergency power, Aiso,
additional long-term core cooling is not required with isolation condenser success, us
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 FWCT would be without power. The event-tree branches and sequences
are further discussed below,

Initiating eve~t (LOOP). The intiating event is 4 LOOP similar to that described
for Class C BWRs, The following branches ‘iave functions and success
requirements similar to those following a LOOP at sWRs associated with
previously described BWR classes.

Emergency power,
Reactor shutdown,
LOOP recovery (long-term).
SRV challenged and closed.

Isolation condensers. Following successful reactor scram, the IC system can
provide enough decay heat removal, in both the short and long term, to mivigate
the transient if a transient-induced LOCA has not been inttiated. The IC system
cannot provide coolant makeup, wilich would be required in a transient-i-.duced
LOCA. The IC system 1s an essentially passive system that does not require AC



L













Lt T A A

PRT— — T A——

A-d0)

indicate the reiative importance of these events, which are 100 BUMErous 10 warant
mdividuai culeatation, The resulis of these calculations are Lsied n Table A.15,

Table A 15 shows that nonspecific reactar trips without additional obseryed
faslures have conditional core damage probabilities below § x 106 per trip, depending on
plant class. The hikelihood of an LOFW in conjunction with a wnp s ind” ded in these
caleulations. LOFW couditional core damage probabilities are less than 4 x 109 per
LOFW event, again depending on plant class, except for BWR Class A plants
(17 x 104, The conditional core damage probabilities associated with unavailahilities

af HPCH and HPCS (single train BWR systems) are also sbove 10°5, assuming a one
hall month unavadabalivy.
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Table A.2 Rules lor calculating precursor significance

Event sequences requinng calculation,

I an initsting event occurs as pan of a precursor (Le., the precursor consists of an initating event
plus possble additional failures), then use the event tree associated with that initiator; otherwise,
use all event trees impacted by the observed unavialahility.

Initating event probability

I an mitiating event acours ay part of & precursor, then the initmor probability used in the
calculation is the probability of failing o recover from the observed nitiating event (Le., the
numenic value of the recovery class for the ovent),

I an initating event does not ocour #s part of a precutsor, then the probability used for the
inittating event is developed using the initating event frequency and event duration. Event
durations (the pertod of tme during which the fuilure existed) ure based on information included in
the event report, il provided. 1 ike event is discovered during testing, then one-hall of b tost
period (15 days for a typical 30-day test inerval) s assumed, unless a specific failure duration is
entifid.

Heanch probabildy estimation.

For event tree branches for which no failed or degraded condition is cbserved, a probability equal 1o
the estimuted branch failure probability 1s assigned.

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

For event tree hranches that include o degraded system (e, 8 system that still meets minimum
aperabitlity requirements but with reduced of no redundancy), the estimated failure probability is
modified w refiect the loss of redundancy

Suppart system unavailabilives.

Systems of trmns rendered unavailable as o result of support system faila 5 are modeled
recognizing that, us long as the allected support system remains failed, all impacted systems (or
trains) are unavailable; but of the support sysiem is recovered, all the affected systems are
recovered. This can be modeled through muluple calculations that address s system failure
and success. Calculated core damage probabilities for each case are 1zed based on the
likelthood of recovenng the support systom.  (Support systems, excepl emergency power, are not
directly modeled in the current AS, " models.)
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Table A 3 ASP reactor plant classes

Plant name Plam class

ANO - Unit | PWR Cless D
ANO « Unit 2 PWR Class G
Beaver Valley | PWR Class A
Beaver Valley 2 PWR Class A
Big Rock Point BWR Class A
Browns Ferry | BWR Class C
Browns Ferry 2 BWR Class C
Browns Ferry 3 BWR Class C
Braidwood | PWR Class B
Braidwood 2 PWR Class B
Brunswick 1 BWR Class C
Brunswick 2 BWR Class C
Byron | PWR Class B
Byron 2 PWR Class B
Callaway 1 PWR Class B
Calven Cliffs | PWR Class G
Calven Cliffs 2 PWR Class G
Catawba | PV.R Class B
Catawba 2 PWR Class B
Clinton 1 BWR Class C
Comanche Peak PWR Class B
Coal. | "WR Class B
Cook 2 PWR Class B
Cooper Station BWR Class C
Crystal River 3 PWR Class D
Davis-Besse PWR Class B
Diablo Canyon | 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 B
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 | BWR Class C
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Tuble A3 ASP reactor plant classes (cont.)
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Plant name

AT i A i 4 5 e e G @

Praine Island |
Praitie Island 2
Quad Cities |
Quad Cities 2
Rancho Seco
River Bend |
Robinson 2
Salem |

Salem 2

San Onofre |
San Onofre 2
San Onofre 3
Seabrook 1
Sequoyah 1
Sequoyah 2
South Texas |
St. Lucie |

St. Lucie 2
Summer |
Surry |

Surry 2
Susquehanna |
Susquehanna 2
Three Mile Island |
Trojan

Turkey Point 3
Turkey Point 4
Vermont Yankee
Vogtie 1
Vogtle 2
WNPSS 2
Waterford 3
Walf Creck |
Yankee Rowe
Zion |

Zion 2

-

Plam class

g

PWR Class B
PWR Class B
BWR Class C
BWR Class C
PWR Class D
BWR Class C
PWR Class B
PWR Class B
PWR Class B
Unigue

PWR Class H
PWR Class H
PWR Class B
PWR Class B
PWR Class B
PWR Class B
PWR Class G
PWR Class G
PWR Class B
PWR Class A
PWR Class A
BWR Class C
BWR Class C
PWR Class D
PWR Class B
PWR Class B
PWR Class B
BWR Class C
PWR Class B
PWR Class B
PWR Class C
PWR Class H
PWR Class B
PWR Class B
PWR Class B
PWR C'ass B

R
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Sequence No

End stute

Description

21

2K

Core damage

Core damage

Core darmage

Core damage

Core damage

Core damage

Core damage

Core damage

. a -

faiture 10 reseut, and successful HP1 and HPR,
(PWR Class A)

Similar 10 sequence 11, but MFW provides SG
cooling in Leu of AFW. (PWR Class A)

Unavailabldity of AFW and MFW following
successful tip. Feed und bleed is successful, but
CSR is unavailuble for containment heat removal,
This sequence 15 distinguished from sequence 19
because of differences in the function of CSR on
Class A and G plants. (PWR Class A)

Unavailability of AFW and MFW following
successful trip.  The SGs are successfully
depressurized, but the condensate pumps fail 10
provide SG cooling. (PWR Class H)

Unavailability of AFW and MFW following
successful trp, plus failure to depressurize the SGs
to allow for the use of the condensate pumps for
S5 cooling. (PWR Class 1)

Unavailability of AFW and MFW following
successtul trip. At least one open SRV fails to
reseat, but HPI and HPR are successful. SG
depressurization 1s successful, but the condensate
pumps fail to provide SG cooling. (PWR Class H)

Similar to sequence 25 except that SG
depressurization fails. (PWR Class H)

Unavailability of AFW and MFW following
successful trip. At least one SRV fails to reseat.
HPLis initiated but HPR fails, (PWR Class H)

Unavailability of AFW and MFW following
successful trip. At least one SRV fails to reseat
and HPI fails. (PWQ Class H)

-

e Shacshe B EEllse l
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Table AS. PWR ransient sequences summary
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damage.
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- Regquired and saccess*ully performs s funeson.

- Reguired and fails w0 perfm its function
$* - Rehef valve challenged duning the transient (assumed for all losses of Soth AFW and MFW ).

Note: (D
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Table A 6. PWR LOOP core damage and ATWS sequences

——

Sequence No.  End state

s

- i —— e

40 ATWS

41 Core damage
42 Core damage
43 Core dumage
a4 Core damage
45 Core damage
46 Core damage
47 Core damage

Description

Failure to trip foilowing & LOOP. (PWR Classes
A B, D, G, and H)

Unavailability of HPR following a LOOP with
successful trip, emergency power, and AFW,
primary relief valve Iift and failure to reseat; and
successful HPL. (PWR Classes A, B, D, G, and
i

Unavailabilicy of HP1 following LOOP with
successful trip, emergency power and AFW;
primary relief valve lift and failure 1o reseat, (PWR
Classes A, B, D, G, and H)

Failure of the PORV 1o open for feed and bleed
cooling following successful trip and emergency
power, and AFW failure, (PWR Classes A, B,
and G)

Failure of HPR for recirculation cooling following
feed and bleed initiation. Trip and emergency
power are successful, but AFW fails. (PWR
Classes A, B, D, and G)

Unavailability of HPI for feed and bleed cooling
following successful trip and emergency power
and AFW fatlure. (PWR Classes A, B, D, and 3)

Unavailability of HPR following HPI success for
RCP seal LOCA miugation. AC power is
recovered following successful trip, emergency
power failure, turbine-driven AFW train(s)
success, primary relief valve lift and reseat, and
asubsequent seal LOCA. (PWR Classes A, B, D,
G, and H)

This sequence is similar 1o sequence 46 except that
HPI fails for RCP seal LOCA mitigation. (PWR
Classes A, B, D, G, and H)

o —————— . T G P i e o — - P s R
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Table A6, PWR LOOP core damage and ATWS sequences (cont.)

Sequer ¢ No. End state

o o e T e e S W . e 8 ———

s

49

50

51

53

54

58

Caore damage

Core damage

Core damage

Core damuge

Core damage

Core damage

Care damage

Core damage

- - T L =R =y Y A
e e e L e il O b Ll L Sl e i L e T e e i L o e

Description

- -

Failure 10 recover AC power following an RCP
seal LOCA. The seal LOCA occurs following
successtul trip, failure of emergency power,
turbine-driven AFW train(s) success, and primary
relief valve Jift and closure. (PWR Classes A, B,
D, G, and H)

Failure 10 recover AC power following successful
trip and emergency power system failure, AFW
turbine train(s) success, and primary relief valve
lift and reseat. No RCP seal LOCA occurs in the
sequence. (PWR Classes A, B, DG, and iD)

Failure of a primary relief valve 1o reseat following
lift subsequent to a successful trip, emergency
power system failure, and AFW turbine train(s)
success. (PWR Classes A, B, D, G, and H)

This sequence is similar 1o sequence 46 except that
the primary relief valves are not challenged. (PWR
Classes A, B, D, G, and H)

This sequence is similar 1o sequence 47 except that
the primary relief valves are not challenged. (PWR
Classes A, B, D, G, and H)

This sequence is similar 10 sequence 48 except that
the primary relief valves are not challenged. (PWR
Classes A, B, D, G, and H)

This sequence is similar to sequence 49 except that
the primary relief valves are not challenged. (PWR
Classes A, B, D, G, and H)

Failure of AFW following successful trip and

emergency power system failure (PWR Classes A,
B, D, G, and H)

P BT T S W L e s E AT VO e A
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Seal = 4 HPI HPR PORV
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Tabic A7 PWR LOOP scquences summary
Chali  Reseax LOCA
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- Regured and successfully performs ns funcuon.
- Reguired and fails 1o perform its funchon.
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$* - Rehief valve challenged during the ransient (assumed )
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Note: (D - Core damage.
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Table A8 PWR small-break LOCA core damage and ATWS sequences

Sequence No.

End state

Description

1

72

73

74

75

76

77

78

79

Core damage

Core das e

Core damage

Core damage

Core damage

Core damage

Core damage

ATWS

Core damage

Unavailability of HPR following a small-break
LOCA with trip, AFW and HPI success. (WK
Classes A, B, U, G, and H)

Unavailability of HPI following a small-break
LOCA with trip and AFW success. (PWR Classes
A, B, D, G, and H)

This sequence is similar to sequence 71 except that
MEW is utilized for 8G cooling if AFW is
unavailable. (PWR Classes A, B, D, G, and H)

This sequence is similar 10 sequence 72 except that
MEW is utilized for SG cooling if AFW is
unavailable, (PWR Classes A, B, D, G, and H)

Unavailability of AFW and MFW following a
small-break LOCA and successful trip. The PORV
is unavailable to depressurize the RCS 1o the HPI
pump discharge pressure. (PWR Classes A, B,
and G)

Unavailability of AFW and MFW following a
small-break LOCA with trip success. HPI is
successul but HPR fails. (PWR Classes A, B, D,
G, and H)

Uravailability of AFW and MFW following trip
success. HPI fails to provide RCS makeup.
(PWR Classes A, B, D, G, and H)

Failure of reactor trip following a swmall-break
LOCA. (PWR Classes A, B, D, G, and H)

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)
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Table A 8. PWR small-bresk LOCA core damage and ATWS sequences (cont.)

Sequence No.

End state

Description

RO

k]

K3

Core damage

Core damage

Core damage

Core damage

Core damage

Unavailability of CSR following a small-break
LOCA with trip, AFW, HPI and HPR success
(PWR Class A)

vhis sequence s similar to sequence B0 except that
MEW is used for SG cooling in the event AFW is
unavailable, (PWR Class A)

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)

Unavailability of the conden<ate pumps for SG
cooling following a small-break LOCA with trip
success, unavailability of AFW and M™W, and
successful SG depressurization. (PV™  "ass H)

This sequence is similar 1o sequence 5> .cept that
SG depressurization is unavailable. (PWR Class
H)




CSR SG
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Table A9. PWR smail-break LOCA scquences summary
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- Required and successfully performs its function.
- Reguired and fails 10 perform its function.
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Note: CD - Core damage.
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Table A.10. BWR transient core damage and ATWS sec ~2nces

Sequence No.  End state Desciiption

BWR Class A sequences

11 Core damage Unavailability of long-term core coo’  (failure of
shutdown ¢ soling system and contai,  nt cooling)
following successful scram and failure of
continued pow=r conversion system operation,
safety < ef valve challenge and successful reseat,
failure of isolation condenser, "nd successful main

feedwater.

12 Core damage Similar to Segmence 11 ¢ .. 1ailure of main
feedwater ana successful feedwater coolant
injertion.

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 reseat;
failure of isolation condenser; failure of r in
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 othe. equivalent
water source for vessel makeup following
successful scram and failure of continued power
conversion system vperation; safety relief valve
challenge and success of isolation condenser, main
feedwater, fecdwater coolant injection, and control
rod drive cc.oling. Successful vessel
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
¢~ ainment cooling.
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Table A.10. B\ R transient core damage and ATWS sequences (cont.)

Sequence No.  End state Description

1?7 Core damage Unavailability of long-term core cooling (faulure of
shutdown cooling system and containment cooling)
following successful scram and failure of
continued power conversion system operation;
safety relief valve challenge and successful reseat;
failure of isolation co~ ‘enser, main feedwater,
feedwater coolant injection, and control rod drive
cooling systems; followed by successiil ves
depressurization and failure of low-pressure core

spray.

15 Core ¢ mage Unavailability of vessel depressurization following
successful scram and failure of continued power
conversion system operation, and safety relief
valve challenge and successful reseat. Failure of
the isolation condenser, main feedwater, feeGwater
coolant injeciion, and control rod drive cooling.

19 Core damage Unavailability of long-term core cooling (failure of
shutdown cooling system and containment coolirg)
following successful scram and failure of
continued power conversion system operation,
safety relief valve challenge and unsuccessful
reseat, and successful main feedwater.

20 Core damage Simular to Sequence 19 except unsuccessful main
feedwater followed by successful fedwater
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
continued power conversion system operation,
eafety relief valve challenge and unsuccessful
reseat, unsuccessful main feedwater and followed
by successful vessel depressurization and low-
pressure core spray.
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Table A 10, BWR vansient core damage and ATWS sequences (cont.)

Sequence No.

End state

Description

22

24

25

26

27

28

Core damage

Core damage

Core damage

Core damage

Core damuge

Core damage

Core damage

Unavalability 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 reseat, and failure of
main feedwater and feedwater coolant injection,
Successful vessel depressurization and failure of
low-pressure core spray.

Similar to Sequence 22 except failure of the
shutdown cooling system and successful
containment spray.

Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling)
following successful scram and failure of
continued power conversicr system operation,
safety relief valve chailenge and unsuccessful
reseat, unsuc, © <ful main feedwater and feedwater
coolant injection, successful vessel de' .<ssur-
1zatio 1, and unsuccessful low-pressure core spray.

Unavailability of vessel depressurization following
suc~essful seram and failure of continued power
conversion system operation, safety relief valve
challenge and unsuccessful reseat, and failure of
the main feedwater and feedwater coolant injection.

Similar 1o Sequence 11 except the safetv relief
valves are not challenged.

Similar to L Juence 12 except the safety rclief
valves are not challenged.

Similar to Sequence 13 except the safety relief
valves are not challenged.
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Table A 10, BWR wransient core damage and ATWS sequences (cont.)

A —— e

Sequence No. End state

v e e 1 e -

14 Core damage
15 Core dami.ge
16 Core damage
17 Core damage

Description

—— e - —— Lty Bm

Unavailability of long-term core cooling (failure of
shutdown cooling system and contaimaent cooling
maode of low-pressure coolant injection) following
successful scram and failure of continued power
conversion system operation; safety relief valve
challenge and successful rescat; furlure of isolation
condenser; failure of mun feedwater, high-
pressure coolant wajection, and control rod drive
cooling syastems; followed by successful vessel
depressurizaion and low -pressure core spray.

Unavailability of long-term core cooling (failire of
shutdown cooling system and containment cooling
mode of low-pressure coolant injection) following
successful scram and failure of continued power
conversion svstem operation; safety relief valve
challenge and sugcessful reseat; failure of isolation
condenser; failure of main feedwaier, high-
pressure coolant injection, and control rod drive
cooling systems; followed by successful vessel
depressurization, and fatlure of low-pressu core
spray and successful low-pressure coolant
injection,

Unavailability of fire v-ater or other equivalent
water source for reactor vessel makeup following
successful scrum and failure of continued power
conversion system operation; satety relief valve
challenge and successful reseat; and failure of
isolation condenser, main feeawater, high-pressure
coolant injection, and control rod drive cooling
systems,  Successful vessel depressurization,
failure of low-pressure (ore spray and low-
pressure coolant injection, and successful
shutdown cooling system.

Similar 10 Sequv.ce 16 except the shutdown
cooling system fails followed by successful

anmtatl B4kt

-
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Table A 10. BWR transient core damage and ATWS sequences (cont.)

Sequence No. End state

o b b ot e e

24

26

28

30

3l

Description

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Unavailability of fire water or other equivalent
water source for reactor vessel makeup following
successful seram and failure of continued power
conversion system operation, safety relief valve
challenge and unsuccessful reseat, aud failure of
main feedwater and high-pressure coolant
injection.  Successful vessel depressurization,
fatlure of low-pressure core spray and low.
pressure coolant injection, and successful shut-
down cooling.

Similar to Sequence 24 except failure of the
shutdown cooling system and successful
containment spray mode of low-pressure core
injection,

Similar to Sequence 23 except unsuccessful low-
pressure coolant injection.

Unavailability of vessel depressurization following
successful scram and failure of continued power
conversion system operation, safety relief valve
challenge and unsuccessful reseut, and failure of
the main feedwater and high-pressure coolant
inj. ion,

Similar 1o Sequence 11 except the safety relief
vilves are not challenged.

Similar to Sequence 12 except the safety relief
vilves are not challenged.

Similar to Sequence 13 except the safety relief
valves are not challenged.

Similar 10 Sequence 14 »~xcept the safety relief
valves are not challenged.
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Table A.11. BWR LOOP core damage and ATWS sequences (cont.)

:Sequence No.

End state

Description

a6

a7

48

49

50

o —

Core damage

Core damage

Core damage

Core damage

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 scrani, and satety relief
valve challenge and reseat. Failure of isolation
condenser, failure of feedwater coolant injection
and control rod d=ive cooling, with successful
vessel depressurization and failure of the low-
pressure core spray.

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 reseat with
unsuccessful solation condenser, feedwater
coolant injection, and control rod drive cooling,

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 seram, and safety relief
valve challenge and unsuccessful reseat, and
successful feedwater coolant injection,

Similar to Sequence 48 except failure of feedwater
coolant injection followed by successful vessel
depressurization and low-pressure core spray.

Unavailability of fire water or other equivalent
water source for vessel makeup following a loss of
offsite power, successful emergency power and
scram, safety relief wvalve challenge and
unsuccessful reseat, and failure of feedwater
coolant injection. Successful vessel depressur-
ization, failure of low-pressure core spray, and
successful shutdown cooling system.



Table A.11. BWR LOOP cor. damage and ATWS sequences (cont.)

A-70

Description

: Sequence No. End state
o} | Core damage
52 Core damage
53 Core darmage
54 Core damage
55 Core damage
56 Core damage
57 Core damage
58 Core damage
59 Core damag?
60 Core damage

Similar to Sequence 59 except failure of shutdown
cooling system and successful containment
cooling,

Unavailability of long-term core cooling (faiiure of
shutdown cocling system and containment cooling)
following a loss of offsiie 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 of low-pressure core
spray.

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 feedwater coolant injection system.

Similar to Sequence 41 except the safety relief
valves are not challenged.

Similar to Sequence 42 except the safety relief
valves are not challenged.

Similar 1o Sequence 43 except the safety relief
valves are not challenged

Similar to Sequence 44 except the safety relief
valves are not challenged.

Similar to Sequence 45 except the safety relief
valves are not challenged.

Similar to Sequence 46 except the safety relief
valves are not challenged.

Similar to Sequence 47 except the safety relief
valves are not challenged.
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Table A 11. BWR LOOP core damage and ATWS sequences (cont.)

Sequence No. End state

Description

44 Zore damage
45 Core damage
46 Core dama

47 Core damage
4% Core damage

with successful emergency power, reactor scram,
and safety relief valve challenge and reseat; failure
of the high-pressure coolant injection, reactor core
isolation cooling and control rod drive cooling
systems, with successful vessel depressurization
and low-pressure core spray.

Similar to Sequence 43 except failure of low-
pressure core spray and successful low-pressure
coolant injection.

Unavailability of fire water or other equival=at
water source for reactor makeup foilowing a .oss
of offsite power with successful emergency power,
scram, and safety relief valve challenge and
successful reseat. Failure of high-pressure coolant
injection, reactor core isolation cooli .g, and control
rod drive cooiing 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.

Similar to Sequence 45 except failure of the
residual heat removal system in shutdown cooling
mode and success in suppression pool cooling
mode.

Similar to Sequence 44 except failure of low-
pressure coolant injection,

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 reseat with high-
pressure coolant injection, reactor core isolation
cooling, and control rod drive cooling.
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Table A.11. BNR LOOP core damage and ATWS sequences (cont.) ‘

e - —

Sequence No.  End state Description |
66 Core damage Similar 10 Sequence 65 except high-pressure

coolant injection fails with successful reactor core
isolation coaling.

€7 Care damage Unavailability of longterm 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 resent, with failures of high-pressure
coolant injection and reactor core isolation cooling.

6K Core damage Similar o Sequence 65 except the safety relief
valves fail to reseat.

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 reseat.

80 Core damage Unavailability of long-term core cooling (fuilure of
residual heat removal system in shutdown and ‘:
suppression cooling modes) following a loss of
offsite power, failure of emergency 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 Simtar 1o Sequence 67 except the safety relief
valves are not challenged.
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Table A 12. BWR small-break LOCA core damage and ATWS sequences

Sequiave No. End state Description

- ¢ —— - e ——— - ina

BWR 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 couling 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 equivaleni
water source for vessel makeup following a loss of
coolant accident, successful reactor scram, and
failure of feedwater coolant injection. Successful
vessel depressurization and {ailure of low-pressure
core spray, and successful shutdown cooling
system,

74 Core damuge Similar 10 Sequence 73 except failure of the
shutdown cooling system and successful |
containment cooling.

75 Core damage Similar to Sequence 72 except failure of low-
pressure core spray.

76 Core damage Unavailability of vessel depressurization follov-ing
a loss of coolant accident, successful reacton
scram, and failure of the feedwater coolant
injection system,

96 ATWS ATWS following a loss of coolant accident. ATWS
sequences are not further developed in the ASP
mudels.
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Table A.12. BWk small-break L.OCA core damage and ATWS sequences (cont.)

Sequence No.

End state

Description

71

72

73

74

15

76

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

BWR Class B sequences

Unavailability of long-term core cooling (failure of
shutdown cooling system and containment cooling
mode of low-pressure coolant injsction) following
a loss of coolant accident, successful scram, and
successful high-pressure coolani injection.

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, failure
of high-pressure coolant injection, and successful
vessel depressurization and low-pressure core

spray.

Similar to Sequence 72 except failure of low-
pressure core spray and successful low-pressure
coolant injection.

Unavailability of fire water or other equivalent
water source for reactor vessel makeup following a
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.

Similar to Sequence 74 except failure of the
shutdown cooling system and su.- ~ssful
containment cooling mode of low-pressure coolant
injection.

Similar to Sequence 73 exce<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>