May 10, 1994

L)

Docket No. 50-289 Distribution: * w/o enclosures:

Docket Files NRC & Local
PORs PDI-4 Plant MEvans

Mr. T. Gary Broughton, Vice President RBlough, RI* SNerris*

and Director - TMI-1 SVarga* JCalvo*

GPU Nuclear Corporation RHernan 0GC

Post Office Box 480 EJordan* ACRS(10)

Midd'etown, Pennsylvania 17057 JStolz*

Dear Mr. Broughton:

SUBJECT: THREE MILE ISLAND UNIT 1 - REQUEST FOR PEER REVIEW OF PRELIMINARY
ASP ANALYSIS

Enclosed is a copy of the preliminary Accident Sequence Precursor (ASP)
Program analysis (Enclosure 1) of an operational condition that was discovered
at the Three Mile Island, Unit 1 (TMI-1) plant on January 29, 1993, The event
resulted from simultaneous bypass of cooling water to both decay heat removal
(DHR) coolers and was the subject of TMI-1 Licensee Event Report No. 93-002
(Enclosure 3). The preliminary results of our ASP contractor, Oak Ridge
National Laboratory, indicate that this event may be a precursor event for
1993. The purpose of this letter is to request that GPU Nuclear Corporation
review the preliminary report for technical accuracy and adeguacy and to
provide any relevant comments that result from your review to the NRC., We
request your comments within 30 days of this letter.

To facilitate your review, I have also enclosed specific guidelines for the
peer review including criteria for giving credit for mitigative/recovery
actions (Enclosure 2) and excerpts from the 1992 ASP Annual Report (Enclosures
4 and 5).

This requirement affects one respondent and, therefore, is not subject to
Office of Management and Budget review under P.L. 96-511.

Sincerely,
Uriginal sianed by:

Ronald W. Hernan, Sr. Project Manager 1
33351200821 3;83;:,%89 Project Directorate 1-4 }

Division of Reactor Projects - 1/11
Office of Nuclear Reactor Regulation
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May 10, 1994

Docket No. 50-289

Mr. T. Gary Broughton, Vice President
and Director - TMI-1

GPU Nuclear Corporation

Post Office Box 480

Middietown, Pennsylvania 17057

Dear Mr. Broughton:

SUBJECT: THREE MILE ISLAND UNIT 1 - REQUEST FOR PEER REVIEW OF PRELIMINARY
ASP ANALYSIS

Enclosed is a copy of the preliminary Accident Sequence Precursor (ASP)
Program analysis (Enclosure 1) of an operational condition that was discovered
at the Three Mile Island, Unit 1 (TMI-1) plant on January 29, 1993. The event
resulted from simultaneous bypass of cooling water to both decay heat removal
(DHR) coolers and was the subject of TMI-1 Licensee Event Report No. 93-002
(Enclosure 3). The preliminary results of our ASP contractor, Oak Ridge
National Laboratory, indicate that this event may be a precursor event for
1993. The purpose of this letter is to request that GPU Nuclear Corporation
review the preliminary report for technical accuracy and adequacy and to
provide any relevant comments that result from your review to the NRC. We
request your comments within 30 days of this letter.

To facilitate your review, I have also enclosed specific guidelines for the
peer review including criteria for giving credit for mitigative/recovery
actions (Enclosure 2) and excerpts from the 1992 ASP Annual Report (Enclosures
4 and 5).

This requirement affects one respondent and, therefore, is not subject to
Office of Management and Budget review under P.L. 96-511,

Sincerely,

brald 1. Hoansn

Ronald W. Hernan, Sr. Project Manager
Project Directorate 1-4

Division of Reactor Projects - 1/11
Office of Nuclear Reactor Regulatian

Enclosures:
As stated

cc w/enclosure:
See next page



Mr. T. Gary Broughton
.GPU Nuclear Corporation

cc:

Michael Ross

O8M Director, TMI-1

GPU Nuclear Corporation

Post Office Box 480
Middletown, Pennsylvania 17057

John C. Fornicola

Director, Licensing and
Regulatory Affairs

GPU Nuclear Corporation

100 Interpace Parkway

Parsippany, New Jersey 07054

Jack S. Wetmore

TMI Licensing Manager

GPU Muclear Corporation

Post Office Box 480
Middletown, Pennsylvania 17057

Ernest L. Blake, Jr., Esquire

Shaw, Pittman, Potts & Trowbridge

2300 N Street, NW.
Washington, DC 20037

Chairman

Board of County Commissioners
of Dauphin County

Dauphin County Courthouse

Harrisburg, Pennsylvania 17120

Chairman
Board of Supervisors
of Londonderry Township
R.D. #1, Geyers Church Road
Middletown, Pennsylvania 17057

Three Mile Island Nuclear Station,
Unit No. 1

Michele G. Evans

Senior Resident Inspector (TMI-1)
U.S. Nuclear Regulatory Commission
Post Office Box 311

Middletown, Pennsylvania 17057

Regional Administrator, Region I
U.S. Nuclear Regulatory Commission
475 Allendale Road

King of Prussia, Pennsylvania 19406

Robert B. Borsum

B&W Nuclear Technologies
Suite 525

1700 Rockville Pike
Rockville, Maryland 20852

William Dornsife, Acting Director

Bureau of Radiation Protection

Pennsylvania Department of
Environmental Resources

Post Office Box 2063

Harrisburg, Pennsylvania 17120







PRELIMINARY

0.1 LER Number 289/93-002

Event Description:  Both RHR heat exchangers unavailable

Date of Event:  January 29, 1993

Plant: Three Mile Island |

0.1.1 Summary

Three Mile Island 1 (TMI-1) was operating at 100% power on January 29, 1993, when an operator aligned
river water system valves to bypass both decay heat service (DHS) coolers. The coolers remained
“navailable for about 3 hours. With the DHS coolers unavailable, it would not have been possible to remove
heat from several safety-relatcd systems had they been demanded. The conditional core-damage probability
estimated for this event is 3.1 x 10,

1.1.2 Event Description

During execution of a surveillance instruction involving operation of decay heat river water (DHRW)
pumps, an auxiliary operator simultaneously bypassed DHS coolers DC-C-2A and DC-C-2B. The DHS
coolers serve as the heat sink for the decay heat closed cooling water (DCCW) system. Loads on the DCCW
system include decay heat removal (DHR) coolers, DHR pump motor and bearing coolers, DCCW pump
bearing coolers, reactor building spray (BS) pump motor and bearing coolers, and two of three makeup
(charging/high pressure injection) pump motor, bearing, and gear reducer coolers.

After approximately 2.5 h, a control room operator discovered the error while evaluating the steps taken for
the surveillance instruction. The DHS coolers were returned to service approximately 0.5 h later. o

The licensee discussed in the LER the potential plant response to a large-break loss of coolant accident
(LOCA) with the DHS coolers isolated. They concluded that core and containment response would be
unaffected prior to sump recirculation. Following initiation of sump recirculation, decay heat removal
would be provided by the reactor building emergency cooling fan coolers in conjunction with the
recirculation flow from the low-pressure injection and reactor building spray pumps. They also concluded.
based on the licensee engineering judgement, that at least 30 min were available to restore cooling to the
low-pressure injection (LPI) and spray pumps. The impact of the isolated DHS coolers on sump
recirculation following a small-break LOCA was not discusssed in the LER.

0.1.3 Modeling Assumptions

In the sump-recirculation phase following a small-break LOCA, flow from the discharge of the DHR coolers
is directed io the suction of the makeup high-pressure injection (HPI) pumps to provide adequate net positine
suction head for HPI pump operation. This water must be cooled to prevent damaging the makeup pumps

PRELIMINARY l LER NO: 289/93-002
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PRELIMINARY

Dominant core damage sequence for LER 289/93-002
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PRELIMINARY

porv.or.srv.reseat/emerg. power  seal.loca -ep.rec(sl) hpi

loop “rt/loop emerg.power -afw/emerg.power porv.or.srv.chall -
Pary.or.srv.resest/emerg.pover seal.locs ep.rec(st)

loop ~rt/loop emerg.power -~afu/emerg.power porv.or.srv.chall -
porv.or.srv.reseat/emerg.power -sesl.loca ep.rec

loop “rt/loop emerg.power ~afw/emerg.power porv.or.srv.chall

porv.or.srv. reseat/emerg. power

loop “rt/loop emerg.power -afw/emerg.power -porv.or.srv.chall

seal.locs -ep.rec(sl) hpi

‘oop -rt/loop emerg.power -afw/emerg.power -porv.or.srv.chall

seal.loca ep.rec(sl)

loop -rt/loop emerg.power -afw/emerg.power -porv.or.srv.chall -
seal . loce ep.rec

loop “rt/loop emerg.pcwer afu/emerg.power

trans -rt -afw porv.or.srv.chall porv.or.srv.reseat hpi

loca “rt -~afw hpi

trans ~-rt afu mfw hpi{f/b)

loca -rt afw mfw hpi

trans -rt afw -mfw porv.or.srv.chall porv.or.sryv,reseat npi
loca “rt afw mfuw hpi

trans rt

loop rt/loop

loca rt

** nonrecovery credit for edited case

SEQUENCE CONDITIONAL PROBABILITIES (SEQUENCE ORDER)

1"

12
13

14
16
17
18
&1
&2
i
45
&b
&7
48
49
50

51

52

Sequence
trans -rt -afw porv.or.srv.chall porv.or.srv.reseat *hpi  WPR/
“HPI
trans -rt <afw porv.or.srv.chall porv.or.srv.reseat hpi
trans -rt afw -mfw porv.or.srv.chall perv.or.srv.reseat ~hpi
HPR/-HP1
trans -rt afw -mfw porv.or.sev.chsll porv.or.srv.reseat hpi
trans -rt afu miuw -hpi(f/b) HPR/-HPI
trans ~rt afu mfw hpi(f/b)
trans rt
loop -rt/loop -emerg.power -afw porv.or.sry.chall porv.or.srv,
reseat ~hpi NPR/-HP]
loop ~rt/loop -emerg.power -afw porv.or.srv.chall pory.or. srv,
reseat  hpi
loop ~rt/loop -emerg.power afw ~hpi(f/b) HPR/-HP1
loop -rt/loop -emerg.power afw hpi(f/b)
loop -rt/loop emerg.power -afw/emerg.power pory.or. srv. chall -
porv.or.srv.reseat/emerg. power seal.loca -ep.rec(sl) -hpi KPR/
~NP 1
loop -rt/loop emerg.power -afw/emerg.power pory.or.srv.chall -
POrv.Or,sry.rescat/emery.power seal.loca -ep.rec(sl) hpi
loop ~rt/ioop emerg.power -afu/emerg.power porv.or.srv.chall -
porv.or.srv.reseat/emerg.power seal.loca ep.rec(s!)
loap ~rt/loop emerg.power -sfw/emerg.power pory.or.srv.chall -
porv.er.srv.reseat/emerg.power -seai.loca ep.rec
loop -rt/loop emery.power -sfw/emerg.power porv.or.srv.chall
POrY.Or,.srv.resest/emerg. power
loop -rt/loop emerg.power -afw/emerg.power -porv.or.srv.chall
seal.loca -ep.rec(sl) -hpi HPR/-HP]
loop ~rt/loop emerg.power -afw/emerg.power -porv.or.srv.chall
sesl.loca -ep.rec(sl) hpi

fvent ldentifier: 286/93-002
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End State
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8 8 8

0.05406 0.0E+00
0.0E+00 0.0E+00
0.0€+00 0.0E+00
0.0E+00 0.0E+00
0.0€+00 0.0€+00
0.0€+00 0.0E+00

0.0E+00 0.0E+00
0.0E+00 0.0€+00
0.0E+00 0.0€+00
0.0+00 0.08+00
0.0E+00 0.0E+00
0.0€+00 0.0E+00
0.0E+00 0.0€+00
0.0E+00 0.0E+00
0.0E+00 0.0e+00
0.0€+00 0.06+00

Prob M Rec™*
3.4E-09 1.1g-02

0.0€+00 0.0E+00
1.96-12 2.TE-03

0.06400  0.0E+00
1.5€-08  8.86-02
0.06400  0.0£+00
0.0E+00  0.0E+00
2.36-10  5.86-03
0.06400  0.08+00
1.56-08~  1.4g701°
0.0E400  0.0E400
911 42601
0.08400°  0.0E+00

0.0£+00 0.0E+00 .

e

0.06400 " 0.0EH
0.0B+00  0.08400
1.16-09 L.2E-01

0.0E+00 0.0E+00

LER NO: 289/93-002
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PRELIMINARY

S!’ 4 lenp--rt/low e rs . pover ~afw/emery.power ~porv,or.srv,chsll o 0.06+00 0.0F+00

- meealocs ep reccaly: & g1,
56‘ loop ~rt/loop. emerg.power -afw/emerg.power -pory.or.srv.chall - €D 0.06+00 0.0E+00

seal loca ep.rec

55 loop ~rt/loop emerg.power afw/emerg.power (s3] 0.0E+00 0.0€+00
40 loop rt/loop ATWS 0.0E+00 0.UE+00
71 loca -rt -afw ~hpi HPR/-WP! o 3.1€-06 4. 36-01
72 locs *rt -afw hpi o v.0E+00 0.0E+00
b4 ] loce “rt afw -mfuw ~hpi HPR/-HPI o 1.7E-09 1.16-01
7  loca ~rt etw -mfw hpi (=] 0.08+00 0.0&+00
76  loca ~rt ofw mfw ~hpi HPR/-WPI (o1} 1.26-10 3.8E-02
77 loca -rt afw mfw  hpi co 0.0€+00 0.0€+00
78 loca rt ATWS 0.0E+00 0.0€+00

** non-recovery credit for edited case
Note: For unavailabilities, conditional probebility values are differential values which reflect the

added risk due to failures associated with an event. Parenthetical values indicate 8 reduction in
risk compared to o similar period without the exigting failures.

SEQUENCE NJDEL: s:\asp\prog\models\purdseal . cop
BRANCH MODEL : s:\esp\prog\models\tmil. sl
PROBABILITY FILF: ai\asp\prog\models\pur bsll.pro

Ko Recovery Limit

BRANCH FREQUENCIES/PROBABILITIES

Branch System Kon-Recov Opr Fail

trang 1.36-04 1.0E+00

Loop 1.6E-05 5.36-01

loca 2.4E-06 4. 38-01

rt 2.8E-04 1.26-0

rt/loop 0.0E+00 1.0€+00

emerg . power 2.98-03 8.08-01

afw 2.36-03 2.6E-01

afw/emeryg, power 5.06-02 Z.4E-01

mfw 2.0e-01 2.4E-D

porv.or.srv.chall 8.0€-02 1.0E+00

pory.or.srv,resest 1.0E-02 1.1€-02

POrv.or.Srv. reseat/emery. pover 1.0€-02 1.0E+00

seal.loce 4. 6E-02 1.0E+00

ep.rec(sl) 5.7e-0% 1.0€+00

ep.rec 1.68-01 1.0E+00

hpi ‘I L0E-03 8.46-01

hpi(f/b) 1.06-03 B.4E-01 1.0E-02

HeR/-WP1 1.56-04 > 1.0E+00 ** 1.0E+00 1.0e-03
Branch Model: 1.0fF. 2+0pr
Train 1 Cond Prob: 1.0e-02 " S :
Train 2 Cond Prob: 1.56-02 1

* branch model file
** farced

Event identifier: 289/93-002

PRELIMINARY LER NO: 289/93.002
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GUIDANCE FOR LICENSEE PEER REVIEW OF
PRELIMINARY ASP ANALYSIS

Background

The preliminary precursor analysis of an operational event which occurred at
your plant has been provided for your review. This analysis was performed as
a part of the NRC's Accident Sequence Precursor (ASP) Program. The ASP
Program uses probabilistic risk assessment techniques to provide estimates of
operating event significance in terms of the potential for core damage. The
types of events evaluated include loss of off-site power (LOOP), Loss-of-
Coolant Accident (LOCA), degradation of plant conditions, and safety equipment
failures or unavailabilities that could increase the probability of core
damage from postulated accident sequences. This preliminary analysis was
conducted using the information contained in the plant-specific final safety
analysis report (FSAR), individual plant examination (IPE), and the licensee
event report (LER) for this event. These sources are identified in the write-
up documenting the analysis. The analysis methodology followed the process
described in Section 2.1 and Appendix A of Volume 17 of NUREG/CR-4674, copies
of which have been provided in this package for your use in this review.

Guidance for Peer Review and Criteria for Recovery Credit

The review of the preliminary analysis should use Section 2.1 and Appendix A
of NUREG/CR-4674 for guidance. Comments regarding the analysis should
address:

» Characterization of possible plant response,

+ Representation of expected plant response used in the analytical models,

* Representation of plant safety equipment configuration and capabilities at
the time of the event, and

+ Assumptions regarding equipment recovery probabilities.

Any claims for credit for the use of additional systems, equipment, or
specific actions in the recovery process must be supported by appropriate
documentation in your response. The identified recovery measures must have
existed at the time of the event, and should include:

Normal or emergency operating procedures,

Piping and instrumentation diagrams (P&IDs),

Electrical one-line diagrams,

Resuits of thermal-hydraulic analysis,

Operator training (both procedures and simulator), etc.

) L} 1] '

Also, the documentation should address the impact of the use of the specific
recovery measure on:

- The sequence of events,

- The timing of events,

- The probability of operator error in using the system or equipment, and
Other systems/processes already modeled in the analysis.

For example, Plant A (a2 PWR) experiences a reactor trip and, during the
subsequent recovery, it is discovered that one train of the auxiliary



feedwater (AFW) system is unavailable. Absent any further information
regrading this event, the ASP Program would analyze it as a reactor trip
with one train of AFW unavailable. The AFW train modeling would be
patterned after information gathered either from the plant PSAR or the IPE.
However, if information is received about the use of an additional system
(such as a standby steam generator feedwater system) in recovering from
this event, the transient would be modeled as a reactor trip with one train
of AFW unavailable, but this unavailability would be mitigated by the use
of {he standby feedwater system. The mitigation effect for the standby
feedwater system would be credited in the analysis provided that the
standby feedwater system characteristics are documented in the FSAR,
accounted for in the IPE, procedures for using the system during recovery
existed at the time of the event, the plant operators had been trained in
the use of the system prior to the event, a clear diagram (one-line diagram
or better) of the system is available, previous analyses have indicated
that there would be sufficient time available to implement the procedure
successfully, and results of an assessment that evaluates the effect that
use of the standby feedwater system has on already existing processes of
proc$du;es that would normally be used to deal with the event are
available.

Materials Provided for Review

The following materials have been provided in the package to facilitate your
review of the preliminary analysis of the operational event:

« The specific licensee event report (LER), augmented inspection team AIT)
report, or other pertinent reports as appropriate (separate enclosure).

A calculation summary sheet indicating the dominant sequences and pertinent
aspects of the modeling details (contained in the analysis writeup).

« An event tree with the dominant sequence(s) highlighted (contained in the
analysis writeup).

« A copy of Section 2.1 and Appendix A of NUREG/CR-4674, Volume 17 (separate
enclosures).






GPU Muciear Corporation

EE N | Route 441 South
[ Nuclear L S

{717) 944-7621
Writer's Direct Dial Number:

(717) 948-8005

March 5, 1993
C311-93-2029

U.S. Nuclear Regulatory Commission
Attn: Document Control Desk
Washington, DC 20555

Dear Sir:

Three Mile Island Nuclear Station, Unit 1 (TMI-1)
Operating Licensing No. DPR-50

Docket No. 50-289

LER 93-002-00

This letter transmits Licensee Event Report (LER) No 93-002-00. The event
involves the January 29, 1993 performance of a periodic weekly operation of
the Decay Heat River Water Pumps. The purpose of running the pumps weekly is
to prevent the buildup of silt at the pump suction. During performance of the
procedure on this date, personnel error resulted in a valve lineup which
caused cooling water to bypass both Decay Heat Service Coolers. These
Emergency Safeguards (ES) coolers are part of an emergency standby system
which is not normally operated during power operation. Public health and
safety were not affected.

This LER is being submitted pursuant to 10 CFR 50.73. The abstract provides a
brief description of the event. For a complete understanding of the event,
refer to the text of the report. Additional time for responding was provided
by the NRC Region I Staff.

Sincerely,

T. G. Broﬁ ton

Vice President and Director, TMI-1
MRK

Attachment
cc: Region I Administrator
TMI-1 Senior Project Manager
TM]l Senior Resident Inspector
11O NER 276&%

EDR™ ADOCK 03000287 g

|
GPU Nuclear Corporation s a subsidiary of General Public Utiities Corporation \ I
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BYPASS OF BOTH DECAY HEAT SERVICE COOLERS DUE TO PERSONNEL ERROR

TMI-1 was operating at 100% power. On January 29, 1993 during the performance of
a weekly procedure, not required by Technical Specifications (TS), the Auxiliary
Operator (AD) failed to follow established operator work practices and established
a valve lineup which caused river water to bypass both Decay Heat Service Coolers
(DC-C-2A/B) simultaneously. When discovered, the proper alignment was immediately
restored. The root cause of this event was personnel error.

15 3.3.1.1.d requires two Decay Heat Removal Coolers (DH-C-1A/B) and their cooling
water supplies, including coolers DC-C-2A/B, during plant operation. With both
coolers bypassed, TS 3.0.1 was applicable. This condition is reportable under
50.73.a.2.1.B and also under 50.73.a3.2.vii.

Bypassing both coolers simultaneousiy had no immediate safety significance during
the event because the equipment was not called upon to be in operation. In the
event of a worst case Loss of Coolant Accident, the safety systems would have
fulfilled their intended function.

Management has reviewed this event with the affected crew. Procedures will be
upgraded. Each Operating crew will review the event.

WHC Farw
s



WRC FOMM pasS
L U

VS MUCLEAR REGULATORY COMMIBEION . MO 31800104

CxrmEs 43047
SPONSE TO COMPLY WT
UCENSEE EVeNT mepORT (Len T s A o
TEXT CONTINUATION AND REPORTS MANAGEMENT BRANCH 430, U S MUCLEAR
REGULATORY COMMIRSION WANMINGTON OC 20888 AND 0

THE PAPERWORK REDUCTION PROJECT (118001041 OB ICE
OF MANAGEMENT AND SUDGET WASHINGTON OC 20802

FACILITY Mame (1)

DOCKET MUNBER (1) LER NUMBER (@) raqe (n

oan SEGUANTIAL VEoN
NMpen 2

THREE MILE ISLAND, UNIT 1 0 |5 10002 (89 (913 |—{0]0)2/=|0j0] 0 2/0¢ 0/6

II.

I11.

TEXT [ mvawe spmen & et une scdiuone MRC Form 304 %/ (17)

BYPASS OF BOTH DECAY HEAT SERVICE COOLERS DUE TO PERSONNE! ERROR
Plant Operating Conditions before Event:
TMI-1 was operating at 100% rated power.

Status of Structures, Components, or Systems that were Inoperable at the
Start of the Event and that Contributed to the Event:

None

Event Description:

Operations Surveillance OPS-S227, "DR-P-1A/B Periodic Operation,”™ is a
weekly non-Tech Spec surveillance normally performed by the operating
shift between 11:00 pm and 7:00 am. The purpose of this surveillance is
to assure that each Decay Heat River Water (DR) Pump [BI/P] operates for
at least one hour per week to avoid the potential for silt buildup at the
pump suction. During the early 1980s, when the facility was in extended
shutdown and core decay heat levels were extremely low, OPS-S$227 provided
guidance for bypassing a Decay Heat Service Cooler (DC-C-2A or DC-C-2B)
[BI/CLR] if there was a concern for a thermal transient (extreme cooling)
on the Decay Heat Removal (DHR) System or the Decay Heat Closed Cooling
Water (DCCW) System. The option to bypass coolers in accordance with
0PS-5227 has not been needed since restart in 1985 after the six year
shutdown,

During the performance of OPS-S227 on January 29, 1993, the non-licensed
Auxiliary Operator (A0) failed to follow established operator work
practices and bypassed both DC-C-2A and DC-C-2B simultaneously at about
0100 hours. The DR System was not required to be in operatior, so neither
DR Pump was operating.

Control Room personnel were unaware that both coolers were bypassed until
about 0330 hours when a licensed Contrel Room Operator (CRO) discovered
this condition while attempting to determine the status of preparations
for performing OPS-S227. During a later critique of the event, the AO
stated that after bypassing both coolers he reported the cundition to the
Control Room so the surveillance could proceed. However, Control Room
personnel do not remember receiving the repert. When the CRO discovered
that the DR valves (DR-V3A/B, and DR-VS5A/B) [BI/V] were not in the
required position, he immediately informed the Shift Supervisor who
directed the crew to restore and independently verify the required
Engineered Safeguards (ES) valve alignment. Realignment of the coolers

NAEC Form DIGA (885
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and independent verification were completed by approximately 0355 hours.

DCCW is a closed loop cooling water system which rejects heat to river
water (ultimate heat sink) through the Decay Heat Service Coolers
(DC-C-2A/B). DCCW cools the Decay Heat Removal System (DHR) Coolers
[BP/CLR] and the following safety related pumps:

1. DCCW Pumps bearings [CC/P] (TS 3.3.1.4.c),

2. DHR Pumps motor and bearings [BP/P] (7§ 3.3.1.l1.c),

3. Reactor Building Spray (BS) Pumps motor and bearings [BE/MO]
(1S 3.3.1.3.3), and

4. Makeup Pumps (MU -P1A and C) motor [CB/MO], gear reducer [CB/RGR], and
bearings (TS 3.3.1.1.b).°

Technical Specification (7S) 3.3.1.1.d requires two DHR Coolers
(DH-C-1A/B) [BP/CLR] and their- cooling water supplies, which includes the
Decay Heat Service Coolers (DC-C-2A/B), during plant operation. One train
is allowed to be removed from service for up to 72 hours. With both
coolers inoperable (bypassed), TS 3.3.1.1.d was not met. TS 3.0.1
(comparable to STS 3.0.3) was applicable. This condition was reportable
under 50.73.a2.2.1.B as an event or condition prohibited by the Plant’s
Technical Specifications, and also under 50.73.a.2.vii as an event where a
single cause or condition caused two independent trains to become
inoperable in a single system designed to remove residual heat or mitigate
the consequences of an accident.

The root cause of this event was personnel error. The AD bypassed both
coolers at the same time in violation of established operator work
practices. The AD failed to operate the equipment in accerdance with
Administrative Procedure (AP) 1029, "Conduct of Operations," which would
have required authorization from the Shift Supervisor, Shift Foreman, or
CRO prior to manipulating the valves. Additionally, operation of both
trains of ESAS components was in violation of operator work practices,
Further evaluation will determine to what extent communications, work
preparation, and work control by the shift personnel contributed to this
event.

To a lesser extent, clarity of the procedural guidance also contributed.
The instructions in OPS-5227 did not previde guidance for determining if a
thermal transient would occur, did not specify that only one cooler at a
time should be bypassed and that bypassing a cooler rendered the train out
of service and started a TS time clock. However, the instructions in
0PS-S227 that contributed to this event could have been eliminated

Makeup Pump MU-PIB is cooled by Nuclear Services Closed Cooling Water

(NSCCW) and was unaffected by this event.

WAL Favm BBRA (589
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| passing both coolers had no immediate safetly significance during the
event since neither train was called upon to be in operation

GPU Nuclear has completed calculations which predict the temperature and
pressure versus time for the containment during a Large Break Loss Of
oolant Accident (LBLOCA) with DR not available. The analysis was
performed using single train availability and other standard FSAR
assumptions regarding ambient conditions, core decay heat, Reactor
Building (RB) initial condi.ions and equipment operability The

PS—" N

isolated, the core and containment response would be unaffected prior to
. sump recirculation. Following sump recirculation, the core and
ontainment cooling would be continued since sufficient Net Positive

[BK/FCU] would remove decay heat from containment. The automatic Contro

Room ailarm on Main Annunciator Panel C-2-8 [IB/TA] actuates almost
immediately after starting RB sump recirculation at a Decay Heat Service
ler, DCCW outlet temperature of 100¢f

GPU Nuclear has concluded that if a worst case LOCA were to occur with DR

§ calculations were performed with Borated Water Storage Tank (BWST)
temperature at 120°F, as well as at the actual temperature at the time of
the event (70°F) The assumption of single train availability results in
time for switchover from the BWST to sump recirculation of about 72.5
; inutes following an accident. Assuming all pumps are operable, the time
| to switchover would be about 30 minutes (minimum time).

K

|
!

Suction Head (NPSH) would be available to the Low Pressure Injection (LPI)
and BS pumps and the Reactor Building Emergency Cooling (RBEL) fan coolers
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these components wouid continue to operate without DR flow through the
coolers has not been determined by quantitative calculations. GPU Nuclear
engineering judgement indicates that at least 30 minutes would be
available for operator action to restore the DR valve alignment after
receiving the alarm in the Control Room (i.e., at least one hour after the
start of the event). If the conservatism of this evaluation was removed,
it could be shown that the safety function of DCCW components could be
sustained longer, perhaps indefinitely.

On receiving the alarm in the Control Room, the operators are directed to
investigate reduced DR system flow and verify the DR System valve lineup.
With the installed alarm actuated on DCCW high temperature followed by the
individual high bearing temperature alarms on these components, GPU
Nuclear concludes that, in accordance with procedure instructions,
operator action to reopen the isolation valves would be taken promptly ¢
successfully reestablish full DCCW cooling prior to component degradation.

Based on the above, GPU Nuclear concludes that the safety function of
mitigating the consequences of an accident and of removing core decay
heat, would have been achieved if a LBLOCA had occurred while the coolers
were bypassed.

Previous Events of a Similar Nature:

None.

Corrective Actions Taken:

The Operations Director has reviewed this incident with the crew involved
to ensure that they recognize the errors that were committed and their
significance.

Corrective Actions Planned:

1. Administrative Procedure (AP) 1016 will be revised to exclude from
the Operations Surveillance Program tasks which operate a system or
component outside the envelope of the approved system Operating
Procedure.

2. Operations Surveillance Procedures similar to OPS-5227 will be
revised to ensure that detailed procedural guidance for evolutions
that can potentially affect safe plant operations are removed and
placed in approved Operating Procedures. Initial review of the
program has identified three surveillances that are similar to

NAC Form MRA 649
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OP5-5227. A comprehensive review is in progress and it is expected
that only a small number of procedures will be affected. These
Operations Surveillance Procedures will reference approved Operating
Procedures for proper guidance. This will assure that such
activities receive a periodic review through the piennial procedure
review process.

Each operating crew will review this event to ensure their
understanding of the errors that were comnitted and how similar
errors can be avoided. Conformance to the Administrative Procedure
guidance on verbal communications, work preparation, and work control
will be emphasized.

A more comprehensive review of the human performance aspects involved
in this event will be conducted to include the roll of supervision,
communications, and what improvements in work practices and controls
are indicated.

These actions will be completed by May 1993.

* The Energy Industry ldentification System (EIIS), System Identification (S1)
and Component Function Identification (CFI) Codes are included in brackets,
"[SI/CFI]*", where applicable, as required by 10 CFR 50.73(b)(2)(ii)(F).
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2.0 ACCIDENT SEQUENCE PRECURSOR
IDENTIFICATION AND QUANTIFICATION

2.1 Accident Sequence Precursor Identification

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 compromised. 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 al! 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 reaction.

®  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
t0 prevent core uncovery.

®  Decay heat removal (DHR). Heat generated in the core by fission product decay must be
removed.

¢ Containment integrity. Containment integrity (containment heat removal, isolation, and
hydrogen control) is not addressed in the precursor analyses unless core DHR 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 so as to reflect differences in design among plants in the U.S. LWR
population. Three initiators are addressed in the event trees: trip [which includes loss of main feedwater
(LOFW) within its sequences] loss of offsite power (LOOP), and small-break loss-of-coolant accident
(LOCA). These three initiators are primarily associated with loss of core cooling. [Excessive core power
associated with anticipated transient without scram (ATWS) is represented by a failure-to-trip sequence
but is not developed.] Based on previous experience with reactor plant operational events, it is known
that most operational events can be directly or indirectly associated with these initiators. Detailed
descriptions of the plant classification scheme and the event tree models are included in Appendix A.
Operational events that cannot be associated with one of these initiators are accomnw.dated by unique
modeling.

Armed with a knowledge of the primary core damage initiator types plus the systems 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 the
sequences detailed on the event tree models do not describe all possible paths to core damage, they form
& primary basis for selecting an operational event as a precursor. Operational events are also reviewed
in a more general sense for their impact on the protective functions described above.
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Identification of precursors ithin a set of LERs involved 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 initial review was a bounding review, meant to capture events that in any way appeared to deserve
detailed review and to eliminate events that were clearly unimpertant. 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 model within a probabilistic risk assessment (PRA) framework, considering the level of
detail typically available in PRA models. Events also were eliminated from further review if they had
little impact on core damage sequences or provided little new information on the risk impacts of plant
operz*on. Such events included single failures in redundant systems and uncomplicated reactor trips and
LOFWs. Any event with an impact that can be mapped onto the ASP core damage models can, in
principle, be assessed.

LERs were eliminated from further consideration as precursors if they involved at most one of the
following:

a component failure with no loss of redundancy,

a loss of redundancy in only one system,

a seismic design or qualification error,

an environmental design or qualification error,

a structural degradation,

an event that occurred prior to initial criticality (since the core is not considered vulnerable to
core damage at this time and since distinguishing initial testing failures from operational
failures 15 difficult),

a design error discovered by reanalysis,

an event impact bounded by a reactor trip or LOFW,

an event with no appreciable impact on safety systems, or

an event involving only post-core damage impacts (selected containment-related events are
documented).

Events identified for further consideration typically included

®  unexpected core damage initiators (LOOP and small-break LOCA);

all events in which reactor trip was demanded and a safety-related component failed;

® all support system failures, including failures in cooling water systems, instrument air,
instrumentation and control, and electric power systems;

®  any event where two or more failures occurred;

®  any event or operating condition that was not predicted or that proceeded differently from the
plant design basis, and

® any event that, based on the reviewers' experience, could have resulted in or significantly
affected a chain of events leading to potential severe core damage.

Operational events that were not eliminated in the first review received a more extensive analysis to
identify those events considered to be precursors to potential severe core damage accidents either because
of an initiating event or because of failures that could have affected the course of postulated off-normal
events or accidents, These detailed reviews were not limited to the LERs; they also used final safety
analysis reports (FSARs), their amendments, and other information available at the Nuclear Operations
Analysis Center

.
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violation of a safety limit;

an alert or higher emergency classification;

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

events involving unexpected system or component performance with serious safety significance

or generic implications;

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

cause failure of a safety system or component, with safety significance or generic implications,

safety-significant system interactions,

events involving cognitive human 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 equipment;

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.

Second, 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 modeis. Based on a review of the 1984-87 precursor
evaluations, this computerized search successfully identifies almost all precursors within a subset of
approximately one-third of all LERs.

Whiile review of LERs identified by AEOD and through the use of SCSS is expected to identify aimost
all precursors, it is possible that a few precursors exist within the set of unreviewed LERs. Some
potential precursors that would have been found if all 1992 LERs had been reviewed may not have been
identified. Because of this (plus modeling changes that impact precursor probability somewhat), it should
not be assumed that the set of 1988-92 precursors is consistent with precursors identified in 1984-87.

Following AEOD and SCSS computerized screening, 1022 LERs from 1992 were reviewed for
precursors. Twenty-seven operational events with conditional probabilities of subsequent severe core
damage greater than 1.0 x 107* were identified as accident sequence precursors.

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

Appendix A.

In addition to accident sequence precursors, events involving loss of containment functions — containment
cooling, containment spray, containment isolation (direct paths to the environment only), and hydrogen
control — were identified in the review of 1992 LERs, Other events that were not selected as precursars
but that provided insight into unusual failure modes with the potential to compromise continued «ite
cooling are also identified. Events identified as precursors are documented in Appendix B, ¢
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containment-related events are documented in Appendix C, events considered Tinteresting” are
documented in Appendix D, and events that were determined to be impractical to analyze are documented
in Appendix E.

2.2 Estimation of Precursor Significance

Quantification of ASP significance involves determination of 2 conditional probability of subsequent
severe core damage given the failures observed during an operational event. This is estimated by
mapping failures observed during the event onto the ASP event trees, which depict potential paths to
severe core damage, and calculating a conditional probability of core damage through the use of event
tree branch probabilities modified to reflect the event. The effect of a precursor on event tree branches
is assessed by reviewing the operational event specifics against system design information and translating
the results of the review into a revised conditional probability of system failure given the operational
event.

In the precursor guantification process, it is assumed that the failure probabilities for systems observed
to have failed during an event are equal to the likelihood of not recovering from the failure or fault that
actually occurred. Failure probabilities for systems observed to have been degraded during an operational
event are assumed equal to the conditional probability that the system would fail (given that it was
observed degraded) and the probability that it would not be recovered within the required time period.
The failure probabilities associated with observed successes and with systems unchallenged during the
actual occurrence are assumed equal to a failure probability estimated from either system failure data
(when available) or by the use of system success criteria and typical train and common-mode failure
probabilities, with consideration of the potential for recovery. The conditional probability estimated for
each precursor is useful in ranking because it provides an estimate of the measure of protection against
core damage that remains once the observed failures have occurred.

The frequencies and failure probabilities used in the calculations are derived in part from data obtained
across the LWR population, even though they are applied to sequences that are plant-class specific in
nature. Because of this, the conditional probabilities determined for each precursor cannot be rigorously
associated with the probability of severe core damage resulting from the actual event at the specific
reactor plant at which it occurred.

The evaluation of precursor events in this report consider and, where appropriate, give credit for
additional equipment or recovery procedures the plants have recently added. Accordingly, the evaluations
this year may not be directly comparable to the resuits of prior years. Examples of additional equipment
and recovery procedures addressed in the 1992 analyses, when information was available, inclade use of
supplemental diesel generators (DGs) for station blackout mitigation, alternate systems for steam generator
(SG) and RCS makeup, and depressurization of the primary with low pressure injection (LPI) in lieu of
high pressure injection (HPI).

The ASP calculational process is described in detail in Appendix A. This appendix documents the event
trees used in the 1988-1992 precursor analyses, changes to thuse trees from prior years, the approach
used 1o estimate event tree branch and sequence probabilities, and sample calculations; it also provides
probability values used in the calculations. The overall precursor seiection process is illustrated in Fig. 1.
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2.3 Documentation of Events Selected as Accident Sequence
Precursors

Each 1992 precursor is docume d in Appendix B. A description of the operational event is provided
along with additional information relevant to the assessment of the event, the ASP modeling assumptions
and approach used in the analysis, and analysis results. Two figures are also provided that (1) visually
describe the dominant core damage sequence postulated for the event and (2) present a graph of the
relative significance of the event compared with other potential events at the plant. The other potential
events at the same plant are briefly described below:

PWR & BWR

Trip ® Trip with equipment operable.

LOOP ® Loss of offsite power. Includes plant-centered, grid-centered,
severe weather and extreme severe weather-related initiators.

360h EP ® 360 h without emergency power sources (normally on-site
emergency diesel generators).

PWR

LOFW + IMTR AFW ® Transient with loss of main feedwater and one motor driven
AFW (or EFW pump failed (turbine driven pump substituted
if plant does not have any motor driven pumps).

360h w/o AFW ® 360 hours with all AFW (or EFW) pumps failed.

By/R

360 h w/o HPCI and RCIC ® 360 hours with HPCI and RCIC failed (not applicable for
Type A BWRs).

LOFW and HPCI ® Transient with loss of main feedwater and HPC! (loss of main
FW and loss of Isolation Condensor is run instead for Type A
BWRs).

An additional item, the conditional core damage calculation, documents the calculations performed to
estimate the conditional core damage probability associated with the precursor and includes probability
summaries for end states, the conditional probability for the more important sequences, and the branch
probabilities used. Copies of the LERs and AIT Reports relevant to the event are also provided in
Appendix F, listed in docket number order.

Appendices C, D and E include similar documentation for other events selected in the ASP Program

(containment-related, other, and impractical events). No probabilistic analysis was performed on these
events,

2.4 Tabulation of Selected Events

The 1992 events selected as precursors are listed in Table 1. The precursors have been arranged in
numerical order by event identifier and the following information is included:
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docket/LER numoer associated with the event (Event Identifier);

name of plant where the event occurred (Plant);

a brief description of the event (Description);

date of the event (Event Date);

conditional probability of potential severe core damage associated with the event (C,, Probability);
initiator associated with the event or unavailability if no initiator was involved (TRANS).
abbreviations for the primary system and component involved in the event (System, Component);
plant operating status at the time of the event (0);

discovery method associated with the event (operational or testing) (D);

whether the event involved human error (E);

plant power rating, type, vendor, architect-engineer, and licensee (MWE, T, V, AE, Operator);

—oe®NALAE LN~

The information in Table 1 has been sorted in several ways to provide additional perspectives.

Tabie 2 Plant name and LER number

Table 3  Event date

Table 4  Initiator or unavailability

Table 5 System

Table 6 Component

Table 7 Plant operating status

Table 8 Discovery method

Table 9 Conditional core damage probability
Table 10 Plant type and vendor

Abbreviations used in Tables 110 are defined in Tables 11a—11f,

2.5 Potentially Significant Events That Could Not Be Analyzed

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 cooclers) or where a realistic estimate 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 prefer+bly an existing fire
or flood PRA analysis, are required to reasonably estimate the significance of the event.

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

Brief descriptions of events considered impractical to analyze are provided in Appendix E.
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2.6 Potential Sources of Error

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

{,

e ]

Evaiuation of only a subset of 1992 LERs. For 1969-8i and 1984-87, all LERs reported during the
year were evaluated for precursors. For 1988-92, only a subset of LERs were evaluated in the ASP
Program following a computerized search of the SCSS data base and screening by NRC personnel.
While this subset is believed to include most serious operational events, it is possible that some
events that would normaily be selected as precursors were missed because they were not included
in the subset that was screened.

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. Events selected in the study were more serious than most, so the majority
of the LERs selected for detailed review would probably have been selected by other reviewers with
experience in LWR systems and their operation. However, some differences would be expected to
exist; thus, the selected set of precursors should not be considered unique.

Lack of appropriate information in the LER. The accuracy and completeness of the LERs in
reflecting pertinent operational information is questionable in some cases. Requirements associated
with LER reporting (i.e., 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 report details among
piants. Although the LER rule of 1984 has reduced the variation in reported details, some variation
still exists. In addition, only details of the sequence (or partial sequences for failures discovered
during testing) that actually occurred are usually provided; details concerning potential alternate
sequences of interest in this study must often be inferred.

Accuracy of the ASP models and probability data. The event trees used in the analysis are plant-
class specific and reflect differences between plants in the eight plant classes that have been defined.
While major differences between plants are represented in this way, the plant models utilized in the
analysis may not adequately reflect all important differences. Known problems concern the
representation of HPI for some pressurized-water reactors (PWRs), long-term DHR for BWRs, and
ac power recovery following a LOOP and battery depletion (station blackout issues). Modeling
improvements that address these problems are being pursued in the ASP Program,

Because of the sparseness of system failure events, data from many plants must be combined to
estimate the failure probability of a multitrain system or the frequency of low- and moderate-
frequency events (such as LOOPs and small-break LOCAs). Because of this, the modeled response
for each event will tend toward an average response for the plant class. If systems at the plant at
which the event occurred are better or worse than average (this is difficult to ascertain without
extensive operating experience), the actual conditional probability for an event could be higher or
lower than that calculated in the analysis.

Known plant-specific equipment and procedures that can provide additional protection against core
damage beyond the plant-ciass features included in the ASP event tree models were addressed in the
1992 precursor analysis. This information was not uniformly available ~ much of it was provided
in licensee comments on preliminary analyses and in Individual Plant Examination (1Ph)
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documentation available at the time this report was prepared. As a result, consiceration of
additional features may not be consistent in precursor analyses of events at different plants.
However, analyses of multiple events that occurred at an individual plant or at similar units at the
same siie were uniformly developed.

Difficulty in determining the potential for recovery of failed equipment. Assignment of recovery
credit for an event can have a significant impact on the assessment of the event. The approach used
to assign recovery credit is described in detail in Appendix A. The actual likelihood of failing to
recover from an event at a particular plant is difficult to assess and may vary substantially from the
values currently used in the ASP analyses. This difficulty is demonstrated in the genuine differences
in opinion among analysts, operations and maintenance personnel, etc., concerning the likelihood
of recovering from specific failures (typically observed during testing) within a time period that
would prevent core damage following an actual initiating event.

Programmatic constraints have prevented substantial efforts in estimating actual recovery class
distributions. The values currently used are based on a review of recovery actions during historic
events and also include consideration of human error during recovery. These values have been
reviewed both within and outside the ASP Program. While it is acknowledged that substantial
uncertainty 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 calculations documented in the 1980-81 report.' These calculations demonstrated only
a small impact on the relative ranking of events from changes in the numeric values used for each
recovery class.

Assumption of a 1-month test interval. The core damage probability for precursors involving
unavaiiabilities is calculated on the basis of the exposure time associated with the event. For failures
discovered during testing, the time period is related to the test interval. A test interval of 1 month
was assumed unless another interval was specified in the LER.

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

2.7 Reference

W. B. Cottrell, 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
NUREG/CR-3591, Vols. 1 and 2 (ORNL/NSIC-217/V1 and V2), July 1984.°

“Available for purchase from National Technical Information Service, Sprnglield, Virginia 22161.







APPENDIX A. ASP MODELS



A-3

A. ASP MODELS

This appeadix provides information concerning the methods and models used to estimate event
significance in the ASP Program. The basic models used in the analysis of 1992 precursors are the same
as those used for 1989-91 precursors. However, the analysis of 1992 precursors considerad the potential
use of alternate equipment and procedures, beyond that addressed in the basic models, that recently have
been added by the licensees to provide additional protection against core damage, if information regarding
this equipment was available. This equipment is described in Sect. A.3.

A.1 Precursor Significance Estimation

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

A.1.1 ASP Event Tree Models

Models used to rank precursors as to significance consist of plant-class specific event trees that are linked
to simplified plant-specific system models. These models describe mitigatior. sequences for three
initiating events: a nonspecific reactor trip [which includes LOFW within the model], 1.OOP, and small-
break LOCA. The event tree models are system-based and include a model appticabie to each of eight
plant classes: three for BWRs and five for PWRs.

Plant classes are defined based on the use of similar systems in providing protective functions in response
to transients, LOOPs, and small-break LOCAs. System designs and specific nomenclature may differ
among plants included in a particular class; but functionally, they are similar in response. Plants where
certain mitigating systems do not exist, but which are largely analogous in their initiator response, are
grouped into the appropriate plant class. In modeling events at such plants, the event tree branch
probabilities are modified to reflect the actual systems available at the plant. For operational events that
cannot be described using the plant-class specific event trees, unique models are developed to describe

the poteatial sequences to severe core damage.
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Ead:evammindudsmnnduindendm.Thcunduindmdmmduinndu(l)m
damage (CD), ir which inadequate core cooling is believed to exist; and (2) ATWS, for the failureto-
scram sequence. The end states are distinct; sequences associated with ATWS are not subsets of core
damage sequencis. mAMmifmllydwdopd.mldeominofaWMofm
ending in either success or core damage. Successful operation is designated "OK"® in the event trees
included in this appendix.

A.1.2 Precursor Impact on Event Tree Branches

ﬁeeﬁeaof;preanwronwmmbmchuhmuudbyrcvie\vingtheopmiomlwspociﬁa
against system design information and translating the results of the review into a revised conditional
probability 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 operational event need only be determined at the train level, and not at the

system ievel.

OncetheimpwdanopmnumonsynmindudedintheASPwemmemodelshsbeen
determined, branch probability values are modified to reflect the event, and the event trees are then used

to estimate a conditional probability of subsequent core damage, given the precursor.

A.13 Estimation of Initiating Event Frequencies and Branch Failure
Probabilities 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 associated with the precursors. The approach used to develop
frequency and probability estimates employs failure or initiator data in the precursors themselves when
sufficient data exists. When precursor data are available for a system, its failure probability is estimated
by counting the effective number of nonrecoverable failures in the observation period, making appropriate
demnand assumptions, and then calculating the effective number of failures per demand. The number of
demands is calculated based on the estimated number of tests per reactor year plus any additional
demands to which a system would be expected to respond. This estimate is then multiplied by the
number of applicable reactor years in the observation period to determine the total number of demands.
A similar approach is employed to estimate initiator frequencies per reactor year 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:



Recovery  Likelihood of Recovery
class nonrecovery characteristic
Rl 1.00 The failure did not appear to be recoverable in the required
period, either from the control mom or at the failed equipment.
R2 0.34 The failure appeared rmcoverable in the required period at the

failed equipment, and the equipment was accessible; reccvery
from tic control room did not apnear possible.

R3 0.12 The failure appeared recoverable in the required period from the
contro! room, but recovery was not routine or involved
substantial operator burden.

R4 0.04 The failure appeared recoverable in the required period from the

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

The branch probability estimation process is illustrated in Table A.1. Table A.1 lists two operational
events that occurred in 1984-86 involving failure of SG isolation. For each event, the likelihood of
failing to recover from the failure is listed (Column 3). The effective number of nonrecoverable events
(1.04 in this case) is then divided by an estimate of the total number of demands in the 1984-86
observation period (1968) to calculate & failure on demand probability of 5.3 x 10,

The likelihood of system failure as a result of hardware fauits is combined with the likelihood that the
system could not be recovered, if failed, and with an estimate of the likelihood of the operator failing to
initiate the system, if manual initiabon were required, to estimate the overall failure probability for an
event-tree branch. Calculated failure probabilities are then used to tailor the probabilities associated with
train-based system models. Such an approach results in system failure probability estimates that reflect,
t0 a certain extent, the degree of redundancy actually available and permits easy revision of these
probabilities based on train failures and unavailabilities observed during an operational event.

“Programmatic constraints have prevented substardial efforts in estimating actual recovery class distributions. The
values currently used were developed based oo & reviow of eveats with the potential for short4erm recovery, in
addition to consxderstion of human error durnng recovery. These values have been reviewad both within and outside
the ASP Program. While it s acknowledged that substantial uncertainty exists in them, they are believed adequate
for ranking purposes, which is the primary goal of the current precursor calculations. This assescment 15 supportad
by the sensmtivty and uncertainty calculations documented in the 1980-81 report. These calculations demoostrated
latle unpmct on the relative renking of events from vanance in recovery class vahues.
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A.1.4 Coaditional Probability Associated with Each Precursor

Tte calculation process for each prucursor involves a determination of initistors that must be modeied
and their probability, plus any modifications to system probabilities necessitated by failures observed in
an operational event. Once the branch probabilities that reflect the conditions of the precursor are
established, the sequences leading to the modeled end states (core damage and ATWS) are calculated and
summed to produce an estimate of the conditional probability of each end state for the precursor. So that
only the additional contribution to risk (incremental risk) associated with a } ‘cursor is calculated,
conditional probabilities for precursors associated with equipment unavailabilities (during which no
initiating event occurred) are calculated a second time using the same initiating event probability but with
all branches assigned normal failure probabilities (no failed or degraded states) and subtracted from the
initially calculated values. This eliminates the contribution for sequences unimpacted by the precursor,
plus the normal risk contribution for impacted sequences during the unavailability. This calculational
process is summarized in Table A.2.

The frequencies and failure probabilities used in the calculations are derivad in part from data obtained
across the LWR population, evea though they are applied to sequences that are plant-class specific in
nature. Bewueofthis.:hccmdmandpmbabﬂidadaemund)brmdxpmmbe rigorously
a::ociaadwizhthepmbabiu!yofmremdmagemuldugﬁmtheacmalmmmdwmaﬁc
reactor plamt a: which it occwrred. The probabilities calculated in the ASP study are homogenized
probabilities considered represeatative of probabilities resulting from the occurrence of the selected events
at plants representative of the plani class.

A.1.5 Sample Calculations
Three hypothetical events are used to illustrate the calculational process.

i. TheﬁmmmmuauipandwFWbmmmm&numduﬁumiﬁgnion. An
event tree 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
initiate feed and bleed. Success probabilities are 1 - plfailure). The likelihood of not recovering
tbeinitiuor(trip)ismumedmbel.O,mdlhelikelihoodofmneov«ingMFWisnwmdto
be 0.34 in this exampie. Systems assumed available were assigned failure probabilities currently

in the ASP Program. The estimated conditional probabilities for undesirable end states
iated with the event are then:

pied) = piseq. 11] (10X (1-30x 10" x(1-99 x 107 x 4.0 x 10°? x
33 x 107 x (1-84 %10 x 1.1 x 107

+ plseg. 12] [1.0 X (1-3.0 x ,0°%) x (1-9.9 x 10°% x 4.0 x 10°? x
33 x 107 x 84 x 1079

+ piseq. 13] [1.0 X (1-3.0 x 107%) x 9.9 x 10°* x (1 - 0.34) x 4.0 x
107 x 3.3 X 107 x (1.0-8.4 x 1079 x 1.1 x 10"
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&

piseq. 14] + p[seq. 15] + p[seq. 16] + pseq. 17]

7.7 x 1077

p(ATWS) = p[seq. 18]
= 30 x 10°?

The second example event involves failures that would prevent HPI 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 LLOCA initiator and potentially impacts
mitigation of a trip and LOOP, should a transient-induced LOCA occur or should feed and bleed
be required upon loss of AFW and MFW. The event tree for a postulated small-break L.OCA
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 likelihood of not recovering
from the failure in a2 20-30 min time frame (assumed to be 1.0 in this case). No initiating event
occurred with the example precursor; however, a failure duration of 360 h was estimated based on
one-half of 2 monthly test interval. The estimated small-break LOCA frequency (assumed to be 1.0
% 107*h in this example), combined with this failure duration, results in an estimated initiating
event probability of 3.6 x 107 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
(SW). Assumed unavailability of the SW train results in unavailability of one train of HPI, high -
pressure recirculation (HPR), and AFW, all because of r:navailability of cooling to the respective
pumps. In this example, SW cooling of two motor-driven AFW pumps is assumed. An additional
turbine-driven pump is assumed to be seif-cooled. Since SW is not explicitly addressed in the ASP
event trees, the probabilities of front-line systems impacted by the loss of SW are instead modified.

Figure A3 shows a transient event tree with branch failure probabilities 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 107, If the second train of
service water were to fail, HPI and HPR (and hence feed and bleed) would be rendered unavailable;
however, the turbine<driven AFW pump would still be operable. In this case, the likelthood of not
recovering HPI and HPR is assumed to be 1.0 until service water is recoverrd. Sequences
associated with loss of both service water trains increase the core damage probability associated with
the event. The extent of this increase is dependent in PWRs on the likelihood cf a reactor coolam
pump 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
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train isQ.01, that the likelihood of not recovering SW is 0.34, and that the failure probability of the
turbine-driven AFW pump is 0.05, the increase in core damage probability is 1.7 x 10~ if no RCP
seal failure occurs, and 3.4 x 1077 if the likelihood of seal failure is 1.0.

A.1.6 Event Tree Changes Made to 1988-1991 Event Models

TwochmguwmwemthemmuudinmI9Mlpmm:mwlunbility
mmmwfwwwmmmw:mwménapm.
and the likelihood of PWR RCP seal LOCA following station blackout was explicitly modeled.

lnthepriormodels,thcmwnwabﬂitymmmmipdmtmhwhumm
was upocudwbepmviddbmﬁorwhid:mspedﬁcmﬂyﬁcbuhm;mﬂlymumwhich
invoived non-proceduralized operat™r actions. Core vulnerability sequences were assigned to either

success or core damage end states in the current models, as follows: P P

Core vulnerability sequence type Revised end state
Stuck-open secondary-side relief valve with a failure of Success
HPI in a PWR
Steam generator (SG) depressurization and uce of Core damage (except
condensate system following failure of AFW, MFW, and for PWR Class H)
feed and bleed in 2 PWR
Use of contain.aent venting as an alternate core cooling Core damage
method in a BWR

The net effect of this change is a significant reduction in the compiexity 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 Sect. 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 vulinerability, 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 (ali non-ATWS
undesirable end states in the earlier models) was closer to the core damage probability estimated with the
revised models.

Three 1987 events had substantially higher "sum® probabilities—these events involved trips with single
safety-related train unavailabilities, for which the dominant core vulnerability sequence was a stuck-open
secondary-side relief valve with HPI failure (assigned to success in the revised models).

The second modeling change was the inclusion of PWR RCP seal LOCA in blackout sequences. The
impact of such a seal LOCAonthecoredmngcpmbabﬂitymimnedfounevemhadpmiomlybeen
bounded by the use of a conservative value for failure to recover ac power prior to battery depletion
following a LOOP and loss of emergency power.
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" The PWR event trees have been revised to address potential seal LOCA during station blackout through
the use of seal LOCA and electric power recovery branches, as shown below:

PO/ PORY /
SEAL £ me
BACKOUY Arw sav sav . LOCA LONG Ll SEC £mD

-
P —
e — 5

8 8% 8 8 %

TmﬁmpcbdsmmmthhmOMﬁm. Auxiliary feedwater, power-
operated relief valve/safety relief valve (PORV/SRV) challenge, and PORV/SRV reseat are shot-term
responses following ioss of the diesel generators. HmrbMﬂmAFWhmvaﬂnbh.orlfuopn
PORVISRVfﬁIswclou,Mmdmhmmdhom.shumhiﬂmmmn
avaﬂlbleamdwmmofmcoolh;orfukmm. SEAL LOCA, EP REC LONG, and
HPI are branches applicable in the long term. SEAL LOCA represents the likelihood of a seal LOCA
prior to restoration of ac power, EPRECLONGmmalikdiboodofmrmin‘um
priormconuncovery(ifalalLOCAexim)orpriotnbmdqlmanmmofnoM
LOCA). Oncemwumdqlm.mdmehmmdmom.:hueourdofmm
driven pumps and the ability to monitor core and RCS conditions are lost. HPI represents the likelibood
offailingmpmvideﬂ?!followinguaﬂLOCAMpmmeoredamge. The ASP models have been
simpliﬁadmmewhubymmin;mll{ﬂhdny:daqumwmkenpforﬂowfmmafaﬂeduﬂo:
seals.

ﬁemeOCAmmeillmwmml,z.mdl In sequence 1, & seal
LOCAocmmpﬁorwrmrﬁonofnm,nmhmﬁnllymmmwmmvuy.
but HPI fails to provide makeup flow. hmmz,aMLOCAdwocwn,andxmhnot
restored prior to core uncovery. In sequence 3, no seal LOCA occurs, but ac power is not recovered
prior to battery depletion. The likelibood of seal LOCA prior 1o ac power restoration and the likelihood
of ac power recovery are time-dependent, and this time-dependency is accounted for in the analysis. A
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more detailed description of the changes associated with explicitly modeling RCP seal LOCA is included
in Ref. 2.

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

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

® The condensate system was previously modeled as an aiternate 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 substantiaily impacting the core damage probability
estimates developed using the trees. Systems addressed on the event trees for low-pressure injection
include LPCS, LPC!, and RHRSW.

A.2 Plan. Caiegorization

Both the 1969 ~79 and 1980 81 precursor renorts (Refs ! and 2) used simolified. functionallv hased
€VEnl trees 10 mogel potentia: event sequences. One set Or event trees was useéa 10 model tor PWEK
initiating events: LOFW, LOOP, small-break LOCA. and steam line break. A separate set of event trees
was used 1o model BWR response to the same initiators. Operational events that could not be modeled
using these “standardized” event trees were addressed using models specifically developed for the event.

It was recognized during the review of the 1969-79 precursor report that plant designs were sufficiently
different that multiple models would be required to more correctly describe the impact of an operational
event in different plants. In 1985, substantial effort was expended to develop a categorization scheme
for all U.S. memmﬁmh‘ofplmmmmmmmmammmmidm
at the system or functional level, and to subsequently develop eight sets of plant-class specific event tree
models. Much of the categorization and “arly event sequence work was done at the University of
Maryland (Refs. 3 and 4). The ASP Prog .m has geoerally emploved these categorizations; however,
some modifications have been required w reflect more closely the specific needs of the precursor
evalua. .ons.

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

Functions related to containment integrity (containment overpressure protection and containment heat
removal) and post-accident reactivity removal are not inciuded on the present ASP event trees (which only
mmmdmeuqum)mdmnotudmudlnmewqodmionwhm.

For each plant, systems utilized to perform each function were identified. Plants were grouped based on
thenseofnomimﬂyidemicalsymtoperformudxmnaion;mnis, systems of the same type and
function without accounting for the differences in the design of those systems.
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Three BWR plant classes were defined. BWR Class A consists of the older plants, which are
characterized by isolation condensers (ICs) and feedwater coolant injection (FWCI) systems that employ
the MFW pumps. BWR Class B consists of plants that have ICs but a separate HPCI system instead of
FWCI. BWR Class C includes the modern plants that have neither ICs nor FWCI. However, they have
4 RCIC system that Classes A and B lack. The Class C plants could be separated into two subgroups,
those plants with turbine-driven HPCI systems and those with motor-driven 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 classes. One class represents most Babcock & Wilcox Company plants
(Class D). These plants have the capability of performing feed and bleed without the need to open the
PORV. Combustion Engineering plants are separated into two classes, those that provide feed and bleed
capability (Class G) and those that provide for secondary-side depressurization and the use of the
condensate system as an alternate core cooling method, and for which no feed and bleed is available
(Class H)."

The remaining two classes address Westinghouse plants — Class A is associated with plants that require
the uee of spray systems for core heat removal following a LOTA. and Class B is associated with plants
that can utilize low-to-high pressure recirculation for core heat removal.

Plants i wnick initietor resnnnse zannot be described using piant-ciass modeis are addressac USINE LnIgue
mode:s, 1or exampiz, the now geacsivated LaCrosse BWR.

Table A.17 lists the class associated with each plant.

A.3 Event Tree Models

The plant class event trees describe core damag: sequences for three initiating events: a nonspecific
reactor trip, a LOOP, and a small-break LOCA. The event trees constructed are system-based and
include an event tree applicable to each plant class defined.

System designs and specific nomenclature may differ among plants included in 4 particular class; but
functionally, they are similar. Plants where certain mitigating systems do not exist, but which are largely
analogous in their transient response, were grouped into the plant classes accordingly. In modeling events
at such plants, the event tree branch probabilities were modified to reflect the systems available at the
plant. Certain events (such as a portulated steam line break) could not be described using the plant-class
event trees presented in this appendix. In these cases, unique event trees were developed to describe the
sequences Of interest.

“Mawe Yankse Atomic Power Plant was buikt by Combustion Engineering bast hag a response (o initiating eveots
mors alun to the Westinghouse Electric Corporation deetgn, so # i grouped in a class with other Westinghouse plants.
Devia-Besse Nuclear Power Station was also placed in @ Westinghouse plant class because its HP! systeen deeign
requires the operator to opeo the PORV for feed and bleed, as in most Westinghouse plants. The requirement 10 open
the PORV for feed and bleed 15 & primary difference between event trees for Westinghouse and Baboock and Wilcox
plants.  Plant response differences resuiting from the use of differen: SG designs are not addressed in the models.
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This section (1) describes the potential plant response to the three initiating events described above, (2)
identifies the combinations of systems required for the successful mitigation of each initiator, and (3)
briefly describes the criteria for success of each system-based function. The sequences are considered
first for PWRs and then separately for BWRs. PWR Class B event trees are described first, along with
those for Class D, which are similar. (The major difference between Class B and Class D plants is that
PORYV operability is not required for feed and bleed on Class D plants.) The event trees for the
combined group apply to the greatest number of operating PWRs. Therefore, these are discussed first,
followed by those for PWR Classes G, H, and then A. For the BWR event trees, the plant Class C
models are described first, because these are applicabie to the majority of the BWRs, followed by
discussions for the A and B BWR classes, respectively. The event trees are constructed with branch
(event or system) success as the upper branch and failure as the lower branch. Each sequence path is
read from left to right, beginning with the initiator followed by subsequent systems required to preciude
or mitigate core damage.

The event trees can be found followingthedkmionuaiomf&f'ammpedmrﬂinﬂoplmdm,
beginning with the PWR classes and followed by the BWR classes. The abbreviations used in the event
tree models are defined in Tablé A.16 preceding the eveat trees. Sequence numbers are provided on the
event trees for undesirable end states (core damage and ATWS). Because of the similarities among PWR
sequences for differcat plant classes, common sequence umbers have been assigned when possible.
PWR Class B sequences were used as a basis for this. Sequence numbers beyond those for Class B are
used for uncommon sequences on other plani classes. This approach facilitates comparison of sequences
among plant classes. This approach could not be used for BWRs because of the significant difference
in systems used on plants in the three plant classes. For BWRs, sequences are numbered in increasing
order moving down each eveut tree. The following sequence number groups are employed for all event
trees: transient with reactor trip success, 11-39; LOOP with reactor trip success, 40-69; small-break
LOCA with reactor trip success, 71-79; ATWS sequences, 91-99.

The trees are presented in the following order:

Figure No, Event tree

A4 PWR Class A nonspecific reactor trip

AS PWR Class A loss of offsite power

A6 PWR Class A small-break loss-of-coolant accident
Al PWR Classes B and D nonspecific reactor trip
AS PWR Classes B and D loss of offsite power

A9 PWR Classes B and D small-break loss-of-coolant accident
A.10 PWR Class G nonspecific reactor trip

All PWR Class G loss of offsits power

A.12 PWR Class G small-break loss-of-coolant accident
A3 PWR Class H nonspecific reactor trip

A l4 PWR Class H loss of offsite power

A.15 PWR Class H smali-break loss-of-coolant accident
A.16 BWR Class A nonspecific reactor trip

A7 BWR Class A loss of offsite power

A.18 BWPF. Class A small-break loss-of-coolant ~ccident
A.19 BWR Class B nonspecific reactor trip

A.20 BWR Class B loss of offsite power

A2l BWR Class B smali-break loss-of-coolant accident

A22 BWR Class C nonspecific reactor trip
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A.23 BWR Class C loss of offsite power
A24 BWR Class C small-break loss-of-coolant accident
A.3.1 PWR Event Sequence Models

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

providing these functions are:

Function

System

Reactor subcriticality:

Reactor coolant system integrity:

Reactor coolant inventory:

Short-term core heat removal-

Long-term core heat removal:

Reactor trip

Addressed in small-break LOCA models plus trip and LOOP
sequences involving failure of primary relief valves to close

High-pressure injection (assumed required only following a
LOCA)

Auxiliary feedwater

Main feedwater

High-pressure injection and PORV (feed and bieed, PWR Classes
A, B, D, and G)

Secondary-side depressurization and use of condensate system
(PWR Class H)

Auxiliary feedwater
Main feedwater

High-pressure recirculation (PWR Classes B and D) (also
required to support RCS inventory for all classes)

Secondary-side depressurization and use of condensate system
(PWR Class H)

Containment spray recirculation (PWR Classes A and G)

FWR Nenspecific Reactor Trip

TbePWRnon.speciﬁcmaoru’ipevaotu'aecomczedforplmClamBmdDis:bowninFig. AT,
The event-tree branches and the sequences leading to severe core damage and ATWS follow.
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Initiating event (transient). The initiating event for the tree is a transient or upset event that requires
or is followed by a rapid shutdown of the plant. LOOP and small-break LOCA initiators are
modeled in separate event trees. Large-break LOCA or large SLB initiators are not addressed in
the models described here.

Reactor trip. To achieve reactor subcriticality and thus halt the fission process, the reactor
protection system (RPS) is required to insert control rods into the core. If the automatically initiated
RPS fails, a reactor trip may be initiated manually. Failure to trip was considered to lead to the end
state ATWS and was not deveioped further,

Auxiliary fesdwater. AFW must be provided following trip to remove the decay heat still being
generated in the reactor core via the SGs. Successful AFW operation requires flow from one or
more AFW pumps to one or more SGs over a period of time ranging from 12 to 24 h (typically,
one pump to one SG is adequate).

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

PORV or SRV challenged. For sequences in which both reactor trip and steam generator feedwater
flow (MFW or AFW) have been successful, the pressurizer PORY may or may not lift, depending
on the peak pressurizer pressure following the transient. (In most transieats, these valves do not
lift.) The upper branch indicates that the valve or valves were challenged and opened. Because of
the muitiplicity of relief and safety valves, it was assumed that a sufficient number would open if
the demand from a pressure transient exists.

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

PORV 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 2 PORV sticks open, most
plants are equipped with an isolation valve that allows for manual termination of the blowdown.
Failure of a primary-side relief valve 1 close results in a transient-induced LOCA that is modeled
as pant of this event tree.

High-pressure injection. In the case of a transient-induced LOCA, HPI is required to provide RCS
makeup to keep the core covered. Success for this branch requires introduction of sufficient borated
water 10 keep the core covered, considering core decay heat. (Typically, one HPI train is sufficient
for this purpose.)

HPI and PORV open. If normal methods of achieving decay heat removal via the SGs (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
contanment through the PORVs and (2) RCS makeup via injection of borated water from the HPI
system. Except at Class D plants, successful feed and bieed 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
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amounts of borated water into the RCS to remove decay heat and provide sufficient reactor coolant
makeup to prevent core damage.

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 sump 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 LPI pumps
are utilized in the HPR mode, taking suction from the containment sump, passing the pumped water
through hear exchangers, and providing net positive suction head to the HPI putnps

[he event tree applicable to a PWR Class G nonspecific reactor trip is shown in Fig. A.10. Many of
e event tree branches and the sequences leading to successful transient mitigation and core damage are
similar to those following a nonspecific reactor trip transient for plant Class B. At Class G plants,
nowever, the HPR system performs both the high- and low-pressure recirculation (LPR), function, taking
suction directly from the containment sump without the aid of the low-pressure pumps. DHR is
iccomplished during recirculation by the containment spray recirculation (CSR) system. The event-tree
branches and sequences are discussed furthar

[nitiating event (transient). The initiating event is a nonspecitic reactor t°1p, similar to that described
tor PWR Classes B and D. The following branches have functions and s 1ccess requirements similar
0 those following a transient 3t PWR Class 8

Reactor trip

Auxiliary feedwater or main feedwater
PORYV or SRV challenged reseats
High-pressure injection

HPI and PORV open (feed and bleed). Success requirements for feed and bleed are similar ‘o 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, DHR was assumed required to prevent potential core damage. This is provided by the
CSR system

High-pressure recirculation. In the event of a transient-induced LOCA. continued HPI via sump
recirculation is needed to provide makeup to the break to prevent potential core damage. In
addition, HPR is required when both AFW and MFW are unavailable following a transient, to
recirculate coolant during the feed and bleed procedure. If HPR fails and normal secondary-side
cooling is also failed, core damage will occur. In Class G plants, initiation of HPR realigns the HP!
pumps to the containment sump. The use of LPI pumps for suction-pressure boosting is not
reguired
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8.  Containment spray recirculation. When feed and bleed (HPI, HPR, and PORV open) is required,
the CSR s ystem operates to remove decay heat from the reactor coolant being recirculated. Without
the C5R system, the feed and bleed operation could not remove decay heat. Successful operation
of feed and bleed and CSR was assumed to result in successful mitigation of core damage.

The event tree for PWR Class H non-specific reactor trip is shown in Fig. A.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 AFW unavailability If main or AFW
cannot be recovered, the atmospheric dump valves can be used to depressurize the SGs 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, a requirement for CC to prevent core
damage has not been modeled.

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

L]

Reactor trip.
3. Auxiliary feedwater.
4. Main feedwater,

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

6. SRV reseat. Success for this branch requires the closure of any open safety valve once pressurizer
pressure has been reduced below the safety valve set point.

7. High-pressure injection. In the case of a transient-induced LOCA, HPI is required to provide RCS
makeup to keep the core covered.

using HPI in the recirculation mode. In Class H plants, initiation of HPR realigns the HP! pumps
to the containment sump. The use of LPI pumps formction-prmmboonin;isnotrequired.

9. Steam generator depressurization. lnthemdmminmdAFWmumaihble.theunmphuic
dump valves (ornutinebypmvﬂvuifthemhmholubnvdvsmopm)mybeuudon
ClmehnumdepmurkuheSGnoﬂnpoithheeondmmmbcwforSG
cooling. hmemofmﬁnMAFanﬁhbﬂhy,fanmwdeprmiuoneSGmme
op«nmgpmmofthecondm:ymisasumedmmultinwudme.

10. Condensate pumps. As described above, use of the condensate pumps on Class H plants along with
secondary-side depressurization can provide adequate core cooling. Flow from one condensate



A-17

pump to one SG is assumed adequate. Uravailability of the condensate pumps in the event of
faiiure to recover main and AFW is assumed to result in core damage.

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

Like the Class G plants, the Class A plants have a CSR system that provides DHR during HPR. Use of
CSR for DHR was assumed to be required if AFW and MFW were unavailable. LP! pumps are required
to provide suction o the HPI pumps during recirculation. The event-tree branches and sequences are
discussed further below.

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

L]

Reactor trip,

3. Auxiliary feedwater

4. Main feedwater.

5. PORV or SRV challenged.
6.  PORV/SRV reseats,

7. High-pressure injection.

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

9. Containment spray recirculation. The CSR system provides DHR during HPR when AFW and
MFW are not available. In transient-induced LOCA sequences, HP! and HPR success is required
to mitigate the event. In the event that secondary-side cooling via AFW or MFW is unavailable.
feed and bleed with CSR, for DHR is considered sufficient to prevent core damage.

10. PORV open. The PORV must be opened by the operator below its set point to establish feed and
bleed operation in the event that secondary-side cooling via AFW or MFW is unavailable.

Sequences resulting in core damage or ATWS following 2 PWR transient, shown on event trees
applicable w each plant class, are described in Table A 4.

Many of the sequences are the same for different plant classes, the primary differences being the use of
CSR on Class G and Class A, and the use of SG depressurization and condensate pumps for RCS cooling
in lieu of feed and bieed on Class H. Because of this similarity, consistent sequence numbers have been
used for like sequences in different PWR plant classes. All sequences, required branch success and
failure ctates, and the applicability of each sequence to each plant class are summarized in Table A §
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PWR Lo of Offsite Power

The event trees constructed define representative plant responses to a LOOP. A LOOP (without mrbine
runback on plants with this feature) will result in reactor trip due to unavailability of power to the control
rod drive (CRD) mechanisms and 2 loss of MFW because of the unavailability of power to components
in the condensate and condenser cooling systems.

The PWR LOOP tree constructed for plant Classes B and D is shown in Fig. A.8. The event-tree
branches and the sequences leading to core damage follow.

1.

(e

Initiating event (LOOP). The initiating event for the tree is a grid or switchyard disturbance to the
extent that the generator must be separated from the grid and all offsite power sources are
unavailable to plant equipment. The capability of a runback of the unit generator from full power
to supply house loads exists at some plants but is not considered in the event tree. Only LOOPs that
challenge the emergency power system (EPS) are addressed in the ASP Program.

Reactor trip given LOOP. Unavailability of power to the CRD mechanisms is expected to result
In a reactor trip and rapid shutdown of the plant. If the reactor trip does not occur, the transient
was considered to proceed to ATWS and was not developed further,

Emergency power. Given a LOOP and a reactor trip, electric power would be lost to all loads not
backed by battery power. When power is lost, DGs are automatically started to provide power to
the plant safety-related loads. Emergency power success requires the starting and loading of a
sufficient number of DGs to support safety-related loads in systems required to mitigate the transient
and maintain the plant in a safe shutdown condition.

Auxiliary feedwater. The AFW system functions to remove decay heat via the SG 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 core damage would be expected to 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 EPS 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 branch are similar to those following a
nonspecific reactor trip. However, for the sequence in which emergency power is failed and the
PORYV fails to reseat, the HPI/HPR system would be without power to mitigate poteatial core

darnage.

Seal LOCA. Io the event of a loss of emergency power following LOOP, both SW and componeat
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 failure after a period of time, depeniing on the seal
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design (for some seal designs, seal failure can be prevented by isolating the seal return isolation
valve),

The upper event tree branch represents the situation in which seal failure occurs prior to restoration
of ac power. The lower branch represents the situation in which a seal LOCA does not oceur.

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 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 2 to 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 EPS.

PORV open (for feed and bleed). The success requirements for this branch are similar to those
following a nonspecific reactor trip. The PORV is opened in conjunction with feed and bleed
operations when secondary-side heat removal is unavailable, For Class D plants, the PORV does
not have 1w be manually opened to establish feed and bleed because the HPI pump discharge
pressure is high enougn to lift the PORV or primary relief vaive.

The event tree constructed for the PWR Class G LOOP is shown in Fig. A.11. Most of the event-tree
branches and the sequences leading to successful mitigation and core damage are similar to those
following a LOOP at Class B plants. However, at Class G plants, DHR during recirculation is provided
by the CSR system, not the HPR system. The event-tree branches and sequences are discussed further
below,

¥y

LS ]

10.

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

Keactor trip given LOOP.

Emergency power,

Auxiliary feedwater.

PORYV or SRV challenged.

PORV/SRV valve reseats.

Seal LOCA.

Electric power recovered (long term).

High-pressure injection and recirculation.

PORV open (for feed and bleed).
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I1. Containment spray recirculation. The success requirements for this branch are similar to those
following 2 nonspecific reactor trip. The CSR system provides DHR for sequences in which
secondary-side cooling is unavailable.

The event tree constructed for a PWR Class H LOOP is shown in Fig. A.14. Many of the event tree
branches and sequences leading to successful mitigation and core damage are similar to those following
a LOOP at Class B plants. However, Class H plants do not have feed and bleed capability and rely
insteud on secondary-side depressurization and the condensate system as an alternate DHR method. The
condensate system is assumed unavailable following a LOOP, which limits the diversity of DHR methods
on this plant class following this initiator. The event branches and sequences are discussed further below.

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

9

Reactor trip given LOOP.
3. Emergency power.
4. Auxiliary feedwater,

5. 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 polger recovered (long-term).
9. High pressure injection and recirculation.

The event tree constructed for the plant Class A LOOP is shown in Fig. A.S. All of the event-tree
branches and the sequences leading to successful transient mitigation, potential core vuinerability, and
severe core damage are analogous to those following a LOOP at Class B plants with the addition of the
CSR branch, which is required for successful feed and bleed. At Class A plants, DHR during HPR is
accomplished by the CSR system; whereas at Class B and D plants, DHR 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 trip 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 A.6.

Many of the sequences are the same for different plant classes, the primary differences being the use of
CSR on Class G and Class A, and the unavailability of feed and bleed on Class H. As with the PWR
transient sequences, this similarity permits consistent numbering of a large number of sequences. All
sequences, required branch success and failure states, and the applicability of each sequence to each plant
class are summarized in Table A.7.



PWR Small-Break Loss-of-Coolant Accident

Event trees were constructed to define the responses of PWRs to a small-break LOCA. The LOCA

on is one that would require a reactor trip and continued HPI for core protection

amount of borated water available, the mitigation sequence also includes the

-~

culate borated water from the containment sumj

OCA event tree constructed for PWR plant Classes B and D is shown in Fig. A.9. The event
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Initiating event (small-break LOCA). The initiating event for the tree is a smali-break LOCA
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requires reactor trip and continued HFI for core protection
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ctor trip. Reactor trip success is defined as the rapid insertion of sufficient control rods to place

Failure to trip was considered to lead to the end state ATWS

| condition

Auxiliary feedwater or main feedwater. Use of AFW or MFW was assumed necessary for some
to the point where HPI is effective. At Class D nlants, the

mall breaks to reduce RCS pressure
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High-pressure recirculation. Following a small-break LOCA, continued high pressure injection is
equired. This is typically accomplished with the residual heat removal (RHR) system, which takes
wuction 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

PORV open. in the evemi AFW and MFW are unavailable following a small break LOCA, opening
the PORV can result in core cooling using the feed and bleed mode. Depending on the size of the
small break, opening the PORV may not be required for success. PORY opén is not required fo

success for Class D

event tree constructed for a small-break LOCA at Class G plants is shown in Fig. A.12. The LOCA

for Class G plants is similar to that for Class B and D plants except that long<erm cooling is

"

ree
vided by the CSR system rather than by the HPR system. The event-tree branches and sequences are

event

scussed further below

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 reguirements
similar to those following a small-break LOCA at PWRs associated with all of the plant classes

defined
Reactor trip

ary feedwater and main feedwater
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4. High-pressure injection.
5. High-pressure recirculation.
6. PORV open.

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

The event 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 unavailability of AFW and MFW to permit HPI and
HPR to function in these plants. The event tree branches and se~vences are discussed further below .

I Initiating event (small-brea. LOCA). The initiating event _ 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.

2

Reactor trip.

3. Auxiliary and main feedwater.

4. High-pressure injection.

5. High-pressure recirculaxion.'

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

depressurization such that adequate HPI and HPR can be achieved. Success requirements are the
same as those following a transient with unavailability of AFW and MFW.

~3

Con _asate pumps. Use of one condensate pump provided flow to at least one SG as required in
conjunction with SG depressurization to provide for RCS depressurization and cooling.

The event tree constructed for a small LOCA at Class A plants is shown in Fig. A.6. The LOCA evenmt
treeforClusAplmtsissimilartomaforClmBmanaptthntbeCSRsymmhmuired in
conjunction with HPR in some sequences where secondary cooiing is not provided. The sequences thas
follow combined AFW and MFW failure with HPR and CSR success are identical to those that follow
HPR success at Class B and D plants; and sequences that follow HPR or CSR failure at Class A plams
are identical to those that follow HPR failure.

Sequences resulting in core damage or ATWS following a PWR smali-break LOCA, shown on event trees
applicable to each plant class, are described in Table A 8.
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As with the PWR transien: and LOOP sequences, differences between plant classes are driven by the use
of CSR on plant classes A and G, and by the use of secondary-side depressurization and condensate
pumps in lieu of feed and bleed on PWR Class H. All small-break LOCA sequences, required branch
success and failure states, and the applicability of each sequence to each plant class are summarized in
Table A.9.

Alternate Recovery Actions

The PWR event trees have been developed on the basis that proceduralized recovery actions will be
attempted if primary systems that provide protection trom core damage are unavailable. In the event
AFW and MFW are unavailable and cannot be recovered in the short term, the use of feed and bleed
cooling is modeled on all plants except for Class H, where SG depressurization and use of the condensate
pumps is modeled instead. In addition, the potential for short-term recovery of a faulted system is also
included in appropriate branch models (AFW, MFW, and HPI. for example).

Alternate equipment and procedures, beyond the systems and functions included in the event trees. may
be successfui in mitigating the effects of an initiating event, provided the appropriate equipment or
procedure is available at a particular plant. This may incluge:

®  The use of suppiemental DGs, bevond the normal safety-reiated units, to power equipment required
tor continued core cooling and reactor plant instrumentation. A number of plants have added such
equipment, often for fire protection.

®  Depressurization following a small-break LOCA to the initiation pressure of the LPI systems to
provide RCS makeup in the event that HPI fails. Procedures to support this action are known to
exist on some plants.

®  Depressurization following a smali-break LOCA to the initiation pressure of the DHR system, and
then proceeding to cold shutdown. While plant procedures specify the use of sump recirculation
following a small LOCA or feed and bleed, sufficient RWST inventory exists to delay this action
untd many hours into the event, during which recovery of faulted systems may be affected. It is
likely that operators will delay sump recirculation as long as possible while trying to place the plant
in a stable condition through recovery of secondary-side cooling and the use of RHR.

The potential use of these alternate recovery actions was addressed in the analysis of the 1992 precursors
when information concerning their plant specific applicability was available.

A.3.2 BWR Event Sequence Models

The BWR event trees describe the impact of the availability and unavailability of front-line systems in
each plant class on core protection following the same three initiating events addressed for PWRs: trip,
LOOP, and small-break LOCA. The systems modeied in the event trees are those associated with the
generic functions required in response to any initiating event, as described in Sect. A.2. The systems
that are assumed capable of providing these functions are:
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Reactor subcriticality:

Reactor coolant system integrity:

Reactor coolant inventory:

Short-term core heat removal:

Long-term core heat removal:

Reactor scram

Addressed in small-break LOCA models and in trip and LOOP
sequences involving failure of primary relief valves to reseat

High-pressure injection systems [HPCI or HPCS, RCIC (non-
LOCA situations), CRD (non-LOCA situations), FWCI]

Main feedwater

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

Power conversion system

High-pressure injection systems (HPCI, RCIC, CRD, FWCI
(BWR Class A)]

Isolation condenser (BWR Classes A and B)
Main feedwater

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

Note: Short-term core heat removal to the suppression pool (all
cases where power conversion system is faulted) reguires use of
the RHR system for containment heat removal in the long term.
Power conversion system

Isolation condenser (BWR Class A)

Residual heat removal [shutdown cooling or suppression pool
cooling modes (BWR Class C)]

Shutdown cooling (BWR Classes A and B)

Containment cooling (BWR Class A)

Low-pressure coolant injection [CC mode (BWR Class B))

BWR Nonspecific Reactor Trip

The nonspecific reactor 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.

I, Initiating event (transient). The initiating event is a transient or upset event that resuits in a rapid
shutdown of the plant. Transients that are initiated by a LOOP or a small-break LOCA are modeled
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in separate event trees. Transients initizieu by a large-break LOCA or large SLB are not addressed
in the event trees described here; trees applicabie to such initiators are developed separately if
required.

Reactor shutdown. To achieve reactor subcriticality and thus halt the fission process, the 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,

Power conversion system (PCS). Upon successful reactor scram, continued operation of the PCS
would allow continued heat removal via the main condenser. This is considered successful
mitigation of the transient. Continued operation of the PCS requires the MSIVs to remain open and
the operation of the condenser, the turbine bypass system (TBS), the condensate pumps, the
condensate booster pumps, and the feedwater pumps.

SRV challerged. Depending on ihe transient, one or more SRVs may open. The upper branch on
the event tre indicates that the valves were challenged and opened. If the transient is followed by
continued PCY or ration and successful scram, the SRVs are not expected to be challenged. If the
PCS is unavailable, at least some of the SRVs are assumed to be challenged and to open.

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

Feedwater. Given unavailability of the PCS, continued delivery of feedwater to the RPV will keep
the core from becoming uncovered. This, in combination with successful longterm DHR, will
mitigate the transient, preventing core damage. For plants with turbine-driven feed pumps, the PCS
failure with subsequent feedwater success cannot involve MSIV closure, or loss of condenser
vacuum, because this would disable the feed pumps.

HPCI or HPCS. The primary function of the HPCI or HPCS system is to provide makeup
following small-break LOCAs while the reactor is at high-pressure (not depressurized). The system
s also used for DHR 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 required makeup and short-term DHR when DHR is unavailable from the
condenser and the feedwater system cannot provide makeup.

RCIC. The RCIC system is designed to provide high-pressure coolant makeup for transients that
result in LOFW. Both RCIC and HPCI (or HPCS) initiate when the reactor coolant inventory drops
to the low-low level set point, taking suction from the condensate storage tank or the suppression
pool. HPCI is normally secured after HPCI/RCIC initiation when pressure and water level are
restored, to prevent tripping of HPCI and RCIC pumps on high water level. RCIC must then be
operated until the RHR system can be placed in service. Following a transient, scram, and
unavailability of the PCS, reactor pressure may increase, causing the relief valves to open and close
penodically to maintain reactor pressure control.

CRD pumps. In transient-induced sequences where heat removal and minimal core makeup are
required (i.e., not transient-induced LOCA sequences), the CRD pumps can deliver high-pressure
coolant to the RPV.
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10, Depressurization via SRV or the automatic depressurization system (ADS). In the event that short-
term DHR and eonmkmpmrequiredmdhigh-pmesymhavefaﬂedmpmvidndequne
flow, the RPY 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 availabiliry
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,
operabie valves are available.

11. LPCS. LPI can be provided by the LPCS system if raquired. The LPCS system performs the same
functions as the LPCI system (described below) except that the coolant, which is drawn from the
SP or the condensate storage tank (CST), is sprayed over the core.

12. LPCL. The LPCI system can provide short-term heat removal and cooling water makeup if the
reactor has been depressurized to the operating range of the low-head RHR pumps. At Class C
plants, LPCI is a mode of the RHR system; thus, the RHR pumps operate during LPC1. LPCI takes
suction from the suppression pool (SP) or the CST and discharges into the recirculation loops or
directly into the reactor versel. if LPC! is successful in delivering sufficient flow to the reactor,
long-term heat removal success is sti'l required to mitigate core damage.

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

14, RHR SP cooling mode. If RHR SDC is unavailable, the RHR pumps and heat exchangers can be
aligned to take water from the SP, cool it via the RHR beat exchangers, and return it to the SP.
This alignment can provide long-term cooling for transient mitigation.

5. RHR service water or other. This is a backup measure for providing water to the reactor to reflood
the core and maintain core cooling if LPCI and LPCS are unavailable. Typically, the high-pressure
SW pumps are aligned to the shel! side of the RHR heat exchangers for delivery of water to one of
the recirculation loops.

The event tree constructed for. a BWR plant Class A nonspecific reactor trip is shown in Fig. A.16. The
event tree is similar to that constructed for BWR Class ¢ plants with the following exceptions: Class A
plants are equipped with ICs and FWCI systems instead of RCIC and HPCI (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 is provided by a system independent of the SDC
system. The event tree branches and sequences are discussed further below.

1. Initiating eveat (transient). The initiating eveat is a nonspecific reactor trip similar to that described
for BWR Class C plants. The following branches have functions and success requirements similar
to those following a transient &t BWRs associated with Class C.

S

Reactor shutdown.
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Powsr 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 IC systera can provide for DHR and mitigate the
transient. The IC system is an essentially passive system that condenses steam produced by the
core, rejecting the heat to cooling water and returning the condensate tc the reactor. Makeup is
provided to the cooling water as needed. The system does not provide makeup to the reactor vessel.

FW or FWCI. Either FW or FWCI can provide short-term transient mitigation. When feedwater
or FWCT is required and is successful, long-term DHR is required for complete transient mitigation.
(PCS unavailability is assumed prior to feedwater or FWCI demand.) FWCI or feedwater is
required for makeup in transient-induced LOCA sequences and for heat removal in sequences when
the IC system would have mitigated the transient but was not available. FWCI is initiated
automatically on low reactor level and uses the normal feedwater trains to deliver water to the
reactor vessel.

CRD pumps.
Depressurization via SRV or ADS.
LPCS.

Fire water or other. Fire water or other raw water systems can provide a capability similar to that
provided by the SW/RHR coanection on Class C BWRs. As a backup source, if all normal core
cooling is unavailable, fire water can be aligned to the LPCS injection line to provide water to the
reactor vessel,

SDC. Like the RHR system at Class C plants, the SDC system is a closed-loop system that
performs the long-term DHR function by circulating primary coolant from the reactor through the
system’s heat exchangers and back to the reactor vessel. Success requires the operation of at least
one SDC loop. Long<term DHR is required to terminate transients in which high- or low-pressure
injection is required to mitigate the transient.

Containment cooling. If the SDC system fails to provide long-term DHR, the CC system can
remove decay heat. The system utilizes dedicated CC pumps, drawing suction from the SP, passing
it through heat exchangers where heat is rejected to the SW system and then either returning it
directly 1o the SP or spraying it into the dry well.

The event tree constructed for a BWR plant Class B nonspecific reactor trip is shown in Fig. A.19. The
event tree is most similar to that constructed for BWR Class A plants. In fact, the branches and
sequences are the same except that Class B plants are equipped with HPCI systems instead of FW(1
systems, and tiey are equipped with a LPCI system that represents an additional capability for providing
LPCL  Also, at Class B BWRs, the CC system considered in the event tree utilizes the LPCI pumps
rather than having its own dedicated pumps.
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Sequences resulting in core damage following a BWR transient, shown on event trees applicable to each

plant class, are described in Table A.10. Because of differences in the mitigation systems used in the
three BWR classes, it is not possible to associate most sequences among different plant classes. Because
of this, similar sequence numbers used for sequences in different plant classes do not impiy similarity
among the sequences. (Because of the lack of similarity among sequences for the three BWR classes,
no sequence summary table has been provided.)

BWR Laoss of Offsite Power

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

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

!, Initiating event (LOOP). The inifii'x"mg event for a LOOP corresponds to any situation in which
power from both the auxiliary and startup transformers is lost. This situation could result from grid
disturbances or onsite faults.

2. Emergency power. Emergency power is provided by DGs at almost all plants. The DGs receive
an initiation signal when an undervoltage condition is detected. Emergency power success requires
the starting and loading of a sufficient number of DGs to support safety-related loads in systems
required 1o mitigate the transient and maintain the plant in a safe shutdown condition.

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

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

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

6. HPCI (or HPCS) or RCIC. Success requirements for these branches are identical to those following
a transient at Class C BWRs. Either RCIC or HPCI (or HPCS) can provide the makeup aod short-
term core cooling required foliowing most transients, including failure of the EPS. HPCI and RCIC
only require dc power and sufficient steam to operate the pump turbines. HPCS systems utilize a
motor-driven pump but are diesel-backed and utilize dedicated SW cooling.

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

8.  Depressurization via SRV or the ADS.

9. LPCS, LPCI, or RHR service water.

"
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RHR SDC mode or RHR SP cooling mode. For emergency power success sequences, the success
requirements for these branches are similar to those following a nonspecific reactor trip transient
at Class C BWRs., Success for any one of these three branches can provide the long-term DHR
required for transient mitigation. If emergency power fails, it must be recovered to power long-
term DHR cquipment. However, long-term DHR is not required until several bours (up w 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
iuimilanothncommdforBWRClmCplmwithmemajotaxeq)tionthnClmAplmm
equipped with ICs and FWCI systems instead of RCIC and HPCI (or HPCS) systems. However, given
a LOOP, FWC! would be unavailable, because it is not backed by emergency power. Also, additional
long-term core cooling is not required with IC success, as long as no transient-induced LOCA is initiated.
lnmemmcypowufaﬂmuqum,thelC:yﬂunhtbeonlysyﬂmMcanpmvidemcooliu
because FWCI would be without power. The event-tree branches and sequences are further discussed
below.

I.

10.

11

Initiating event (LOOP). The initiating event is a LOOP similar to that described for Class C
BWRs. The following branches have functions and success requirements similar to those fcilowing
a LOOP at BWRs associated with previously described BWR classes.

Emergency power.
Reactor shutdown.

LOOP recovery (long-term).
SRV challenged and closed.

iC. Following successful reactor scram, the IC system can provide enough DHR, in both the short
and long term, to mitigate the transient if a transient-induced LOCA has not been initiated. The IC
system cannot provide coolant makeup, which would be required in a transient-induced LOCA. The
leymmiunmmlypmive:ymdudounmrmireupowfotm.

FWCI. The FWCI system can provide short-term core cooling and makeup for transient mitigation.
However, Fwammroquhummdmmppliumdambepowcdbymmcy
power following a LOOP.

CRD pumps.
Depressurization via SRV or ADS.

LPCS, fire water, or other water source. Success requirements for these branches are similar 1o
those following a nonspecific reactor trip at Class A BWRs. With interim high-pressure cooling
unavailable, either LPCS or, as 2 last resort, fire water or another water source can be used to
provide low-pressure water for core makeup and cooling.

SDC and containment cooling. The success requirements for these branches are similar to those
following & nonspecific reactor trip transient at Class A BWRs.
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The event tree constructed for a BWR plant Class B LOOP is shown in Fig. A.20. The event tree is
most similar to that constructed for BWR Class A plants. In fact, the branches and sequences are the
same, excquthnCImelmmewippedwimHPCl:ynmimtudofFWCl:ymmdm
equipped with a LPCI system, which represents an additional capability for providing LPCI. At Class
BBWRstheCCsymmutiliumeLPClpumpcmherthanhavingiuowndedicaadpumps. In
emergency power failure sequences, either the IC or HPCI system can provide the required core cooling
for short-term transient mitigation. However, if an SRV sticks open (transient-induced LOCA), the ICs
cannot provide the makeup needed, and HPC! is required. The ICs can also provide long-term cooling,
but when oniy HPCI is operable recovery of emergency power is necessary o power SDC-related loads.

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

BWR Less-of-Coolant Accident

The event trees constructed define the response of BWRSs to a small LOCA in terms of sequences
representing success and failure of plant systems. The LOCA chosen for consideration is a small LOCA,
one that would require 4 reactor scram and continued operation of HPI systems. A large LOCA would
require operation of the high-volume/low-pressure systems and is not addressed in the models.

Trhe LOCA event wee constructed for BWR Class C plants is shown in Fig. A.24. The event-tree
branches and sequences leading to core damage and core vulnerability
follow.

I Initiating event (small LOCA). Any breach in the RCS on the reactor side of the MSIVs that
results in coolant loss in excess of the capacity of the CRD pumps is considered s LOCA. A small
LOCAhwmidaadmbeouinwbiebhucmmmmuﬁmrdw&uymprm

to the operating range of the LPI systems.

2 Reactor shutdown. Successful scram is defined as the rapid insertion of sufficient control rods to
place the core in 2 subcritical condition.

3. HPCI or HPCS. HPCI (or HPCS, depending on the plant) can provide the required inventory
makeup.

4. Depressurization via SRV or ADS. The success requirements for this branch are similar to those
following a nonspecific reactor trip transient. SRV/ADS success allows the use of low-pressure
systems to provide short-term core cooling and makeup. !

5. LPCS, LPCI, or RHR service water. The success requirements for these branches are similar to
those following a nonspecific reactor trip transient. Any one of these branches can provide short-
term core cooling and makeup if SRV/ADS is successful.
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RHR (SDC mode) or RHR (SP cooling mode). Success requirements for these branches are similar
to those following a nonspecific reactor trip transient, except that heat rejection to the environment
may be required sooner than 24 h into the transient. depending on the break size. These methods
each have the capability of providing long-term DHR. Long-term DHR is required in al! sequences
for LOCA mitigation

The LOCA event tree constructed for BWR Class A plants is shown in Fig. A.18. The event tree is
similar to the LOCA tree constructed for BWR Class C plants except that Class A plants have FWC]
instead of HPCI or HPCS systems and are, in general, not equipped with LPC] systems (only LPCS
systems). In addition, SP and CC systems are independent of the SDC system. The event tree branches
and sequences leading to core damage follow

Initiating event (small LOCA). The initiating event is a small LOCA similar to that described for
BWR Class C plants. The foliowing branches have functions and success requirements similar to
those following a small LOCA st BWRs associated with the previously described BWR classes

Reactor shutdown

FWCIL. The FWCI system has the Capability to keep the core covered and provide interim core
ooling. FWCI initiates automatically on low reactor water level

Depressurization via SRV or ADS

LPCS or fire water (or other water source). The Success requirements for these branches are similar
to those following a nonspecific reactor trip transient at Class A BWRs. Either of these systems
(branches) can provide LPI for makeup and short-term core cooling if high-pressure systems are
unavatlable

SDC or containment cooling. The success requirements for these branches are similar to those
following a nonspecific reactor trip transient at Class A BWRs, except that heat rejection to the
environment may be required sooner than 24 b into the transient, depending on the size of the break
Either of these methods can provide the long-term DHR required to nutigate a small LOCA

The LOCA event tree constructed for BWR Class B piants is shown in Fig. A.21. The event tree is most
similar o that constructed for BWR Class A plants. In fact, the branches and sequences are the same.
except that some Class B plants are equipped with HPCI systems instead of FWCI systems and Class B
BWRs have a LPCI system, which provides an additional capability for LPCI. At Class B BWRs the CC
system uses the LPCI pumps rather than having its own dedicated pumps.

Sequences resulting in core damage following a BWR smali-break LOCA, as shown on each plam-class
event tree, are described in Table A.12. As in the case of BWR transients, similar sequence numbers
do not unply similarity among the sequences. (Because of the lack of similar ity among sequences for the
three BWR classes, no sequence summary table has been provided.)

Alternate Recovery Actions

The BWR event trees have been developed on the basis that proceduralized recovery actions will be
attempted if primary systems that provide protection against core damage are unavailable. If feedwater.
HPCI, and RCIC are unavailable (FWCT and ICs on BWR Classes A and B) and cannot be recovered in
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the short term, the use of the CRD pumps (provided no LOCA exists) and the use of ADS (to

depressurize below the operating pressure of low-pressure systems) are modeled. In addition, the
potential for short-term recovery of a fauited system is also included in the appropriate branch model.

Alternate equipment and procedures, beyond the systems and functions included in the event tree, may
be successful in mitigating the effects of an initisting event, provided the appropriate equipment or
procedure is available at a particular plant. This may include:

®  The use of supplemental diesel generators, beyond the normal safety-related units, to power
equipment required for continued core cooling and reactor plant instrumentation. A number of
plants have added such enuipment, often for fire protection.

®  The use of RCIC to provide RPV makeup for a single stuck-open relief valve. Thermal-hydraulic
analyses performed to support a number of BW)! probabilistic risk assessments have demonstrated
the viability of RCIC for this purpose.

®  The use of the condensate system for LPl. (his recovery action requires that the condensate system
be available (even though PCS and f.edwater are unavailable) and that the plant has been
depressurized.

®  The use of containment venting for lorg-term DHR, provided an injection source is available. This
core cooling method has been addres ied in some FKAs.

The potential use of these aiternate recovery w.uons was addressed in the anaiysis of the 1992 precursors
when information concerning their plant specific applicability was available.

A.4 Branch Probability Estimates

Branch probability estimates used in the 1988-1992 precursor calculstions were developed using
information in the 1984-86 precursors when possible. Probability values developed from precursor
information are shown in Table A.13. The process used to estimate branch probability values used in
the precursor calculations is described in detail in Appendix C to Ref. § and in Ref. 6.

In addition to system failures caused by equipment failures, the likelihood of failing to actuate masually
actuated systems was also included in the models. Examples of such systems are the DHR system in
BWRs and feed and bleed in PWRas. For actions in the control room, revised failure to initiate
probabilities consistent with those utilized for 1987 precursor caiculations were also used for 19881992
calculations. These revised values typically assume a failure probability of 0.001 for an unburdened
action and 0.01 for a burdened action. The failure probability for subsequent actions is assumed 0 be
higher. Operator action failure probabiiities used in the 1988-1992 calculations are shown in Table A 14,

A.5 Reference Event Calculations

Conditional core damage probability estimates were also calculated for nonspecific reactor trip, LOFW,
and unavailabilities in certain singie-train BWR systems (HPCI, HPCS, RCIC, and CRD cooling). These
cezlcularions indicate the relative importance of these events, which are too numerous 1o warrant indivsdual
caiculation. The results of these calculations, performed without consideration of alternate recovery
actions that were addressad in certain 1992 precursor assessments, are listed in Table A.15.
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Table A.15 shows that nonspecific reactor trips without additional observed failures have conditional core
damage probabilities below S x 10* per trip, depending on plant class. The likelihood of LOFW in
conjunction with a trip is included in these calculations. LOFW conditional core damage probabilities
are less than 4 x 107 per LOFW event, again depending on plant class, except for BWR Class A plants
(1.7 x 1€*). The conditional core damage probabilities associated with unavailabilities o HPCI and
HPCS (single-train BWR systems) are also above 107, assuming a one-half month unavailability.
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Table A.] Bruoy b probability estimation process

Effective
Non- number
Observed recovery of non-
Branch operational likelihood  recoverable Observation Probability
failure event for event events period estimate
Steam Steam line pressure 0.04 1.04 12 demands per 5.3 x 10"
generator transmitters (9 of 12) reactor year due
isolation were found in faulty to testing in 164
alignment, which would PWR reactor
have prevented years (1984 86
automatic steam line observation
isolation on demand at period) results
Maine Yankee (LER in 1968
309/85-009, 8/7/85) demands
All MSIVs failed to 1.0
close prior to entering
refueling at Point Beach
2 (LER 301/86-004,

9/28/86)
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Table A.2 Rules for calculating precursor significance

Event sequences requiring calculation.

If an initiating event occurs as part of a precursor (i.e., the precursor consists of
an initiating event plus possible additional failures), then use the event tree
associated with that initiator; otherwise, use all event trees impacted by the
observed unavailability.

Initiating event probability.

If an initiating event occurs as part of a precursor, then the initiator probability
used in the calculation is the probability of failing to recover from the observed
initiating event (i.e., the numeric value of the recovery class for the event).

If an initiating event does not occur as part of a precursor, then the probability
used for the initiating event is developed using the initiating event frequency and
event duration. Event durations (the period of time during which the failure
existed) are based on information included in the event report, if provided. If the
event is discovered during testing, then one-haif of the test period (15 days for a
typical 30-day test interval) is assumed, unless a specific failure duration is
identified.

Branch probability estimation.

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

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

For event tree branches that include a degraded system (i.e., a system that still
meets minimum operability requirements but with reduced or no redundancy), the
estimated failure probability is modified to reflect the loss of redundancy.

Support system unavailabilities,

Systems or trains rendered unavailable as a resuit of support system failures are
modeled recognizing that, as long as the affected support system remains failed,
all impacted systems (or trains) are unavailable; but if the support system is
recovered, all the affected systems are recovered. This can be modeled through
multiple calculations that address support system failure and success. Calculated
core damage probabilities for each case are normalized based on the likelihood of
recovering the support system. (Support systems, except emergency power, are
not directly modeled in the current ASP models.)
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Table A4 PWR transient core damage and ATWS sequences

Sequence No.

End state

Description

12

13

15

16

17

18

19

20

21

22

Core damage

Core damage

Core damage
Core damage

Core damage

Core damage

Core damage

ATWS

Core damage

Core damage

Core damage

Core damage

Unavailability of HPR following successful trip and AFW
initiation, primary relief valve lift and failure tw reseat, and
successful HPI. (PWR Classes A, B, D, G, and H)

Unavulabihty of HPl following successful trip and AFW
initiation, primary relief valve lift, and primary relief valve failure
to reseat. (PWR Classes A, B, D, G, and H)

Similar to sequence 11, but MFW provides SG cooling in lieu of
AFW. (PWR Classes A, B, D, G, and H)

Similar to sequence 12, but MFW provides SG cooling in lieu of
AFW. (PWR Classes A, B, D, G, and H)

Unavailability of AFW and MFW followi. ¢ successful trip. Feed
and bleed is initiated, but the PORV fails to open. (PWR Classes
A, B, and G)

Unavailability of AFW and MFW following successful trip. Feed
and bleed is initiated, but fails in the recirculation phase. (PWR
Classes A, B, D, and G)

Unavailability of AFW and MFW following successful trip. Feed
and bleed fails in the injection phase. (PWR Classes A, B, D,
and G)

Failure w trip following a transient requiring trip. ATWS
sequences are not further developed in the ASP models. (PWR
Classes A, B, D, G, and H)

Unavailability of AFW and MFW foliowing successful trip. Feed
and bleed is successful but CSR is unavailable. (PWR Class G)

Unavailability of CSR following successful trip and AFW
initiation, primary relief valve lift and failure to reseat, and
successful HPI and HPR. (PWR Class A)

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

Unavailability of AFW and MFW following successful trip. Feed
and bleed is successful, but CSR is unavailable for containment
beat removal. This sequence is distinguished frum sequence 19
because of differences in the function of CSR on Class A and G
plants. (PWR Class A)
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Table A.4 PWR transient core damage and ATWS sequences

Sequence No.

End state

Description

23

26

27

28

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

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

Unavailability of AFW and MFW following successful trip, pius
failure to depressurize the SGs to allow for the use of the
condensate pumps for SG cooling. (PWR Class H)

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

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

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



Core damage
Required and successfully performs its function
Required and fails to perform its function

Relwe! valve challenged during the tranvient (assumed
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Table A.6 PWR LOOP core damage and ATWS sequences

Sequence No.

End state

o

41

42

43

45

47

49

50

ATWS

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Failure to trip following a 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 lift and
failure to reseat; and successful HPI. (PWR Classes A, B, D,
G, and H)

Unavailability of HPI following LOOP with successful trip,
emergency power, and AFW, primary relief valve lift and
failure to reseat. (PWR Classes A, B, D, G, and H)

Failure of the PORV to 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 failure. (PWR
Classes A, B, D, and G)

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

nhuqumissimﬂarmmum%ucquam’ fails
for RCP seal LOCA mitigation. (PWR Classes A, B, D, G,
and H)

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

FlumwrwochCpow«followmgmetﬁpmd
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, D, G, and H)

Failure of a primary relief valve to reseat following lift
subsequent to 2 successful trip, emergency power system
failure, and AFW turbine trains(s) success. (PWR Classes A,
B, D, G, and H)
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Table A.6 PWR LOOP core damage and ATWS sequences

End state

Description

51

52

53

55

57

58

59

61

Core damage

Core damage

Core damage

Core damage

Cere damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

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

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

This sequence is similar to 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 vaives 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)

Failure of CSR in conjunction with successful feed and bleed
following trip, emergency power system success, and AFW
failure (PWR Class G)

Failure of CSR following LOOP with successful trip,

emergency power and AFW, primary relief valve challenge and
failure to reseat, and successful HPI and HPR. (PWR Class A)

Failure of CSR in conjunction with successful feed and bieed
following LOOP with successful trip and emergency power
initiation, and AFW failure. (PWR Class A)

Failure of CSR following successful HPI and HPR required to
mitigate & seal LOCA. This sequence involves a LOOP with

successful trip, emergency power system failure, primary relief
valve chalienge and reseat, and a subsequent seal LOCA with
AC power recovery prior to core uncovery, (PWR Class A)
This sequence is similar to sequence 59 except that the primary
relief valves are not challenged. (PWR Class A)

Failure of AFW following a LOOP with successful trip and
emergency power. (PWR Class H)



summary

Table A.7 PWR LOOP sequences

PWR Class

CSR

RV Seai EP HPI
Resear LOCA Recov

AFW RV
Chetl

EP

HPR PORV
Open

D G H

»t L L
» L] »
L - »

40
41
42

D

43

45

CD

47
48

A-42

51

52
53

CcD
CcD

55

CcD

57

58

61

CD - Core damage
§ - Required and successfully performs #s funciion

Note

Reguued and fade 0 perform g3 function
3’-WMWM~M(M&WWO!MAWMMW).

F
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Table A.8 PWR small-break LOCA core damage and ATWS sequences

Sequence No.

End state

Description

71

72

73

74

75

76

77

78

79

g1

82

83

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage
ATWS

Core damage

Core damage
Core damage

Core damage

Core damage

Core damage

Unavailability of HPR following a small-break LOCA with trip,
AFW and HPI success. (PWR Classes A, B, D, 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 ¢ uiar to sequence 7! except that MFW is
utilized for SG cooling is AFW is unavailable. (PWR Classes A,
B, D, G, and H)

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

Unavailability of AFW and MFW following a smali-break LOCA
and successful trip. The PORV is unavailable to depressurize the
RCS to 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 successful but HPR fails. (PWR Classes
A, B D, G, and H)

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

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

Unavuuability 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)

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

This sequence is similar to sequence 80 except that MFW 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 condensate pumps for SG cooling following a
small-break LOCA with trip success, unavailability of AFW and
MFW, and successful SG depressurization. (PWR Class H)

This sequence is similar to sequence 83 except that SG
depressurization is unavailable. (PWR Class H)



D G H

PWR Class
B

CSR

HPR PORYV
Open

Table A9 PWR small-break LOCA sequences  summary
MFW HP{

AFW
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73

74
75

76

ATWS

78

A-44

83

|
:
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Table A .10 BWR transient core damage and ATWS sequences

Sequence No End state

Description

il Core damage

Core damage

Core damage

14 Core damage
5 Core damage
16 Core damage
7 Core damage
18 Core damage

ae s

BWR Class A sequences

Unavailability of long<erm 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, and successful main feedwater.

Similar to Sequence 11 except failure of main feedwater and
successful feedwater coolant injection

Similar to Sequence 11 except failure of main feedwater and
feedwater coolant injection, followed by successful control rod
drive cooling

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:
fatlure of isolation condenser; failure of main feedwater, feedwater
coolant injection and control rod drive cooling; followed by
successful vessel depressurization and low-pressure core spray

Unavailability of fire water or other equivalent water source for
vessel makeup following successful scram and failure of continued
power conversion system operation; safety relief valve challenge
and success of isolation condenser, main feedwater, feedwater
coolant injection, and control rod drive cooling. Successful vessel
depressurization and failure of low-pressure core spray.

Similar to Sequence 15 except the shutdown cooling system fails
followed by successful containment cooling.

Unavailability of longterm core cooling (failure of shutdown
cooling system and containment cooling) following successful
scram and fallure of cootinued power conversion system
operation; safety relief valve challenge and successful reseat:
failure of isolation condenser, main feedwater, feedwater coolant
injection, and control rod drive cooling systems; followed by
successful vessel depressurization and failure of low-pressure core

spray.

Unavailability of vessel depressurization following successful
scram and fallure of continued power conversion system
operation, and safety relief valve challenge and successful reseat.
Failure of the isolation condenser, mair feedwater, feedwater
coolant injection, and control rod drive cooling
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Table A.10 BWR transient core damage and AT 'S sequences

Sequence No.

End state

Description

19

20

21

22

23

24

26

27

28

29

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage
Core damage
Core damage

Core damage

Unavailability of loug4erm core cooling (failure of shutdown
cooling system and containmert cooling) following successful
scram and failure of continued power conversion system
operation, safety relief valve challenge and unsuccessful reseat,
and successful main feedwater,

Similar to Sequence 19 except unsuccessful main feedwater
followed by successful feedwater coolant injection.

Unavailability of longterm core cooling (failure of shutdown
cooling system and comtainment cooling) following successful
scr>—  and failure of continued power conversion system
op on, safety relief chall nge and unsuccessful reseat,
un  .essful main feedwater 2° . followed by successful vessel
depressurization and low-press. : core spray.

Unavailability of fire water or other equivalent water source for
vessel makeup following successful scram and failure of continued
power conversion system operation, safety relief valve challenge
and unsuccessful reseat, and failure of main feedwater and
feedwater covlant 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.

Unavailab. ity of long4erm core cooling (failure of shutdown
cooling syste~ and containment cooling) following successful
scram  and re of continued power conversion system
operation, sai.  -elief valve challenge and unsuccessful reseat,
unsuccessful m 1 feedwater and feedwater coolant injection,
successful vesse: depressurization, and unsuccessful low-pressure
cure spray.

Unavailability of vessel depressurization following successful
scram 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 to Sequence 11 except the safety relief valves are not
challenped.

Similar o Sequence 12 except the safety relief valves are not
challenged.
Similar to Sequence 13 except the safety relief valves are not
challenged.

Similar 10 Sequence 14 except the safety relief valves are not
chalienged.
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Table A.10 BWR transient core damage and ATWS sequences

Sequence No.

End state

Description

3l

32

33

11

12

13

14

15

Core damage

Core damage
Core damage

Core damage

ATWS

Core damage

Core damage

Core damage

Core damage

Core damage

Similar to Sequence 15 except the safety relief valves are not
challenged.

Similar to Sequence 16 except the safety relief valves are not
challenged.

Similar to Sequence 17 except the safety relief valves are not
chalienged.

Similar to Sequence 18 except the safety relief valves are not
challenged.

Failure to trip foliowing a transient requiring trip. ATWS
sequences are not further developed in the ASP models.

BWEK (lass B sequences

Unavailability of long-term core cooling (failure of shutdown
cooling system and containment cooling mode of low-pressure
coolant injection) following successful scram and failure of
continued power conversion system operation, safety relief valve
challenge and successful reseat, and failure of isolation condenser
and successful main feedwater.

Similar to Sequence 11 except failure of main feedwater followed
by successful high-pressure coolant injection.

Similar to Sequence 11 except failure of main feedwater and high-
pressure coolant injection systems, followed by successful control
rod drive cooling.

Unavailability of longterm core cooling (failure of shutdown
wollngsymmdoouﬁnmmlln:mdeoflow-prme
coolant injection) following successful scram and failure of
wuimdpowumbatymopemion;myrdmmve
challenge and suciessful reseat; failure of isolation condenser;
failure of main feedwater, high-pressure coolant injection, and
control rod drive cooling systems; followed by successful vessel
depressurization and low-pressure core spray.

Unavailability of longterm core cooling (failure of shutdown
cooling system and containment cooling mode of low-pressure
coolant injection) following successful scram and failure of
continued power conversion system operation; safety relief valve
challenge and successful reseat; failure of isolation condenser
failure of main feedwater, high-pressure coolant injection, and
control rod drive cooling systems: followed by successful vessel
depressurization, and failure of low-pressure core spray and
successful low-pressure coolant injection.
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Table A.10 BWR transient cor:_damge and ATWS sequences

Sequence No!

End state

Description

16

18

19

20

21

22

23

24

Core damage

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 scram and failure of
continued power conversion system operation; safety relief valve
challenge and successful reseat; and failure of isolation condenser,
main feedwater, high-pressure coolant injecticr, and control rod
drive cooling systems. Successful vessel depressurization, failure
of low-pressure core spray and low-pressure coolant injection, and
successful shutdown cooling system.

Similar to Sequence 16 except the shutdown cooling system fails
followed by successful containmemt cooling mode of the low-
pressure coolant injection system. t

Similar to Sequence 15 except low-pressure coolant injection
system fails,

Unavailsbility 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, high-pressure
coolant injection, and control rod drive cooling.

Unavailability of long4erm core cooling (failure of shutdown
cooling system and containment cooling mode of low-pressure
injection) foliowing successful scram and failure of continued
power conversion system operation, safety relief vaive challenge
and unsuccessful reseat, and successful main fesdwater.

Similar to Sequence 20 except unsuccessful main feedwater
followed by successful high-pressure coolant injection.

Similar to Sequence 20 except unsuccessful main feedwater and
high-pressure coolant injection, followed by successful vessel
depressurization and low-pressure core spray.

Similar to Sequence 20 except failure of main feedwater and high-
pressure coolant injection, followed by successful vessel
depressurization, faillure 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 successful scram and failure of
contioued power conversion system operation, safety relief valve
challenge and unsuccessful reseat, and failure of main feedwater
and high-pressure coolant injection. Successful vessel
depressurization, failure of low-pressure core spray and low-
pressure coolant injection, and successful shutdown cooling.
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Table A.10 BWR transient core damage and ATWS sequences

Sequence No.  End state Description

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

26 Core damage  Similar to Sequence 23 except unsuccessful low-pressure coolant
injection,

27 Core damage  Unavailability of vessel depressurization following successful
scram and failure of continued power conversion system
operation, safety relief valve challenge and unsuccessful reseat,
and failure of the main feedwater and high-pressure coolant
injection.

28 Core damage  Similar to Sequence 11 except the safety relief valves are not
challenged.

29 Core damage Similar to Sequence 12 except the safety relief valves are not
challenged.

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

31 Core damage  Similar to Sequence 14 except the safety relief valves are not
challenged.

32 Core damage Similar to Sequence 15 except the safety relief valves are not
challenged.

33 Core damage Similar to Sequence 16 except the safety relief valves are not
challenged.

4 Core damage  Similar to Sequence 17 except the safety relief valves are not
challenged.

35 Core damage Similar to Sequence 18 except the safety relief valves are not
challenged.

36 Core damage  Similar to Sequence 19 except the safety relief valves are not
challenged.

99 ATWS Failure to trip following a transient requiring trip. ATWS
sequences are not further developed in the ASP models.

BWR Class C sequences
i1 Core damage  Unavailability of longterm core cooling (residual heat removal

shutdown cooling and suppression pool cooling modes fail)
following successful scram and failure of continued power
conversion sysiem operation, safety relief valve challenge and
successful reseat, and successful main feedwater,
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Table A.10 BWR transient core damage and ATWS sequences

Sequence No.

End state

Description

12

13

14

IS

16

17

19

20

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Similar 0 Sequence 11 except failure of main feedwater with
successful high-pressure coolant injection.

Similar to Sequence 11 except failure of main feedwater and high-
pressure coolamt injection systems, with successful reactor core
isolation cooling.

Similar to Sequence 11 except failure of main feedwater, high-
pressure coolant injection, and reactor core isolation cooling, with
successful control rod drive cooling.

Unavailability of long-term core cooling (residual heat removal
shutdown cooling and suppression pool cooling modes fail)
following successful scram and failure of continued power
conversion system operation, safety relief valve challenge and
successful reseat, failure of main feedwater, high-pressure coolant
injection, reactor core isolation cooling, and control rod drive
cooling, with successful vessel depressurization and low-pressure
core spray.

Similar to Sequence 15 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 successful scram and failure of
continued power conversion system operation; safety relief valve
challenge and successful reseat; failure of main feedwater, high-
pressure coolant injection, reactor core isolation cooling, and
control rod drive cooling systems. Successful  vessel
dcpmminﬁon.hﬂmoflovmmmymdlo\v-
pressure coolant injection, and successful residual heat removal
system in shutdown coolicg mode.

SimﬂuwSml?ummemidwbumwﬂ:ymm
fails in the shutdown cooling mode and succeeds in the
suppression pool cooling mode.

Similar 0 Sequence 16 except failure of low-pressure coolant
injection.

scram and failure of continued power conversion system
operation, safety relief vaive challenge and successful reseat.
Failure of the main feedwater, high-pressure coolant injection,
reactor core isolation cooling, and control rod drive cooling.
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Table A.10 BWR transient core damage and ATWS sequences

Sequence No.

End state

Descrioti

21

22

23

24

26

27

28

29

31

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Unavailability of long-term core cooling (residual heat removal
shutdown and suppression pool cooling modes fail) following
successful scram and failure of continued power conversion system
operation, safety relief valve challenge with unsuccessful reseat,
and successful main feedwater,

Similar to Sequence 21 except unsuccessful main feedwater with
successful high-pressure coolant injection.

Unavailability of longterm core cooling (residual heat removal
shutdown and suppression pool cooling modes fail) following
successful scram and failure of continued power conversion system
operation, safety relief valve challenge with unsuccessful reseat,
unsuccessful main feedwater and high-pressure coolant injection,
followed by successful vessel depressurization and low-pressure
core spray

Similar to Sequence 23 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 successful scram and failure of
continued power conversion system operation, safety relief valve
challenge and unsuccessful reseat, and failure of main feedwater
and high-pressure coolant injection. Successful  vessel
depressurization, failure of low-pressure core spray and low-
pressure coolant injection, and successful residual heat removal in
shutdown cooling mode.

Similar to Sequence 25 except the residual heat removal system
fails in the shutdown cooling mode and succeeds in the

suppression pool cooling mode.

Similar to Sequence 24 except failure of 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 reseat,
and failure of the main feedwater and high-pressure coolant

injection systems.

Similar to Sequence !1 except the safety relief valves are not
challenged.

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

Similar w Sequence 13 except the safety relief valves are not
challenged.
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Table A.10 BWR transient core damage and ATWS sequences

Sequence No.  End state Description

32 Core damage  Similar o Sequence |4 except the safety relief valves are not
challenged.

33 Core damage  Similar to Sequence 15 except the safety relief valves are not
challenged.

34 Core damage Similar to Sequence 16 except the safety relief valves are not
challenged.

is Core damage  Similar to Sequence 17 except the safety relief valves are not
challenged.

36 Core damage  Similar to Sequence 18 except the safety relief valves are not
challenged.

Core damage  Similar to Sequence 19 except the safety relief valves are not
17 challenged.

38 Core damage  Similar to Sequence 20 except the safety relief valves are not
challenged.

99 ATWS Failure to trip following a transient requiring trip. ATWS

sequences are not further developed in the ASP models.
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Table A.11 BWR LOOP core damage and ATWS sequences

Sequence No.

End state

Description

41

42

43

4

45

47

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

BWR Class A sequences

Unavailability of long-term core cooling (failure of shutdown
cooling system and containment cooling) following a loss of offsite
power with successful emergency power, reactor scram, safety
relief valve challenge and reseat. Failure of isolation condenser
and successful feedwater coolant injection.

Similar to Sequence 41 except failure of the feedwater coolant
injection and successful control rod drive cooling.

Unavailability of long4term cooling (failure of shutdown cooling
system and containment cooling) following a loss of offsite power
with successful emergency power, reactor scram, and safety relief
valve challenge and reseat. Failure of isolation condenser, failure
of the feedwater coolant injection and control rod drive cooling
systems, with successful vessel depressurization and low-pressure
core spray.

Unavailability of fire water or other equivalent water source for
vessel makeup following a loss of offsite power with successful
emergency power, scram, and safety relief valve challenge and
successful reseat. Failure of isolation condenser, feedwater
coolant injection, and control rod drive cooiing. Successful vessel
depressurization and failure of low-pressure core spray.

Similar to Sequence 44 except failure of the shutdown cooling
system and successful containment spray.

Unavailability of longterm cooling (failure of shutdown cooling
system and containment cooling) following a loss of offsite power
with successful emergency power, reactor scram, and safety relief
valve challenge and reseat. Failure of isolation condenser, failure
of feedwater coolant injection and control rod drive 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 isolation condenser, feedwater coolant injection, and
control rod drive cooling.

Unavailability of longterm cooling (failure of shutdewn cooling
system and containment cooling) following a loss of offsite power
with successful emergency power, reactor scram, and safety relief
valve challenge and unsuccessful reseat, and successful feedwater
coolant injection.
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Table A.11 BWR LOOP core damage and ATWS sequences

Sequence No.

End state

Description

49

51

52

53

55

57

58

61

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage
Core damage
Core damage
Core damage
Core damage
Core damage
Core damage

Core damage

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
emergeacy power and scram, safety relief valve challenge and
unsuccessful reseat, and failure of feedwater coolant injection.
Successful vessel depressurization, failure of low-pressure core
spray, and successful shutdown cooling system.

Similar to Sequence S0 except failure of shutdown cooling system
and successful containment cooling.

Unavailability of longterm core cooling (failure of shutdown
cooling system and containment cooling) following a loss of offsite
power with successful emergency power, reactor scram, and safety
relief valve challenge and unsuccessful 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 to Sequence 43 except the safety relief valves are not
challenged.

Similar o Sequeace 44 except the safety relief valves are not
challenged.

Similar to Sequence 45 except the safety relief valves are not
challenged.
Similar v Sequence 46 except the safety relief valves are not
challenged. .
SimilutoSequmeeﬂuuptlhcufay relief valves are not
challenged

Unavailability of the isolation condenser following a loss of offsite
power, failure of power, successful scram, and safety
relief valve challenge and successful reseat.
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Table A.11 BWR LOOP core damage and ATWS sequences

Sequence No.

End state

Description

63

98

4]

Core damage

Core damage

Core damage

ATWS

ATWS

Core damage

Core damage

Core damage

Core damage

Failure of an SRV 10 reseat following challenge after a loss of
offsite power with failure of emergency power and successful
Teactor scram.

Similar to Sequence 61 except the safety relief valves are not
challenged.

Failure of recovery of electric power in the long-term following a
loss of offsite power, failure of emergency power, and successful
reactor scram.

ATWS following a loss of offsite power and unavailability of
emergency power. ATWS sequences are not further developed in
the ASP models.

ATWS following 2 loss of offsite power, successful emergency
power, and failure to scram the reactor. ATWS sequences are not
further developed in the ASP models.

BWR Class B sequences

Unavailability of longterm core cooling (failure of shutdown
cooling system and containment cooling mode of low-pressure
coolant injection) following a loss of offsite power with successful
emergency power, reactor scram, and safety relief valve challenge
and reseat. Failure of isolation condenser and successful high-
pressure coolant injection.

Similar to Sequence 41 except failure of high-pressure coolant
injection and successful control rod drive cooling.

Similar 10 Sequence 41 except failure of the high-pressure coolant
injection and control rod drive cooling, with successful vessel
depressurization and low-pressure core spray.

Unavailability of longterm core cooling (failure of shutdown
cooling system and contaiument cooling mode of low-pressure
coolant injection) following a loss of offsite power with successful
emergency power, reactor scram, and safety relief valve challenge
and reseat. Failure of isolation condenser, failure of the high-
pressure coolant injection and control rod drive cooling systems,
with successful vessel depressurization, failure of low-pressure
core spray, and successful low-pressure coolant injection,
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Table ﬁ:-.-il BWR LOOP core damage and ATWS sequences

Sequence No.

End state

Description

45

47

4¥

49

51

52

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 a loss of offsite power with
successful emergency power, scram, and safety relief valve
challenge and successful reseat. Failure of isolation condenser,
high-pressure coolant injection, and control rod drive cooling.
Successful vessel depressurization, failure of low-pressure core
spray, and low-pressure coolant injection with successful shutdown
cooling.
Similar to Sequence 45 except failure of the shutdown cooling
system and successful containment spray mode low-pressure
coolant injection.
Simifar to Sequence 44 except failure of low-pressure coolant
injection.

207 1
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 isolation condenser, high-pressure coolant injection,
and coatrol rod drive cooling.

Unavailability of long4erm core cooling (failure of shutdown
cooling system and containment cooling mode of low-pressure
coolant injection) following a loss of offsite power with successful
emergency power, reactor scram, and safety relief valve challenge
and unsuccessful reseat, and successful high-pressure coolant
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 offsite power with successful
emergency power, reactor scram, safety relief valve challenge and
unsuccessful reseat, a  failure of high-pressure coolant injection
followed by successful vessel depressurization and low-pressure
core spray.

Similar to Sequence 50 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 offsite power, successful
emergency power and scram, safety relief valve challenge and
unsuccessful reseat, and failure of high-pressure coolant injection.
Successful vessel depressurization, failure of low-pressure core
spray and low-pressure core injection, and successful shutdown
cooling system.
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Table A.11 BWR LOOP core damage and ATWS sequences

Sequence No.

End state

Description

53

54

55

57

58

59

61

Core damage

Core damage

Core damage

Core damage
Core damage
Core damage
Core damage
Core damage
Core damage
Core damage

Core damage

Core damage

Similar to Sequence 52 except failure ° shutdown cooling system
and successful containment cooling m : of low-pressure coolant
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 offsite power with successful
emergency power, reactor scram, and safety relief valve challenge
and unsuccessful reseat.  Failure of high-pressure coolant
injection, successful vessel depressurization and failure of low-
pressure core spray and low-pressure coolant injection.

Unavailability of vessel depressurization following a loss of offsite
power with successful emergency power and reactor scram.
Safery relief valve challenge and unsuccessful reseat, and failure of
the high-pressure 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 to Sequence 43 except the safety rolief 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.

Similar to Sequence 48 except the safety relief valves are not
challenged.

Unavailability of long-term cooling (failure of shutdown cooling
system and containment cooling mode of low-pressure coolant
injection) following a loss of offsite power, failure of emergency
power, successful reactor scram, successful long-term recovery of
electric power, safety relief valve challenge and reseat, failed
isolation condenser, and successful high-pressure coolant injection.

Unavailability of high-pressure core injection following a loss of
offsite power, failure of emergency power, successful reacior
scram, safety relief valve challenge and reseat, and failed isolation
condenser and high-pressure coolant injection systems.
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Table A.11 BWR LOOP core damage and ATWS sequences

Sequence No.

End state

Description

67

98

41

42

Core damage

Core damage

Core damage

Core damage

Core damage

ATWS

ATWS

Core damage

Core damage
Core damage

Unavailability of long-<term core cooling (failure of shutdown
wolingsymandwminmemcoolingmdeoflowm
coolant injection) following a ioss of offsite power, failure of
emergency power, successful reactor scram, successful long-term
ncovcyofdmicm.nhyrdidvﬂvedﬂlmemd
failure to reseat, and successful high-pressure coolant injection.

Unavailability of longterm core cooling (failure of shutdown
coolin;symandcominmeoolingmdeoflow-pmuu
coolant injection) following a loss of offsite power, failure of
emergency power, successful reactor scram, successful long-term
recovery of electric power, safety relief valve challenge and
failure to reseat, and failure of high-pressure coolant injection.

SimﬂuwSewmuexceptmeafuyrdiefvﬂvumnot
challenged.

SimﬂuwSequmGSuceptmeufayrdiefnlvsmnot
challenged.

Failure of long-term recovery of electric power following a loss of
offsite power, with failure of emergency power and successful
r2actor scram.

ATWS following a loss of offsite power and unavailability of

emergency power. ATWS sequences are not further developed in
the ASP models.

ATWS following a loss of offsite power, successful emergency
power, and failure to scram the reactor. ATWS sequences are not
further developed in the ASP models.

BWR Qlass C sequences

Unavailability of long-term core cooling (failure of residual heat
mmmmwmmm)fwmma
louofoﬂshepow«whtmﬁdmmypow,mw
scram, safety relief valve challenge and reseat, and successful
high-pressure coolant injection.

SimnuwSaq\mwncqhnmoftbohilh-pmnwolm
injeaionsymandmemfulmmholmoneooliu.

SimﬂumSmlOnoqxhﬂmof&ehigbmnmolm
injection and reactor core isolation cooling systems with successful
control rod drive cooling.
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Table A.11 BWR LOOP core damage and ATWS sequences

Sequence No

Ead state

Description

43

<A

45

48

50

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage

Unavailability of long-term core cooling (failure of residual heat
removal in shutdown and suppression cooling modes) following 2
loss of offsite power with successful emergency power, reactor
scram, safety relief valve chalienge 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 succeasful low-pressure coolant injection

Unavailability of fire water or other equivalent water source for
reactor makeup following a loss 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 cooling, and control rod drive cooling
systems. Successful vessel depressurization, and failure of low-
pressure core spray and low-pressure coolant injection with
successful residual heat removal in shutdown cooling mode.

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.

Unavailability of long-term core cooling (failure of residual heat
removal system in shutdown and suppression pool cooling modes)
following a loss of offsite power with successful emergency
power, reactor scram, safety relief valve challenge and
unsuccessful reseat, and successful high-pressure coolant injection.

Unavailability of long<term core cooling (failure of residual heat
removal system in shutdown and suppression pool cooling modes)
following a loss of offsite power with successful emergency
power, reactor scram, safety relief wvalve challenge and
unsuccessful reseat, and failure of high-pressure coolant injection
followed by successful vessel depressurization and low-pressure
core spray

Similar to Sequence 50 except failure pressure core spray
and successful low-pressure coolant injects
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Table A.11 BWR LOOP core damage and ATWS sequences

Sequence No.

End state

Description

52

53

55

57

58

59

61

Core damage

Core damage

Core damage

Core damage

Core damage

Core damage
Core damage
Core damage
Core damage
Core camage
Core damage
Core damage

Core damage

Unavailability of fire water or other equivalent water source
following a loss of offsite power, successful emergency power and
scram, safety relief valve challenge and unsuccessful reseat, and
failure of high-pressure coolant injection. Successful vessel
depressurization, failure of low-pressure core spray and low-
pressure coolant injection, and successful residual heat removal in
shutdown cooling mode.

Similar to Sequence 52 except failure of the residual heat removal
system in shutdown cooling mode and success in suppression pool
cooling mode.

Similar to Sequence S1 except failure of low-pressure coolant
injection. ”

Unavailability of vessel depressurization following a loss of offsite
power with successful emergency power and reactor scram.

Safety relief valve challenge and unsuccessful reseat, and failure of
the high-pressure coolant injection system.

Similar to Sequence 40 except the safety relief valves are not
challenged.

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

Similar to Sequence 42 except the safety relief valves are not
chalienged.
Similar to Sequence 43 except the safety relief valves are not
challengad.
Similar to Sequence 44 uupt—ac 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.

Similar to Sequence 48 except the safety relief valves are not
challenged.
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Table A.11 BWR LOOP core damage and ATWS sequences

Sequence No.  End state Description

65 Core damage  Unavailability of long-term core cooling (failure of the residual
heat removal system in shutdown and suppression pool cooling
modes) following a loss of offsite power, failure of emergency
power, successful reactor scram, successful long-term recovery of
electric power, safety relief valve challenge and reseat, and
successful high-pressure coolant injection.

66 Co'e damage  Similar to Sequence 65 cxcept high-pressure coolant injection fails
67 Core 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
wlectric power, safety relief valve challenge and reseat, with
failures of high-pressurs coolant injection and reactor core

isolation cooling.

68 Core damage  Similar to 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 long4erm core cooling (failure 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-erm recovery of electric
power. The safety relief valves are not challenged, and high-
pressure coolant injection is successful.

B! Core damage Similar to Sequence 66 except the safety relief valves are not
challenged.

82 Core damage Similar to Sequence 67 except the safety relief valves are not
challenged.

83 Core damage  Unable to recover long4erm electric power following a loss of
offsite power, failure of emergency power, and successful reactor
scyam.

97 ATWS ATWS following 2 loss of offsite power and unavailability of
emergency power. ATWS sequences are not further developed in
the ASP models.

9 ATWS ATWS following a loss of offsite power, successful emergency
power, and failure to scram the reactor. ATWS sequences are not

further developed in the ASP models.
-————”_m
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Sequence No.

End state

o

71

74

75

76

71

74

Core damage

Core damage

Core damage

Core damage
Core damage
Core damage

ATWS

Core damage

Core damage

Core damage

Core damage

BWR Class A sequences

Unavailability of long4erm core cooling (failure of shutdown
cooling system and containment cooling) following 2 loss-of-
coolant accident, successful scram, and successful feedwater
coolant injection.

Unavailability of longterm core cooling (failure of shutdown
cooling system and containment cooling) following a loss-of-
coolant accident, successful scram, failure of feedwater coolant
injection system, and successful vessel depressurization and low-
pressure core spray.

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 feedwater coolant
injection. Successful vessel depressurization and failure of low-
pressurc core spray, and successful shutdown cooling system.

Similar to Sequence 73 except failure of the shutdown cooling
system and successful containment cooling.

Similar to Sequence 72 except failure of the low-pressure core
spray.

Unavailability of vessel depressurization following a loss-of-
coolant accident, successful reactor scram, and failure of the

ATWS following a loss-of-coolant eccident. ATWS sequences
are not further developed in the ASP models.

BWR Class B sequences

Unavailability of longterm core cooling (failure of shutdown
wdin;aymadmmimcoollnmodcoflow-prmn
coolant injection) following a loss-of-coolant accident, successful
scram, and successful high-pressure coolant injection.

Unavailability of long4erm core cooling (failure of shutdown
cooling #ystem and containment cooling mode of low-pressur:
coolant injection) following a loss-of-coolant accident, sur s/ |
scram, failure of high-pressure coolant injection, and £ s
vessel depressurization and low-pressure core spray.

Shﬂnmmﬂcqﬁfaﬂmoﬂowmmspny
and successful low-pressure coolant injection.

Unavailability of fire water or other equivalent water source for
reactor vessel makeup following a loss-of-coolant accides.
successful reactor scram, and failure of the high-pressuce coolam
injection system. Successful vessel depressurization, failure of
low-pressure core spray and low-pressure coolant injection, and
successful shutdown cooling system.
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Table A.12 BWR small-break LOCA core damage and ATWS sequences

Sequence Nu.  End state

Description

75 Core damage

76 Core damage

Core damage

ATWS

Core damage

Core damage

Coie damage

Core damage

Core damage

Core damage
Core damage

ATWS

Similar to Sequence 74 except tailure of the shutdown cooling
system and successful containment cooling mode of low-pressure
coolant iniection.

Similar to Sequence 73 except failure of low-pressure coolant
injection.
Unavailability of vessel depressurization following a loss-of-

coolant accident, successful reactor scram, and failure of the
high-pressure coolant injection.

ATWS following a loss-of-coolant accident. ATWS sequences
are not further developed in the ASP models.

BWR Qlass C sequences

Unavailability of long-<term core cooling (failure of residual heat
removal system in shutdown and suppression pool cooling modes)
following a loss-of-coolant accident, successful scram, and
successful high-pressure coolant injection.

Unavailability of long-term core cooling (failure of residual heat
removal system in shutdown and ruppression pool cooling modes)
following a loss-of-coolant accident, successful scram, failure of
the high-pressure coolant injection system, and successful vessel
depressurization and low-pressure core spray.

SimﬂumSmnnmﬁﬂmofhwmmmy.
and successful low-pressiire 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 residual heat removal system in shutdown cooling
mode.

Similar to Sequence 74 except failure of the residual heat removal
system in the shutdown cooling mode and success in the
suppression pool cooling mode.

Similar to Sequence 73 except failure of low-pressure coolant
injection.

Unavailability of vessel depressurization following 8 loss-of-
coolant accident, successful reactor scram, and failure of the
high-pressure coolant injection system.

ATWS following a loss-of-coolant accident. ATWS sequences
are pot further developed in the ASP models.
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Table A.13 Average initiating event frequency and branch (ailure probability
estimaes developed from 1984-1986 precursors.

Initistor /branch elti::? (no Nm Total
recovery estimate
anempted)
PWRs
LOOP 4.1 x 107%/year 0.39 1.6 x 107%/year*
Smali-break LOCA 1.5 x 107%/year 0.43 6.4 x 107"/ year
Auxiliary feedwater 3.8 x 10° 0.26 9.9 x 10°*
High-pressure injection 6.1 x 10~ 0.84 $.1 x 10
Long-term core coviing 1.5 x 10~ 1.00 1.5 « 10
(high-pressure recirculation)
Emergency power 6.4 x 10~ 0.78 5.0 x 10
SG isolation (MSIVs) 8.3 x 10" 0.64 5.3 x 10+
BWRs

LOOP 1.0 x 107" /yesr 0.32 3.3 x 107 year"
Senall-bresk LOCA 2.0 x 10" year 0.50 1.0 x 10" Vyear
HPCI/RCIC 1.7 x10°* 0.49 8.4 x 10
RV isolation 1.7 x107? 1.00 1.7 x 107
LPCI 1.0 x107? 0.71 7.4 x 10
Emergency power 1.0 x10™ 0.85 B9 x 107
Automatic depressurization 3.7 x10? 0.7 2.6 x 107

P.W. Bursnowsky, Fvolustion of Ssation Blockow Accidents et Nuclesr Power Planas, NUREG. 1032,
Juns 1988,
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Table A.14 Operator action failure probabilities

Operstion Failure
action probability
BWRs
Condensate/feedwater recovery 0.001
Containment venting 0.01
Controi rod drive water use 0.01
luitiation of RHR service water, fire water 0.01
Shutdown cooling 0.001
Standby liquid control initiation 0.01
PWRs
Condensate/MFW recovery 0.01
Containment spray recirculation 0.001
Emergency core cooling recirculation 0.001
Fail to block stuck-open PORVs 0.001
Open PORVs for feed and blead 0.0004
SG depressurization 0.001

Use feed and bleed to cool core 0.01
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Table A.15 Reference event conditional probability values

Conditional
Postulated operational event core damage
probability
BWR Class A nonspecific reactor trip 2.8 x 10°*
BWR Class A LOFW 1.7 x 10
BWR Class B nonspecific reactor trip 7.7 x 10°*
BWR Class B LOFW 43 x 10
BWR Class C (turbine-driven feed pumps) nonspecific reactor trip 1.2 x 10™*
BWR Class C (turbine-driven feed pumps) LOFW 1.5 x 10°*
PWRClmAnompaciﬁcmaoru'ip 1.8 x 1077
PWR Class A LOFW 24 x 10
PWR Class B nonspecific reactor trip i.8 x 1077
PWR Class B LOFW 2.2 x 10
PWR Class D nonspecific reactor trip 47 x 1077
PWR Class D LOFW 6.8 x 10
PWR Class G nonspecific rea - trip 1.8 x 1077
PWR Class G LOFW 24 x 10
PWRClmHnompociﬁcrmortrip 49 x 10"*
PWR Class H LOFW 39 x 10°*
BWR Class C HPCI unavailability (turbine-driven feed pumps, 1.0 x 10-*
360-h unavailabilityy
BWR Clazs C HPCS unavailability (turbine-driven feed pumps, 1.4 x 10°?
360-b unavailabilityy
BWR Class C RCIC unavailability (turbine-driven feed pumps, 3.8 x 10°*
360-h unavailabilityy
BWR Class C CRD cooling unavailability (turbine-driven feed 6.2 x 10~*

pumps, 50-h unavailabilityy
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Table A 16 Abbreviations used in event trees

Abbreviation Description

EP REC (LONG)
HPI

HPR

LOCA

LOOP

MFW

PORY OPEN

PORV/SRY CHALL

PORV/SRV RESEAT

RT

RT/LOOP
SEAL LOCA
SEC SIDE DEP
SEQ NO

SRV CHALI
SRV RESEAT
TRANS

PWR even: trees

auxiliary feedwater fails

anticipated transient without scram end state

condensate system fails

core damage end state

containmeat spray recirculation fails

emergency power fails

long-term recovery from LOOP or emergency power failure fails
high-pressure injection fails

high-pressure recirculation fails

small-break loss-of-coolant accident

loss of offsite power

main feedwater fails

power-operated relief valve fails to open for feed and bleed

cooling

power-operated relief valve or safety relief valves challenged

{challenge rate)

power-operated relief valve and/or safety relief vaive fails tw
reseat

reactor trip fails

reactor trip fails given 2 loss of offsite power
RCP seal LOCA occurs

secondary-side depressurization fails
sequence mumber

safety relief valves challenged

safety relief valve fails to reseat

nonspecific reactor4rip transiemt
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Table A.16 Abbreviations used in event trees

Abbreviation Description
BWR Event Trees
CcC containment cooling fails
CRD control-rod-drive cooling fails
EP eiergency power fails
FIREWTR or OTHER fire water or other equivalent water source fails
Fw unavailabilty of main fesdwater
FWCI failure of feedwater coolant injection system
HPCI OR HPCS high-pressure coolant injection or high-pressure core spray fails
IC/TP MUP isolation condeaser or isolation condenser makeup fails
LOCA small-break loss-of-coolant accident
LOOP loss of offsite power
LOOP REC (LONG) long-term recovery from LOOP or emergency power failure fails
LPCI low-pressure coolant injection fails
LPCI (CC MODE) containment cooling mode of low-pressure coolant injection
system fails
LPCI (RHR) residual heat removal mode of low-pressure coolant injection
core spray fails
LPCS low-pressure core spray fails
PCS failure of continued power conversion system operation

RCIC

RHR (SDC MODE)

RHR (SP COOLING MODE)
RHR SW or OTHER

RX SHUTDOWN

SDC

SRVs/ADS

SRV CHAL
SRVL
TRANSIENT

reactor core isolation cooling fails
residual-heat-removal shutdown cooling mode fails
residual-hest-removal suppression pool cooling mode fails
residual-heat-removal service water or other water source fails
reactor fails to scram

shutdown cooling system fails

safety relief valve(s) fail o open for depressurivation or
sutomatic depressurization system fails '
safety relief valve(s) challenged (challenge raie)

safety relief valve fails to close

nonspecific reactor-trip transient
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PWR class H small-break loss-of-coolant accident
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BWR class C small-break loss-of -coolant accident




