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ABSTRACT

The Level | Probabilistic Risk Assessment that was prepared by Pickard, Lowe and
Gamick for GPU Nuclear, and forwarded to NRC, was reviewed. The review included both
plant internal events and three kinds of external events: plant fires, seismic events and river
flooding. At e Close of the review, the authors estimated the frequencies the core damage
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and major decreases in others.
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EXECUTIVE SUMMARY

BEG&G ldaho conducted a limuted-scope review of
the Level 1 Probabilistic Risk Assessment (PRA) of
Three Mile Island Unat | (TMI-1). The PRA was per
formed by Pickard, Lowe and Gamck (PLG) for GPU
Nuclear (GPUN) and submitted by GPUN to NRC
The review included the nternal events analyses and
three kinds of external events: plant fires, seismic
events, rnd river flooding. At the close of the review
e authors esumated the frequencies that the core
damage sequences would have if the recommended
changes were made to the data. It was concluded that
the recommended corrections would have a major ef
fect on the estimated risk profile of TMI-1, including
maor increases in some sequence frequencies, and
major decreases in others

The following s o summary of the major conclu-
stons, by subsection

Initiating Events Review

Interaal initiating events were reviewed for com
pleteness, adequate grouping of imitiators, and appro
printencss of frequency values. it was concluded that
the List of inttiators was comprehensive, and that the
prouping appeared reasonable. However, it was un
clear how only two event groups-—steamline break in
the intermediate building and steamline break in the
turbune bullding—can cover all possible feedwater and
steambine breaks. The frequencies viat were used for
very small LOCA and loss of Nuclear Services Rivet
Water (NSRW) events appeared to be lower than they
should have been. The V-sequence frequency values
appeared questionable, withough these sequences are
small contriburors to core damage frequency (CDF)
e treatment of loss of control bullding ventilation
was excessively conservative; tt probably is not gn im-
poruni initiator at TMI-1. Review of documentation
submittcd to NRC in connection with Appendix R re
guirements supports this conclusion

Event Tree Review

he event tree methodology was reviewed 10 evalu
ate the completeness and vabdity of the logi¢ structure
NO mmor errors were foun. However, it was not pos
ihle wittun the scope of this review to venty the cor

rectness of all the event trees

Review of Assumptions

The PRA was studied 1o ascenain the validity and
wifluence of major assumpuoas used in the PRA. It
was difficult 1o find all the assumptions, because they
do not appear in one place in the report, and because
many of them were implicit assumptions not explicitly
wdentified in the report. The assumptions regarding the
effects of loss of control building ventilation were
overly conservative. The assumption, that sequences
involving loss of Decay Heat Removal (DHR) duning
shutdown conditions were utimponant, 1s not ade-
quately supponed and is inconsistent with analyses in
other PRAs. Studies by Brookhaven National Labora-
tory (BNL) indicated that such sequences could be
among the dominant contnbutors to core damage fre.
quency at typical US. PWRs. The dismissal in the
PRA of the impact of seismic Class I connponents fall-
ing and striking seismic Class | components is not ade-
quately supported. The lack of an 2vent tree for the V-
sequence s considered to be a deficiency because the
V-sequence, while only a small contributor to core
damage freguency, can be important o offsite nsk
The treatment of pressunzed thermal shock was not
adequately documented (however, PTS results were
consistent with other studies)

Dependency Analysis

An independent dependency analysis was per
formed as pan of the review. The plant piping and in-
strumentation diagrams (P&IDs) were obtained from
NRC for thus purpose. Generally, the dopendencies
the PRA appeared to be those that were important 1o
ihe core damage frequency; omitted dependencies ap-
peared 1o be either unimpertant or those affecting the
Level 2 and 3 analyses (not part of the PRA)

Comparison with Crystal
River 3 PRA

The meithodologies and results of the TMI-1 and
Crystal River-3 PRAs were compared. The two plants
have similar designs. The TMI--1 PRA was performed
using the suppon state method, whercas the CR-3
PRA used the fault tree linking method, therefore mak-
ing the two PRAs difficult to compare. The two PRAs
agree reasonably well regarding estimated CDFs for
like sequences; the agreement 1s not as consistent re-
garding imtistor frequencies and conditional core
Jamage probabilitics. The CR-2 PRA did not include

fires, Hoods and earthquakes. Loss of control building




ventilaton sequences were not sigificant in the
CR-3 PRA

Comparison with B&W Owners'
Group Evaluations

A companson of the TMI-i PRA with results of the
B&W Owners' Group Safety and Performance Im-
provement Program indicated that the TMI-1 PRA ad-
dressed these common concerni adequately  The
TMI-1 FRA estimates higher frequencies for core
damage for the events of concemn; the difference is at-
tributed 1o the assumptions in the PRA relating to oper-
ator errors i throttling HPI flow following overcool-
ing events. The TM!-1 PRA has higher frequency
values than other PRAs for sequences initiated by in-
plant fires and by loss of control building ventilation,
because of conservative assumptions that are not ap-
propriate 10 a ngorcus PRA.

Comgarisons with Generic and
Unresolved Safety Issues

Companisons were made 1o the anticipated NRC is-
sue resolutions involving pressunzed themal shock
(PTS), decay heat removal (DHR), fuilure of instry-
ment air, failure of emergency feedwater, failure of the
lmegrated Cantrol Systemi (ICS) and Nonnuclear In-
strumentation (NNI), reactor cooling pump (RCP) seal
LOCASs as small break initiators, loss—of~component
cooling water, and RCP seal LOCAs as conseqriences
of loss-of-seal cooling  The aocumentation of the
teatment of PTS was not adequate; it appeared that an
adequate methadological structure was developed to
evaluate PTS, but there were some sigmiScant omis-
s1ons that cannot be explained. However, i no event is
PTS expected to be imprtant in comparnisot: with oth-
er contributors 1o core damage frequency at TMI-1
The treatment of DHR issues s adequate except for the
neglect of possible acaidents dunng shutdown condi-
toas. The ueatment of wistrument air failures is con-
fusiog and the documentauon is inadequate. Losses of
power 10 1CS appear 10 be modeled comectly; cther
ICS faitures, and failures of NN1, were not modeled

The TMI-1 PRA frequency value for very small
breaks appears to include RCP seal LOCAs The re-
view indicated that the PRA adequately modeled the
issues volved in fadures of cooling water systems
However, it appears that the PRA used a nonconserva-
tive RCP seal-LOCA mode!. 11 the madel of the draft
NUREG-1150 were used, the impact on CDF could be
lurge, because the time available for recovery a%er loss

of river water would be smaller. It appears that
GPUN's procedures are based on the PRA model rath-
ef than the NRC model for RCP seal-LOCA mode!,
which does not seem satisfactory 10 the reviewers. 1t s
expecied that when TMI-1 takes actions 1o comply
with the forthcoming resolutions of Genenc Issues in-
volving RCP seals, thie concern will be alleviated.

Component Failure Data

The component database in the PRA is proprietary;
the details of its derivaton were unavailable for re-
view. However, the database was revie wed to compurs
it with information sources used in other PRA:  There
were some differences, but the only ones identified as
potentially significant in their effects on CDF (assum-
ing that loss of control building versilation is not an
imporiant sequence ) were some beta-factors that were

employed.
Human Factors

The review of the human response analysis (HRA )
indicated that the tnitial screening process employed in
the PRA for identifying human crrors is not doco-
mented adequately. The review found that errors of
omissian in performing actions not covered by proce-
dures, awd errors due to failures of indicators i the
cortrol room dunng some sequences, were omitied, al-
though this is fairly commor in PRAs at the scresning
stage

The review went on to compare 11 of the most im-
portant human actions quantified in the PRA with data
from: standard NRC databases. One error in the con-
servative (high error rate ) direction was fourd. In this
review, the esror was corrected and fed back irto the
sequence requantificaton (see below). During a plant
visit to TMI-1, several questionable and important hu-
man actions were wilked-down. Except for the error
noted above, it was concluded that most of the HRA
unavailability values weve slightly on the conservative
side

Uncertainty Anaiysis

The uncertainty analysis was identified as incom-
piete because no sensitivity analyses were perfoimed.
The range of uncertanty in CDF that is quoted in the
PRA report was identified as much 0o small, especial-
ly gven that the most-amponant sequonces (e s of
CBV, fuires) in the PRA were obtauned using analyses
suttable only for screening purposes, and because the
most-impanant sequence coming out of the review is



wver flooding above the Probable Maximum Flood
(PMF )—the frequency of which 1s hughly uncenan

External Flooding

The review identified that the methodology
employed for analysis of niver flooding 1o thw PRA was
unsupportable. Maore recent analysis by the Corps of
Engincers ind' cates a much lgher frequency (SE-4/yr
vs. 1B-5/yr in the PRA) for floods above the PMF
The review concludes that the frequency value is not
only hugher, but hughly uncertain, becsuse the estimate
involves extrapolation of rerhaps 250 years of data 1o
estimute flcods with return peviods greater than
1000 years.

Fires

A review of the fire analysis in the PRA concluded
that the analysis was poorly documented, contained
severa! ervors, and was not suificiently detailed und
rigorous 10 be considered adequate for » Level | PRA.
The effects of scismically-induced fires do not appear
10 have been addressed. Based upon a plant visit, and
s companson with results of other PRAS, the reviewers
felt that the esumated fire sequence frequencies may
become smaller if improved analysis 1s done, but that
this has not been substantiated.

Ceismic Events

It was discovered, and acknowledged by GPUN,
that the quantification of the seismic events contained
errars that invabidated the results contained o the PRA
report. Independent analyses were conducted as part
of this review using seismic hazards curves from three
different sources: the FRA, EPRI, and LLNL. All
three of the analyses produced core damage frequen-
cies larger than the value published in the PRA repon.

Requantification

It was not possible to requantify the sequences dur-
ing thus review, because the computer programs used
in the PRA wre propnetary and were not provided to
EG&G Idaho and the scope of the review did not per-
mit v dependent requant fication. However, some os-
umates of the changes 1n sequence frequencies caused
by internal initiat: ag events were made. The change in
overall CDF for intemnally-initiated cvents was a de-
crease from 4 4E-4/yr 1o 2 9B-4/y1.

The frequency vaive for floods above the PMF was
estimated to be S OBE-4/yr instead of the PRA value of

Vi

7.50E-6/1. The frequency for CDF caused by seismic
events was estimated several ways. The value ob-
tatoed using the hazards curves 1o the PRA repon was
6 SE-S/yr, as compared to the PRA value of
2.70E~6/yr. The external events CDF is increased
from 1 1E-4/yr to 6 6E-4/yr, making external evenis
the dommant imtiators at TMI-1

Besides these changes, & number of other differ
ences were listed, some of which were assessed as hav-
ing & significant effect, that were not included in the
estimates for vanous techrucal reasons. The most im-
portant of these are &) loss of river water sequences, in
which the use of the NRC model for reactor coolant
pump seal LOCA would have a major effect (increase )
on the estimated core damage frequency, and b) fire se-
quences, which are important in the PRA and GPUN
personnel feel will decrease significantly when a more
detailed analysis is done.

Success of PRA in Meeting
Stated Objectives

The TMI-1 PRA wae 1o e & Level | PRA, includ-
ing external events as defined by the NRC FRA Proce-
dures Guide., The PRA had five specific goals 10 meet
the overall objectives of the PRA. The first three of
these goals related to the identsfication and quantifica-
tion of dominant contribytors (iutiators and system
faslures) to core damage frequency. The review fo-
cused pnncipaliy on the degree to which the PRA
succeeded 10 accomplishing these three goals, 10 ac-
cordance with estat-lished methods as exemplified by
the NRC PRA Progedures Guide. The overall conclu-
5100 of the review is that the PRA generally followed
established methods and accomplished the goals, al-
though there were the following problems:

1. The documentation, though extensive, was
incamplete in some respects, prohibiting the
reviewers from resolving some of the ques-
tons that arose in the review. All of the re-
viewers felt that the documentation was rela-
tively difficult to understand, even for trained
PRA avalysts. Despite the extensive amount
of documentation, pertinent information
needed for a comprehensive review was often
not present or was unobtainable.  For these
reasons, the reviewers found the documenta-
non difficult to use for detailed technical re-
view, and believe that it would be difficult 1o
keep the documentation up to date in future
uses at TMI-1

L)

Some of the analyses, especially those in-
volving exiernal flooding, in-plamt fires, and



loss of control building venulation, appeared
10 be appropriate only for mtial screening
purposes.

The PRA had two other goals, relating 1o develop-
ment of a plant nsk model and database suitable for fu-

ture use by GPUN. The reviewers did not anaiyze the
nsk model and database; however, it was the opinion
of the reviewers that the risk model would be relatively
difficult for GPUN 10 use because of its complexity,
the seeming incompleteness of the supporing docu-
mentation, and the errors exasting in the nsk profile.



ACKNOWLEDCGEMENTS

The non NRC authors wish 1o express their appreciation to Dr. Arthur Buslia, e NRC
Technical Monitor of this project, for his instruction, guidance, and timely delivery of docu-
ments that vere needed during the course of this review. Dr. Buslik 2150 contributed some

of the work that is included in this report. Without his assistance, the review would not have
accomplished as much as it did.




CONTENTS
ABSTRACT
EXECUTIVE SUMMARY
ACKNOWLEDGEMENTS
ACRONYMS
INTRODUCTION .
Background .
Scope of the Review
Additional Assumptions and Items of Scope
INTERNAL EVENTS ANALYS!S
initiating Events . . | |
Event Trees
Important Assumptions
Dependency Analysis
Comparison with Crystal River-3 PRA
Comparison with B&W Owners’ Group Evaluation:
Companisons with Generic and Unresolved Safety lssues
Compouvent Failure Data
Human Factors . .
Uncertainty Analysis
EXTERNAL EVENTS ANALYSIS
Exiernal Flooding
In-Plant Fires

Seismic Events

ESTIMATES OF EFFECTS OF RECOMMENDED CHANGES TO THE PRA

Introduction
Changes That Were Included in the Estimates

Changes Not Included in the Estimate




REFERENCES

APPENDIX A--REVIEW OF ASSUMPTIONS IN THE PRA REGARDING LOSS OF CONTROL
BUILDING VENTILATION

APPENDIX B-—REQUANTIFICATION OF THE STATION BLACKOUT CORE DAMAGE
FREQUENCY

APPENDIX C—-SEISMIC ANALYSIS

FIGURES

Nonhurricane and hurnicane frequency curves

Estmated frequency curve for Susquehanna River at Hamisburg, Pa., in accordance with
Bulletin 17B

Annual frequencies of loss of offsite power (LOP) exceeding a time T (review estimates)

TMI plant fragility curve

TABLES

TMI internal initiating events

TMI-1 intemal initiating event groups

TMI-1 internal initiating event group frequency distributions
Dominant scenarios from TMI-1 PRA

Dominant initiating events from TMI-1 PRA

Systems contributing to core damage frequency, from internal initiators, TMI-1 PRA
Comparison of Crystal River-3 and TMI-1 systems
Comparison of Crystal River-3 and TMI-1 PRA results
Companson of component failure rates .

Major differences between TMI--1 data and other data sources
Comparison of beta-factors

TMI-1 core damage frequency distribution

TMI-1 internal fire frequency comparison

TMI-1 internal fire dominant core damage sequences

TMI-1 internal fire core damage frequency comparison




Summary of reestimation of core damage frequency
Potential changes not included in Table 16

B-1. Failure, maintenance, and repair parameters used in the station blackout requant: fication

B-2. Aggregated RCP Seal LOCA probabilities for a Westinghouse Four Loop Plant




B&W

B&WOG

BNL

BWST

CBY

CCF

CCW

CDF

COE

COMPBRN

d¢

DHCCCW

ACRONYMS

Auxiliary Building Venulation
Alternaung Current
Atmospheric Dump Valve
Argonne Natonal Laboratones

Accident Sequence Evaluation
Program

American Society of Mechatical
Engioeers

Anticipated Transient Without
Scram

Babcock & Wilcox

B&W Owners’ Group

Brookhaven National Laboratones
Borated Water Storage Tank
Control Building Ventilation
Common Cause Fatlure
Component Cooling Water

Core Damage Frequency

Corps of Engineers

Computer Code for Modeling
Compartment Fires

Crystal River Unit 3
Condensate Storage Tank

Chemical and Volume Control
System

Direct Current

Decay Heat Closed Cycle Cooling
Water

Decay Heat Removal

ECCS

EFW

PW

GPUN

HCR

HPI

HRA

1CCCW

ICS

[E

LOCA

LOOP

LPI

MCC

MFLIV

Emergency Core Cooling System
Emergency Feedwater
Electric Power Research Institute

Engineered Safeguards Actuation
System

Event Sequence Diagram
Fire Hazards Analysis Report
Final Safety Analysis Report
Feedwater

GPU Nuclear Corp

Human Cognitive Reliability
High Pressure Injection
Human Response Analysis

Intermediate Closed Cycle Cooling
Water

Integrated Control System
Initiating Event

Institute of Electrical and Electronic
Engineers

Individual Plant Evaluation

Lawrence Livermore National
Laboratones

Loss of Coolant Accident
Loss of Offsite Power
Low Pressuse Injection
Motor Control Center

Main Feedwater Line Isolation
Valve

Main Feedwater




MOV

MP-3

NRC

NSCCCW

NSRW

OATS
OTSG
P&ID
PLG
PMF
PORV

PRA

PWR
RBIS
RCP

RCS

Master Logic Diagram
Motor-Operated Valve
Milistone Point Unit 3

Main Steam Isolation Valve
Makeup

Non-Nuclear Instrumentation
Nuclear Regulatory Commission

Nuclear Services Closed Cycie
Cooling Water

Nuclear Services River Water

Nuclear Computenized Library for
Assessing Reactor Reliability

Operator Action Tree System
Once-Through Steam Generator
Piping & Instrumentation Diagram
Pickard, Lowe and Garrick
Probable Maximum Flood

Power Operated Relief Valve
Probabilistic Risk Assessment
Pressurized Thermal Shock
Pressurized Water Reactor
Reactor Building Isolation System
Reactor Coolant Pump

Reactor Cooling System

RV

RW

SAR

SETS

SG

SGTR

SLB

SLRDS

SNL

SPIP

SRV

SwW

TCV

THERP

T™MI-1

TRC

TSV

Residual Heat Remova)
Reactor Protection System
Reactor Vessel

River Water

Safety Analysis Repont

Set Pgquation Transformation
System

Steam Generator
Steam Generator Tube Rupture
Steamline Break

Steamline Rupture Detection
System

Sandia Natonal Laboratories

Safety and Performance
Improvement Program

Safety Rehef Valve
Switchgear or Service Water
Turbine Control Valve

Technique for Human Error Rate
Prediction

Three Mile Island Unit |
Time Reliability Correlation

Turbine Safety Valve

V-SEQUENCE Ruptures in ECCS piping which

X1

bypass the containment



A REVIEW OF THE THREE MILE ISLAND-1
PROEABILISTIC RISK ASSESSMENT

INTRODUCTION

Background

A Probabilistic Risk Assessmen (PRA) of the
Three Mile Island Unit | (TMI-1) was conspleted ! by
Pickard, Lowe and Garrica (PLG) under contract from
GPU Nuclear Corporation (GPUN). The PRA was
forwarded to the Nuclear Reguiatory Commission
{NRC) 1n Deceraber, 1987,  The PRA is a full-scope
PRA, including external events, that has been com-
pleted through Level 1 (the determination of core dam-
age troguency), but has a structure suitable for later ex-
tensien o Levels 2 and 3 (the determincnion of the risk
assoctated with core damage). EG&G Idaho con-
tracted. through the Department of Esergy Idaho Op-
erations Office (DOE-ID), to review the document for
NRC. Itis EG&G Idaho’s understanding that there are
no regulatory decisions that are supported by the
PRA-—it is an nformational document—although it
may b2 part of GPUN's submittals in the forthcoming
Individual Plan: Evaluatuon (IPE) progeam

Scope of the Review

Given the above status (relative 10 NRC require-
ments) of the PRA, a full-scope review was not
deemed appropriate. The goals of the PRA were stu-
died as an aid in determining the scope aud objectives
of the review. These goals, stated on the first page of
the Introduction, Volume 1 of the PRA, were to
(a) “develop...the likelitood of core damage and its as-
sociated uncertainty,” (b) “identify the siganificant con-
tributors to nisk,” (¢) “rank plant systems and compo-
nents..iv terms of their contribution to the frequency
of core damage,” (d) “develop a plant risk modet and
the tools for its use by GPUN in future.. " (¢) “develop
and organize a data base (for) the plant risk model..."
It was also stated that the PRA is a Level 1 PRA as de-
fined by the NRC PRA Procedures Guide. *

Statements it a “Caveats” subsection, in Volume 3
of the PRA report, indicated that the PRA was termi-
nated prior to its compietion; revisions to the data and
models were ongoing at the time of the completion of
the report and were not fully completed and 1nte grated
into the report. This circumstance, and the large size

(more than 5000 pages) of the PRA report, argued
sgamst a detailed review. Therefore, BEG&G Idaho de-
cided that the review should attempt i« assess the ex-
teat to which the PRA was successful in fulfilling the
objectives of the PRA in accordance with established
techniques as exemplified by NUREG/CR-2300.

it was decided that the review would net be a2
“phased” review, wherein some portion of the review
would be completed and subsequently decisions made
&s to the cost and scope of the next phase, or phases,
but that the entire review would be conducted accord-
ing to the scope that is shown bzlow,

The scope that v as selected for the limited-scope
review is as follows:

Review and ev aluate the scope, assumptions,
and system anal vsis for internal events.

Identify and develop a table of important as-
sumptions used in the analysis and comment
on their validity,

Review the event trees for completeness and
validity of logic structure.

Review other information available on
Babcock and Wilcox (B&W) plants. 10 help
assess the completeness of the study and the
validity of the assumptions made. Exarvine
the accident scenarios developed for Crystal
River Unit 3 for possible insights applicaole
to TMI-1.

Review information developed in the study of
various generic and unresolved safety issues
(e.g., Unresolved Safety Issuc A-45 on Shut-
down Heat Removal and Generic Issue 23 on
Keactor Coolant Pump. Seal Cooling integri-

ty) for pertinence. Issues of particular inter-
est wore:

Accident sequences involving pressur-
ized thermal shock and overcooling tran-
sients.




2. Failures of the integrated Control Sys-
tem and losses (partizl or complete; of
the Nonnuclear instrumentation Systemn

o

Failures of the instrument a'r system.

4. Fuilures involving the Emergency Feed-
water System.

Perforn a dependency analysis, on a truin-
by-trzin basis, to ¥lentify the dependenc: of
front-'ipc systems on support systems, and
Support systems ¢ upHort systams,

Review the sources of acadent initiators and
reliability duta used for fault tree and event
tree quant: ficaton.

Evaluate the validity of the teatment of hu-
man armors.

As time permits, requantify the sequences to
the exient possible

Review and evaluate the unceriainty esti-
mates repornted in the PRA.

For the seismic inttiator, compare the hazard
carves (frequencies of various peak ground
igitiators) used in the stuay to the hazard
curves used in the Lawrense Livermore
Nagicnal Laboratory (1.LNL) Seismic Hazard
Characterization Project. This subjast was
performed by NRC and the resu:ts were pro-
vided to EG&G ldaho.

If possible within the tim. avaidable, obt.in
independent estinraies of the extemal flooa-
ing hazard function (frequencies o { vanous
flood levels).

Review the methedology usedd, «ad the data,
and briefly veview the fire nisk scoping study
21 Sandia Nauonal Laboratories (SHL) for in-
sights as (o the validity of the estimates of the
fire-induced core mwlt freguency.

Additional Assumptions and
items of Scope

EG %G Idabo recommended selection of this Scope
becanse these areas of the PRA were the most likety
arcas where significant errors or omissions would be
found, gier the statemelits in the Ex cutive Suminary
(Volurae 1 of the PRA Repot) regarding the findings
of tir PRA. Sequences of small imponiance, and those
having small iportance in other PRAs, such as toma-
do-induced core meli seq erces, were not reviewed.
Generally the pheromenniomcal analysis was not
questioned, except wherein isues of iiterest to NRO
(such as the RCP Seal Cooling Integrity issue) were
spcifically identified for their potential effect on the
PRA.

Pant of the database used in th: PRA 1 a proprietary
dutabase that was not provided to NRC or EG&G
Idaho. Therefore, this part of the review was limited to
companisons ¢f the data in thy report to data from other
PRAs ar-d databazes. Propretary compuier programs
were used but not provided for review.

The reviow included 2 plant visit by the NRC Tech-
nicul Monitor, the NKC Project Manager for TMI-1,
and members of the EG&G ldaho review team * How-
ever, the review did not include meetings with PLG
personne) who performed the PRA

TMI--i plant P&IDs were provided by the NRC
Technical Momitor. Two copies of the PRA report,
which is copynghied by PLG, were provided. Addi-
tional documeats were provided by the NRC Tecbnical
Maritor as needed during the review.

Documents submitted by GPUN 1o demonstrate
compliance with Appendix R reguirements were ex-
amined dunng the course of this review, because the
documents proviue infermation that relate to ot of the
dominant seques: ces in the PRA.

a  Letier from H. 1. Keilly, HG&G idabo. to
Dr. Arthur Buslik, NRC, “Repont of TMI-1 Plant
Visit, October 18-19, 1988, November 8. 1988.



INTERNAL EVENTS ANALYSIS

Initiating Events

Keview of the Turee Mile Island Unit | (TM!-1)
Probabilist. ¢ Risk Assessment (VR.4) N Atng events
concentrated on three main concerns: completeness of
the hist, groupung of events, and appropnatensss of the
freqeencies. Each concern 1s discussed below, This
section is imited 1o intenwl events. Exiemal event ini
tators are covered elsewhere

Inllating Event Ideniification and Comglete
Ness. The TMI- 1 intemal waitiating events were ider:
tified by perfornung & detatle ! 1eview o tie plani de
sign and industry experience. io ad lition, the search
107 iitiators was puided by development of & master
logic diagram (MLD). The resulting list of 4] ip-tia
tors 1§ presented in Table 1. The list of initiators is
comprehensive. Coverage of reactor coolunt system
(RCS) inventory contre! failue events is cspecially
extensive. In addition, many suppernt svstem fuiiures

Table 1.  T™J internal initiaing events

Safety Function Threatened

Reactivity control

Reactor coolant system (RSC) inventory
COtro

leading to a reactor trip and affecting multple safety
systems (often termed “special initaiors”) were identi-
fied. The only frequently-appearing special intiator
not listed i¢ Yoss of an emergency ac power bus (4150
or 480 Vac),. Nommally, smission of this event inds-
canes thiat such an occcuirence does net lead to & reactor
tnp. However, there is no documentation concerning
this evert, or the reason for its omission, from the initi-
atng event list. Also, there is no explanastion why de
bus A is an wititor, waile de bus B is not (During a
plant visit to TMI-1, it was learned* mat GPU per-
formed procedure reviews, aupmented by electronic
stmulator exercises, 1o verify that foss of an ¢ power
bus or of dc bas B will not trip the reactor. This ap-
pears 1o support the assumptions in the PRA reganung
the buses)

a  leuer {rom H. ). Reilly, EG&G ldaho. to
Dr. Arthur Buslik, NRC, “Repost of TMl-1 Plant
Visit, October 1819, 1988  November 8, 1998

Initiating Svemt®
Uncontrotled rod group withirawal
Contro! rod eecuon
Control rod drap
Inadvertent bordon
Inadvertent deboration
Inadvertent reactor trip

Very small RCS pipe breaks

Small RCS pipe breaks

Medwm RCS pipe breaks

Laroe ,'i‘ 'S PHK‘ "i!‘ili’*

Inadvertent power-operated relief valve (PORY

o igh poing vent valve pen:t

i samply hine breal




Table 1.

(contiiued )

e Safety Function Thacatened

2

Reactor coolant system (RSC) mventory
control (continuved )

RCS pressure control

Core heat removal

RCS heat removal

luitiatios Bvars®

13.

14,

1S.

16.

28.

26.

27.

28,

33

Steam generator tube rupture

Excessive charging letdown

Break in decay heat removal (DHR) dropline
Pressurizer heater failure

Pressurizer spray failure

RCP trip or shaft seizure/break

Core interals vent valve fails open

Core flow blockage

- Turbine control valve opening

Turbine safety valves (TSVs) close or turbine
control valves (TCVs) throttle

Loss of condenser vacuum

Integrated control system (ICS) failure (bus ATA
faiture)

Small steam line break (SLB) or inadvertent
opening of atmospheric dump valve (ADV) or
main steam isolation valve (MSIV)

Small SLB inside containment

Small SLB outside containment

Large SLB inside containment

Large SLB outside containinent but upstream
of MSIVs

Large SLB outside containment and downstream
of MSIVs

Main feedwater (MFW) pump speed increase or
control valve opening above demand

MFW or booster pump(s) trip or MFW control or
1solation valve closure

Inadvertent MSIV closure



Table 1. (continued)

Sty Function Thrcatened

5. RCS heat removal
(continued )

Containment isolation

Containment pressure and temperature
control

Control of excessiv.

loiating Event®

Feedwater line break upsteam of main
feedwater line isolation valve (MFLIV)

Feedwater line break downsteam of (MFLIV)

Loss of control air (interruption of feedwater
flow)

Loss of nver water
Loss of o*fsite power
Loss of dc power train A

Loss of nuclear services closed cycle couling
water

Loss of control building ventilation

Such events were not considered 10 be mnitiating
events

Such events were not considered to be
wmitiating events

The consequences of direct radioactivity
releases from sources other than the core were
considered to be insignificant

a. The TMI-1 study also includes an “other” category for each safety function threatened. However, these events
were not used in the quanufication

In general, the initiating event list for TMI-1
appears to be comprehensive. However, documenta-
tion concerning the actual steps taken :o identify
events and ensure completeness is lacking. Specifical-
ly, the relevant documentation is containe mainly in
one short paragraph as follows (page 2-3 of the Plant
Model Report)

“The list of initiating events in Table 2-1 is the
result of an extensive analysis by the TMI-1
probabilistic risk assessment team, backed up by many
years of reactor safety research by the government and
pnvate industry. The list was produced by a detailed
review of the plant design and industry operating expe
rience. The plant design review included maternial con

tained in the systems descrip “ns in the Systems
Analysis Report.”

It 1s not clear what the plant design review included
or what the extent of the review was.

Finally, inclusion of an “other’ event in Table 1. un-
der each safety function threatened, does not help
when the initiating events are combined into a limited
number of groups for event tree development. Initiat-
ing event grouping is performed to limit the event tree
development and yet preserve significant differences
in plant response requirements and immtiating event ef-
fects on safety systems. The “other” initiating event
categories in Table | cannot be placed into groups, be-
cause their charactenistics are unknown. A solution to




this problem might be 1o create an “other” nitiaung
event group. However, in such a case, the plant re-
sponse requirements and effects on safety systems of
this “other” initiating event group, are unknown
Therefore, an event tree for such & group cannot be de-
veloped, and the significance of such a group oo the
core damage frequency cannot be determined. Com-
pleteness at the initiating event group level is ensured,
10 the extent possible, not by “other” events but by per-
forming a comprehensive review of industry experi-
ence and a comprehensive review of plant design and
system dependencies. 1t is not clear whether such a
procedure was followed for the TMI-1 PRA.

Initiating Event Grouping lnitiating event groups
for the TMI-1 PRA are listed in Table 2. Also listed in

Table 2. TMI-| internal initiating event groups

the table are the initiating cvents included in each
group and the applicable categories from EPRI
NP-2230 (for quantification purposes).  The 41 initi-
ating events were combined into 19 groups (20 with
the inclusion of reactor vessel rupture) for event tree
development. The groups are typical for PRAs of
pressurized water reactors (PWRs). However, it is not
clear how feedwater breaks upstream and downstream
of the main feedwater line isolation valve (MFLIV),
and steam--line breaks, can all be covered by the single
event tree for steam-line break in the intermediate
building (in general, these events are not dominant
contributors 1o core damage risk). Also, it is not clear
how all types of letdown or sample line breaks can be
modeled in the small loss—of-reactor-coolant system
(RCE) inventory event tree.

_Initiating Event Group_ ___Apjicable Iniiating Evenis® __Applicable EPRI NP-2230 Events®
1. Large loss of RCS inventory 9. Large RCS pipe break None
2. Medium loss of RCS inventory 8. Medium RCS pipe breaks None
3. Small loss of RCS inventory 2. Control rod ejection None
4, Yery small loss of RCS 7. Very small RCS pipe breaks None
inventory

7a. Small RCS pipe breaks

10.  Inadvertent PORV or high
point vent valve opening

11.  Letdown ar sample line break

5. Containment bypass 15, Break in DHR dropline None
6. Steam line break in 25. Small SLB or inadvertent None
intermediate building opening of ADV or MSIV

26. Small SLB inside containoment

28. Large SLB inside containment

29. Large SLB outside
containment but upstream of

MSIVs

34. Feedwater line break upstream

of MFLIV

315, Feedwater line break down-
stream of MFLIV



Tabie 2. (continued)

~Aninating Event Group —Applicable Initating Events* ~ _Applicable EPRI NP-2230 Events®

Steam line break n turbine Turbine control valve opening None
building

Once through steam generator 3. Steam generator tube rupture
(OTSG) tube rupture

Excessive main feedwater MFW pump speed increase or
control valve opening above
demand

10. Loss of main feedwater ! Loss of condenser vacuum PWR 16. Total loss of feedwater
flow (all loops)

Small SLB outside containment

Large SLB outside containment
and downstream of MSTVs

MFW or booster pump(s) trip Pump 24. Loss of condensate pumps
or MFW control or isolation (all loops)
valve closure

PWR 25. Loss of condenser
vacuum

PWR 27, Condenser leakage

PWR 30. Loss of circulating water
11. Reactor trip Uncontrolied rod group PWR 1. Loss of RCS flow
withdrawal (one loop)

Control rod drop PWR 2. Uncontrolled rod
withdrawal

Inadvertent boration PWR3  CRDM problems and/or
rud drop

Inadvertent deboration PWR 6.  High or low pressurizer
pressure

Inadvertent reactor trip PWR 8. High pressurizer pressure

Excessive charging letdown PWR 11. Chemical and volume
control system (CVCS)
malfunction—boron
dilution

Pressunzer heater failure

Pressurizer spray failure PWR 12, Pressure, temperature

power imbalance




Table 2. (contnuved)

_loitiating Event Group

1. Reactor trip
(continued )

2. Turbine trip

Loss of control air

14 Loss of control building

ventilation

Applicable Initiating Events®

RCP trip or shaft seizure/
break

Core inmemnals vent valve
fai's open

Core flow blockage

TSVs close or TCVs throttle

Inadvertent MSIV closure

f control air

of control buillding
venttiaton

Applicable EPRINP-2230 Evenis®

PWRK 14

PWR 15

PWR 23

PWR 28

PWR 36

PWR 37.

PWR 38.

PWR 39

PWR 40

PWR 18

PWR 33

Total loss of RCS
flow

Loss or reduction in
feedwater flow (one loop)

Full or partial closure of
MSIV (one loop)

Feedwater flow

instability—-operator
error

Feedwater flow
instability—
miscellaneous
mechanical causes

Loss of condensate pumps
(one loop)

Miscellaneous leakage in
secondary system

Pressurizer spray failure

Spurious auto tnp-—no
transient condition

Auto/manual trip due to
operator error

Manual trip due to false
signals

Spurious trips—cause
unknown

Closure of all MSIVs
Turbine trip, throttle valve
closure, electro-hydraulic

control problems

Generator trip or
generator caused faults

None

None




Table 2. (continued)

——mmm___" ’ —

~.Applicable Initiaung Events®.  _Applicable EPRI NP-2230 Evens®

15. Loss of bus ATA power 24, ICS failure (bus ATA failure ) None

16. Loss of one dc power train 39. Loss of dc power train A None

17. Loss of off-site power 38, Loss of off-site power None

18. Loss of nuclear services 40. Loss of nuclear services None
closed cycle cooling water closed cycle cooling water

19. Loss of river water 47. Loss of nver water None

20. Reactor vessel rupture® 12, Reactor vessel rupture None®

a. These events are from Table 1.

b. The EPRI categories were used to help generate the prior (industry) frequency. The categories are described in
Reference 6. In some cases, EPRI categories existed for the initiating event group in question, but were not used be-
cause better sources were available. An example is the loss of off-site power.

¢. This group is missing in Tables 2-2 and 2-3 of the Plant Model Report and Table 3-8 of the Data Report.

The reactor vessel rupture initiating event is often
grouped separately as an event leading directly to core
damage. The event appears in Table 1 but was not in-
cluded 1n any of the 19 initiating event groups in the
TMI-1 PRA. The event was dismissed, based on low
frequency, in the process of initiating event grouping.

Assignment of EPRI NP-2230 initiating event cate-
gones to the TMI--1 groups (see Table 2) is reasonable.
However, 13 of the 41 EPRI categories were not used,
and no documentation is presented to explain why
these were omitted.

Initlating Event Group Frequencies. Frequency
distributions for the 19 TMI-1 initiating event groups
are presented in Table 3. Also shown in the table are
the generic (prior) mean frequencies and the TMI-1
experience used in the Bayesian update process. Fre-
quencies were estimated based on several different
methods and sources. Three groups (10, 11, and 12)
were based mainly on data from Reference 5, with a
Bayesian update to account for TMI-1 experience.
Several other groups (3, 4, 7, 8, 13, 15, and 16) in-
volved a review of Nuclear Power Experience 3 to ob-
tain a prior generic frequency. One (group 9) utilized
only Babcock & Wilcox (B&W) reactor experience to
generate a prior frequency. Three groups (1, 2, and 6)

involved prior distributions based on no events in 428
PWR years of operation. Finally, four groups (5, 14,
18, aud 19) were quantified based on TMI--1 system
models. (Although the report indicates five were
quantified in this manner, a review indicated that loss
of air systems was actually quantified based on Nu-
clear Power Experience rather than TMI-1 system
models).

The loss-of-coolant-accident (LOCA) frequencies
are typical for PWRs. However, the very small LOCA
frequency of 5.1E-3/yr is approximately four times
lower than the same group for the Zion and Seabrook
PRAs. © 7 This LOCA group nomally includes reac-
tor coolant pump (RCP) seal LOCAs, which are main-
ly a potential problem with Westinghouse RCPs. Al-
though TMI-1 like Zion and Seabrook. has
Westinghouse RCPs, no explanation for the four-foid
decrease in frequency for TMI-1 is presented.

Three initiating event groups were quantified utiliz-
ing Reference 4 data to generate prior distributions.
The three groups are turbine trip, total loss of main
feedwater, and reactor trip. Utilizing the more recent
EG&G Idaho update, this review estimates (without
reviewing actual events for applicability to TMI-1) the
following mean frequencies



Table 3. TMI-1 internal initiating event group frequency distnibutions

T™I- |

Generic (Pnor) . Evidence _ Frequency Per Year (Posterion)
Mean Frequency

loutiating Event Group Per Yeur Events Years _Mean Sth Percentile  SOth Percentile
Large loss of RCS inventory 2.7E-4 4.5 OE-4 7.3E-6 7. 4E-5
Medium loss of RCS inventory 8 OE-4 4.5 2E-4 1 9E-5 1 9E-4

Small loss of RCS inventory 3.6E-3 ( 45 2E-3 2.7B-5 9 4E-4
3.2E-3)*

Very small loss of RCS S2E-3 a5 5.1E-3 27E-4 7.55E-3

inventory 22E-4) (2.6B-3)

Containment bypass 4.5 1.0B-7 4.7E-10 6.6E-9
(4 6E-10)* (6.4E-9)

Steamline break in , 4.5 4.2E-4 } TE-3 1.98-4
intermediate building {(19E-5)

Steamline break in * - ® » b -

turbine building (6.9E-3)* 5) 3E-3) (18E-4) (28E-3*  (1.6E-2)
OTSG tube rupture 14B-2 1E~-2 4 0E-4 6.4E.3 28E-2

Excessive main feedwater 2.3E~1 . 2E-1 2.1E-2 7.9E-2 2.8E-1

4 8E~]
14 232
1.5 23

Loss of main feedwater 5.5E-1 $ 2.3E~1 5.1E-2 1.8E-~!
Reactor trip 6.6 . 6.7E~1
Turbine trip 1.9 7 : 78E-1

Loss of control air - . 20E-4 1.9E-3

Loss of control building = o S4E-5

14E-4
ventilation

Loss of bus ATA power ].2B-~ $ 5.2B-3 3.6E-2
Loss of one de power train { 5 37E-3 1.9E-2

Loss of offsite power K. 14E-3

5.0B-3
1L1E-2

Loss of nuclear services - . 4 6E-3
closed cycle cooling water

Loss of river water 3 15E-4 1.3E-3

Reactor vessel rupture® . - + b

Tota! = Total = 3.6

a. The numbers in parentheses are fium Table 3-8 of the Data Analysis Report

b. These events and numbers are missing from Table 2--3 of the Plant Model Repont

¢. Thetextin Section 3.5 of the Data Analysis Report indicates one event in 12 years, while Tabie -8 in the same section indicates
zero events in 12 years




Turbine trip—1.7/yr
2. Total loss of mamn feedwater—0 d/yr
Reactor trip—5 5/yr

These results are close to the generic mean frequen-
cies of 1.9, 0.55, and 6.6/yr used for TMI-1. The pos-
tenor mean frequencies for the three groups are 1.6,
0.23, and 1 .4/yr, as indicated in Table 3. The total for
these three is 3.2/yr, compared with plant-specific ex-
penence of 2.2/yr and generic experience of 9 1/yr

TMI-1 experience from 1975 through half of 1979
ixlicated a very low yearly tnp frequency of 2.2/t
This was confirmed by reviewing Reference § for
TMI-1 trips. During the same period, TMI1-] was
listed in Reference ¥ as having six trips. This com
pares with 10 trips listed in the TMI-1 PRA. There-
fore, use of Reference 8 would produce an even
smaller frequency for TMI-| tnps

Loss of offsite power (LOOP) at TMI-1 has a site-
based frequency of 7.1E-2/yr. The plant-specific ex-
penence is listed as zero events in 4.5 years. The most
recent compilation of LOOP events, NSAC--111. was
reviewed to venfy this Y One possible LOOP event
was listed for the TMI site through 1986, This event
occurred on April 21, 1986 due to bus switching prob-
lems while in hot shutdown. If this event were to be
included, the plant-specific expenence would be one
eventin {! years, which results in 9.0E- 2/yr. Also, the
industry average plant LOOP frequency is approxi-
mately 8 BE-2/yr, based on NUREG-1032 and NU.
MARC-8700. "% 1! Therefore, the TMI-1 value of
7.1E-2/yr 18 reasonable

The loss of ar system mean frequency is listed as
6.0E-3/yr. This value was apparently obtained by re-
viewing Reference 10 from 1970 through 1985, No
evidence of a total loss of air was found. The conver-
sion of this information to the mean frequency of
6.0E-3/yr is not explained. The System Analysis Re-
por, Section 18, contains an analysis of the 1oss of air
frequency, based on the system analysis. The mean
frequency is 1 .5E 2/yr, with the dominant failure
mode being failure of the dryer transfer valve and op-
erator failure to then bypass the dryer. It is not clear
why this analysis was not used to determine the loss of
air system frequency. However, assunmung no complete
losses of air systems within the penod examined, and
approximately 500 PWR vears of operation, the mean
frequency would be less than 2. 0E-3/yr

The following four initiators were quantified based
on TMI-1 system analyses

. Inadvenent opening of DHR valves
Loss of control building ventilation

Loss of nuclear services closed cycle cooling
water,

Loss of river water

Inadventent opening of the DHR valves (the ivter
facing system LOCA event) has a mean frequency (see
Table 3) of 1.0E-7/yr. Quantification of this group is
explained in Section 3.5.2.4 of the Data Analysis Re-
port. The two cold veg injection lines of the DHR SVs-
tem are the main contributors. Each line has two check
valves and a normally-open motor-operaied valve
(MOV) in senies. The analysis assumed that dunng
normal operation, a very small leakage (not considered
a failure) past the upstream check valve (nearest 1o the
RCS) would result in the downstream check valve
being subjected to RCS pressure on one side and low
pressure on the other side. In such a case, the down.-
stewn check valve suffering a large internal leakage 1s
the mnitator. If the upstream check valve has already
suffered a large internal leakage, or fails to close (with
equal pressure on each side, the valve could have been
“floating”), then an open path exists from the RCS 1o
the low-pressure DHR system. Quantification of this
event involves a subsequent unavailability calculanon
tor the upstream check valve, involving large intemal
leakage over a one and one-half vear test penod, or a
failure to close, and an initiator calculation for the
downstream check valve. The large wnternal leakage
mean failure rate was assumed to be 8.3E-9/h, based
On a review of check valve leakage data. Also, the
check valve failure~to-close value used was
2.1E~4/demand. Given these failure rates, the fre-
quency of both check valves failing during a year is
I.9E~8/yr. Two of these lines then result in a rate of
3 8E-8/yr. Inthe PRA repor, an extra factor of two is
used, resulting in a rate of 7.6E-8/yr (Apparently, this
value is rounded to 1E-7/yr, as mentioned above). Itis
believed that this factor of two, found in Equation
(3.14), is in error. This factor is considered erroneous
because the downstream check valve cannot be open
(or suffer a large internal leakage failure) before the
libaung event because the accumulator would begin
to discharge. Such an event would be annunciated in
e control reom and appropriate repair actions would
be taken. Therefore, the downstream valve can be the
only iitiator, If either valve were the tunator (and the
other fail to close or fail because of a previousiy-unde-
tected large internal leakage), then the factor of two




would be appropriaie. The discuss’ on does not clearly
describe how the result jepresents a yewrly frequency.
Finally, because the derivation of the check valve large
internal leakage isilure rate is considered to be propn-
etary, the value cannot be chiecked.

No credit was taken for possibly being ahle to close
the normally-open MOV downstream of the check
valves. Also, it vias assumed that given faldure of the
check valves, a rpture would ovcur in the low-
pressure DHR system. By accounting for both intenal
ieakage and » & ' 10 close, there may be some double
counting, dey. -, .. on how date were collected for
these fallure modes. However, the check valve large
internal leakage failure rate used is al least a factor of
ten lower than that used in most recent PRAs. The re-
port contains no informaton on the derivation of this
vitlue,

Finally, it should be poted that analyves of interfac-
ing system LOCAs w previous PRAs have not been
consisient. Equations and assumpuons used have var-
1ed considerably. A major uncertainty anses from the
witerpretation and application of data for large internal
leakages of check valves. For example, do such fail-
ures occw because of a previously-undetected failure
to <lose, of because of a “random” disk rupture? In ad-
dition, can the disk rupture occur only if a large pres-
sure differential exists across the valve, Or ap it oecur
with a smail pressure differential? The TMI-1 analy-
8is appears to have a balance of conservative assump-
tions, with potentially nonconservative data. The fail-
ure vate quoted is significantly lower than those used in
previous PRAs (these sequences are also discussed in
the Assumptions Section of this report).

Since the completion of the PRA, GPUN has sub-
mitted information 1% 1 (o NRC relative to com-
pliance with Appendix R, and NRC has reviewed the
submittals. ' These documants provide the results of
tests and analyses showing that lose of control building
ventlation (CBV) will not lead to core damage at
TMI-1. However, the PRA has not been updated to re-
flect these changes. Therefore, some review of this
initiator was done. In the TMI-1 PRA, the frequency
for loss of control building ventilation as an indtiating
event was determined by requantificaiion of the sys-
tem models (Section 6, System Analysis Report). All
support systems were assumed to be available. Al-
though thus 18 a nonconservative assumotion, our opin-
ion is that the effects are probably minumal. In the re-
quantification, the initial component failure in each cut
set was determined over an entire year (8760 h). Addi-
tonal component failures that must occur in order to
fail the system were evalvated over a mission time

eoual 1o the repair time of the initially failed compo-
nent. The repair time used was either 24.9 or 32.9

nours, depending on the component. Credit was taken
for the foliowing types of recovery:

1. Realigmment to either the open or recircula-
tion mode of operation, depending on the
type of flow path failure.

2. Manual stant of a standby train.
3. Locally opening dampers which fail closed.

4. Establishing alternate ventilation using porta-
ble fans and elephant trunks.

At least five hours was assumed for recovery. This
type of quantification procedure is believed 1o be the
most appropriate for such initiating events. The result-
ing frequency, 1. 9SE-4/yr, seems reasonable. Domi-
nant failure modes involve dependent failures of the
chilled water system chillers or pumps, combined with
an outside temperature greater than 95°F (failing
alterate ventilation), and dependent failures of boost-
er or exhaust fans with operator failure to establish
aliernate ventilation.

Several potential conservatisms were built into the
loss of control building ventilation initiator. Probabiy
the most limiting (s the use of 104°F as the room ter-
perature at which significant electronic failures will
oceur. More recent analyses indicate that loss of the
ventilation may never result in component failures or a
plant trip (page 6-48, Systems Analysis Report).

1 =35 of the nuclear services cloced cycle cooling
water initiating event includes the following systems
(Section 4, Systems Analysis Report):

1. Nuclear services river water (NSRW), except
for plugging of all intake screens, which was
addressed separately.

2. Nuclear services closed cycle cooling water
(NSCCCW).

3. Class I auxiliary building ventilation (ABV)
system.

There are three NSRW pumps, three NSCCCW
pumps, and two ABV trains. Following a plant trip,
only one of three pumps, and one ABV train, are re-
quired. However, operational constraints require that
the plant shut down if two pumps in either the NSRW
or NSCCCW are lost. For convenience, the initiating
event was defined as loss of all three pumps in either



System (or other similar types of complete system fail
ures). This simplification is acceptable as long as
these systerms affect other systems only when complete
NSRW, NSCCCW, or ABV failure occurs. which ap
pears to be the case at TMI-|

Inthe PRA, quantification of the NSCOCW 1nitiator
was performed in a manner similar to that for loss of
control building ventilation. All support systems were
assumed 10 be available. The resulting frequency for
the nitiator is 1 4E-2/yr. Dominant contributors in
clude sysiem leakages pump failures combined with
check valve failures 10 reseat, isolation valves transfer-
nng closed, and dependent failures of all pumps in a
system. The frequency seems high and is probably
conservative. Quantification of leakage failures in
volves significant uncertainty, especially when deter-
mining what leakage rates should actually be consid-
ered as failures

Finally, the loss of NSRW initiator was defined 1o
include only falures resulting from plugging of the
intake screens. o the PRA, this event was quantified
by using plant-specific data for plugging and then
applying a recovery action to account for unplugging
of the screen be fore the water in the intake structure is
depleted. One complete plugging event occurred in
12 years, resulting in a frequency of plugging of
8.3E-2/yr. Failure (0 unplug the screen within several
hours was assigned a probability of 1.78E-1. The
product of the two 1s 1.5E-2/yr. However, the repon
indicates a frequency of 7 4E-3/yr. 1t is not known
why this frequency does not agree closely with
1.SE-2/yr, except that the data table indicates zero
events in 12 years, rather than one (Table 3-8, Data
Analysis Report)

Summary of Initiating Events Review In gener
al, the TMI-1 initiating event List (Table 1) is compre-
hensive. Grouping of iniiating events (Table 2) ap-
pears reasonable. However, it is unclear how different
types of feedwater and steam-line breaks can be cov-
ered by only two groups—steam-line break in the in-
termediate building and steam-line break in the tur-
bine building. Finally, with the following exceptions,
appropriate methods were used to quantify the initiat-
Ing event group frequencies (Table 3)

The very small LOCA frequency is
5. 1E~3/yr, which 1s about a factor of four
lower than rreviously published PRA values

A check valve intemal leakage failure rate
was used m the interfacing system LOCA (in
advertent opening of DHR valves) which is at

of ten lower than values in pre-

hed FRAs. However, potential
conservatisms 1o the analysis may offset this
low value

Viousl y-publy

Loss of control building ventilation is prob-
ably not an initiating event based on this re.
vView repon

Loss of the NSCCCW may have a conserva-
tvely high frequency

Loss of the NSRW may be twice as frequent
as the value indicated in Table 3

Loss of instrument air systems may have a
conservatively high frequency

The potential importance of these concems is dis-
cussed 1n the section on Requantification

Event Trees

The purpose of the event tree review was to evaluate
the completeness and validity of the logic structure and
the success criteria. The functional and support sys-
tems dependencies, along with the implicit assump-
tons associated with the model, were also included in
the review

Overview of TMI-1 PRA Methodology. The
TMI-1 PRA used support state event trees to establish
boundary conditions for the operation of the systems
contained 1o the front line system event trees Both
sets of event trees used the support state methodology
for modeling plant response to vanous initiating
events. This methodology requires that dependencies
between headings on event trees be explicitly modeled
i the structure of the event trees, or that boundary con-
ditions (referred to as split fractions) be used 1o ac-
count for dependencies. This methodology produces a
very large number of Sequences (or scenarios, as they
are called in the TMI-1 PRA)

The support state event tree is the starting point for
modeling plant response 1o an initiating event. The
TMI-1 support state tree produces over 6000 se.
quences, representing the various combinations of sup-
port system successes and failures that the analysts
deemed important enough to examine, A computer
code was used to group these events into impact vec-
tors, each having a specific affect on the front line Sys-
tems. This was accomplished by comparing the status
of support states from each sequence to tae support
system-to-front line system dependency table pre-
pared by the analysts. This resulted in approximate!y




1100 distinet ¢ (pact vectors. The anaiysts then com
buned groups of impact vecton imo 19 suppon states,
using qualitauve and gquantitative judgements, from
which each front line system event tree was quantified

For each initiating event, there i a main tree depct-
ing the early response (o the imuating event For each
tree, there are several subtrees that depict the long-
term progression of events to either a stable condition
or 10 one of several plant damage states. Each of the
main trees for the transient events has over 1000 se-
quences. The subtrees vary in length but most of them
have several hundred sequences each. Given that eact.
of these sequences must be quantified for 5% diffaent
suppori states, the number of indiv idual scenarios
quantified in this analysis is very large

Evaluation of Support State Modeling. The
Plant Model Report contains the description of the
analysis of support system dependencies and how they
were accounted for in the quantifica < of sequences.
The process begins with compilation of two tables
One is the suppon system-1o-support system depen-
dency table (Table 3--1), and the other 1s the support
system-to-front line system dependency table
(Table 3-3). The support system event tree was con-
structed from these two tabies. It was structured 10 ac-
count for the support system interactions listed in
Table 3-1 of the Plant Model Report. For example,
electric power system h adings appear before cooling
system headings to account for the dependence of
these systems on power. There are over 6000 se-
quences on the support state tree. This made review of
each sequence impossible, given the resource limita-
tions of this review. However, several key sequences
were reviewed for consistency with the dependency
tables; the event tree appears to be consistent with
those tables

The suppon state event tree was reduced by comput-
er analysis to over 1000 unique impact vectors. The
report does not provide a listing of these impact vec-
tors with the corresponding support state sequences so
that a verification of the groupings can be made. Fur-
thermore, the number of impact vectors was too large
to be practical for quantification of the front Line trees
Therefore, the analysts grouped the impact vectors into
support sqles using qualitative and quantitative mea-
sures designed to ensure that all impact vectors were
considered in a conservative manner. Thirty-nine dif-
ferent support states were identified; their effects on
the front line systems appear in Teble 3-5 of the Plant

Model Report. There 15 no one-10-one correspon

dence between the support state sequences and the im-
pact vectors. The impact vectors are not documented

in the report, except that certain vector designators ap-
pear in Table 3-5. The suppon states do not lis. all the
impact vectors that were considered in deciding the
groupings. Furthesmore, there is no description of
what system failures constitute each support state
Therefore, it is impossible to verify that the support
states and their corresporling frequencres are correct

Evaluation of Front Line System Event Tree
The TMI-1 PRA used ¢vent sequence diagrams
(ESDs) as the anal;tical tool for construction of the
front-line system event trees. An ESD is a graphical
representation of the plant response (o an initaung
event, and isdesiened to depict the various ways that
the initiating event can proceed to either a stable end
state or to core damage. From this tool, the analyst
constructs the event tree.

ESD to Event Tree Construntion Comments.
A typical it tating event would be expected to have an
ESD and event tree in the Plant Model Report. How-
ever, some events have an ESD but no event tree (e.8,,
steam line break in the turbine building). In coutrast,
some events have an event tree but no ESD (large
LOCA., reactor trip, turbine trip, and loss of nuclear
services closed cycle cooling water).

Documentation of the event sequeace diagrams and
the event trees is uneven. While five pages of text are
dedicated to the general transient ESD and three pages
10 the even! tree structure, the ESDs and event trees for
the initiating events actually quantified in the analysis
receive scant description. Tu fact, only three of the
front-line system event tree descriptions exceed one
paragraph. In the majority of cases, this onc paragraph
merely references the general transient ESD and only
vaguely describes any differences from that ESD or
event tree. However, for the steam Lae break inside
the intermediate building, the report dedicates 18 para-
graphs to describing the ESD and event tree. The loss
of power to the ICS power supply receives 12 para-
graphs while the steam generator tube rupture receives
only two paragraphs of description.

The large-LOCA paragraph appears below to serve
as an example of this documentation approach:

“Most of the alleviating actions that will take
place following a large RCS pipe break are the
same as those shown on the general transient
ESD. Many of these actions, however, are not
important to preventing core damage following a
large pipe vreak. The only early action that is
required to prevent core damage is the operation
of the BWST [BW]. The long-term sump




recirculation actions and containment safety
features, which determine 1o which plant damage
state a core damage scenano initiated by « large
pipe break will lead, are shown in the
following subtrees:

LLA (see Section 4.3.4) when the BWST is
available.

MLC (see Secton 4.3.7) when the BWST is not
available "

mwmuumm‘oawwuis
essentially similar to a general transient may be correct
for TMI-1, but there is insufficient documetation 1o
demonstrate this assumption is corect.

General Translent Event Tree Comments.
The bulk of the event tree descriptions draw heavily
from the general transient ESD and event tree. This
section will discuss the general transient ESD and
even: tree, followed by specific comments about other
ESD/event trees.

On Steet S of the ESD, there is a path where HP! is
running, but the primary safety valves do not pass wa-
ter from the systerm. The note for the subsequent mini-
mum flow choice indicates that no 1600 psig signal
was generated and that the minimum flow would
therefore be available. However, several of the paths
leading to that point have had low-—pressure signals
gencrated, implying that for some cases, minumum
flow is unavailable.

Sheet 7 indicates that, for HPI vooling, manual start
of the HPI pumps is required. However, severai paths
leading to HPI cooling already have 1600 psig signals,
which would start the HPI pumps anyway. It 1s not
clear why additional HPI pump operation would make
PORV-only relief a success.

Sheet 8 indicates that a stuck open relief valve
would lead directly to core damage. If this assumption
is based on the id=a that pressure will become too low
for effective HPI operation, then a choice for LPI oper-
ation should be made.

Sheet 11 deals with ATWS events. The ESD shows
that reactor coolant pump (RCP) trip leads to core
damage (as does the event tree). However, the descrip-
tion of the ESD, and the success criteria description,
indicate otherwise, as Page 4 1-6 acknowledges

On Sheet 12, which 1s a continuation of the ATWS
condition, the ESD indicates that with secondary
steam rehef, EFW operation, primary system relief,
and the BWST available, failure of the 4 psig contain-
ment signal leads to core damage. T next sheet indi-
cates that manual starting of the HPI pumps is a possi-
ble success path. Therefore, it is not clear why failure
of the high containment pressure signal constitutes a
core damage condition. Also, Sheet 11 indicates that
even if MFW runs, it will run out of water in 26 min-
utes. Because its source of water is the CST, the EFW
on Sheet 12 muit be getting water from a source not
shown on the ESD.

Section 4.1.2 of the Plant Model Keport describes
the process that was used to transfer the information
contained in &n ESD to an event tree. It includes a list
of six steps for this process. Apparent inconsistencies
between the ESDs and event trees were examined in
light of these six steps 10 see if the inconsistencies
could be explained on this basis. However, some
events or paths on the ESD do not appear in the event
tree and some events or paths on the event tree do not
appear in the ESD. For example, the RV heading ex-
15ts on the event trees (0 assess the likelihood of reactor
vessel failare from pressurized thermal shock (PTS)
events. This event is implied but not shown on the
ESD. The MR heading for reestablishing HPI mini-
mum flow following un overcooling event is not speci-
fied on the ESD

The caly success paths involving the general tran-
sient tive that are not on the main tree occur oo subtree
A. All other s quences going to all other trees 1osult in
core damage. This is not a trivial number of se-
Quences. For example, subtree B contains over 1000
sequences that have no success paths for preventing
core damage. There are many sequences from the tran-
sient main tree that have subtree B as their long-term
conclusion. This results in many thousands of se-
quences, that have no impact on core damage frequen-
¢y, being part of the overall quantification. The re-
mainder of this event tree review will not examine
subtrees without a success state.

Subtrec A represents the long-term actions required
10 successfully vool the core, assuming that HPi cool-
g was in progress. Basically, this is the recirculation
tree. The event tree contains two events (BA and BB)
for which no choices are made for any sequence.
There is no explanation for this condition in the text.
The events do not appear on the ESD. According to
the split fraction table for this tree, the quantitative val-
ues for headings DH and CS depend on operation or



failure of BA and/or BB. However, no decisions are
made nn these headings

Sequence 47 indicates that a fatlure to close the con-
tainment purge valves dunng a feed and biced opera-
tion of the pnmary system cun lead to successful core
cooling if rezirculation is properly aligned. This event
would seem to allow for escape of reactor coolant to
the atmosphere. In this case, it may be possible that a
significant amount of water needed for recirculation
would not be available.

The general transicnt ESD and event tree are docu-
miented as the basis for all subsequent ESDs and event
trees in the Plant Model Report. The inconsistencies in
the general transient ESD and event tree suggest that
further detailed review might uncover errors that
would cause the calculated core damage frequencies to
be n error.

Specific ESD/Event Tree Comments. The re-
mainder of the discussion of ESD and event tiee mod-
eling focuses on initiator-specific conditions that af-
fect the structure of the analysis. As the other trees are
based in such large pant on the general transient tree,
the comments from thus tree apply also.

The following comments on various ESDs and
event trees focus on initiators other than external
events and control building ventilation events, This al-
lows for comparison of the TMI-1 event trees to Level
1 analyses from other PRAS.

Large LOCA—The general discussion above
has already discussed issues relating to the large
LOCA initiator.

Medium LOCA--The medium LOCA ESD de-
velops conditions for failure to scram following the
initiator. It is not clear why this is done. The probabil-
ity of such an event using the TMI-1 data is approxi-
mately 8E~8, which could be reasonably screened out
of the analysis. Furthermore, the key issue for PWRs
in ATWS scenarios is the ability to inject boron via the
high-pressure injection system while preventing a cat-
aswophic failure of the reactor vessel during the pres-
sure surge. With the normal pressure relief available,
and udditional pressure relief via the break, this does
not appear to adversely impact either scenario more
than the more likely loss of feedwater or other events.
Nevertheless, the ESD indicates that successful EFW
tiow in S seconds, and secondary steam relief, are suf-
ficient to transfer this event back to the non-ATWS
flow path. Failure to do so leads to core damage on the

ESD. However, the event tree has no headings for RT,
EF-, nor SD.

The ESD has an event for preventing horon precipi-
tation in the core (DT). Failure of DT leads to core
danage The mechanism and justification for this de-
cision is inadequate. Furthermore, if DT is required
for success following a medium LOCA, then it should
also appear in all transient sequences involving HPI
cooling since open cycle primary recirculation is oc-
curring there as well. The treatment of DT is, there-
fore, inconsistent.

Several headings on the event tree are not shown on
the ESD. Specifizally, BA/BB, SA/SB, and C3 are nct
on the ESL. Additionally, the ESD (Sheet 3) accounts
for possible manual starting of the HP' pumps but does
not similarly treat the LPI amps.

Steam Generator Tube Rupture—The
SGTR event tree is a “reduced” representation of the
total tree, as is the case for all the other main trees that
follow the general transient tree format. In the other
cases, the logic duplications that are not shown explic-
itly on the trees are indicated by a “XFRn" indication
at the end of the sequence, and a number somewhere
else in the tree that shows the logic structure thai
should be followed. This method of representation is
documented in Section 4.1.2 of the Plant Model Re-
port. However, none of the “transfer” points are la-
beled on the SGTR tree.

Excessive Feodwater—After control build-
ing ventilation failures end external events, this wee
contains a significant dominant sequence. There is
very little discussion of the details of this sequence.

Sheet 2 of the ESD contains « block labeled “Termi-
nate Overspeed.” It seems that thus should indicate
overfeed instead. It is not apparent why this block
should not appear before the EFW block on the ESD.
If overfeed is terminated, then EFW is not required. If
EFW is needed, then main feedwater must bave al-
ready failed and the “terminate whatever” block is un-
necessary. It is not clear why the logic on the ESD for
overfeed conditions (i ffers from the logic for overfeed
on the general transient tree.

The ESD indicates by use of a dashed line that the
SLRDS is not to be considcred on the event tree,
SLRDS is included on the event tree despite rule num-
ber § from Section 4.1.2 which states:

“Dashed blocks on the ESDs do not become event
tree top events.”



Steam-Line Break in the Intermediate
Bullging The mair steem line break in the inierme-
diate building, main tree discussion, contains a para-
grapk that indicates that the SLRDS op rates 1o stop
feed flow 1o the steam generators and thereby limits
overcooi g, It states that the SLRDS does this opera-
tion 5o quickly that “the transient is imited and does
Not cause an excessive cocldown, as manifested by a
low RCS pressure engineered safeguards actuation ”
On the next page of the discussion this section states:

“On a steam line break, the high pressure injection
system receives a stan si_nal due to the excessive
cooldown and results in low RCS pressure cavsed
by the break "

It appears that soine text must be missing.

Review of Event Tree Quantification. The quan-
tification process includes the assignment of split frac-
tions, for each suppont state, to the rain and sub tree
headings. For each main and sub tree, there is a table
in the PRA repon that lists the support state numbers
across the top and the heading down the side. For
some reason, some of the b~adings are duplicated
many umes in the tables. Therc a0ss not appear 1o be
any reason for the duplication. This appears o be a
problem in the computer printout for the boundary
condition tables.

These wables arc whers the boundary conditions for
the headings are encered into the code for quantifying
the event trees. Therefore, it would be reasonable to
expect a one-to-one correspondence between the
number of split fractions (other than the default) in the
table for a given support state, and the support state
table developed earlier. The review found that this is
not necessarily the case. For example, the turbine trip
boundary condition table (Table 4.2.12-2) does not
compare favorably with the support state table (Table
3-5), in several areas. The ME- heading in Table 3-5§
indicates 32 states that impact this heading, but the
boundary tab'= only shows 31 (support state 34 is not
included). For the EF- heading, both tables indicate
30 cases where there are support state impacts oo the
heading. However, they are not the same 30 headings.
Support states S and 6 appear to be extraneous in the
boundary condition table; suppor. states 10 and 30
show no impact. In the case of the TH beading, the
boundary condition table has 27 impacts, whereas the
support state table shows 24 impacts. The boundary
condition table has nine impacts listed that are not
shown in the support state table, and six impacts that
are in the support state table but not in the boundary
condition table.

It was not feasible in this review 1o check the agree-
meat of all the boundary condition tables with the sup-
port state tabl \. However, the headings noted above
(main feedwater underfeed. emergency feedwater un-
derfeed. and operator throttling of HPT) would be ex-
pected to receive considerable attention in the quantifi-
cation process. The report contains a general
description of how tables like Table 4.2.12-2 are
denved, but so many numbers and operations are in-
volved that it was not possible (o trace the derivitions
of the numbers in these tables

The final step in the review was 1o verify that the
calculanons of individual sequence frequencies were
comeci. Table 6-5 of the PRA report lists the top 100
sequences from the quantificauon process. Several se-
quences from this List were examined to see if the fre-
quencies stated are accurate, provided input data and
models are correct. No mistakes were found in the
quantifications of these sequences

In summary, the quantification process for the
TMI-1 PRA was very complex. It was not possible,
using the available information, 1o verify the quantifi-
cation of the PRA, except in a general fashion. There
are questions about the translatnon of information from
the suppont state tables to the main- and sub-tree in-
puts that suggest questions about the accuracy of this
step 1o the process. In this review, the quantification
results presented in Table 65 were traced to the extent
of the split fraction headings and the presumed support
state frequencies. The multiplications of the values
listed in Table 6-1 and the support state Table 3-7, for
the sequences reviewed, were correct

Summary of Event Tree Evaluation. The event
trees in the TMI-1 PRA report were developed in a
form specifically adapted for solution using computer
programs. For a large, cusaplicated plant like TMi-1,
event trees like these are difficult to veview in detail.
There is & lack of complete traceability even in a docu-
ment as iengthy as the TMI--1 PRA report. In the lim-
ited review that was performed, some minor inconsis-
tencies between the ESDs and event trees were
identified. and some assumptions were questioned.
Some questions were raised about the support states
appeanng in the event trees. However, no major eirors
were found. Therefore, it is concluded that this event
tree review has not revealed any major changes that are
needed in the event trees published in the TMI-1 PRA
report.

Important Assumptions

Introduction. PRAs rely. in general, on numerous as-
sumptions in order to allow the computation of risk



results. These assumptions are usually empleyed for
one of two reasons: (1) to simplify the analysis, or (2)
to provide necessary input when datz and informaton
is lacking *« a particular area. The uncertainties and
unknowns in these assumptions can be accounted for
by performing sensitivity studies (o guantitatively est-
mate the influence of uncertainties in the assumptions,
and then making appropriate adjustments (o the overall
results to reflect these uncertainties

This section reviews those potentially importamnt
general, or global, assumptions which were made 10
the PRA and were not necessarily reviewed in the oth-
er sections of this review repont. Particular atiention
was focused on assumptons which are unigue to this
PRA, which appear to te inconsistent with current in-
formation, which appear to be particularly significant,
or which appear to have inadequate bases. Assump-
tions specific to a particular system, model, analysis,
data application, quantification, etc., are considered
separately 10 appropriate sections of this report.

In the TMI-1 PRA, a large rumber of assumptions
were found. Many of these zssumptions are aggre-
gated in specific sections or subsections of the report.
However, others were found scattered throughout the
text. In some cases, the assumption is specifically
identified, but in other cases assumptions are charac-
terized by “engineering judgement,” “it is reasoned
that,” or some other descriptor. In a few cases, the as-
sumption is merely a statement of what was done 10 the
assessment without any indication that an assumption
was made. As a result, it was somewhat difficult o
identify all important assumptions.

In most cases, the TMI-1 PRA provides a qualita-
tive indication of the influence of the assumption, and,
in a few cases, a quantitative estimate is provided. Ina
majority (but not all) of these cases, the assumption is
charactenized as conservative (i.e, the assumption
would tend to increase the risk result over the “true”
value), but not overly significant (characterized as
“slightly conservative” or “not overly conservative”).
In a few cases, no evaluation is provided of the influ-
ence of the assumpaon. In some cases, further study is
called for to support the validity of the assumption, or
provide the basis for a revised assumption, if the as-
sumption 1§ subsequently detennined to be important
to the overall result.

In some cases, what is described o the PRA as an
assumption is actually a boundary condition, or a con-
dition related directly to the actual design of the plant,
or the consequence of the occurrence of a previous
condition (e.g., the primary coolant pumps are as-

1

sumed to be woperable following loss of offsite pow-
er). While these stated conditions may fit the overall
defimuon of assumptions in a general context, they are
of no interest 1o this evaluation since they are not asso-
ciated with uncenainty or questionable bases.

In order to focus available resources on those as-
sumptions with the greatest potenzial for influencing
the results, an evaluation of the ask profile of the
TMI-1 plant, as estimated in the PKA, was undertak-
en. The PRA contains a significant amount of con-
densed information to facilitate such an evaluation.
The evaluation consisted of identifying those initiating
events, accident sequences, system failures, etc.,
which were imporiant contributors to the overall re-
sults in terms of core damage frequency (CDF). The
results of this evaluation are presented in the following
sections.

TMI-1 Risk Profile. The “nisk profile” of a plant
generally refers (o a significance ranking of individual
contributions from the following elements: (1) acci-
dent sequences, (2) initiating events, and (3) system
failures in terms of contribution to overa'! nsk. An
evaluation of the relative ranking of the individual
contributions within these elements was undertaken as
part of the review of assumptions. This allowed the
available msources to focus on those assumptions as-
sociated with the risk dominant contributions. It
should be noted that a risk profile can also be further
subdivided to include the significance of human ac-
tions and component failure rates which contribute to
the overall estimated risk from the plant. These eie-
ments are cousidered separately in the sections on Hu-
man Responses and Failure Data.

Dominant Accident Seguences. Table 4, de-
veloped from a similar tabie in the TMI-1 PRA, illus-
trates the top 11 accident sequences. The distribution
of contributors is rather peculiar in that a single se-
quence (loss of control building ventilation) is a very
large contributor (33.3%) to the total CDF. Further-
more, the next most dominant sequence is a rather
small contributor (5.5%), followed by two more se-
guences with small contributions (3.6% each).
Following the fifth sequence, the remaining individual
sequence contributions drup dramatically to <2%.
Thus, the top five sequences contribute almost half
(48.4%) 10 the overall CDF, while a similar contribu-
tion is provided by low probability sequences. Any as-
sumption with the potential to influence the probabili-
tv of the single most dominant sequence would be
expected to have a significant influence on the overall
CDE On the other hand, assumptions associated with
any other individual sequence would have to increase
the probability of the sequence dramatically before any



significant increase in the overall CDF would occur
For example, a factor of 10 increase in the probability
of the second most dominant sequence (sequence #2 in
Table 4) would increase the overall CDF by only 50%
Changes in assumptions which would reduce any but
the most dotuinant sequence would have an insignifi
cant impact, even if the sequence were eliminated. In
fact, if all sequences except the most dominant were
eliminated, the overall CDF would only be reduced by

Toble 4.  Dominant scenarios from TMI-1 PRA

a factor of three, not a very significant change 11 view
of the esumated vucertanties discussed in this report

Some assumptions will obviously influence more
thao one sequence, and therefore could be _nportant.
For example, sequences 2 through 4 all have fires as
the initiating events. Thus, any assumption which
influences the estimated frequ T subsequent con-
trol of fires can change the ihility of each of

Desenpuon
Loss of control building ventilation and failure to
establish altermate room cooling
Fire in auxiliary building. MCC area AB-FZ-6
Fire in control building. SW room 18

Fire in control building. ESAS cabinet area

Med. LOCA and faii to establish sump
recirculation

Excessive main feedwater, leading to

HPI; fail to provide HPI min-flow recirculation
after HPI flow throttling, leading to HPI pump
fatlure; and failure of RCP seal cooling to seal
LOCA with no HPI

Fire o control building. IE SW room

Loss of air; failure of RCP seal injection and
cooling

Large LOCA and fail to estahlish sump
recirculation

SGTR and fail one train of DHR and
opposite train of DHCCCW, leading to
loss of long-term DHR

Very small LOCA and fail both trains of
DHOCCW, leading to 1oss of long-term DHR

Mean Freguency
Per Reactor-Yr

1.83E-4

3.00E-5
2.00E-5
2.00B-5

1.30E-5§

1.OZE-S

1.OOE-5

6.26E-6

5.95E-6

S.88E-G

Subtotal
All others 2

Total




these sequences. (See the External Events Section for
an evaluation of the external events analysis, including
fire methodology). However, uxcept for the top four
sequences, a rather large probability increase in a sig-
nificant number of sequences would ve required 1o
produce a significant change in the total CDF.

Deminant Initiating Events. Table 5, extracied
from the PRA, shows the ranking of accident iniuating
events. As would be expected, based on the preceding
discussion of dominant accident sequences, loss of
control building ventilation dominates the accident ini-
tiator contributions to CDF. 1n fact, the probability of
the second most dominant initiator (steam generator

Table 5. Dominant initiating evems from TMI-1 PRA

tube ruptizre) would have 1o be raised by over a factor
of five 10 become as important as the loss of control
building vemti:ation inftiator.

Dominant System Fallures The contribution of
individual system failure probabilities can add further
perspective on the risk profile. Table 6, taken from the
PRA, shows the re'ative ranking of system {atlure con-
tributions to the CDF. Unlike the dominant accident
sequences and initiaung events discussed previously,
there is no singie system which overshadows the risk
contributions. The top seven systers ali contribute
over 20% to the frequency of CDF. After the seventh

Deacrinti

Loss of CBV

Loss of other support systems

Loss of offsite power

Loss of river water to pumphouse
All other transients

Very small LOCAs including SGTR
Ali larger LOCAs

LOCA outside containm.nt

Fires explicitly modeled

All other fires and all internal floods
Earthquakes

Externai flood

Tornado

Turbine mussile

Aircraft crash

Toxic chemical

CDF, Total
Mean Frequency CDF
Per Reactor=Y1 —iB)

2.00E-4 64
4.53B-5 82
2.90E-5 53
1.58B-5 29
6.09E-5 11.1
5.58E-5 10.1
3.58E-5 6.5
1.00E~7 <0.1
8.64E-5 15.7
<1.00E-5 <2
2.70E-6 0.5
7.5E-6 14
1.2E-8 <0.1
2.3E-7 <0.!
1.0E-7 <0.1
2.6E-7 <0.1
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Table 6.

Systems contnbuting o core damage freguency. from intemal initiators, TMI-1 PRA

Cootrol building venulation
Decay heat removal

High pressure injection

Elecwic power

Main steam and feedwater

RCS pressure control

Decay heat cocling waier
Intermediate closed cooling water
Emergency feedwater
Instrument air

Nuclear services cooling water
Engineered safeguards actuation

Reactor protection

Contribution to CDF
from Internal Events*

ot 2 bR e e

43

37

a. Total percent sums to more than 100, because more than one s yetem failure may occur in a given core damage
sequence

highest system, the contribution drops significantly
(down to 9%). Specific assumptions reiative to plant
modeling an system reliability associated with these
systems are considered in other sections of this report.

Evaluation of Major Assumptions. This section
evaluates the major assumptions made in the TMI-1
PRA, with particular attention given to the risk dom:-
nant contributors identified in the preceding discus-
sion. In addition, assumptions made i the area of the
overall scope of the PRA study are included

Scope. The scope of the study conforms generally
with traditional PRA studies. Only one aspect of the
scope was found to be guestionable and selected for
evaluation. This aspect is the limitation of the study to
consideration of core damage events whict, may be ini
tiated only from elevated power levels

Specifically, the study limits consideration of acei-
dents, according to page 1-10 of Volume 2, to those
initiated from power levels above 15% (the power
threshold, according to the study, for automatic feed-
water control). The study further states (page 1-11)
that the PRA team considered accident initiating
events from shutdown conditions to be “nsignificant.”
However, no basis is given for this judgement.

In recent years concem has been developing, among
the NRC and others, that core damage frequency due to
acaidents mitiated during shutdown conditions may be
significant enough to warrant consideration. This con-
cem appears to have been generated primarily from
event reports indicating instances where the integnty
of decay heat removal during shutdown conditions has




been compromised, most recently in the incidert at
Diabio Canyon. 15

As a result of this concem, the NRC established Ge-
nenc Issue 99, “Improved Reliability of RHR Capabil-
ity in PWRs," 10 exaniine the issue. In support of the
on-going resolution of this issue, Brookhaven Nation-
al Laboratory performed a study of the frequency of
core damage due to insufficient decay heat removal
under shutdown conditions. ' Their study concluded
that the frequency of such events was 5. 22E-5/yr for
PWRs. While the study used the Zion plant as & model
and data in Reference 17 as a framework, the results
were considered as representative of “most” U.S.
PWRs. This result, if it applies 10 TMI-1, wouid rep-
resent an approximate 10% contribution to the core
damage frequency estimated in the TMI-] siudy
(mean frequency 5.SE-4/y) and would thus become
the second most dominant coatributor,

As a result of these considerations, the TMI-1 PRA
assumption that the frequency of core damage acci-
dents from shutdown conditions is “negligible” is con-
sidered questiouable, and the basis for it (judgement of
the PRA team ) inadequate.

Initiating Event Frequencles As indicated
above, a single initiating event, loss of control building
ventilation, is by far the most significant initiating
event in the PRA. In efforts to obtain additional infor-
mation to assist in evaluating the loss of control build-
ing ventilation sequence, additional documents were
cbtained which are relevant to the issue. 1213 These
documents were prepared by GPUN Corporation in
support of their assessment of the compliance of the
TMI-1 plant to Appendix R (fire protection). They
were not submitted in support of the PRA, and the
PRA is not discussed in the documents. Howcver, the
documents do provide a rather detailed evaluation of
the control building heat-up rate following loss of ven-
tilation and also provide additional data to support the
conclusion that much of the equipment in the building
can survive temperatures in excess of 104°F. The basic
conclusion from the evaluations is that the loss of con-
trol room ventilation will not result in loss of the core
cooling function for times up to 72 hours, although
some minor human actions would be necessary, in-
cluding opening doors and tuming off lights in the con-
tro! yoom. This conclusion is supported by detailed
analysis supplercented by test data. The evaluation ap-
pears to be reasonable and consistent and has been ac-
cepted on the basis of an NRC review. !4 An analysis
of the effects on the PRA would require substantial ef-
fort and was therefore not undertuken as part of this re-
view. However, on balance it appears that the contri-

bution to core damage from the loss of control building
ventilation accident sequence 1s grossly overestimated
in the PRA and is probably neghgible.

As a result of this review of matenal related 1o Ap-
pendix R, the assumptions in the PRA relaung 1o se-
guences involving loss of control building ventilaton
appear 1o be moot. Some review of these assumptions
was done and appears here as Appendix A 10 this re-
view report. Additional assumptions relative to other
initiating events are provided in the Initiating Events
Secuon of this repor.

Miscellaneous General Assumptions. This
section identifies and evaluates miscellaneous general
assumptions which are considered to be inconsistent or
unusual compared to standard PRA practice, or are
considered questionable on other grounds. Only gen-
eral, or global, assumptions are considered here which
are not specific to individual elements of the PRA.
These more specific assumptions, as noted previously,
are considered in other relevant sections of this report.

Omitted Dependencies The PRA states on
page 1-8, Volume 2 that “certain dependencies. . were
judged to be insignificant contributors to risk and were
therefore not explicitly modeled in the TMI-1 plant
model These include the effect of flooding resulting
from high energy line breaks, and the impact of seis-
mic Class 11 components falling and striking seismic
Class 1 components.” However, Volume 7 does in-
clude consideration of high energy line breaks in the
spatial interactions analysis, failure of non-seismic
Class | components causing “ailure of Class I equip-
ment has been found to be an important contributor in

other PRAs, but high energy line break flooding has
not. 18,19

v-Sequence. 1t s assumed in the PRA
(page 1-11) that the V-sequence accident (rupture of
the primary system into tie low pressure RHR system,
causing RHR pipe ruipture) leads directly to core dam-
age, and is therefore not treated explicitly in its own
event tree. The basis for this assumption is that the se-
quence has a very low fraquency. The frequency of the
event was found elsewhere in the PRA (Volume 5,
page 3-17,18) to be 7. 89E~8/yr. While this assump-
tion is conservative and may not have a significant in-
fluence on the overall PRA results (which exclude
consideration of offsite consequences), it should be
recognized that this accident sequence can result in
very large offsite consequences, depending on the
plant configuration in the vicinity of the RHR line
break. On the other hand, a recent analysis or a differ-
ent PWR indicates that this sequence may not rupture
the RHR piping;: instead, this sequence will result in a
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much more bergn sequ "we with reduced core dam-
age probavility and lower source . rms even if the cor
does melt. 20 It would appear appropriate, esyecially
if the PRA is 10 be extended mto & Level 3 risk asses-
sment, 10 evaluate thus sequence in more detau.

RV Rugture. The notential for reactor vessel rup-
ture from pressunzed therma! shock (PTS) conditions
has become a safoty ssue of concem in recent years,
particularly for older plants. Thus, assumptions re-
parding the treatment of this issue in the PRA were ex-

~uned. Onpages “~13 & 14 of Volume 2, the general
approach to the issue is discussed, and  is stated that
“GPUN has estimated (based on previous work by
B&W) that the conditional failure frequency of the
reactor vessel, giver that an excessive cooldown sce-
nano has ocourred, is always less than $E-4. The
event is accounted for by including reactor vessel rup-
ture on all event trees where PTS might occur ™ The
PRA also assumes (page 1-14) that no credit is given
for mitigeting reactor vessel ruptures. A more detailed
discussion of excessive cooldown events and PTS is
given on page 4.1-12 and 13 of Volume 3. Here it is
stated that “1a each situation where an excessive cool-
down occuried, the likelihood of reactor vesse! rupture
was considered. The basis for this likelihood is the
pressunized thermal stress analysis done by Babcock &
Wilcox and GPUN and documented in the Systems
Analysis Report (Volume 4), Section 19" However,
\MB&WMyﬁ:wsnoﬂnthePRAupoﬂ—-ﬂwu
1o be provided at u later time. Thus, the specific treat-
ment of PTS w the PRA could not be reviewed com-
pletely. See the section on Comparisons with Generic
and Unresolved Safety Issues for more discussion.

Dependency Analysis

Introduction. This dependency unalysis was per-
formed te determine if all of the fronuine suppon sys-
tems and their support systems were modeled in the
ana'vsis.

Review App. oach System dependencies are dis-
cussed in Volume 3, Coapter 3 and Volum: 4, Chap-
ter | of the TMI-1 PRA. Volume 3, Chapier 3 1denti-
fies the frontline and support systems and describes the
system dependencies.  volume <, Chapter 1 provides
tables listing the frontline sysiems, suppon systems,
and the systems s reened from the PRA because they
id oot support safety funcuons. Some of the system
description chapters in Volume 4 also describe some of
the system dependencies. A major problem encoun-
tered in the review of the dependency analysis was that
the PRA did not describe all of the TMI-1 systems—
most of the system descriptions or'y discussed the fuil-

ure events—thus, it was very difficult to evaluate the
PRA-denufied dependencies. The PRA should have
provided enough of a system description to allow an
independent evaluation of their conclusions, and to tel)
the user what the system configuration was at the time
of evaluation. If this wnformation had been provided
the PRA user could determinc easily if e analysis still
applie 1o a particular system or if the system has been
modific  since the PRA. It was necessary to obtain the
P&ID': sad PSAR 1o determine the system functions
and L. sir support systen ..

For this review, the syste: Aopx ndencies were de-
termined independently by seiecting the systems ues-
ignated as frontline sysiems in Table 1-1 of Volume 4,
Chapter | and using the § &IDs and the FSAR 10 iden-
tfy all of the support sysiems for the frontline systems.
The support systems were then exarined to identify
their support systems. The P&ID's were then re-
viewed 10 determine if there were any other s slems
that could be important to safety but were not included
in the frontline or support systems found in the above
wvestigation. The system dependencies discusscd in
the TMI-1 PRA were then compared with the depen-
dencies found above to determine if all of the support
systeras were considered in the analysis.

Electrical Dependencies The electrical depen-
dencies of the frontline systems and their suppon sys-
tems were identified in the individual system discus-
sions of Volume 4, books 1, 2, and 3. The electrical
dependencies for all fronthine and support systems, ex-
cept the systems discussed below in the discusaion of
the mechanical system problems, were identified in the
PRA. The electrical power supplies identiried in the
PRA for several of the svstoms, and some of the com-
ponents for other systems, were checked against the
P&IDs and the PSAR and found 10 be correct.

Mechanical Dependencles. The following me-
chanical support systems are not discussed in the
TMI-1 PRA but they appear to be important sysiems:

¢ Fuel Oil and Feed Pump Seal and Leak Off
System

¢ Turbine Lube Oil System
¢ Diesel Generator Services
¢ Diesel Generator Lube Oil Systems

¢ Diesel Generator Jacket & Air Cooler Cool-
ant System

*  Diesel Generator Gear Box Lube O1l System



¢ Fuel Oil Unloading Statons

The Feed Pump Seal and the Turbier Lube Oil sys-
tems support the mun feedwater pumps. The only ac-
cident sequences that could be non-conservatively af-
fected by not considering these systems are the
sequences involved with maintaimng enough feedwa-
ter 1o the steam generators with the maun feedwater
pumps. Acadent sequences involved with failure of
the main feedwater pumps contribute about 14% to the
core damage frequency, however, only 0.1% of those
fallures involve main feedwater pump failures that are
oot guaranteed failures such as “operator trips main
feedwater pumps,” o1 “main steam isolation valves
closed " Based on the small contribution of main feed-
water pump failure to the core damage frequency, in-
cluding the affects of the feed pump seal and lube oil
systems would probably not have a significant impact
on the core damage frequency. Other muin feedwater
pump acaident sequences are involved with overcool-
ing, thus not considering a possible failure mode
would be conservative,

Diess! Generator Support Systems The sys-
tems associated with the diesel ~ -+ rators will affect
the avallability of the diesel gets - rs; however, all
but the Fuel Oil Unloading Stations and the Fuel
Transfer Pumps are an integral pan of the diesel gener-
ators and are considered in the development of the die-
sel generator failure rate. The T™I-1 PRA used plant
specific expenience in the development of diesel gener-
ator “fail to stant” and “failure duning first hour of op-
eration” failure rates, and generic failure rates for the
the “failure afier one hour of operation™ failure rate.
Because the lube oil and coolant circulating systems
are integral to the diescl generators, thewr failure rates
will be part of the plant specific and generic failure
rates. The fue! transfer pumps and fuel st).age tanks
are plant specific, and they are not required until three
hours after the diesels are stanted, thus their contribu-
ton to the diesel generator failure rate will not be in-
cluded in the plant specific or generic failure rates.
The mission tune of the diesel generators is 24 hours,
and the diesel generator day tanks have about a 3-hr
fuel supply. thus the pumps must start and fill the day
tanks seven times during the 24-hour mission. Each
diesel generator has a de and ac powered fuel transfer
pump with automatic start based on day tank fuel level.
The pumps are powered by the Engineered Safeguards
buses. Diesel generator failures contribute about 9%
of the core damage frequency. But given the dual pow-
er sources for the pumps, their unavailability is prob.
ably very small

Other Dependencles The following mechamcal
suppon systems are listed in the TMI-1 PRA as not
important 1o safety and not considered further, but they
appear 10 be important to the fronthine or support sys-

tems they support
¢ Station Fire Protection System
¢ Penetration Pressurization System
o Flud Block System.

The Station Fire Protection system is listed as not
important 10 safety; however, it is the backup coolant
supply for the Instrament Air Compressor. In fact, the
PRA indicates i another chapter that the Instrament
Air Compressor cooling system has such a small fail-
ure rate that it can be ignored because of the backup
cooling sy stem. Lasting the Fire Protection system as
not important to safety is an error in the system de-
scription only; tie analysis results pertauning o the In-
strument Air Compressor are correct.

The Penetration Pressunzation System and the Fluid
Block Sysiem are parts of the Reactor Building
Isolation System (RBIS). Although the RBIS will not
contribute to preventing core damage and need not be
considered in a Level 1 PRA, the TMI-1 PRA lists the
RBIS as a frootline system and calculates an
unavailability for the system. Not considering the
Penetration Presaurization and the Fluid Block system
ssunzation System pressunizes all electrical penetra-
tions, the fuel transfer tubes, the equipment access in
the RBIS unavatlability could be a serious underesti-
mate of the RBIS failure rate. The Peaetration Pre.
hatch, and the normal and emergency personnel air
locks, and the Fluid Block System backs up the con-
tainment isolation system valves by pressurizing the
piping between the val s and/or the valve bonnets.
Loss of these systems could open significant leakage
paths from the reactor building to the environment.

Some other minor discrepancies found during the
dependency review are noted below:

Table 1-1 of Volume 4, Chapter 1 lists the frontline
systems. The frontline systems listed on the table
do not agree with the trontline systems identified in
Volume 3, Chapter 3. Frontline systems identified
on Tahe 11 that are not identified as frontline sys-
tems in Chapter 3 are: BWST, PORV/SRV, Reactor
Building Emergency Cooling, High Pressure Injec-
tion, Low Pressure Injection, Main Steam Safety
Valves, Reactor Building Sump, Electrohydraulic
Control, Make Up, Seal Injection, and Condensate.



Pans or components of some of the sysiems are dis-
cussed i Chapter 3, and the write—up of Chapter 3
indicates the Condensae System s considered in
the Main Feedwater System but it is very difficult
to determine if all important system components
were considered in the dependency analysis.

Table 1-2, Support Systems Analyzed, indicates
that the Condensate Polishing and Condenser
Circulating Water systems were analyzed as
support systems.  Volume 3, Chapter 3, Suppon
System Model does not indicate these systems are
support systems. They are shown in some of the
figures of Volume 4. Book 2, Chapter 10, Main
Feedwater and Integrated Control System Analysis,
but not discussed.

Plant Visit to TMI-1. During the plant visit to
TMI-1.* a brief rour of the buildings containing safe-
ty-related equipment was conducted. The equipment
appeared to be adequately separated and free of ob-
vious common cause failure dependencies that might
be activated by internal fires, flooding, seismic or oth-
er environmental shocks. Most safety-related valves
appeared to be operable by handwheels as well as by
motors. The only obvious common cause failure
mechanism was flooding above the PMF elevation of
310" —the equipment required for safe shutdown is
consistently protected up to this elevation,

Conclusions. The TMI-1 PRA considers all impor-
tant support systems except for systems supportng the
diesel generators, the main feedwater pumps, and the
RBIS. The fuel transfer system for the diesel genera-
tors 1s required to function dunng the 24 —bhr mission
tume; thus not considening it could conceivably have a
significant impact ou the core damage frequency be-
cause fatlure of the diesel generators contributes 9% to
the core damage frequency. But the fuel transfer sys-
tem appears to be very reliable: each diese) has two
pumps, one ac powered and one de powered, with the
power supplied by the Engineered Safeguards Buses.
The feedwater-pumps failures contribute less than
0.1% 10 the core damage frequency; thus, increasing
the feedwater pump failure rate to include the seal and
lube oil system failure rates would probably not cause
a sigoificant change to the core damage frequency.
The RBIS support systems not considered by the
TMI-1 PRA should have been factored into the devel-

a.  Letter from H. J. Reilly, EG&G Idabo, to
Dr. Arthur Buslik, NRC, “Repon of TMI-1 Plant Vis-
it, October 18-19, 1988, November 8, 1988

opment of the RBIS falure rate; however, the RBIS
does not contribute 10 the prevention of core damage

Comparison With Crystal River
3 PRA

An important feature of the review of any PRA 15 to
compare the results to the results of other PRAs per.
formed for similar plants. In this case, the Crylul
River 3 (CR-3) PRA serves as the comparison 100l 4
The purpose of this comparison is 10 evaluate whether
or not the estimates of core damage frequency for the
two PRAs produce any wsights that indicate a differ-
ence in either the design and operation of the plants or
the performance of the PRAs.

The method of comparison in this review focuses
primarily on the differences in the results and method-
ology of the two PRAs. This is due to the fact that
TMI-1 and CR-3 are Babcox and Wilcox (B&W)
plants of almost identical design. Table 7 shows the
major systems analyzed by both PRAs and indicates
the similarity between the plants. The only obvious
differences are in the cooling water systems, the use of
two motor driven EFW pumps at TMI-1 whereas
CR-3 uses one motor driven EFW pump, and different
vendors for the RCPs. Review of the success criteria
for the major systems and functions indicates no sig-
nificant differences. This comparison discusses the
similarities and differences between the two PRAs and
.-es the areas where significant differences exist.

Analysis Both the CR-3 and the TMI- 1 PRA reports
indicate that they were Level 1 PRAs. ' A Level 1
PRA 1s an evaluation of the likelihood of core damage
for a nuclear plant and includes technical analyses as
outlined in the PRA Procedures Guide. * As noted
elsewhere in this review, the TMI-1 PRA includes
much more analysis than is necessary for a Level 1
PRA. The systems analysis and event tree models
from the TMI-1 PRA went beyond the end state for a
Level 1 PRA and included evaluations of systems that
have no impact on the estimation of core damage fre-
quency. The analysis was typical of that performed
prior to a Level 2 or 3 analysis in which systems relat-
ing to containment performance and post—core damage
phenomenology are included. This results in more
complex event trees and makes companson of the re-
sults of the two PRAs more difficult.

In addition to the fact that the TMI-| PRA ex-
amined sequences beyond the scope of a Level 1 PRA,
the method of analysis for the two PRAs is different.
The TMI-1 PRA uses support state event trees
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Table 7. Companson of Crystal River-3 and TMI-1 systems

W ...._M'l Q—‘l—-———- -—-—-———m————
Reactor vendor Babeock and Wilcox Babcock and Wilcox TMI-1 is rated at 2772 MWL,
CR-3 15 2560 MWt
Reactor coolant Two hot loops, Two hot loops,
system four cold loops four cold loops
Reactor coolant Four Wesunghouse Four Byron-Jackson
pumps pumps pumps
Steam generators Two B&W OTSGs Two B&W OTSGs
High pressure Three pumps with one Three puraps with one
injection/make—up normally running normally running
Low pressure Two pumps and heat Two pumps and heat
injection/DHR exchangers exchangers
HPULPI control ESAS ESAS
Power conversion Turbine bypass, main Turbine bypass, main
system condenser, two steam condenser, (wo steam
Anven fecawater driven feedwater
pumps pumps
PCS control B&W inte grazed B&W mtegrated
control system control system
Emergency feedwater One turbine driven One wrhine dniven
and two taotor driven and two motor driven
pumps pumps
Emergency ac power Two emergency diesel Two emergency diesel
generatons generators
Emergency dc power Two emergency dc Two emergency de
batteries batteries
Cooling water NSCOCW, NSRW, NSCCW, NSSW, TMI-1 has 3 pump trains for
systems DHOCCW, and DHRW  DHOCCW, and DHEW  NSCCW and NSRW while
CR-3 has five NSCCW
pumps. DHCCW are similar.
Both have 3 pumps dedicated
1o NSSW and one to each
DHSW train.

combined with front line event trees: the support state
methodology (large event tree/small fault tree)
approach. This approach relies on the analyst to either
explicitly depict all dependencies between event tree

headings, or 1o develop appropriate models of the sys-
tems for specific boundary conditions (referred to as
split fracuions). This method produces a very large
number of sequences to estimate the core damage



frequency. The CR-3 PRA uses the fault tree linking
(small event treeAarge fault tree) approach to modei-
ing the plant response. In thus method, dependencies
between headings are accounted for by including the
common events in the fault trees for each of the sys-
tems and using a computer code 1o generale sequence
cut sets that y account for them. Compan-
son of the results of two PRAs that use such disunctly
different methods requires that care be exercised 1o in-

sure a far companson.

With the systems analyses so different, the most
practical points of companson between the two PRAs
are at their beginnings and at their ends. The iitating
events and the core damage frequency estumates pro-
vide a framework for examuning the differences be-
tween the two PRAs.

Initiating Events Comparison Another section
of this review examines the details of the 'MI-1 it

ating event analysis. This section compares the starn-
ing points for the two PRA analyses without examin-
ing the details. There are three general areas for PRA
initiating events: loss of coolant accidents (LOCAS),
transients, and special initators. This section com-
pares the treatment of these events by the two PRAs.

The TMI-1 PRA includes initiating events for four
LOCAs and for steam generator tube rupture (SGTR)
events. The TMI-1 LOCAs are classified as large, me-
dium, small, and very small LOCAs. The CR-3 PRA
uses only two classifications, large and small, along
with the SGTR event. The frequencies for these events
in the two PRAs are comparable, with TMI-1 frequen-
cies for the small and very small LOCAs slightly tugh-
er (factor of 2) and large and medium LOCAs slightly
lower (factor of 1.5)

The general transients for the two pla.... correspond
They include turbine tnps, reactor tnps, feedwater cis-
ruptions, and steam line breaks. The frequencies for
the TMI-1 events are similar to the CR-3 events, with
the exception of reactor and turbine-trips and loss-
of-feedwater events. The TMI-1 frequencies for these
initiators are app/oximately a factor of 2 lower than the
CR-3 frequencies. Data for the TMI-1 PRA included
only the years of operation pnor to the accident at
TMI-2 that resulted in the shutdown of TMI-1 for sev-
eral years. It is not known what the impact of the vear
of operation that occurred after restart would have on
these values.

Special wmitiators evaluated by both PRAs included
loss of offsite power, loss of air, loss of ICS power, and
loss of river water. The CR-3 PRA included 10ss of ar

in its Joas of feedwater imtiator singe its only impact
wis on the feedwater system. TMI--1 separated loss of
air because of impacts on systems not related to core
damage prevention. The CR-3 PRA also included loss
of a single ac bus, spuncus ES actuation, andl spurious
low pressure signa! initiauing events. Although the
TMI-1 PRA did not explicitly mode] these evets, the
results of the CR-3 analysis indicate that they were not
contnibutors to the dominant sequences. Thus, their
omission does not appear to be significant,

A special class of events that is considered in PRAs
is anticipated transients without scram (ATWS)
events. Some PRAs treat these events as initiating
events, while others ‘reat them as part of the event
trees. In the case of the TMI-1 PRA, each of the event
trees for transient initiators includes sequences relating
1o ATWS mitigation. The CR-3 PRA relies upon ther-
mal-hydraulic analyses that indicate that the most se-
vere ATWS scenano would result in a LOCA with the
HPI and LPI systems unaffected. Thus, they conclude
that the analysis of LOCAs bounds the response for
ATWS events. It appears that the treatment of ATWS
events explicitly in the TMI- | PRA reflects the more
standard approach. However, ATWS events are not
part of the dominant contributors from the TMI-1|
sequences

In summary, the TMI-1 PRA compares favorably
with the CR-3 PRA with respect to initiating event se-
lection and frequency evaluation. The TMI-1 overall
transient frequency appears to be a factor of 2 lower
than the CR-3 frequency. The differences in special
initiator selectiors appear to be due to reasonable
grouping preferences of the analysts. The lack of dom-
nant sequences involving these initiators from either
PRA indicates that disparities in this area are not
s guificant

Comparison of Dominant Sequences. As
noted earhier, there was a significant difference in the
manner in which the two PRAs analyzed the plant re-
sponse (o initiatng events. The TMI-1 PRA included
analyses relating to containment systems. The TMI-1
PRA examined the effects of fires and floods. In addi-
tion, a significant increase in the core damage frequen-
¢y for the TMI-1 PRA was caused by the assumption
that a loss of control butlding ventilation would lead to
core damage due 1o failure of the electric power to the
seal injection and cooling systems. Another pan of
this review report concluded that this assumption was
UNNECeSSary

For the remainder of this section, comparison of the
two PRAs will ignore the effects of several events in
the TMI-1 PRA that were not included in the scope of



the CR-3 PRA. Table 5-1 of the TMI-1 Technical
Summary Report details the ¢ flects of rntiating events
on the core damage frequency estimate. Excluding
control building ventilation failures, fires, floods, and
earthquakes reduces the core damage freguency est-
mate from > SE-4/yr 1o approximately 2 SE-4/yr. The
remaiting sequences are the basis for comprring the
results of the TMI-1 PRA with the results of the CR--3
PRA

The ANL review of the CR-3 PRA, including un-
published information that ANL referred to as the
“updated” PRA, concluded that some of the sequence
frequencies should be different from those published
in the CR-3 PRA. 2 The principal changes recom-
mended by ANL involve a) frequency of small-break
LOCAs, b) frequency of wrbine tnip, ¢) several emrors
they found in the CR-3 fault trees Regarding small-
break LOCAs, we commented earlier (see Initiating

Events secnon) that the frequency for TMI-1 should
be higher than that used in the PRA. Regarding
frequency of turbine irip, the TMI-] PRA used plant-
specific data. It remains to be seen whether future
operation of TMI-1 will continue to have such low
values for reactor and turbine tnp.  Finally, if errors
existed in the CR-3 favlt trees that caused the condi-
tional core damage frecuencies to be erroneously
small, that would serve 1o explain some of the differ-
ence that we noted above regarding the comparison be-
tween conditional core damage frequencies for CR-3
and T™I-1.

Table & compares CR-3 and T™I- | results, using
the values reported in the ANL review for CR-3. Gen-
erally, the agreement in estimated CDFs for given ini-
uators s quite good. However, there are larger differ-
ences when the initiator frequencies and conditional
core damage probabilities are compared.

Table 8. Companson of Crystal River-3 and TMI-1 PRA results

TMI-1* CR-3"

IE Est. Cond. IE Est Cond.
luuanog Event Freq. ~LDE. ~Prob. Jreg. LDF. Prob.
Turbine Trip 1. 64E0 1.28E-§ 7.8E-6 - - -

— - - 6.7E0 1.20E-5 1. 8E-6
Reactor Trip 1.38E0 2.1E-§ 1.5E-$§ — — -
Loss of MFW 2.33E-1 3 18E-6 1 4E-5 1.40E0 7.60E-6 54E-6
Excessive MFW 1.18E-1 1 8E-§ 1.56-4 - - -
LOSP 7.10E-2 2.90E-$ 4.1E-4 3.50E-2 340E-5 9.7E-4
SGTR 113F-2 I B4E-S 34E-3 8.60E-3 1. 80E-6 4.4E-4
Loss of Air 6.00E-3 1.98E-§ 33E-3 - - —
Loss of RW/SW 741E-3 1.58E-5 2.1E-3 5. 60E-3 2.10E-§ 3.8E-3
Large LOCA 1 91E-4 8.24E-6 43E-2 S.0E-4 64E-6 1.3B-2
Med LOCA 4.20E-4 1.975-3 4.76-2 - - e
Small LOCA 2.20E-3 7.27E-6 33E-3 3. 00E-3 1.40E-§ 4.7E-3
Very sm LOCA S.19E-3 1.74E-5 34E-3 - — -
a. TMI-1 PRA.

b. ANL review of CR-3 PRA.




Comparnison of the sequences remaimng in the
TMI-i PRA when external events and the control
building ventitanion sequences are removed reveals
that the top ten sequences for TMI-1 are similar to
those for CR-3. While the relative order between the
two vanes slightly, the basic features are the same
Each of the sets of sequence: coniains transient events
with core damage occurnng due to seal LOCAs and
tailure 10 makeup to the primary system. Each con-
tains LOCASs with failure of recirculation switchover
St*am generator tube ruptures with failure of decay
heat removal are in both sets of sequences. Thus, it ap-
peats that the two PRAs produce similar dominant se-
gnences when the exiernal events and control building
ventilation events are excluded from the TMI-]
analysis.

There are some importan’ differences in the manner
in which the two PRAs treat the seal LOCA events.
The dominant seal LOCA scenanio from the TMI-)
PRA wvolves events which result in overcouling of
the primary system, leading to an HP] inttiaticn. Tus
is due to shrinkage of the primury coclant volume
resulting in reduced pressunizer level, which causes
pressure to drop. The TMI-1 analysis asks the
question as 16 whether o not the operator will ke
action, it accordance with hus procedures, to throttle
HPI flow before overpressurizing the primary and
causing the power operated relief valve (PORV) or
safety relief valves (SRVs) 10 open. Assuming that the
operator has properly diggnosed the condition and is
throttling HP! flow, the analysis theo assumes that the
operator wil! have created a condition wherein the
minimum flow valves must be reopened. The core
damage seqoence results when the operator does not
reopen these vatves within the time allotted in the
Human Analysis Report. Furthermore, the analysis
assumes that ail three HPI pumps 1o this scenano fail
simultaneously and catastrophically so that al! HPI is
lost. Failure of the seal barrier cooling subsequent to
this event results in seal degradation and loss of
inventory from the primary system. The CR-3
analysis assumes a scenario in which seal LOCAs o¢-
cur when barrier cooling fails subsequent to HPI
failures from other causes.

Summary. Comparison of the TMI-1 PRA results to
those from the CR-3 PRA was difficul! tn spite of the
fact (hat the plants are very similar in design and
operration. This was due principally to the fact that the
two PRAs used different methods of modeling and
quantification

Taking into account these limitations, the dominant
sequences for the two plants, when external events and

control butlding venulation are excluded, are sumilar tn
regard 1o the natare of the events and the relative con-
mbations 10 core damage frequency. The comparison
15 not as good when the condinonal probabilities of
core damage are compared for difforent itutiatore. For
some initiators, TMI-1 is higher; for othors, CR-3 i
hugher. Consideradly more work would be required to
ascertzin all the reasons for the ditferences.

Comparison with B&W Owners’
Group Evaiuation

Introduction. e purpose of this review 1s 1o comi
pare the issues raised mn the B&W Owners’ Group
(B&WOG) evauation of plant trip frequency and se-
venty to the TMI-1 PRA. The B&WOG Safety and
Performance Improvement Program (SPIP) invest-
gated o large number of issues relating to B&W reacior
trips and the seventy of the responses 1o those &ips.
The Owners' Group report BAW-1919 contairs their
analysis and recommesdations. 2 The NRC repon
NUREG-1231 contaias the staff's review of this
work. 2

Anaiysls. Tie B&WOG program addressed the 1a-
sues reiatiag to the frequency of transents at B&W
plants and the severity of the posttrip plant response,
The program examined operating lstory of tnps and
the subsequent plant response. In additon, the pro-
gram examined the root causes of these trips as well as
the design criteria of the systems that could mitigate
the impacts of the trips. The SPIP alse produced a
scale for measuring the severity of plant response to
trips bused on the response of key parameters such us
reactivity conrol; reactor coolant system pressuie,
temperature, and inventory; and secondary systen)
pressure and investory.

The primary focus of the B&WOG activity was to
examine ways to reduce the likelibood of complex
transierts such as the June 9, 1985, Davie-Besse loss
of feedwater event and the December 26, 1985,
Rancho Seco overcooling transient. Companson of
this effort with the PRA for TMI-1 is imited because
the PRA focused on core damage rather than preven-
tion of complex tansients. However, it is reasonable
to compare the types of events that were examined by
the B&WOG with the PRA to determine whether or
not the PRA analysis included them as part of the enve-
lope of events for estimating core damage frequency.

Part of the SPIP examined the potential core damage
risk associated with the occurrence of the more severe
Category C events (i.e., events wherein one or more
Abrormal Transient Operator Guideline response



incicators are significantly peyond the normal possirip
FESPONSE, 50 Lhal DOGIOULNE OpeTator OF safety sy siem
achion & required (o midgate the transient). The analy-
s13 used event trees developed primanly {rom the
Oconee and Crystal River PRAs, with plant specific
system unavailatiaes where such values were avail-
able from existing or cogeng PRA efforts. ‘e addi-
tion, the NRC review of the SPIP work inciuded an
analysis by Brookhaven National Luboratory (ENL) of
the potential nisk from Category C tansierts

Cemparison with Categury C Parameterc.
Comparison of the six key parameters for claasifving
events in the SPIP with the headings trom: the genere)
transient event Jree provides tosight mnto the coverage
of B&WOG iesues by e PRA. The following discus-
sion examines each of these areas und how the PRA
addresses them,

Reactivity control is a key parameier i the SPIY
classification of transient response. A Category C
event here woald be oue tn waick recriticality o¢-
curred. The TMI- ! PRA only addresses recniticality
i ters of long-term response to LOCA initiaiorss.
This is done under the heading for preveming buron
precipitation in the core during long-term reci: dula-
vor:. The FRA does address reactivity contml 1o tran-
sient cases dy vvaluation of ATWS soquences. The
SPIP scope did non inctude ATWS events,

Feactor Coolaat System (R(7S) temperature control
conditions leading to Category C designation by SPIF
included two cases: events resulting in overcooling so
that the plant's Pressurized Thermal Shiook (PTS) &im-
its are excecded, and events where subcooling margin
18 lost due to overheating

There are several heaaings in the PKA dealing with
overeaoling evonts. These clede secrndary pressure
reliet, excescive main feedwater, and excessive emer-
gency feeawater. Whils the PRA does not examine the
frequency of exceeding the PTS lisaits, it does include
a heading fur evaluating the likelihood of reactor ves-
s2l ruptuce from such overcooling.

Loss of subcooling margin occurs if secondary hest
removal 18 less than heat input into the mactor coolant
aystem. The heacings from the PRA that deal with this
iosue nclude main feedwater underfeed and
emergency feedwmer underfeed. The PRA does ot
exphicitiy caloniate the fraquencies of loss of sutcool-
ing margin avents. However, the occurrence of & sui-
tained logs of main and emergency feedwater wili lead
15 such an event

A Category C event alco occurs if RCS inventory
limuis are exceeded. This can occur when pressurizer
fevel is off-scale (low) with & loss of subocooling mar-
#in, or when the PORV or safety valves open. For non-
LOCA mtiators, failure of the operators 1o start a sec-
ond makeup pump and contrel makeup tlow can lead
10 loss of pressurizer level. The PRA assumes that
starting the second pumip will occur for every transient
(i.e., the probability of failure is ‘ow enough to vot
congider the iailure specifically in the analysis). Thus
the PRA does not address thus vanety of Category ©
event. However, the PRA does have sequences whiere
HPI has failed when required and a seal LOCA ocours.
These sequences would lead 10 loss of pressurizor level
but are not transients examined by the SPIP. The other
mechanism for exceeding the inventory limas is lifting
of the PORV or safeties. This can occw following a
transient in two ways: 10 overfill the primary systemn
due 1o operator failure vo throtthe HPI Cow, or by fail-
ing to remove sufficiens heat via the steam generators.
This leads 10 heating and expansion of the primary in-
ventory until pressure relief 's needed. The PRA ad-
dresses ull these cases

Category C events also acour if the OTSG pressure
exceeds ASME code limits or if pressure drops 10 the
puint where isolation of the generator occurs. The first
condition could only oconr if the secondary safety
valver. failed to epen when vequired. The second cun-
dition ceuld ocenr if any of the steam relief paths (by-
pass vaives, atmosphenc vent valves, or safety valves)
remuined open too long. Each of these scenanos is ad-
dressed in the PRA.

The last characteristic of plaut response that can
leed 10 a Category C cvent is lors of @i fexdwater to
beth OTSGs or overfeeding e or both generators be-
yond 95% of the operating range. The PRA accounts
for thes mechanizm o the MF«, ME- | EFe¢, and EF-
beadiogs on the transient trees.,

wiih B&AWOG Risk Assossment
The SPIP exanined the potertial nisks teat Caregory C
eveuts pose to the B&W plants. While hus effort was
not a full-scal: nsk assessment, it did ace risk asses-
sment 1o hnigues to upproxingie the contribution that
Category C events would be likely 5 make to the
plantz” overall nsk profiles. Tais was tased in pac® on
cempleied risk assessments 1or Ocaree and Crystal
River, and on risk assessnents thai we e in progre s at
otoer plants. In acdition, NUREG-1231 included an
independent seview by BNL to validate the Owaers’
Group work.

These effos indicate that Categor C transients de.
tot dominete the risk profi's at B&W plants. The
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TMI-1 PRA 1onds to supnot this assessment  There is
some disagreemery betweer the TMI-1 PRA and the
B&WOG and BNL reaews wita respect 10 overcool-
ing events. The B&WOG and BNL reviews concluded
“hat overcooling is not an impertaut contribater 1o nsk,
athough it would occur more frequently than the more
severe undercooling events, The T™MI--1 PRA indi-
cates tha: they are important due 1o their gsswaption
that the ¢perator has a high likelihood of fadure w es-
tablish minimum reci rculation flow after throitliog the
HPI cysiom following an overcooling even'. Tlas as-
sumption is reviewed in other pans of this review re-
port. With th exceptior of this difference, the major
conclusions of the risk assessments as they relate to
Category C events are compirable.

As neted elsewhere ‘n this review report, the stiso-
lute value of the core damage trequency for TMI-1 1
higher than in nisk assessmenis of other B&W plants.
Cone sreative assumptions relating to contro' building
veniilation effects, operator ¢-ror after throtiling HPI,
and fire effects, uppear to be some of the raasons for
the differences. The B&WOG nd BNL re views pro-
driced esumates of the core damage frecuency from
Category C events that compare favor:oly with the
TMI- 1 PRA. The B&WOG estimates the core dam-
age frequency from Caiezory Cevemstobe i SE-S/yr,
while the BNL review estimates the contribution &t
LOE-6/yt. The PRA estumates that the core damage
frequency from excesauve feedwater to be 1.0E-S/yr
(this value 1s the soguonce summary value for domi-
nant contributors from Table 5% of the Tuchnial
Summary Repoit and does not represent all sequences
resuiting from thus itiator). While this is the oaly
transiont sequence contained in Table 5-3 ot the Tech-
nical Summary that is simnilar to the evenis analyzed by
the E&WOG and BNL reviews, all of the TMI-1 PRA
sequences from transient events. that lead to core dam-
age would (by definition) be considered as Category C
eveats. Summing the core damage frequencies for the
same transient initiators used tn the B&WOG and
BNL reviews (reactorurbine trip, loss of MFW, ex.
cessive MFW, and loss of ICS power) produces a fre-
quency of 6 4E-5/yr. As nosed in the Technical Su-
mary Report, a signuficant parnt of thus value is due 1o
the HPI throttling scenano described eartier.

Summary The B&WOG SPIP examined many is-
sues relating 10 the frequencies and severities of
transients &t B&W plants. The TMi-1 FRA addressed
these issues *n the construction of the event trees and
evaluation of the sequence frequencies. Both the
TMI-1 PRA and the Owuers' Groun (and NRC re.
view) agree that the complex trapsients, as detined by
thy: SPIP are 01 the donunant contributers 1o the risk
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profiles of B&W plants. There are differences i abso-
late values between the TMI-1 PRA frequencies for
similar saguences and the BXWOG/BNL evaluations,
with the TMI-1 values beig approximately four umes
higher. Some of the differences are because of the
TMI-1 PRA assumptiols relating to operator emors
following overcooling evenis. Anothei section of this
review rport points nut that review by ANL of the
CR-3 FRA indicates it underestimates soms se-
gquences, whach would tend 1o make *he contingent
probabilities ugree betier.

Comparisons with Generic and
Unresolved Safety issues

Ttos pant of the review focuses on the manner and
extent 10 which the TMI-1 PRA modeled selectad ge-
nenc safety issues. The partucular issues of imterest
are:

v Pressunzed Thermal Shock
e Decry Heat Reraoval
¢ Fatlures of Instrument Air

¢ Failures of the Integrated Congrol System and
Non Nuclear Instrumentabon

o Generic lesue 23RCP seal LOCA

¢ Gemwric Issue 65—-Loss of Component Cool-
ing Water leading directly 1o core damage

¢ Reactor Coclant Pump Sea! Performance
during Loss of all Cooling Cotditions.

The manner in which each of these 1ssues was han-
dled in the PRA 1s discussed - the following sections.
The preferred formiat is to establish a standard for anal-
vsis of each tssue, by refercocing NRC sponsored re-
search on each subject. or by identifying other estab-
lished aaalysis to serve as a basis for comparison. The
manner in which the TMI-1 PRA evaluated each issue
i then compared to the standard, differences are noted,
ano the quantitative impact of conservatism or defi-
ciencies 18 esumated, if possible.

Pressurizec Tharmal Shock Prescunzed thermal
shock (PTS) as evaluated 'n the TMI-1 PRA was com-
pared to the woik documented in NURBG/CR-3770, a
PTS evamation of Oconse Unit 1, Frformed by Cak
Ridge National Lab for the NRC. “® This work was
chosen as a basis for companson because Oconee and
TMI-1 are both Babeock and Wilcox reactors.



Pressunied thermal shock refers 1o a scenano of
events where a reactor vessel is cooled to low tempera-
ture and is then repressunized by the iitiation of safety
ingection fow, thus creating the possibility that the
fracture toughness of the vessel is insufficient to
provide vessel itegrity. PTS is possible because the
ductility of a reactor vessel decreases as the tempera-
ture is reduced. Severe overcooling transients present
the potential to cool the reactor vessel to the point
where normally-induced pressures can induce enough
stress 10 propagate existing weld flaws into through-
wall cracks. The probability of PTS in the early years
of reactor life is very small but increases significantly
as neutron fluence on the reactor vesse! increases with
age

Vessel rupture at a point below the core would pre-
veut successful reflood of the core by the ECCS. The
probability of core damage due to PTS is very plant
specific and depends on the following:

¢ Frequency and severity of over cooling tran-
sients

o Copper content of weld matenal

o Weld location and neutron fluence accumula-
tuon

e HPI flow streams and mixing potential.

The Oconee study in NUREG/CR-3770 addressed
all of these issues. The frequency of core damage due
1o PTS was calculated to be 2. 2E-7/yr after 7 effective
full power years, increasing to 4. SE-6/yr at 32 effec-
tive full power years. These frequencies do not take
into consideration the effect of any neutron flux reduc-
tion programs.

The frequency of overcooling transients at Oconee
was calculated to be quite high due to two specific de-
sign features at Oconee: a) there are no main steam 18o-
lation valves on the steam generators, and b) there are
no feedwater isolation circuits. 1solation of steam gen-
erators in overcooling events must be accomplished by
operator action. The Oconee study used very hugh hu-
man error probabilities for these actions, which ob-
viously increased the core damage frequency.

TMI-1, on the other hand, 1s provided with MSIVs
and a steam line rupture detection system (SLRDS) to
isolate all FW from the SGs upon indication of over-
cooling. The overall Oconee frequency of 4 SE-6/yr is
not directly applicable to TMI-1 by reason of these de-
sign differences. However, based on modifying the
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Oconee results 1o account for the SLRDS and the
MSIVs, an estimated core damage frequency of
6E-8/yr at end of life could be expected at TMI-1.
This is an estimate and does not consider the specific
fracture toughness of the TMI-1 vessel versus the
Oconee vessel, nor the specific weld locations or weld
fluence levels of the TMI-1 vessel.

The TMI-1 PRA calculated core damage frequency
due 10 PTS to be insignificant. A specific frequency
for core damage due to PTS could not be found in the
report. Questions for reactor vessel rupture due to PTS
were asked on nearly all the event trees when events
combined 10 produce overco “g conditions. Vessel
failure is even asked foi overpressure conditions when
overcooling does not exist. However, conditional
probabilities of vessel fatture for TMI-1 are at least an
order of magnitude less than those in the Oconee study
for similar transients,

The Oconse report provides fracture mechanics cal-
culations, specific to Oconee, which calculate condi-
tonal probabilities of vessel failure ranging from 1E-7
for excessive FW events 1o 8 4E-3 for steam-line
breaks without feedwater solation  The TMI-1 PRA
uses B&W analysis documented in Secuon 19 of the
TMI-1 SAR for vessel failure probabilines. The prob-
abilities range from 2E-10 for excessive feedwater
events, to 5 8E-4 for events representing stuck open
secondary safeties with fatlure to isolate feedwater.
The TMI-1 study also uses a value of 8E~17 for vessel
fatlure under pressurized conditions when no over-
cooling i present (such as HPI cooling and PORVs fail
to open). The TMI-1 calculations were not reviewed,
S0 1t 18 not possible to comment on the reasons for the
differences.

In summary, the TMI-1 PRA estimates that PTS is a
negligible contributor to core damage . The
values used for conditiona probability of veael fail-
ure upon overcooling question the sufficiency of the
TMI-1 evaluation. However, based on an NRC spon-
sored analysis of PTS at Oconee, (NUREG/CR-3770),
in no event is PTS expected to be important compared
to the other contributors 1o core damage frequency at
T™I-1.

Decey Heat Removal (Task Action Plan A-45)
NUREG/CR-4713 was used as a basis to review the
TMI-1 PRA treatment of decay heat removal issues.
NUREG/CR-4713 15 a Sandia study of Arkansas
Nuclear One~Unit 1, which is a Babcock and Wilcox
PWR. %7 The study was done in suppon of resolution
of Unmsolved Safety Issue A-45. The study evaluates
the probability of core uncovery due to loss of decay
heat removal after small break LOCAs and transient..



The study considered fatlures of main feedwater, aux-
thary feedwater, Jow- and hugh-pressure injection re-
circulation systems, and pressurizer PORVs. The
study finds that the core damage frequency at ANO-1
due to falure of these sysiems to remove decay heat, 15
8.32E-5/yr. The study also identifies eight specific
vulnerabilities that contribute to tus core damage fre-
quency. These are

o Fulure of the turbine driven AFW pump

Common cause failure of valves in safety sys-
wems

Common cause failure of pumps in safety
systems

Diesel generator faults

Common cause battery failure
Random fwilure of the RHR pumps
Operator error to feed and bleed

Unavailability of the Borated Water Storage
Tank

In addition, they consider loss of decay heat removal
after external events such as fire, seismic, external
flonds, sabotage, and other events

The totl core damage frequency from the intemal
initiated events is 8.3E-5/yr. Due 10 the detail of the
analysis, these results must be considered specific to
the ANO-1 system configurations and the data used in
the study

The TMI-1 PRA analyzed all of the internal initiat-
ing events considered in NUREG/CR-4713. The
TMI-1 PRA also analyzed the more important exter-
nal events such as fires, floods, and seismic. The
TMI-1 PRA analyzed all of the systems considered in
NUREG/CR-4713, probably in greater detail. The
presentation of results in the TMI-1 PRA is not similar
to that of NUREG/CR-4713, 50 it 18 not easy to derive
comparable results. However, Table 54 in Volume 3
of the TMI-1 PRA shows the contribution of various
systems to core damage frequency. These contribu-
tions compar2 well with the frequencies in the A-45
study

After reviewing the fault trees, event trees, and re-
sults, 1t is coucluded that the TMI--1 PRA adequately
incorporates all the issues and vulnerabilities identi-

fied in NUREG/CR-4713 into the TMI-1 system and
sequence models. The results of the TMI- | study may
not be the same as those of the ANO-1 study, but thus
is 1o be expected. The TMI-1 study results reflect
plant specilic system configurations, data, and human
error probabilities

Fallures of Instrument Alr. Loss of instrument air
at TMI-1 fails all RCP seal cooling due to closure of
the injection valves on the seal injection line and clo-
sure of the valve on the ICCCW line to the thermal bar-
rier coolers. Both of these failures are recoverable by
local operator actions

There is no established analysis for loss of instru-
ment arr which can be used as a basis for comparison
with the TMI-1 analysis

The TMI-1 PRA included loss of instrument air as
an individual initiating event. The frequency of the
event is stated as 1.5E-2/yr in the systems analysis
chapter (Volume 4), 6. 0E-3/yr in the initiating event
table (Table 2-3; Volume 3) and 2 0E-3/yr in Table
6-1 of Volume 3 (mean values of split fractions)
Table 6-2 of Volume 3 indicates 6. 0E-3/yr was used in
the final quantification. The total frequency of core
damage from loss of instrament air i1s 2. 0E-5/yr. This
15 relatively high compared 1o many other plants and
results in a conditional probability ¢f core damage
upon loss of instrument air of about 3E~-3. A condi-
tonal probability of core damage in this range is rela-
tvely high, and ranked higher than the value for most
other transient initiators considered in this study

Documentation of the loss of instrument air event
tree is very spurse and it is difficult to understand the
effect of loss of instrament air on the plant, particularly
the auxiliary and main feedwater systems. The treat-
ment of the back--up air bottles is also confusing. It 1§
not clear which components are supplied with back-up
air bottles, and which system models they were in-
cluded in. 1t appears the EFW control valves and the
secondary safeties are supplied with the same back-up
air bottles, but it also appears from the dependency
diagram on Page 3-51 that the air bottles were in-
cluded as part of the EFW only. The EFW and event
TC are modeled independently, which is not correct if
they are both dependent on the air boitles

Fallures of Emergency Feedwaler As with in-
strument air, there 18 no established anulysis 1o use as a
basis for evaluation of EFW modeling

The system model for EFW was reviewed. It ap-
pears to address all pertinent issues of EFW operability
and performance. The probability for failure of all




EFW when all support systems are avatlable is 3 8E-§
This value is on the low end of e pected unavailability
for a 3 train system, but appears (o be reasonable when
compared 10 other recent PRAs

Fallures of the Integrated Control System and
Non-Nuclear Instrumemation Loss of power to
the ICS was evaluated as a speci fic initiating event. It
has a frequency of 5 4E-2/yr and results in core dam-
age frequency of 1. 2E-S/yr. Approximately one third
of this core damage frequency involves a stuck open
PORV. A preliminary review of the evont tree for loss
of ICS power indicates the interactions between the
ICS and the plant systems were modeled correctly.

The TMI-1 PRA did not mode! failures of the ICS
due 10 individual component farlure. The PRA did not
maodel loss of power 1o non-nuclear instrumentation,
nor did it model random failure of nonnuclear instru-
mentation. It is not known if failure of the power sup-
ply 10 the ICS umbrellas all other failures of 1CS and
NNI1. However, the initiating event frequency for loss
of ICS power, and the core damage frequency due to
this event, are relatively high compared to other plants

BG&G Idaho examined the effects of loss of Class
1E or non-Class 1E bus power to ICS and NNI as pan
of an audit of TMI-1 compliance with NRC Bulletin
79-27. The licensee has reviewed the ICS/NNI power
buses and other plant buses and made hardware and
procedural changes as a result. Based on these
changes, the draft audit repont gave reasonable assur-
ance that the failure of any single Class 1E or non-
Class 1E bus that supplies power to plant instrumenta-
tion and control circuits will not result in a plant
condition requiring operator action and the simulta-
neous loss of the control room indication (on which the
required action is based). * There i¢ also reasonable as-
surance that a safe (cold) shutdown condition can be
achieved by using existing procedures following the
loss of power to any single Class 1E or non-Class 1E
bus that supplies power to plant instrumentation and
control circuits.

Generic Issue 23 Generic lssue 23 addresses the
possibility of reactor coolant pump seal failure as a
small break and thus as a contributor to core damage.

a.  Alan C. Udy and Harry Reilly, personial commu-
nication, November 1988,

This ssue 1s different from Genenc lssue 65, which -
volves loss of cooling water systems leading to simul-
taneous RCP seal failures and failure of ECCS.

TMI-1 has Westunghouse reactor coolant pumps,
Complete seal failure in one pump will result in a leak
rate of about S00 gpm. This is put into the very small
break category of initiating events. The very small
break [E category in the TMI-1 PRA has a frequency
of S 1E-3/yr. The recently published NUREG/
CR-4550, Rev. 1, Vol. 3, calculates a random seal fail-
ure probability in PWRs of 3 9E-3/yt, based on histor-
ical experience. % The T™MI- frequency for very
small breaks appears to include this contitbutor.

The model used for reactor coolant pump seal fail-
ure upon loss of all seal cooling is discussed later in
this section,

Generic Issue 65 This genenc issue involves fail-
ure of cooling water systems whick can lead directly to
core damage by causing an RCP seal LOCA (due w0
loss of cooling) and simultaneously failure of all
BCCS (due to loss of component cooling).

TMI has Westinghouse reactor coolant pumps.
Cooling to the thermal barrier is provided by the Imer-
mediate Closed Cycle Cooling Water System. Seal in-
jection flow is provided by the charging pumps, which
can be cooled by the Decay Heat Closed Cycle Cool-
ing System or the Nuclear Services Closed Cycle
Cooling System. These closed cycle cooling water sys-
tems in tum are cooled by other cooling water sysiems.
The dependencies are as fo'lows®:

gl Ljection Flow
RCP Thermal
Bamer Cooling . Chg Pump IA/IC _Chg Pumip 1B

10CCW Decay Heat CCW  Nuc. Serv. CCW
NSRW Decay Heat RW  Nuc. Serv. RW
River Water (RW) RW RW

(Inst. Air) (Inst. Air) (Inst. Air)

b.  These dependencies are from Page 3-50 of Vol-
ume 3. Instrument Air was inc'uded in this exercise
because it can fail all seal zooling and has dependen-
cies on cooling water systerms.
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Candidate Systems for Issue 65 are the following

Faill Therm Fail Seal
Loss _.Bamer i Flow

1CCCW Yes No
NSRW Yes No
DHCCCW No Yes
DHR No Yes
RW Yes Yes
Inst At Yes Yes

This table indicates the only system failure that can
lead directly to core damage via seal failure and HPI
failure is the River Water System

Loss of River Water was included as an individual
itating event with a frequency of 7. 4E-3/yr includ-
ing & factor of 0.17 for non-recovery (cleaning of in-
take screens) within 4 hours. A check of the results in
Table 6-5 of Volume 3, shows core damage Se-
quences 8 and 9 are Loss of River Water with failure to
recover in the appropriate ume peniod. Sequence 8 has
the additional fadure of EFW, and thus has & shorter
recovery time, while Sequence 9 is just the initiator
and non-recovery. The frequencies of these sequences
are 3 OE-6/yr and 3 SE-6/yr, respectively,

It appears that the TMI-1 PRA bas adequately
modeled and addressed the issues raised by Generic
Issue 65. However, it is not clear that an acceptable
seal LOCA model was used in this analysis. The
choice of seal LOCA model determines the time of
seal failure and the leak rate. The leak rate in tumn
determines the amount of time for system recovery be-
fore core uncovery occurs. The amount of time for
recovery in turn determines the probability of non-
recovery, and thus influences core damage frequency

In the loss of river water sequence, the recovery
factor for the case where EFW is available is 9.3E-4
This presumes a mean recovery time of 10-12 hours
This value is clearly optimistic in light of current seal
LOCA analysis performed by NRC for the
NUREG-1150 program. 1f an altemate seal LOCA
maodel with a smaller recovery time were used, the im-
pact on core damage frequency could be significant

Ir summary, it appears issves related to Genenic Is-
sue 65 have been included in the TMI-1 PRA. How-
ever, the seal LOCA model used to determine recovery
times, and thus determine mcovery probabilities, ap-
pears (0 be optimistic compared to recent NRC work
on this issue, Use of an alternative seal LOCA model
could have a significant affect on the frequency of

RCP Seal

Fail HPI
~Hlow

No No
No No
No No
No No
Yes Yes
Yes No

some sequences. The seal LOCA model is discussed
in the next section

Reactor Coolant Pump Sea! Mode! TMI-| is
supplied with Wesunghouse Reactor Coolant pumps
These pumps have a three stage seal assembly which
uses a film riding controlled leakage stage and two
rubbing face seals. Sealing is provided by seal injec-
ton flow with controlled leak off between stages. In
the event that seal injection flow is lost, back leakage
through the seals will amount to about 20 gpm per
pump. This Las been determined by analysis
(NUREG/CR-4294) and verified in tests. 2 In the
event that seal injection flow is lost, CCW to the ther-

mal barner heat exchanger can provide seal cooling
As back leakage flows over the thermal barner heat ex-
changer, it is cooled, and thus cooled water flows
through the seals

In the event that both seal injection flow and CCW
10 the thermal barrier are lost, the seals will gradually
heat up and are subject 1o failure. Maximur Jeak rates
under the worst failure conditions can be 450 gpm
The actual uiming of seal failure, and the expected leak
rate, have been the subject of much disagreement with-
in the last four years. The Westinghouse research doc-
umented in WCAP-10541, Revision 2 provides one
perspective, but this document is propnetary and as
such was not available to EG&G for review (although
itis available to the NRC). Another seal LOCA mode)
has been developed by the NRC in support of the
NUREG-1150 program. * It predicts seal failure
may occur between 90 minutes and 150 minutes after
loss of all cooling. The total probability of seal failure
18 0.73. Avergge leak rate is about 250 gpm per pump
The estimated time 1o core uncovery is about 3.5 hours
after loss of all seal cooling (see Appendix B)

The seal LOCA model used in the TMI-1 PRA was
documented only as a note to the Event Sequence Dia-
gram for the Loss of River Water event tree. The seal
leak rate was assumed to be 20 gpm per pump for the
first ten hours and 300 gpm per pump after that. This




imphies seal success (i.e., the scals retun their integ-
rity) for 10 hours, and then a large seal failure. An ad-
Junct assamption 1o thas model is that if seal ingection
flow is restored any ume up 1o 10 hours, all seal leak-
age will stup. This model is much more optimisuc
then the referenced NRC model.  Substitution of the
NRC model in the TMI-1 PRA would be expected 10
significantly reduce allowable recovery tunes and
cause a noticeable ncrease in core damage frequency.

Component Failure Data

Introduction This section provides a review of the
data used in the TMI-1 PRA, as provided in the Data
Analysis Report (Volume §). The Data Analysis Re-
pon presents four general areas of data-related infor-
mation, including: (1) component failare rates,
(2) common cause failure (CCF) parameters, (3) com-
ponent maintenance frequency and duration, and
(4) initiating event frequencies. The first two of these
areas will be considered 1n this section. The other two
areas are considered elsewhere in this review seport.
An overall evaluation of the data analysis approach as
described in Section 2 of the Data Analysis Report will
be provided first,

The data evaluated here is limited to data considered
in the Data Analysis Report of the PRA. Certain other
types of data, such as human error rates, are evaluated
elsewhere in this report consistent with their use in
specific applications in the PRA.

Data Analysis Approach The data analysis ap-
proach used in the TMI-1 PRA, as described in Sec-
tion 2 of the Data Analysis Report (Volume §), in-
volved the following principal elements

& The Bayesian update method was used to
combine generic and plant specific data

b Lognormal distributions were assumed
for failure rates

¢.  Mean values were used

d.  The Multiple Greek Letter method was
used for common cause fatlure

¢ APLG proprietary data base was used as
the principal source of generic data in es-
tablishung failure rates.

Elements (a) and (b) above are generally standard
assumptions made in PRAs and are considered accept-
able

Element (¢) 1s also considered acceptable, since the
use of mean values 1s now generally standard practice
in PRAs (some early PRAs were cnticized for using
median values). 1n discussing the use of mean values,
the Data Anlysis Report indicutes on Page 2-21 that
“recommended” values from the IEEE data
base *'were interpreted to be median values. This in-
rerpretation was employed because (1) esimators
probably had in mind median values when estmatng
recommended values, and (2) this interpretation would
produce conservative results, since mean values used
in the PRA wouid be higher than the recommer: od
(assumed to be median) values from the IEEE data
base Since deteils regarding the use and weighting of
the IEEE data are not provided in the PRA, the extent
of this conservatism could not be established. Howev-
er, it would be expected to be less than a factor of two
in terms of overall core damage frequency, since mean
values are typically less than a factor of two greater
than medians for data employed in PRAs.

Element (d) is considered adequate, because the
Multiple Greek Letter method is an accepted method
(see Reference 32 for discussion) for estimating com-
mon cause failures. This method is an extension of the
simpler beta-factor model. ™ vo models are equiv-
alent when estimating Coa . .ong two components.

Element (¢) could not readily be evaluated, since
details of the TMI-1 PRA data base development are
based on proprietary PLG documentation which was
not made available for this review. lnstead, the com-
ponent failure rates and common cause model parame-
ters contained in this database, as reported in the
TMI-1 PRA, were compared with data from other
sources to determine if any significant deviations ex-
isted. These comparisons are provided in the follow-
ing sections,

Component Fallure Rates. The component failure
rates usad in the TMI-1 PRA are presented in Sec-
tion 3 of Volume § (Data Analysis Report). These fail-
ure rates were described (Page 3-7) as having been de-
veloped by combining generic distributions (obtained
primarily from the proprietary PLG database) and
TMI-1 plant-specific failure data. Since the PLG da-
tabase 15 proprietary, it was not provided for review.
Thus, the review consisted primarily of comparing the
PRA component failure rates with comparable failure
rates from other sources which have been developed
for, and used in, various PRAs for nuclear power
plants. The significance of any deviations was
estimated by examining the impact the failure rate
would have on system failure probabilities, accounting
for the relative influence of the specific system failures
on core damage frequency



Tabie 9 illustrates the results of the comparison de-
scnbed i ue preceding discussion. The furst column
provides the component description, and the second
column the falure mode. The thurd column provides
the failure data from the TMI-1 PRA, and the final
three columns provide comparative data from other
sources. The failure rutes are all mean values; the op-
erational failure rates, except as noted, are per hour.
The “KANGE" column gives the “ange of values as
provided in Reference 21. Thus range is stated 1o be
from past PRA and safety studies. The ASEP column
refers to the values derived in the NRC's Accidemt Se-
quence Evaluation Program, and was developed from
a vanety of data sources. These data were used in the
recent NRC effort to estimate risks from a group of nu-
clear power plants. > The last column lists data from
a recent PRA which employed an independent data-
base developea by Westinghouse Electric Corporation.
This PRA has been reviewed by NRC contractors. ™

The data values in Table 9 were examined 10 identi-
fy any large differences between the TMI-1 PRA data
and the otLer sources. Table 10 lists the major differ-
ences. The criteria used to identify a major difference
was a factor of about S or greater betwaen the TMI- |
data and other sources.

The failure rate differences in Table 10 were ex.
amined 1o determune if further evaluation of the data
would oe appropriate. The examination consisted of a
qualitative evauation, based primanily on how the fail-
ure rates might affect the systems and components
which were found in the TMI-1 PRA 1o be significant
contnibutors to risk. On this basis, none of the faillure
rate differences in Table 10 appear to be significant
enough to influence appropriate system failure rates 1o
an exten' that would result in significant change to the
core dainage frequency as it 1s currently estimated in
the TMI-1 PRA. For those TMI-1 PRA failures rates
for which no comparative value was found, all impor-
tant rates appear o be reasonable.

Common Cause Fallure Rates As noed above
the TMI-1 PRA employs the multiple Greek letter
CCF model. This model uses two parameters, a beta-
factor and a gamma-factor, 1o quantify common cause
contributions. The beta-factor is defined as the proba-
bility that the cause of a component failure will be
shared by one or more additional components. The
beta-factor is the dominating parameter in estimating
CCFs for the cases of wnterest, and it is the only factor
used when only two components are involved, which

occurs frequently in system analysis for nuclear power
plants. The gamma factor is defined as the conditional
probability that the cause of a component failure that is
shared by two or more components will be shared by
three or more components in addition to the first. For
# three train system, it can be shown that for a typical
gamma-factor of 0.5 (most of the TM1 -1 PRA gamma
factors are 0.5), the system failure probability would
be increased by only 25% over the estimated failure
rate using only the beta-factor analysis. 2 Further.
more, gamma factors for companson to the TMI1- |
PRA values could not be found in existing PRA litera-
ture. For these reasons, this evaluation will be limited
to an evaluation of the bera~factors used in the
TMI-1 PRA.

In order to evaluate the numencal values of the
beta-factors used in the TMI-1 PRA, a comparnison
with other sources of beta-factors for nuclewr power
plants was used. These sources included a previous
PRA for a PWR, 7 & report which inciudes genenic be-
ta—factors from ine Electnc Power Rasearch Institute
Institute, *% & recent NRC sponscred effort in whic
beta-factors are recommenied, * and one aadirona!
source for diesel generators. *° It should be noted that
the purpose of the comparison is not to impiy that the
TMI-1 PRA values are suspect .f they don't compare
woll with the others, but rether to identify any large
differences between thern and evaluate further the sig.
nificance of these differences. Details of the de selop-
ment of the TMI-1 beta-factors could not be reviewed
because the database used for the derivation

is proprictary.

The Yeta-factor companison is provided in Tuble 11,
Froin the comparison, the following conclusions and
unplicatons can be drawn:

Ventilation Fang Fall to Start o Operate
The TMI-1 beta-factor for ventilation fans (.uS) is sig-
niricantly lower than the value (.1 %) in NUREG/
CR-478C. This implies that systems with multiple
ventilation fans would be estimated in the TMi-1 PRA
1 have a lower failure probability than would be the
case using the NUREG/CR--4780 value.

According to volume 2, Table £-4 of the TM1-)
PRA, failure of the control building ventilation systera
ts the most dominant system coutributing to core mel
(43%). Further, Table 5-4a (Volume 2) of the PRA es-
timates that CCF of the ventilation faps contributes
about 19% to the initiating event of interest (loss of
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Table 8. Companson of component faile = rates

__ Compenent Description

_FallureMode =~~~

Air Compressor

Air Compressor

Air Dryer—Comapressed Air System
Arr Falter (ventilatton)

Air Filter (0il remova’)

Asr Filter {compressed air system)
Battery Charger

Bistabie

Battery “ 125 V dc)

125 V dc Battery

Electrical Bus

Circuit Breaker (ac 480 V and above)
Circuit Breaker (ac 480 V and above)
Circuit Breaker (ac 420 V and above)
Circuit Breaker (ac 480 V and above)
Circuit Breaker (ac of dc, LT. 480 V)
Circust Breaker (reactor trip)

Single Control Rod Assembly
Cavntating Venteri

Diesel Cenerator

Diesel Generator

Dhesel Generator

Pneumatic Damper

Pneumatic Damper

Fire Damper

Gravity Damper

EFW Valve Control Circmt

EFW Enable

EFW Actmation Circut

EFW Level Swanch

EFW Signal Isolater

Fadure 4unng operation
Fatluce 1o start on demand

Failure dumving operaticn
Fatlure durng operation

Fasture during operation
Fatiere duning operation

Fastere danng operation

Fa'lure to operate on demand
Faniere of output on demand
Faslure of outpat on demand
Faslare donng operation

Failure to Jose on demand
Failure to open on demand
Transfers open dunng operaticn
Failure to close on demand
Transfers open duning operaiion
Failure 1o open on demand
Failure on demand
Faslure dunng operation
Failure 1o stact on demand

Fasture during first hour of operation
Failure after first hour of operation
Failure to operate on demand
Transfers open/closed dunng operation
Inadvertent actuation

Fatiure to operate on demand
Failure on demand
Failure duning operation
Fadure on demand

Faiiure dening operaticn

2105
3291
166-7
5836
1.76-5
1545
1635
5405
1295
4844
4987
161-3
6494
2287
227-4
2.68-7
2.50-3
3115
2666
1582
6.58-3
2503
1523
267-7
4208
152-3
2414
4545
241-4
569-6
2756

_ NUREG/C™ “5500)

. Range ASEP

13E-7

80-3w10-1 302
204w302 2073
2041103 203

. Rt

_MF-}4)

1650246

15-6*
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Table 8. (continued)
B ERTCIee——
_ NUREG/CR-4550(3)
... Component Description st .. T™I-1 .. Range = ASEP _MP-3(4) _
EFW Actuation/Control Signal Fazture duning operaton 207-5
Expansion Jomt Faslure duning operation 1646
Feedwater Hand/Auto Station Failure to switch to manual controk(#) 8074
Feedwater Hand/Auto Station Faslure durng operation 1.30-5
River Water Screen Plugs dunng operation 4512
Flow Transmitter Faslure during operation 6.25-6 39-5
ICS Feedwater Module Failure during operation 1304
Fuse Faslure duning operation 92207 447
Ventilaton Fan Failure Junng operation 363-5
Vennlanon Fan Faslure 10 start on demand 2943
Heat Exchanger Plugs denng operaton 7497
Heat Exchanger Leaks/ruptures dunng operation 7497
ICS Integrated Master Module Faslure duning operation 521-5
inverter Fatlurz dunng operation 1835 104106 104
Steam Generator Water Level Controller Failure danng operation 2.66-5
ESAS Load Sequencer Faslure 10 operate on demand 2.40-6
Limat Switch Faslure to operate on demand 428 4 10-4
Level Transmutter Faslure during operation 1.57-5 435
Manual Loader Fasiure during operation 266-5
Reactor Bmiding Spray Nozzles Plugs dunng operanon 706-8
Offsite Gnd Falure on demand, given plant tmp 2664
Pushbutton Switch Faslure to operate on demand 2405 407
Pipmg, GE. 3-anch Dhameter Failure per section R60-10
Piping (2-inch Diameter) Failure per section per hour 260-9
Power Supply Failure Farlure during operation 1.71-5
Pressure Switch Faslure to operate on demand 2694
Pressure Transmatter Failure during operation 157-5 65-5
Normally Operating Motor-Driven Pump Farlure to start on demand 3423
Normally Operatng Motor- Dniven Pump Fatlur during operation 5696
Standby Motor-Dniven Pump Faslure to start on demand 1833 504wiH-2 303
Standby Motor-Driven Pump Failure duning operation 4485 i06w0ie3 305




Table 9.

(continued )

Component Description

Turbine
Turbine
Turbmne
Turbwne

Driven Emergency Feed Pump
Drniven Emergency Feed Pump
Dnven Mamn Feed Pump
Driven Mamn Feed Pump

Normally Operating River Water Pump

Normally

Operating River Water Pump

Standby River Water Pump
Standby River Water Pump
Vacuum Pump
Vacuum Pemp

Relay
Relay

Reactor Sump

Service Water Stramner
Seal Ingection Line Fiiter
Signal Modifier

Shunt Tap Codl

Timing €

treunt

Time Delay Relay
Temperature Element
Turbine Exhaust Boot
Temperature Momitor Loop

Tank
1CS Unst

Load Demand Module

Ventilanon Chalier
Ventilation Challer
Motor-Operated Valve
Motor—Operated Valve

Solenod
Solenowd

Valve
Valve

Air-Operated Valve

Failure Mode

Failure to start on demand
Fasiure to ran

Faslure to starn

Fatlure dunng operation
Farlure to stant

Faslure during operatson
Faslure to stan

Farlure dunng operation
Faslure 1o start

Fatlure to ran

Fatlure to operate on demand
Farlure duning operation
Clogs/fals dunng operation
Failure dunng operation
Plugging dunng operation
Fatlure dunng operation
Failure to operate on demand
Falure to operate on demand
Failure to operate on demand
Farlure dunng operation
Failure duning operation

Rupture duning operation
Falure dunng operation
Failure to start on demand
Faslure during operaton
Failure 10 operate on demand

Transfers open/closed dunng operation

Failure to operate on demand

Transfers open/closed dunng operation

Fasiure to operate on deman-t

Rate

NUREG/CR-455003)

Range

5030902
S0 6wl102
S0-4090-2
20610102

10-31090
104020

104010

ASEP
10
S50

102
50

4 0FE 6
27-8w 12

1 OE-S

RO-10

22610466
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Tabie 9. (continued)

— . Component Description FadyreMode
Aar-Operated Valve Fatlure to moduiate to control pressure
Air-Operated Valve Transfers open/closed durng operation
Air-Operated Valve Failure to transfer to faied posihon
Electrohydranlic Vaive Failure to operate on demand

Stop Check Valve Faslure to operate on demand

Stop Check Valve Transfers open/closed during operation
Check Valve (other than stop) Failure to operate on demand

Check Valve (intermediate cooling) Failure 10 operate on demand

Check Valve (river water) Failure 1o operate on demand

Check Valve {other than stop) Gross reverse leakage during operation
Check Valve (intermediate cooling ) Gross reverse leakage dunng operation
Check Valve (nver water) Gross reverse leakage during operation
Check Valve Gross reverse leakage during operation
Check Valve (other than stop) Transfers closed. plugs dunng operation
Check Valve (intermediate cooling) Transfers closed. plugs dunng operation
Check Valve (river water) Transfers ciosed. plugs dunng operation
Manual Valrve Faslure to open on demand

Mamual Valve Transfers open/closed durning operation
Relief Valve (other than PORV or safety) Failure to operate on demand

Relef Valve (other than PORV or safety)
Pressurizer Safety Valve

Pressurizer Safety Valve

Pressunzer Safety Valve

Pressunizer Safety Valve

PORV

PORV

PORV

PORV

Premature open

Faslure to open on demand (passing steam
Failure 10 open on demand (passing water)
Failure to reseat on demand (passing steam )
Failure to reseat on demand (passing water)
Transfers open/closed

Failure to open on demand (passing steam
Failure 1o open on demand (passing water)

Fatlure to open/reseat on demand (passing steam )

Fatlure to reseat on demand (passing water)

1.62-2
3246
262-7
2664
157-3
2677
9134
P0dR
214
5094
2083
9787
1814
1.06-6
7.24-5
1038
1048
1048
7404
2148
242-5
650646
292-4
292-4
1.53-3
1.01-1
3036
410-3
4103
205-2
1011

10410603

1010302

104

49 7w22-6

I0E-3

i9%6
1.0-5
1 O-5
10-2



Cemponemt Description Faslure Mode

PORV Transfer closed dunng operation
Turbine Stop/Control Valve Failure to operate on demand
Pressure Control Regulating Valve Transfer closed dunng cperation
Air Compressor Transfer Valve Failure to operate on demand
Y-Type Straner Fasiure dunng operation
Transformer (GSTAJAT/RAT) Faslure aarmg operation
Transformer (station service/480 V 1o 4,160 V) Failure dunng operation
Transformer (strument/120 V to 480 V) Faslure durng operation

a. Transfers open

b. Time not specified

¢. Phase of water being passed not specified. assumed to be steam
d. Type and size specified




Table 10. Major dufferences hetween TMI- | data and other data sources

SN 1T —

1. Aur Operated Valve

2. Manual Valve

3. PORV

4. Pushbutton Switch

5. Tumine Tnp (MF)

6.  Relay

7. Tempercture Element

8 Tank

9. Motor Operated
Valve

10, Battery Charger

1. Batery

12, Qircuit Breaker
(reactor tnp)

13, Heat Exchanger

—fallure Mode

Transfers open/closed
durning operation

Transfer open/closed
during uperation

Fails 1o open on demand

Fails 10 operate on
demand

Fails duning operetion

Fails to operate on
demand

Fails during operation

Rupture dunng
operation

Transfer open/closed
during operation

Fails duning operation
Failure on demand

Fails to open

Plugs

e IMI=1 Other (Source)
2.62B-7 5.7E-6 (MP-3)
2.14B-8 2.7B-6 (MP-2)
4.1B-3 1.0B-5
(NUREBG/CR--4550)
24E-§ 4.0B-7 (MP-3)
69E-§ SOBE-3
(NUREG/CR-4550)
241E-4 4.0B-6 (MP-3)
7.5B-7 8.3E-6 (MP-3)
2.45E-8 8.0E-10 (MP--3)
9.27E-8 6.8E-6 (MP-3)
1.63B-§ 1.3B-7
(NUREG/CR-4550)
1.29E-5§ 40E-4
(NUREG/CR-4550)
2.5E-3 34E-4 (MP-3)
7.49B-7 5766

(NUREG/CR-4550)
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Table 11 NILATISON

Soue’

T™Ii-1 NUREG Seatvook  NUREG NUREG/
NOPOne! Failure Moxde PRA. CR-4780 PRA CR-2099 CR-A4X

ALY CONYMEEROT Fails dunng operation 0.08

ALt compressor Fauls to stant on demand 0.01
f

Histable Fails 10 operate on demand Q.08 - —

Curcuit breaker Fails 10 apen o demand 0.185 0.19 0111 0.08

Diesel generaton Fr '« 10 man on demand 0.049 0.05 CO018 0.0

Diesel goneraton Fods during furst hour of 0.041 0.05 0.033
operation

Diesel generaion Fails ufter firgt hour of operation 0.04] 0.08

Poeumatic damper Fails to operate on demand 010 -

Ventilation far Fails to operate on demand 0.05 0.13

Ventilation fan Fails to start on demand 0.05 0.13

Heat exchanger Plugs dunng operation 0.08 -

Pump-—motor driver Fails to start on demand 0.056 0.02510

nomally dniven 0.076

Pump—mator driven Fails dunng operation 0.014 —
normmally operating

Pump-—-motor drives Fails to start on demand 0.162 00310 0.067 10
standby 01 0.125

Pump-—motor driven Fails dunng operation 0.0M 00310 0118
standby ¥

Pump-—-turbine dnve Fails to start on demand 0.024

Pump--turbine dnvet Fails during operatio 0.032

Pump-—tiver waler Fails to start on demand 0.056 —
nOMaLly opw rhng

Pamp ver walet Fails dunng operation 0014
srmally opem I

Pump —-river wale to start on demand 0.056
stiundby

Pump e watel dunng operation 0014
standiy

Emergency FW pump atls to start on demand 0.026
Emergency FW pump alls duning operation 0.0M

Relay to operste on demand 0.10

Service wal dunng operation 010
£ o

Time delay relay to operate on demand 008

Ventilatior o start on demand 0.08

Ventilator s dunng operatior Q.10
\1\ i Oper e Vi st

Stop check

yperate on demand 008)
s 10 operate on demand Q.10

Reliet 1o open on demand 010
PORYV or sale

Pressurizer safety valve aus to open on demand (steam 0.08

Pressur safoly valve s 1o open on demand (water 0.0¢
reses' on demand (steam) 0.08

rescal on demand (water Q.08

005, service water = 0.03 safety injection = 0.17, auxiliary

= (.02, service water = 0.01, safety injection = 0.07




control building ventilation). On this basis, the core
damage frequency from loss of control building vent-
lation would be about 30% greater if the NUREG/
CR-4780 beta-factors were used. However, this
would oaly ruise the overall core damage frequency by
10%. vot a large change. Aleo, (see luitiating Events
and Assumptions Secaons ) the core damage sequences
which involve containment building ventilation do not
appear valid since loss of this system would most like-
ly not lead to core damage. Therefore this change in
beta-factor would no longer be important.

Standby Motor Driven Pumps Fall to Start
The TMI-1 beta-factor for this component (.162) is
somewhat higher than the range (.01-.07) given in
NUREG/CR-4780 for motor driven pumps. In ex-
amirning the dominant system contrib:-uons, it appears
this failure mechanism would have only a smal) effect
(a few percent) on the core damage frequency, with the
TMI-1 result being slightly higher than that which
would be obtained by using the lower beta-factors.

Turbine Driven Pumps Fall During Opere-
tlon The Seabrook PRA beta-factor for turbine driv-
en pumps (.118) is higher than the TMI-1 value
(.0317). However, CCF of turbine driven pumps does
not appear significant at TMI-1 based on the discus-
sion in Section § of the PRA report.

Ventilation Chillers Fall to Start The
NUREG/CR-4780 beta-factor for this component
(.11) is hugher than the TMI-1 value (.05). However,
this difference does not appear significant based on
dominant system failures and their operating modes
from Section 5 of the PRA report.

For those TMI-1 beta faciors in Table 11 for which
values were not given in the sources used for compari-
son, none appear 10 be unusual or questionable. All are
within the range of beta factors given in the sources
used for comparison, although this range is quite large
(0.01 10 0.10).

Human Factors

Introduction. Review of the Three Mile Island
Unue | (TMI-1) Probabilistic Risk Assessment (PRA)
Human Response Analysis (HRA) concentrated on
four major objectives:

¢ To assess whether the errors aralyzed in the
HRA are a reasonably complete set
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¢ To assess whether the quantification o1 w
buman errors 1s credible and well-supponed
it the PRA

*  To assess whether the treatment of posi-ac-
cident recovery is proper

¢ To survey the methods used by the PRA and
charactenze them by companson to standard
methods.

Each of these objectives is addressed scparately be-
low. The scope of this review was not such as to allow
revision to the HRA performed in the PRA, other than
one major human error probability discussed under the
topic of credibility of the quantification of human er-
0TS,

Human Error Identitication and Complete-
Ness. There are two steps in common use 10 identify
which human errors to include in the quantification of
a PRA. The first siep is to determine which human er-
rors to include in the initial scroening The second step
Is 10 perform a coarse screening to determine which
human errors to examine in more detail, and 1o quanti-
fy them.

The identification of human errors to include in the
mitial screen 1s usually based on engineering judge-
ment, plant history, and literature reviews, as was done
in the TMI-1 PRA. However, the engineering judge-
ment 1s usually performed in some clearly systematic
fashion. The system underlying these judgements is
relatively inscrutable in the TMI-, PRA.

1o addition, several types of human error were spe-
cifically excluded. For example, errors of omission for
those actions not covered by procedures or written in-
structons (an important category, according to indus-
try expenence ) were excluded. Errors due to failures
of indicators in the control room during some se-
quences were not believed to be within the capabilities
of human response avalysis at the present time.

Initial (Coarse) Screening Techniques Initial
screerung of human errors was performed by deriving
values from NUREG/CR-1278 and by obtaining con-
scosual judgement on “realistic to conservative” prob-
abilities. 3 Then the contribution of the human errors
so quantified to overall risk was evaluated by some un-
stated rulc. The PRA only states (page 2-2, Human
Action Analysis) that the human errors “identified in
the initial quantification rounds as being important”
were retained for detailed evaluation,

Credibility and Supportabllity of Human Error
Quantification. Eleven of the most imporant human



actions were investigated in detal. One human action
value that was very important in the PRA was ques-
voned. For HSR-3 (fature 10 switch to sump recircy-
lation following & medium LOCA), the value that was
used was the value HSR-1 (failure following &
large LOCA)

Treatment of Post Accident Recovery With hu-
mar actions, there are two types of recovery 1o consid-
et There is the recovery of mistakes or misdiagnoses
on the pant of the operators, and there is recovery of
systems or comnonents. The review looked at both
types

Recovery of Mistakes or Misdlegnosesd The
PRA states “it is assumed that all such initial misdiag-
noses are eventually successful and the accident se-
guence correctly rediagnosed.” Since the Human Cog-
nitive Reliability (HCR) model i being used, there is
no such assumption 7 Both the HCR and the Time-
Reiiability Correlation (TRC) models account for cor-
rect rediagnosis in the models and 1o the benchmarking
of the models, so that recovery from misdiagnoses 18
not an issue ** The THERP model presents explicit
metiinds for analyzing the probability of recovery
from an error ¢

Recovery of Systems or Companenis The
adequacy of the treatment of these post-accident re-
covenes are addressed elsewhere 1o this review. From
the Human Reliability Analysis point of view, these re-
covenes are handled properly, if conservatively

Survey of Methods Used The methods that were
used in this PRA included: 1) Technigee for Human
Error Rate Prediction (THERP), 2) Human Cognitive
Reliability (HCR), 3) Operator Action Tree System
(OATS), and 4) Confusion Matrix method »

Summary. Major strengths of the HRA of this PRA
include the full documentation of the human acticns
that were analyzed-—allowing requantification of
questionable values——and the detail of discussion of
the actions analyzed. Weaknesses include the inscruta-
bility of the initial screening process. No major errors
were found

Uncertainty Analysis

Uncertainties in a probabilistic risk assessment
(PRA) are often grouped into three classes: complete-
ness, data, and modeling. The Three Mile Island
Uit | (TMI-1) PRA has attempted 10 minimize com-
pleteness uncertainties by using proven methodologies

and exponenced PRA practiboners. Thus attempt ap-
pears 10 be successful, based on the conclusions of the
other sections of thus review repon

Data uncenainties involve the uncentaintes in init-
atng event frequencies, component fallure rates, and
human error rates. Modeling uncertainties involve
questions such as success criteria for systems. Two
typical methodologies for handling these two types of
uncertainties are outlined below

Evaluate data uncertainty effects on core
damage frequency by a formal uncertainty
analysis using a Monte Carlo or discrete
probability distribution method. Then evalu-
ate the effects of modeling uncertainties by
performing sensitivity analyses

Evaluate both data and modeling uncertain-
ties in a combined formal uncenainty analy-
sis. (Various modeling assumptions are given
weights in such analyses).

The TMI-1 PRA used the first methodology. How-
ever, no sensitivity analyses were performed. The
TMI-1 uncertainty analysis should be considered in-
complete to the extent that it did not incorporate or in-
vestigate modeling uncertainties

The PRA estimated a mean core damage frequency
of 5. SE-4/yr, with a 95th perceutile of 9. 4E-4/yr and a
Sth percentile of 2.SE-4/yr (Table 12). The range fac-
tor, based on the 95th percentile and median, 15 2.1. As
discussed previously, this distribution does not account
for modeling uncertainties. Also, some of the daia un-
certainties may be underestimated. Examples include
the uncertainties in internal fire frequencies and some
of the transient initiator frequencies.

Teble 12. TMI-1 core damage frequency
distribution

Percentile Core Damage Frequency Per Year

Sth 2.6B-4
SOth (median) 45E-4
Mean S5E4
95th 04E-4

Compared to estimates for other reactors, the above
range of uncertainty (less than a factor of four) is
small. For example, in the recently completed revision
of NUREBG/CR-4550 for the Surry plant, the range of
uncertainty for core damage frequency caused by




internal events is more than 20: from 6. 7E-6/yr to
1 4E~4/yt “'And in & review by ANL of the updated
mma-s”.wmmmemmw
of uncertainty is a factor of ten: from 2. SE-$ 1o
2.5E-4/yr. The authors of that report emphasize that
the estimate includes only uncertainties in the database
used in the review. And the CR-3 PRA addressed ouly
iniernally initiated events, whereas the TMI- | PRA in-
cludes external events.

In the TMI-1 PRA, all extemal events apart from in-
plant fires are estimated to have very small contribu-
tions to the CDF. This review indicates that core
damage sequences initiated by in-plant fires are among

the dominant sequences in the TMI-1 PRA. Also this
review indhicates that niver flooding may be a dominant
mitiator, with a large uncertainty. If an event 1s a large
contnibutor to mean CDF, it will nomnally be a large
contributor to the overall range of uncertainty in CDF
The uncertainty in overall CDF will increase if se-
quences having large uncertainties become dominant.

We concluded that the uncenainty range quoted in
the TMI-1 PRA is unrealistically small, even for core
damage sequences initated by internal events. Also,
the uncertainty range may increase greatly if river-
flooding becomes a dominant initiator, because of the
large uncertainty in the frequency of flooding above
the PMF.
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EXTERNAL EVENTS ANALYSIS

External Flooding

TMI-1 s designed for a Probable Maximum Flood
PMF) of 1,625,000 cfs at TM™I (;,750,000 at
Harmisburg), corresponding to an ele vation of 310 ft w
the upstream end of the slana. The PMF was selected
prior to the 1972 humcane Agnes, which produced &
stream flow of 1,020,000 ofs and a maximum ele vation
of approxamately 302 ft. Review of the TMI- | and
TMI-2 FSARs indicated that the TMI FSARs were up-
dated 10 address the 1972 flood. However, the value of
the PMF was not changed

I'™MI-1 proposes 10 accommodate floods > 305 fit by
installing gasketed cover-plates, that are kept -vail-
able, over doors to builldings containing equipment es-
sential for safe shutdown, by inflatable door seals, and
by dikes around outdoor equipment  (The island has
dikes that protects it against fiooding for floods
300 f-305 fr)

The PRA report estimates the frequency of the PMF
by ploiting the frequencies of the 3 largest floods, oc
curring in 1936, 1964 and 1972, on a semilog scale;
Le. flood elevatuon vs. log frequency. These floods are
smd 1o be the greatest since 1784 and possibly since
1740 A straght Line 18 drawn between the two largest
flood elevations and extrapolaied to estimate the fre-
quency of exceedance of the PMF 1o be approximately
TE-05/yr This value s referred to as both the mean
value and the frequency of exceedance. There is no
justification or discussion as to the vahdity of this
method of estimating the PMF. The quoted uncertain-
ty band 1s a factor of 25, without relerence as to now
this value was obtained. The PRA estimates the proba-
bility of recovery for floods above 310 ft as 0.5, based
on an assumption that there is equal probability of any
value between O and 1. The PRA also estimates a fre-
quency | SE-04/yr for floods between 305 ft and
110 fi—an event tree 1s constructed to estimate the
probability of core damage given such a flood. Con-
siderable credit (a factor of about 40 overall) is
claimed tor possible protective actions in the event of
a flood 305-310 1t

The FSAR does not address the probability of the
PME However, the TMI-2 FSAR states that the 1972
flood has a retum frequency of about 400-500 years
The curve that s shown for flood frequency is not ex
trapolated to lower frequencies. The curve has a shight
ne gative curvature, so that extrapolation would be very
uncertain, but the frequency of a 1,625,000 cis flood

would centainly be less than |E-O4/yr based on thas
curve

A Corps of Engineers (COE) repon prepared in
1975 estimates the frequency of a flood greater than
1,759,000 ¢is at Harzsburg to be approximateiy
TE-04/yr, based on a Egure which is reproduced herc
as Figure | 1 This frequency estimate 15 based on
plotting hurnicane and non-hurncane floods separate -
ly. The curve drawn through the hurncamne flood data
has a much steeper slope than that through the non-
hurricane flood data. Note that the curve passes below
the 1972 flood data point; this feature of the curve is
consistent with the methodology recommended for
Federal agencies “

The U.S. Water Resources Council reviewed flood
data for the Eastern U.S. and recommended that the
data be fit using a “Log Pearson III" equation “ i,

logi0Qyp = m + sk p) h
where
log10Qp the fitted loganithmic discharge

having exceedance probability
p

Kgp the standardized Pearson Type
I1] deviate with skew g and ex-
ceedance probability p, which
15 tabulated in Reference 42

the sample (logarithmic) mean

the sample (logarithmic) stan-
dard deviation

the skewness of the loganthms
of the data

In a personal communication between COE and
NRC.* the COE stated that, using all data up 1o 1983,
they estimated the parameters of such an equation to be
log mean = 5.4475, standard deviation = 0.1559, skew
coefficient = 0.90, where units of flow are ofs. This
equation predicts the exceedance frequency of the
PMF to be about 3. 2E-04/yr, with an uncertainty

-

factor of §, see Figure 2 (the expected value

a.  Leter from Arthur Buslik, NRC, to Mr. Harry
Reilly, EG&G ldabho, Inc., October 7, 1988
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corresponding to 3.2E-4/yr is SE-4/yr, based on
Reference 42). Of course, these uncertainty vaives are
valid only if the underlying distribution is Log
Pearson 11

ihe conclusion we draw from these comparisons is
that the frequency of floods greater than the PMF is
very uncertain, but may be much higher than the value
(1E~05/yr) that was reportec in the PRA. It seems un-
likely that the plant can withstand & flood greater than
‘e PMF-—during a plan: visit to TMI-1 it was ob-
served that the pretective cover—plates, dikes, and air
intakes, are designed for 210 ft. Therefore, the CDF
due 1o floki: greater than the PMF is equal to the ire-
quency of the floods.

It is also appropriate to address the frequencies of
core damage due to floods 305-310 ft. These frequen-
cies will be greater than shown in the PRA if the COE
equation or the curve of Figure £ is used—i.e., about
SE~4/yr. The PRA iakes substantial credit for protec-
tive actions (early waming, shutdown, installation of
cover plates) in the event of a flood 305-310 ft. Dar-
ing the plant visit, the personne! at TMI-1 indicated
they did not practise installing the cover plates. The
PRA resvmed that a hurricane i3 unlikely to produce
the PMF at the site, and taat the emergeacy closure ac-
tions (top event SL) could be considered routine (suffi-
cien. time) rather than dynamic. However, it appears
to us that the PMF is more likely to be produced by a
hurricane. It seems the approach of the hurricane-
induced flood, with the emergency closure taking
place, would! be accompanied by loss of offsite power
along with heavy rain and high winds on site. Th per-
sonnel would have one “hance to make proper installa-
tion because after the arrival of high water, the island
would be fiooded, leaving little if any chance to cone ct
any deficiencies. The PRA estimates the human error
rat:: with a recovery factor of 0.19 to account for po-
tential recovery in the event any steps in the eniergen-
¢y closure (top event SL) bhave failed. Our review indi-
cates that the human response analysis results would
not be changed for the decrease in waming time that
would be involved in a burricane-caused PMF. The
buman response analysis did not consider the likeli-
hood of a cover plate or air-inflat2ble seal being defec-
tive and nonrepairable within the available time. The
PRA mav be optimistic in this regard. However, on a
best estimate basis, the floods 305-310 ft are not as
important as those above 310 ft.

I'he opinions of experts on the accuracy of fre-
quency esuumates for flocds beyond the PMF should be
noted. ln a recent review of the literature, the review-
ers concluded:
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“The literature review indicates that extrapolation
of the frequency curve does not piovide experien-
tially defensible estimates of flood probabilities
n.uch beyond those defined by the length of re-
cord.” 43

And in a veview for N.. ” by LLNL:

“The best st of the current situation is prob-
ably that extrapolations Leyond the historical re-
cord are difficult except in those few (site-specific)
situations where goou regional data and a good lo-
cal site model allow defensible analyses. In any
event, extrapolations to vaiues of Fy (the mean fre-
quency of the flood) in the range, say, about

0.001/year, are highly uncertain.”

Our perspective is that the upper bound on the fre-
quency of the PMF for TMI-1, assuming that the un-
derlying frequency distribution has not changed during
the last two centuries and is not changing now, must be
in the vicinity of SE-3/yr; if it were higher than that,
the PMF would probably have occurred during the last
two centuries.

Based on this information, the best-estimate fre-
quency for river floods above the PMF is much higher
than estimated in the PRA -~ SE-4/yr rather than
1E-5/yr. External flooding may become a dominant
sequence. And the large uncertainty band on the flood-
ing frequency should cause an increased uncertainty in
the total CDF.

In-Plant Fires

Introduction. Review of the Three Mile Island Unit
1 (TMI-1) Probabilistic Risk Assessment (PRA) inter-
nal fire analysis concentrated on thr ® niajor concerns:
methodology, data, and comparison with the draft
“Fire Risk Scoping Study.”*” Each concem is dis-
cussed below.

Internal Fire Analysis Methodology. The TMI-|
PRA interna! fire analysis s documented in the Envi-
ronmental and External Hazards Report, under the
section “Analysis of Spatial Interactions.” The spatial
interaction analysis involved determining area bound-
aries, identifying components and electrical cables in
each area or zone (location), identifying the types of
environmental hazards (fire, flood, steam, pipe whip,
missiles, and others) in each area, performing a
screenung analysis for each hazard in each area, and
performing a more detailed analysis for the dominant
events. In addition, some fires were considered in the
system fault trees (as events occurring during a



mission time ) while others were considered to be con-
tributors to initiating events in the internal event
analysis,

For the spatial interaction analysis, the TMl-1 PRA
used fire areas, zones (within areas), or locations as
appropriate boundaries. This is consisteat with the
approach taken in previous PRAS. Also, a wealth of
component and electrical cable location information
from Fire Hazards Analyses Reports (FHARs) is
available, based on these locations. In addition to the
safe shutdown equipment considered in the FHAR, the
PRA also considered the following systems and

components:
1. Reactor building spray system

2. Power-operated relief valves (PORVs) and
associated block valves

3. Emergency safegvards actuation circuits
4. Condensate pumps

5. Instrument air system

6. Turbine stop and control valves

7. Borated water storage tank (BWST)

8. Condensate storage tanks

9. Control building HVAC Units AH-E~17A
and AH-E~17B

10. Offsite power.

These additional components and systems were in-
cluded because they were used in the various event
trees developed for the irternal event analysis. Cable
routings for these components were not always known
and in some cases had to be estimated. Again, this is
typical of PRA fire analyses.

Two systems modeled in the internal event analysis
were not included in the spatial interaction task: the
reactor protection system (RPS) and the reactor build-
ing isolation system (RBIS). For the RPS, the follow-
ing statement is made (see pp. 3-2 and 3-3 of the Envi-
ronmental and External Hazard Report):

“From an evaluation of the RPS, it is concluded that
it is highly unlikely for any of the hazards consid-
ered in this analysis to fail the RPS so that the con-
trol rods would be prevented from inserting or the

reactor trip circuit would be prevented from being
energized.”

A similar assumption v ~ made for the RBIS. How-
ever, the RBIS is not belie ved 1o be needed for the Lev-

el 1 analysis.

Hazard identification for each fire area included
consideration of fire, smoke, flood, steam, water jet,
water spray, high energy line break, explosions, mis-
siles, and falling objects. For the fire analysis, only
fire and smoke are applicable. Potential inadvertent
operation of sprinkler systems is considered to be pan
of the internal floeding analysis. Fires were consid-
ered to be possible if transient combustibles, electrical
cabling, or electrical panels are present. Some PRA
fire analyses have ignored one or more of these poten-
tial fire sources, so consideration of all three is a com-

prehensive approach,

During the investigation of fire hazards, n.oues of
detection and suppression were identified. Also, prop-
agation paths to other locations were considered. It ap-
pears that the most likely mode for fire propagation
from one area to another is through doors left open or

opened while fighting a fire,

Potential fire scenarios, in general, were quantified
using the following equation:
ch.l - (Fﬁ.i) (Sw.l) (Gy) (S.e.i) (Ol)v @
where

Fed.i - core damage frequency per year
from fire scenario “i"

Fgi = fire frequency in area of con-
cemn for fire scenario “i"”

Seui = nonsuppression probability for
fire in fire scenario “i"

G; = geometric factor (usually frac-
tion of floor area of fire area
from which a fire has the poten-
tial to damage essential cables
or equipment) for fire in fire
scenario “1"

S = security factor (judgement as to

potential for nonsuppressed fire
to be able to damage vital
cables or equipment) for fire in
fire scenario “i"



other event failure probability
(covers additional human errors
or component failures which
must occur in order for core
damage to occur) for fire sce-
nano “i"

Fure frequencies for fire areas were estimated from his-
torical evidence, as evaluated in Reference 46. The

fire frequencies from this source are summarized in
Table 13.

As is typical of most PRA fire analyses, frequencies
of fires in areas within a building were often estimated
by applying varying fractions of the total building fire
frequency to each fire area. The fractions were usually
esumated based on fraction of floor area, concentra-
tion of electrical equipment, personnel traffic, amount
of transient combustibles present, and other factors. In
some other cases, as indicated in Table 13, fire area
frequencies were assigned values ranging from
1.OE-4/yr to 3.0E-3/yr.

The multipliers S, ;, G;, and S, ; were estimated
from experience with past PRAs (presumably

Table 13. T™I 1 intenal fire frequency comparison

Seabrook, Zion, and Indian Point). Screeaing values
for S, i ranged from 0.2 to 1.0. Values for G, ranged
from 0.01 to 1.0. Finally, S, ; ranged from 003 10 1.0.

For fire scenarios with screening core damage fre-
quencies greater than 3. 0E~6/yr (less than 1% of the
internal events core damage frequency), 1t is stated that
a more refined analysis was performed. The six domi-
nant fire scenanios are presented in Table 14. Also
presented in Table 14 are two (of many) scenarios that
were screened out: a control room fire and a relay
room fire. The six dominant core damage sequences
have a total core damage frequency of 1.0E-4/yr. This
total is compared with results from selected previous
PRAs in Table 15. The TMI-1 results are higher than
any previous study except for Indian Point 2. It is not
clear why this is the case. However, in the TMI-1
PRA it is stated that the dominant fire scenarios did not
receive as much attention as would have been desired.
It is possible that more refined analyses of these sce-
narios might reduce their frequencies. One interesting
note is that most of the dominant scenarios result in the
loss of reactor coolant pump (RCP) seal cooling, lead-
ing to an eventual RCF seal LOCA with no coolant in-
jection possible.

Frequency Per Year

—Locaton/Component.
Auxiliary Building 4 8E-2
Turbine Building 1.6E-2
Control Room 4 9E-3
Cable Spreading Room 6.7E-3

Diesel Generator

Reactor Coolant Pump 7.4E-3

“Typical” Room 1.0E-3

Larger Room (or with
more electrical equipment)

3.0E-3

Smaller Room (or with
less electrical
equipment or less visited)

3.0E-4 or
1.0E-4

M=l

7 4E-4/start

Fire Risk
Scabrook PRA Scoping Study
4 8E-2 6.4E-2
1.6E~2 3.2E-2
49E-3 4 4E-3
6.7E-3 2.7E-3
7.4E~-4/stan

74E-3




Table 14. TMI-1 intemnal fire dominant core damage sequences

AB-FZ-6

CB-FA-3a

CB-FA-2b

CP-FA-3c

Fire in Control Bidg
FSAS area & failure
dtea'we.“lo:;.
resulting in an
mﬁn*
pressure mjection

Fire in 4160 Vac
switchgear 1E room
& a hot short,

n an RCP
seal with no
high-pressure injection

Fire Inttiator

0.001 (MCC Fire)

0.003 (switchgear
fire)

0.003 (cabinet fire)

10

10

10

o1

0.1

005

Core Damage

Non-Suppression Other
. Fagtor _Factor _aer Year
10 0.03 (hot JO0E-S
short)
0s 008 (random 2 4E-5;
02 10 20E-5
0S 02 20E-5
(faslure
of remote
shutdown)
02 0.3 (hot 1.0E-5
short)

e TN .

Report mdicates this farlure of
tram B sequence has &
neghgible :
However, the

“" *

The discrepancy s



14Y

Table 14. (continued)

Core Damage
Logation — Description FrequencyPerXr  Factor =~  Factor ___ Facter ety

CB-FA-2d Fire in cast 0.003 {cable, 03 o 02 10 SOE-6
charger area X cabinet, or
n? transient

combustible fire)

CB-FA-4b Fare in control room 0.0049 (cable, 0.01 (mest 10 10 0605 30E-6
panels the cabinets, or cecer (undefined
remote transient com— 2 of many operator
capability, ~ombined bustible fire) ~le) error)
with undefined i
operator error
resuliting in ?

CB-FA-3d Fire in relay room, 0007 0.05 0.1 03 02 2066
combined with fathere {farhure
of remote shutdown of remote

shutdown)

a. These sequences were climinated in the screening process and were n % considered to be dominant.




Table 15. TMI-1 internal fire core damage
frequency comparison

laternal Fure
Core Damage
Frequency Per Year

1.0E-4

PRA Fire
T™I-1
Seabrook 2.6B-5
Indian Point Unit 2 2.0E-4
Indian Point Unit 3 6.3E-5
Milistore Unit 3 3.1E-6
Limerick

Oconee

In general, the methodology used to identify and
quantify important fire-iaduced core damage se-
quences is appropniate and is similar to the Seabrook
PRA. However, several differences exist. First, the
screening process for TMI-1 was performed manually,
while the Seabrook PRA incorporated an automated
SETS location-transformation process to identify pc-
tentially important single fire areas and adjacent pairs
of fire areas. Both methods are appropriate. The man-
ual method of screening might be more prone to error;
however, the SETS methodology may require the use
of simplified system fault trees and event trees (the
Seabrook PRA utilized simplified models for the
SETS location-transformation).

Secondly, the TMI-1 analysis appears to have been
stopped after the screening phase. The six dominant
fire scenarios do not appear 1o have been quantified in
any more detail than the scenanos that were screened
out. Itis clear that no plant specific COMPBRN analy-
ses were performed, as opposed to detailed
COMPBRN analyses in the Seabrook PRA. 47

The third aspect is that the TMI-1 fire analysis doc-
umentation is extremely abbreviated. This issue is ex-
amined more closely in the latter part of this section

The final aspect is that the screening frequency of
3.0E-6/yr appears to be inadequate. If the frequencies
of the already screened out fire-induced core damage
sequences are summed, the result is 5.0E-5/yr, which
is 50% of the core damage frequency from the six
dominant fire sequences. This total is much too high

A screening frequency of less than 1 .0E~6/yr would
have been more appropriate

Data Comparison. Fire frequencies utilized in the
TMI-1 PRA are summarized in Table 13. Also pres-
ented in Table 13 are corresponding frequencies from
Reference 45, The TMI-1 values are based on re-
ported fires in commercial nuclear power plants up
through 1981. Reference 45 includes an update
through June 1985. Both soarces agree within a factor
of two. Thus difference is not large compared with the
uncertainty in apportioning building fire frequencies
among various fire areas.

For Sq.i, G and Sy ;, the TMI-1 ranges are consis-
tent with other studies. This is not surprising consider-
ing that no plant-specific values were generated for
TMI-1; values from other PRAs were used instead.

Compariaon with Fire Risk Scoplng Study.
The draft Fire Risk Scoping Study identified several
areas of concern for probabilistc fire analyses. These
areas of concern are listed below:

1. Contrcl system iuteractions

2. Effectiveness of manual fire fighting
Total environmental equipment survival
Seismic-fire interactiors

5. Adequacy of fire barriers

6. Adequacy of analytical fire tools.

Each of these is discussed below with respect to the
TMI-1 PRA fire analysis.

The Fire Risk Scoping Study identified unanticipat-
ed control system interactions as a potential weakness
in past probabilistic fire analyses. Such interactions
include control room failures that may result in failure
of remote shutdown, or hot shorts that may fail sys-
tems or components not actually damaged by a fire,
The TMI-1 analysis attempted to consider some types
of system interactions. For example, hot shorts have
been considered for several of the fire scenarios (see
the dominant fire sequence in Table 14). Also, the
single control room scenario involves cabinet damage
that fails remote shutdown. However, documentation
18 much too sparse to determine either the level of de-
tail of such modeling or the comprehensiveness of the
search for such interactions

The effectiveness of manual fire fighting is another
1ssue of concern. Some past PRAs may have taken too




much credit for manual suppression, given the poten-
tial for smoke and misdirecied efforts. Five of the top
six TMI-1 fire sequences in Table 14 include credi: for
manual suppression. The documentation is too brief to
evaluate the nonsuppression estimates; however, the
lowest value used is 0.2

Total environment equipment survivability refers to
the concem that equipment may actually be damaged
indirectly by a fire or fire suppression agent, rather
than by direct exposure to the fire. Again, the TMI-1
documentation is not detailed enough to evaluate
whether such concerns were adequately covered

Seismic—-fire interactions are not discussed in the
TMI-1 fire analysis. A review of the seismic docu-
mentation produced the same result. Therefore, it ap-
pears that the potential for seismic~fire interactions
wias not considsred in the TMI1-1 PRA

“he Fire Risk Scoping Study addressed the concem
that fire barriers, especially doors and cable penetra-
tion seals, may not withstand actual fire conditions
Specificall; , if a significant pressure aiffereatial is
created across the fire barrier, then premature failure
may occur. Such a pressure differential could be
crezted under fire conditions. The Fire Risk Scoping
otudy uxdicates that a barrir failure probability of 0.01
may be too optimistic, and that 0.1 might be more ap-
propriate. It appears that the TMI-1 fire analysis con-
sidered fire door failures, but mainly from doors le‘t
open or opened to fight a fire. Otherwise, the screen
ing analysis assumed fire door failure probabilities of
0.01 or lower. Therefore, the TMI-1 study may be
nonconservative in this respect

Finally, the Fire Risk Scoping Study evaluated the
adequacy of COMPBRN I and [1I. Several coding er-
rors and instances of nonphysical behavior ware found
in COMPBRN III. Conclusions that were drawn from
this study indicate that when any of the versions of
COMPBRN are combined with fire suppression esti-
mates, the resulting estimates for conditional {ailure to
suppress a fire before cable damage occurs may vary
by a factor of 20 or more

The TMI-1 fire analysis did not include plant-
specific COMPBRN analyses. However, screening es
timates for fire severity and nonsuppression factors
were obtained from past PRAs that did include
COMPBRN analyses. Because of this, the TMI-1 fire
sequences should reflect a high degree of uncertainty
However, Table 6-9 in the Plant Model Report appears
to have no information on fire sequence uncertainty
distnbutions

Internal Fire Documentation The TMI- ] internal
fire analysis documentation, contained mainly in Sec-
uon 3 and Appendix D of the Eavironmental and Ex-
ternal Hazards Repont, 1s grossiy inadequate. The fire
analysis methodology is essentially discussed in two
paragraphs in Section 3.5 of that repont. Also, the six
dominant fire sequences are described in several sen-
tences in Section 3.7, No diagrams of the fire areas
and zones were included in the report. Also, almost ro
documentation is provided to support analyses and
probabilitics used in the screening tables. For exam-
ple, the control room fire (Table 14) with a frequency
of 3.0E-6/yr was screened out. This sequence in-
volves a fire frequency of 4 9E-3/yr, a geometnic fac-
tor of 0.01, and an operator error of 0.05. The geomet-
ric factor of 0.01 supposedly represents the probability
of a fire starting in only one of many panels in the con-
trol room. In this case, remote shutdown apparently is
not possible; however, an undefined operator error of
0.05 1s also applied to this sequence. There is no docu-
mentation indicating what type of operaior efror is in-
volved. Also, what happens if there is a fire in the oth-
er 99% of the control room panels? If remote
shutdown must be used, the TMI-1 analysis assumed a
0.2 failure probability. It such a case, the sequence
frequency would be:

(0.0949/yr) (0.2) = 9 RE-4/y1 )

The study does not indicate why fires in 99% of the
control room panels are not significant.

Plant Visit to TME-1. During a plant visit to TMI-1,
conducted during the course of this review, it was
found that a) TMI-1 has a well thought out and thor-
oughly documented fire plan, b) there are zero to very-
low amounts of transient combustibles in areas con-
taining safety-related equipment, and c) there are
multiple means of detecting and suppressing fires.®
GPUN personnel stated they are reanalyzing the fire
sequences and expect to find them to be an order—of-
magnitude smalier in their contribution to core damage
frequency than was indicated in the PRA report.

Summary. The TMI-1 PRA fire study appears to be
a comprehensive screening analysis. However, it ap-
pears that the six dominant sequences were not ana-
lyzed in detail. Plant-specific COMPBRN analyses
were not used, and screening estimates for nonsup-
pression, geometnc, and severity factors were esti
mated based on previous PRAs. Seismic-fire interac
tions were not included. The t~tal core damage
a. Letter from H. J. Reilly, EG&G Idaho, to
Dr. Arthur Buslik, NRC, “Report of TMi-1 Plant
Visit, October 18-19,, 1988, November &, 1988




irequency froin iternal fire is quoted in the M"RA as
1 0E-4/yr. dowever, the screened-out sequences
would add up to an addizonal 5 (E-5/yr. Documenta-
von is grossly inadequate. making 1t imposs®ole 10
perform a detailed review of the methodology, data,
and resuts. 1t was the feeling of the raviewers, based
on a plant visit and comparisons with other PRAs. that
ihe core damage frequencies caused by i-plant fires
may be cverestimated in the TMI-1 PRA, bul this
claim cannot be subswant w=4 without more analysis.

Seismic Events

During the roview, it was discovered that the Juan-
tificati r: of the seismic evenis conta: wed errors that in-
validated the results contawned in the PRA report.
These crrors were acknewledged by GPUN (see the
discussion in Appendix C to this report). Independent

analyses were corducted as pant of this review, using
seismic hazetds cerves from three differeii sources:
the PRA, EPKI, and LI NL. These analyses are de-
scnbed n 2 rpendix C. All three of the analyses pro-
duced core damage frequoncies larger than the value
published i the PRA repon. Using the PRA hazards
curves and component fragilities, a mean seismic CDF
of 6 5E~5/y1 was obtained, as opposed to the va.ue
2.7E~6/y1 in \he PILA. With the EPRI hazards curves,
and some modifications to equipmeni fragilities be-
cause of the different seismic spectrum, the mean seis-
mic CDF would be 2.3E-5/y:; with the LLNL hazard:
curves, it would be 2 BC-4/yv It is alse observed that
oniy a few of the component and structiral fragilities
were based ou plant-saecific oalysis. However, this
effect 1s not considered as important as the selection of
whe appropriate ha. ards curves. This situation may be
clanfied when GPUN completes its evaluations as part
of tt¢ IPE program



ESTIMATES OF EFFECTS OF RECOMMENDED
CHANGES TC THE PRA

Introduction

It was not possihle in thus review to requantify the
accident seguences from the T™!-1 PRA, because of
the complexaty of the apalysis and the unuvailasility of
the computer programs and inputs. Theretore, it was
difficul 1 determine the inpacts of changes in model-
ing or data on twe o erall resulte. However, it was pos-
sible 1o gain some insigiits by manipulating the deta in
the repert.

There were several iters of wnterest to the reiew
that were “reestiraated.” Lach is discussed briefly w
thic section; the detaiied exnlanation of the basis for
each item: is elsc where in this review repost (for exam-
ple, e impe ot of changes to 'oss of contro: budding
ventilstion s quences is exatained in this enalysis,
while the discuasion of the validity of the assumptions
15 10 the Assumptions section). ‘(he results of the rees-
timaticn are shown in Table 14.

Three kinds of estimate: were made. Firsi, the ef-
fects of chaages in initiator frequencies were estimated
directly from Tables 5-1 and 5-2 of the PRA Repon,
Vol. 2. These tables list the aggregates of the core
damage frequencies aitnibutable to each initiator and
initiaior category. Estumares using this method are be-
beved 10 be precise.

Secondly, the effects of changes in parameters that
affact only fractions of sequencss for specific initiators
were estimated us'tg the top 160 sequences listed in
Tatle 6-5 of the PRA Repont, Vel 3. These top 100
sequences compose about 75% of the total core dam-
age frequuncy, 80 that an estinate using this method,
*/hile wn approximation, probably accounts for most of
e effect.

Lastly, the effects of cbanges in the analyses of sta-
tion blackout, externa! floods, and seismic events were
taken from the rispective review sections in this re-
pori. The methodologies for those estimates can be
seen by reading those sections.

Teble 16. Summary of reestumation of core damage frequency

Change

Control building ventilation failure eliminated as
a core aamage sequence

Factor of 6.6 reduction o HRA value for sump
recirculation switchover, medium LOCA

Very small break LOCA frequency 4 times larger

Use of value 2E -3/yr for loss of instrumeat air
initiacor freguency

Requanuficatior: of .0ss of offsite power
sequences

Tetal CDF for Ivemal Iutiators
Requentification of seismic sequences
Requantificanon of e«teral flnoding sequences

Total CDF for External lnutiato.s.

Qld Valye New Value
2.00E-4/yr 0

1. 46E-5/yr 2.2E-6/yr
1.74E-5/yr 6.96E~5/yr
1.98E-5/yr 6.6E~6/yr
2.90E-5/yr SE-5/yr

4 4E-4/yr 2.9E-4/yr
2.70E-6/yr 6.5E-5/yr
7.50E-6/yr SE-~4/yr

1. 1E~4/yr 6.6E-4/yr




Changes That Were Included in
the Estimates

A major finding of the PRA was that control build-
ing ventilation failures were major contributors 1o the
core damage frequency. This was based on the as-
sumption that the electric power system would fail cat-
astrophically when the temperature in the control
building exceeds 104°F. Subsequent analysis by the
utility indicates that loss of control building ventilation
would not lead to failure of the electrical power sys-
tem. A review of this information by members of the
review team confirmed that loss of CBV would not
make a significant contribution to overall CDF. There-
fore, the reestimation used a value of zero for se-
quences with control building ventilation failure.

The PRA indicates that the sequence of highest fre-
quency (other than control building ventilation failure)
is a medium LOCA with failure of sump recirculation
switchover. The human response value used 1o quanti-
fy tnis sequence was the same as that for the large
LOCA. The Systems Analysis Report clearly defined
a value for both trains of the recirculation for medium
LOCAs distinct from large ones, but the PRA did not
use this value. The estimate in Table 16 used a value
reduced by a factor of 6.6 for the (SAA*SBB) head-
ings of the ML sequence to account for this
discrepancy.

The initiating event review indicated that the very
small break frequency appeared to be a factor of four
lower than estimates from other sources. The reesti-
mation increased the initiator frequency for those se-
quences by that factor.

The loss of instrument air initiator frequency ap-
peared to be overestimated according to the initiating
event review. The value assumed in Table 16 is the
2.0E-3/yr value from that review.

Appendix B, which contains a requantification of
CDF attributable to station blackout, indicates that this
frequency should be 3E-5/yr rather than the PRA val-
ue of 6E~6/yr. The CDF for all losses of off-site pow-
er then becomes about SE--5/yr rather than the PRA
value of 2. 9E-5/yr

After reestimating the internal event sequences with
the changes noted above, the CDF for internal events is
reduced from 4 4E-4/yrto 2 9E-4/yr

The review of External Flooding indicated that the
best estimate frequency for river floods above the PMF
is SE~4/yr instead of 1E-5/yr.

Appendix C contains three analyses of the seismic
frequencies for TMI-1. The first corrects the
erroneous analysis in the TMI-1 PRA repont. The sec-
ond is an analysis using the seismic acceleraton fre-
quency data from studies by LLNL. The third is an
asalysis using the seismic acceleration frequency data
from studies by EPRI. The three analyses produce dif-
ferent results for the CDF (attributed to seismic
events), but all are higher than the value in the TMI-1
PRA report. The highest value (using LLNL data) is
3 8E-4/yr, which would make seismic events among
the dominant sequences for TMI-1. Table 16 includes
the value 6.5E-5/yr, which was obtained using the data
in the PRA report.

After reestimating the external event sequences with
the changes noted above, the CDF for external events
increased from 1.16~4/yr to 6.6E 4/yr, making exter-
nal events the dominant sequences at TMI-1,

Changes Not Included in the
Estimate

There were numerous other changes that were rec-
ommended in the various sections of this review re-
port. They were not included in Table 16 for various
reasons. The following is provided to explain these
changes as they appear in Table 17:

The Assumptiois sect’on indicated that the assump-
tion in the PRA, that shutdown operations need not be
examined because they have no significant effect, was
questioned. The PRA for this operational mode could
have a significant effect on overall CDF at TMI-1.

The section on Fires indicates the analysis in the
PRA was suitable only for screening purposes, and it
seems likely, but not certain, that further analysis will
show core damage from fires to be smaller
in frequency.

The initiating event review indicated that there had
been one incident in 12 years of operation in which the
intake screens at Unit 2—which was the only one of
the two units operating at the tne—plugged com-
pletely, requiring 6 hours to clear. The discussion of
this initiating event appears erroneous: the PRA di-
vides the assumed frequency of 1/12 per year by a re-
covery factor related to recovery before turbine trip.
The PRA also uses a seal-LOCA model that assumes



Table 17. Potential changes not included in Table 16

e OACOUAL Chiange

Risks of shutdown operations

Sequences initiated by in-plant fires

Loss of river water sequences

V-sequence frequency

Frequency of reactor vessel rupture due 10 PTS
Miscellaneous component failure data

Added backup air compressor

Relay chatter during seismic events
Seismic-initiated fires

Eftects of non~Class | equipment falling on
Class 1 equipment during a seismic event

Probable
Effect on CDF

Significance
~onCDF _

Increase High
Unknown High
Increase High
Unknown Low
Increase Low
Unknown Low
Decrease Low
Increase Unknown
Increase

Unknc wn

Increase Unknown

that 9 hours is available after loss of river water pump
suction before seal-LOCA occurs. The NUREG/
CR-4550 seal--LOCA model is much more pessimistic
when applied to TMI-1. Given a blockage of the in-
take screens with mean time to clear of 6 hours, the fol-
lowing factors govern the time available (using the
times quoted in the PRA for the EFW available case):

Water available in pump house: 1.3-4 hours with 2
RW pumps operating, double that for 1 pump

Additional time gained by rotating MU pumps after
loss of river water: “a few hours™ according the
PRA-—actual time is unknown

Time to seal-LOCA after loss of seal cooling.
1.5--2 5 Liours (70% chance)

Time to core damage after seal-LOCA (not part of
tume available): 1 hr.

The mimimum time may be less than required. To en-
sure success, the operator must take actions to tumn off
I RW pump and rotate MU pumps after the water in
the pumphouse 1s depleted, as well as diagnosing and
initiating the screen—clearing operation. There is also
a possibility—identified but not analyzed in the

PRA—of hooking up fire service water in place of riv-
er water. These are all knowledge-based aciions, with
an operator-to—-plant interface that is fair at best, and
conditions of potential emergency. Without more de-
tailed information and analysis, it is not possible to de-
nive defensible values for the failure probabilities of
the human actions.

GPUN provided some additional information infor-
mally. There have been an additional § years of opera-
tion of the TMI-1 intake screens without blockage.
There are no procedures to maintain a minimum
amount of water in the river water intake structure, and
no procedure directing the operator to reduce the num-
ber of operating river water pumps if a complete loss
of river water supply occurs. However, a fire service
supply is available near the DHCCCW heat exchang-
ers with connection points available for a temporary
hookup. Also, the heat load is so low (32 gpm) when
running only makeup for RCP seal injection flow, that
GPUN believes the makeup pumps would run for a
long ume even without river water

Unless it can be verified that the makeup pumps can
run without river water, or that a recovery action is
possible using the fire service water supply, the situa-
tion upon loss of river water supply—which is reason-




ably probable based upon its previous occurrence—
may be much more senous than the PRA indicates

In the analysis of V-sequence frequencies, the PRA
combines what appears 10 be conservative assump-
tions with nonconservative data. These sequences are
insignificant contributors to CDF, but are important (o
offsite risk in most PRAs

The review (see Comparison with Generic
Unresolved Safety Issues) found that frequency of core
damage due to PTS was probably underestimated, but
conceded that PTS 1s not a dominant contributor to
overall CDF

The Data section of this review report indicated that
some of the component fatlure data values were signif-
icantly different than in other databases. But it was not
expected that any individual change in a value would
have much effect on the overall CDF

Durning the plant visit, we noticed the addition of a
backup air compressor. It 1s not clear how this will af-
fect the PRA, except it should be beneficial

During the plant visit, it was established that relay
chatter was assumed to be recoverable, 1.¢,, had no ef-
fect on the CDF due to seismic events. Forthcoming
resolutions by NRC of generic issues involving seis-
mic events may be expected to have an impact if relay
chatter during seismic events is found to be an impor-
tant failure mode of electrical power and control
systems

The effects of seismically-induced fires, and the ef-
fects of non Class I - uipment falling on Class I equip-
ment during a seismic event, appear to have been ne-
glected in the PRA. The effects of their inclusion
would not be simple to calculate
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REVIEW OF ASSUMPTIONS IN THE PRA
REGARDING LOSS OF CONTROL BUILDING VENTILATION

It should be noted that, unlike most initiators, the
frequency of the loss of control room ventilation initia-
tor is not based on data (Table 3-8, Page 3-38, Volume
5), but is instead quantified based on an analysis of the
system failure probability as contained in Volume 4,
Book 1, Section 6. This review is conceined only with
the evaluation of major assumptions made in the PRA
regarding the initiator—loss of control building venti-
lation.

The major assumptions made in the PRA regarding
this initiator and the accident sequence that it initiates
are as follows:

¢ All key electrical equipment in the control
room is assumed to always fail if the tempera-
ture exceeds 104°F,

¢ Loss of control room building ventilation is
assumed to result in a core damage accident
(see discussion below),

e If the outside ambient air temperature ex-
ceeds B4°F, the chillers associated with the
control room building ventilation system are
assumed to be required.

¢  Operator action to establish control building
ventilation from a portable vent system is
modeled. Equipment for this system was be-
ing purchased at the time of the PRA study.

e The operator actuated portable vent system is
assumed to be incapable of limiting control
building temperature below 104°F if the out-
side ambient air temperature is >95°F,

e Control tower air system failures are ne-
glected.

The significance and validity of each of these as-
sumptions will be explored individually, as follows:

e JO4°F Limit—The only basis that could be
found for this assumption was on page 6-47,
Volume 4, Book |, where information shows
that thus is the design temperature limit of the
equipment in the control building. It is also

stated on page 6-48 that this sssumption is
believed to be conservative, but n. evaluation
could be found that provided either a qualita-
tive or quantitative estimate of the degree of
conservatism. The following statement is
made on page 6-48:

“The assumed temperature imit is important
because it not only affects the time available
for recovery, but also, if the limit was just a
little higher (i.e., 130°F), many of the rooms
might never reach the limit even without
ventilation.”

In view of the extraordinary dominance of the se-
quence associated with this iaitiator the omission of
any estimate of the significance of this assumption is
considered a major shortcoming in the study, Further-
more, 1t does not appear that the uncertainty or conser-
vatism associated with this assumption is reflected in
the very tight uncertainty bounds estimated for the
core damage frequency.

An attempt was made to assess the validity, quanti-
tative significance, and uncertainty associated with
this assumption. Such efforts proved generally futile,
however, for several reasons. First, no assessment of
the control building heatup rate could be found in the
TMI-1 PRA. Thus, the timing and sensitivity of the
104°F Limit to building heatup rate could not be veri-
fied. Further, no other PRA or safety assessment could
be found, for comparison, which evaluated this initiat-
ing event. The manufacturer of, and specifications for,
the electrical equipment in the control building are not
known. Thus, an independent evaluation of the opera-
tional temperature Limits could not be determined, al-
though engineers familiar with this general field con-
firmed that assuming failure at the design limit is
likely to be a very conservative approach.

The TMI-1 PRA contains additional discussion of
the interest related to the control building ventilanon
failure sequence. In particular, Pages 2-6 and 2-7 of
the Executive Summary (Volume 1) make the follow-
Ing statement:

“Tests in September of 1987 have indicated that
more time is available for operator action prior to
the hottest rooms reaching 104°F 1t may, in fact,
take as long as 24 hours for these rooms to reach



104°F. This longer time is due to initial overest:-
mations of the heat generation rates in these rooms.
In addition, the outside air temperatures for which
temporary ventilation would be effective can
therefore be higher. More time available for
recovery will result in a higher likelihood that the
operator will succeed in establishing alternative
ventilation. This higher likelihood will reduce the
frequency of loss of control building ventilation
scenanos that go to core damage, thus reducing the
total core damage frequency. If the heatup is slow
enough so that the operator has more than enough
time to perform the action successfully, then the
frequency of the scenario will become insignifi-
cant. The results of these recent tests will be
reviewed and their impact on the estimated core
damage frequency will be incorporated into the
next revision of the PRA."

An attempt was made to evaluate the analysis of this
sequence and also to estimate the impact of a more
realistic assessment utilizing the September 1957 data.
However, no analysis of the building heatup rate could
be found, nor was any detail found regardin 3 the time
available and assumptions made regarding operator re-
covery actions. Furthermore, the September 1987 data
is apparently not included in the PRA.

The reviewers concluded that the basis for the 104°F
control building equipment failure assumption is inad-
equate and probably not realistic (overly conserva-
tive). This appears to be a major shortcoming in the
study in view of the significance of the related accident
sequence. A related shortcoming is the lack ~f suffi-
cient information in the PRA to allow either i inde-
pendent evaluation of the sequence or a quntitative
estimate of the effect of the assumption. Purthermore,
it appears inappropriate in a PRA study to assume a
step failure distribution (1.e., never fails at tempera-
tures <104°F and always fails at or above 104°F) for
such an important initiator. It would be more realistic,
and more consistent with the general PRA approach, to
represent the failure as a temperature versus failure
probability relationship. Such a relationship would
have to be derived on the basis of existing data, or en-
gineenng judgement if data is unobtainable.

e Loss of control building ventilation leads to
core damage—The PRA assumes that loss of
control building ventilation will lead to
equipment failures in the control building that
result in core damage. Page 2-2 (Volume 1),
presents the following conclusion to this
probiem:

“Failure of the ventilation system causes the
intemal room temperatures to increase and,
within a period of hours, to exceed the design
temperatures of electronic and electrical
equipment in the rooms. At some elevated
temperature (which is not well known), equip-
ment will fail and the plant will automatically
trip or be tripped by the operator. This event
calls on the systems to remove decay heat to
operate, but, in this dominant accident se-
quence, these systems also eventually fail due
to loss of motive and/or control power, as
more electrical equipment in the control build-
ing fails. Core damage will result from the
failure 10 remove decay heat. This scenano
alsoincludes the likelihood of the operator try-
ing, but failing, to recover control building
ventilation and trying, but failing, to provide
alternative ventilation."”

Further, Page 2-7 of Volume ! presents the
following:

“At 104°F, equipment required to maintain
reactor coolant pump seal injection or cooling
and mitigate the failure of the seals is assumed
to be lost."

In a related discussion, the PRA speculates
(Page 2-7) that tests performed by Westing-
house on RCP seals, believed to be representa-
tive of the seals for the reactor coolant pumps
at TMI-1, suggest that seal failures may be
delayed from what was assumed in the
PRAA!' These delays are addressed on
Page 2-8:

“These delays will significantly increase the
likelihood of successful accomplishment of
these (recovery of seal cooling and/or seal in-
jection in scenarios after both were lost) and
such actions that already exist in the PRA thus
reducing the total core damage frequency.”

Based on the previous discussion, it appears that the
PRA assumes that the loss of control building ventila-
tion leads to loss of the seal injection and teal injection
cooling systems, due to loss of ac power to the pump
motors in these systems. The loss of these systems
causes a loss of pump seals, resulting in a LOCA (of
unspecified size). Because the high-pressure injection
system is also assumed lost due to loss of ac power to
the pump motors, the pump seal LOCA results in unre-
coverable loss of primary coolant inventory and even-
tual core damage.
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This assumption of core damage (given failure of
equipment in the control building) appears reasonable
if pump seals fail and HPI i1s unavailable. The
speculation that Westinghouse d«ta on pump seal fail-
ures may argue for an extended recovery penod and re-
duced core damage frequency, although not quantified
in the PRA, does not appear particularly favorable in
view of a recent report on pump seal failures A-? This
report presents a rather high probability of core uncov-
ery from pump seal failures in a rather short time (four
hours or less) given loss of seal injection and seal in-
jection cooling. The forthcoming resolution of NRC
Generic Issue 23 (Reactor Coolant Pump Seal Failure)
should provide additional data and information rele-
vant to this issue, and may require modifications at
some plants, including TMI-1, which could alter the
probability of the accident sequence considered here,
as well as other sequences in the report.

¢ Control building ventilation chillers assumed
required if outside ambient exceeds 84°F—
The PRA states, on Page 6-10, that if the
chilled water system fails, it is assumed that
adequate ventilation is provided as the out-
side air temperature is less than 84°F. The ba-
sis for this assumption is not given in the
PRA, but is based on GPUN correspon-
dence A~} This reference was not provided
with the PRA and was therefore not re-
viewed. However, an apparently conflicting
assumption appears on Page 6-49 of the
PRA, which states:

“If nuclear services closed cooling water is un-
available...the chilled water system..is un-
available. The system failure frequency then
becomes strongly dependent on the outside air
temperature. 1f the outside air temperature is
greater than 95°F..then neither the normal
ventilation system operating in the once-
through mode nor the alternate ventilation
system that may be established by the opera-
tors is assumed to be successful.”

The validity of the outside ambient airtemper-
ature assumption could not be evaluated on the
basis of information provided in the PRA.
However, the significance of the assumed out-
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side temperature appears important based on
the following statement on page 6-49:

“Common cause failures of the two chilled
water trains at a time when the outside ai: tem-
perature is greater than 95°F is the major
contributor to the initiating event (loss of con-
trol building ventilation) frequency.”

1f the 85°F Limit stated on Page 6-101s the ac-
tual limit, then loss of control room ventilation
frequency would be even higher.

Use of a Portable Vent System—The PRA
states on Page 6-10 that a portable vent sys-
tem is modeled on the basis that equipment
for the system was being purchased, and pro-
cedures were being revised, at the time of the
PRA study. It is questionable if an accurate
estimate of the unavailability of this system
could have beer. made at the time of the PRA
without this information. However, this
quantification may not be overly significant
in view of the preceding discussion, which in-
dicates that failure of the main system when
outside air temperatures are greater than 95°F
(when the backup system would also not be
effective) is the major contributor to loss of
ventilation.

Operator actuated system ineffective if out-
side air temperature is >95°F—This assump-
tion appears on page 6-10, Volume 4, Book 1.
The basis for it is referenced correspondence
that has not been reviewed A~

Control air system failures are neglected—
This assumption appears on Page 6-43, Vol-
ume 4, Book 1. Further, on Page 612, it is
stated that the control tower compressed air
trains are needed for damper position and fan
control for the control buiiding ventilation
system. However, page 6-11 states that the
control tower air system consists of four com-
pressors, two powered from each train; there-
fore, this omission is expected 1o have a very
minor impact.
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This gppendix provides an independent calculation
of the frequency of core damage from station blackout
at TMI-1, The basic model is that of
NUREG-1152. B! A station blackout may oceur
either at the time of the loss of offsite power, or later if,
for example, the diesel generators fail during operation
while offsite power is unavailable. If the duration of
the station blackout exceeds a certain time (called the
“grace time” here), core damage occurs. Recovery of
the diesel generators, and of loss of offsite power are
modeled. One distinction between the model used
here, and the model developed for NUREG-1152, is
that the grace time is treated here as a random variable.
Another distinction is that, in the model used for
NUREG-1152, the grace time depended on the time
after the loss of offsite power that the station blackout
occurred, and this distinction is not made here.

The model considers contributions from five
different ways of entering station blackout:

a Both diesel generators are unavailable at the
time of loss of offsite power, either because
they fail to start, or because one is in mainte-
nance and the other fails to start

b. One diesel is in maintenance, the other diesel
starts but fails while runming

¢.  One diesel fails to start, the other diesel starts
but fails while running, leading ultimately to
core damage

d. Both diesels start but fail (at the same time)
during operation from a comrion cause

e. Bothdiesels start, then one fails duning opera-
tion from an independent cause; later, the sec-
ond diesel fails from either an independent or
common cause.

The term “probability” is used here as the frequent-
ist would use it. It correspons to the term “frequency”
used in the PRA. In this section, frequency refers to a
rate per unit time (e.g., frequency of loss of offsite
power). The probability distribution for the grace ime
is then a frequentist’s probability distribution. Howev-
er, if one were to assume that this probability distribu-
tion really represented a degree—of-belief distribution,

the results for the mean value of the station-blackout-
induced severe core damage frequency would not be
affected.

The estimates obtained closely a, sroximate the
mean frequency of severe core damage (due to station
blackout). Mean values are used for estimates of the
various failure rates; the dominant terms in the result
for the station blackout core damage frequency are lin-
ear in these parameters, because the terms involving
common mode failures are the most important terms.
There are contributions from non-linear terms, for ex-
ample, both diese! generators failing to start from inde-
pendent causes, and because th: mean of the square of
a variable over its degree-of-belief distribution 1s not
the square of the mean, the estimates for the frequency
of severe core damage due to station blackout are not
exactly mean values.

Glossary of Symbols

- ¥ Rate of loss of the offsite power network
(events per year).

Probability that offsite power has not been
recovered by time t after its loss.
Thus 4,Q,(t) isthe frequency of losses of
offsite power exceeding t hours.

Q. (1)

Qs The probability that a single diesel genera-
tor fails to start on demand.

Probability of nonrecovery of a diesel gen-
erator by time t after its failure, for either
the failure-to-start mode of failure or the
failure—during--operation mode of failure,
if these failures were from independent
causes.

Qdt)

Qen Probability of a single die ¢l generator be-

ing in maintenance at the ume of demand.
Qu(t) Probability a diesel generator in mainte-
nance will not be recovered by ime t after
the maintenance is begun. The equations
for the contribution of the maintenance
unavailability to the station blackout core
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damage frequency are valid only for an
exponential distribution for Q_(t). In this
case, Q,(1)also equals the probability a
diesel generator found to be in mainte-
nance at the ume t = 0, at which loss of off-
site power occurs, will still be in mainte-

nance at the time t after the loss of offsite
power occurred

Probability both diesel generators fail to
start from a common cauge

Probability a diesel generator that has
failed from a common cause will not be re-
covered by time t after its failure; the same
distribution is used for both the common
cause faillure~to-start and the common

cause fails-during-operation modes of
failure.

Failure rate (per unit time) for a diesel

generator to tail during operation. The
rate 15 assumed constant, and independent
of the ime since the diesel generator was
started. The observed increased failure
rate of a diesel generator during the first
hour of operation is incorporated into the
model by increasing the failure~to-start
probability of the diesel generator.

Failure rate from a common causc event

(or shock) that will disable all the running
diesels

Grace time, or coping time. If the duration
of the station blackout exceeds the time
(1), core damage occurs. The value of ¢

depends on whether or not emergency
feedwater is available, the timing and
magmitude of a reactor coolant pump seal
LOCA, and the timing of battery deple-
tion. Therefore, a probability distribution
is used for 7.

The end point in the calculations. Station

blackouts occurring after this point of time
(as measured from the time of initiation of
the loss of offsite power event) are as-
sumed (o be recovered before core damage
occurs. An inherent assumption in the
model is that some source of ac power will
be recovered within 24 hours. The value

of w; is determined from w, + v = 24
hours

#odel Equations

Corresponding to each of the five ways of reaching
station blackout, a quantity where I ; j=a,b, ¢, d, ore,
is defined. Then the contribution of case j to the station
blackout core melt frequency is 4,1 .

The values of I ; for the five cases are given as
follows:

Both diesel generators are unavailable at the
time of the loss of offsite power, either be-
cause both diesel generators fail to start, or
because one diesel generator fails to start and
the other is 1n maintenance.

n

L= ((g-q.) [QN)) + ¢.Q.(1))Qu1)

+ 2Qu(1NggeQdTIQu(T) (B-1)

One diesel generator is in maintenance, and
the other fails during operation,

L = 2q.Q (t)j l;l,expi—A,v»v)Q,,,w.- + 1)
0

Qu(w + 1)dw (B-2)

One diese! generator fails to stan, the other
fails during operation.

L =29Q, m] 1A,em—i.,w)Q,(w +1)

Q.(w + 1)dw (B-3)

Both diesel generators start, but then fail dur-
ing operation by common mode.

1

L=Q, mj A exp(-Aw)

exp (=24 w)Q,(w + )dw (B-4)

Both diesel generators start, then fail during
operation at different times; the diesel gener-
ator that fails first by an independent failure,
and the other diesel generator fails by either
common cause or an independent failure
Littie error results from assuming that the




distribution of the ume to recovery for the
second failed diesel generator is that for a die-
sel generator failled from an independeni
cause, although, strictly speaking, it should
be a mixture of the distributions for the inde-
pendent failures and the common cause fail-
ures, weighted by their relative frequencies

-

Arexp(-AwW)Q,(w + 1)

L = 2Q41) [

o

[ ACXP(=AX) ¢
(

)

Qdw =~ x+ 1)dxdw (B-5)

Then the station blackout core meit frequency is:

Po=AL+L+L+1L+]) (B-6)

Diesel Generator Failure,
Repair and Maintenance

The diesel generator failure-to-start probabilities
and the fails—during-operation failure rates are taken
from the PRA (these values, and the manner in which
they were denived, were reviewed during the review of
the PRA, see the section on component failure data in
the main review report). The common mode parame-
ters (the beta factors) are also taken from the PRA. For
the recovery distributions for a failed diesel generator,
or the distribution for the maintenance time, exponen-
tial distributions are assumed. For the recovery distni-
bution for a diesel generator failed by independent
causes, the parameter in the exponential distribution 1s
obtained by fixing the median repair time at the me-
dian value of 8 hours given in NUREG-1032 (see
Ref. B-2, p. B-12). For recovery from a common
cause failure, the value of the parameter is chosen so as
to best reproduce the distribution of recoveries given
in NUREG/CR-3226 (see Ref. B-3, p. 237). The
same reference 1s used for recovery from maintenance.
Table B--1 summarizes the diesel generator data

Distribution of the Grace Time

The grace time, or time that the plant can be without
ac electric power without suffering severe core dam-
age, depends on the timing and magnitude of any reac
tor coolant pump (RCP) seal LOCA, on whether or not
emergency feedwater is available, and on the battery
depletion ime. It is a random vanable, because the

uming and magnitude of the reactor coolant pump seal
LOCA are random variables, and because failure of
emergency feedwater 1s a random event

If emergency feedwater (EFW) is not available, the
grace ume is about 1 hour, according to the PRA (see
p. 4-43, Vol 6, Book |1 of the PRA). The probability
the EFW fails, given station blackout, 1s 0,056, accord-
ing to Table 61, Vol. 2 of the PRA

As for the grace time distribution if the RCP seal
LOCA is controlling, the calculation proceeds as fol-
lows. According to the expert opinion elicitation done
in support of NUREG-1150 (see Ref. B-4, pp. 5-6ff),
there ts a 53% chance of a RCP seal LOCA of
1000 gpm after 1.5 hours (Table B-2, reproduced from
Ref B-4, Table 5.4-2 gives the results of the expen
elicitation process.) It is assumed that the “old”
O-rings are in use.

With a 1000 gpm leak, it is estimated that core vo-
covery will occur in about an additional 2 hours. The
basis for this estimate is as follows: According to a re-
port by Fletcher, core uncovery will occur at TMI after
a loss of 2.4ES lbm of water from the primary sys-
tem B-3 For a Westinghouse reactor (Zion), core un-
covery will occur after aloss of 3.3ES 1bm of water. It
is esumated that the time to core uncovery for a 4-loop
Westinghouse reactor with a 1000 gpm RCP seal leak
1s about 3 hours if credit is given for operator action in
depressurizing and cooling down the primary system
(the leak rate decreases as the reactor pressure de-
creases). If it is assumed that the core uncovery time
for a given size leak is proportional to the amount of
water that must be lost before core uncovery, then, for
TMI-1, the time to core uncovery is about 2 hours
from the time of the start of the leak. If the leak begins
at 1.5 hours after station blackout, then the grace time
is about 3.5 hours.

There is an additional probability of 13% that the
1000 gpm leak begins at 2.5 hours according to the dis-
cretized distribution for leak rate versus time given by
the NUREG-1150 expert elicitation process (see
Table B-2). Here the time to core uncovery would be
the time (2.5 hours) until the leak starts plus the 2 hours
until core uncovery given the leak, or 4.5 hours. Leak
rates other that 1800 gpm are of sufficiently low prob-
ability or magniit:de that they do not contribute signifi-
cantly to the station blackout core damage frequency
Moreover, the probability of a 1000 gpm leak initiating
after 2.5 hours is sufficiently low as to have a negligi-
ble contribution to the station blackout core damage
frequncy




Table B--1. Failure, mainteance, and repaur paran-ters, used in the station blackout requantification

A. Failure data for the diesel generators
@ = 002

q. = 0.00095
" = 2.55"3”"

A, =  1LO2E-4/r

Note: The above value of gy includes a correction to account for the increased failure-to-run rate of the diesel
generators during the first hour; a constant value of 4, is used. The PRA used ¢, = 0.0158 per demand, and

an increased value of A, during the first hour (4, = 6.58E-3/hr).

The diesel generator repair t:me distribution is assumed exponential, but the exponential distribution used is
fitted to the median repair time of 8 hours given in NUREG-1032 instead of the mean repair time. The distribu-
tion obtained is Qg (1) = exp(~e<t), where o« = 11.5 hours.
The distribution for repair of a diesel generator failed by common cause is also assumed to be exponential, and
is fited to the distribution given in NUREG/3226, onp. 237. A mean 10-hour repair time is obtained for a diesel
generator failed by common cause.

B. Maintenance data
Muntenance unavailability of a diesel generator: 0.0341

For recovery from maintenance, an exponential distribution is assumed:
Qult) + exp(~= t), with x = 05, (B-7)

This value of = fits reasonably well the recovery from maintenance distribution given in NUREG/CR-3226,
p. 237, for the pertinent values of t (less than 8 hours or s0).




. Aggregated RCP seal LOCA probabilities for 2 Westinghouse four loop plant®

Old O-Rings
Time

R P RCR SR

45 5.5 1.5
84 0.271(255) 027110239 0810

244/245¢ 0.051(067) 0.049081) 0014

43 45 5 < 0.010

433 0011 0.012 99E-3 C3E-3 60E-4
480 1.3E-3 1.3E-3 1.3E-3 1.2E-3 -
543 == 26E-3

688/698/728 1.2E-3 2B 1.1E-3 0.146 0.146
— 2.7E-3

706 i . s

1000/1026 0.530 0.665 . R3E-3

1230 1 6E-6 : 1.6E-3 — —
1920 42E-3 42E-3 2E- 42E-3

a. Reproduced from Table 5.4-2 of NUREG/CR-9550, Vol. 2.

b, Parentheses denote calculations which change «f no depressurization is sssumed. All other probabilities are for depressurized
conditions

¢. Similar leak rates have been lumped together.

These values are the probabilities of being at a particular leak rate at a pasticular time.




The battery depletion time is taken as 6 hours, based
on the estimate given in the PRA, Section 4.3, Vol. 6,
p 4-43. According to Ref. B-3, p. 35, severe core
damage will occur in a B&W plant about 1 hour after
battery depletion. However, no credit is taken here for
averting severe core damage by recovering ac power in
the ume between battery depletion and the onset of se-
vere core damage. As noted on p. 4-32, Vol. 6 of the
PRA, battery depletion guarantees core damage. The
diesel generators are no longer recoverable because
they require dc power. Moreover, the 230 kV substa-
tion breakers require dc, even for local operation;
hence offsite power may not be recoverable. The grace
tume is six hours as determined by the battery depletion
time if it is not limited to a smaller value by loss of
emergency feedwater or reactor coolant pump seal
LOCA.

The grace time distribution is as follows:

Grace Time

~.{hrs) . ___Probability ~ __ _Result

l 056 (EFW fails)

35 (1-.056X.53)= .50 (EFW succeeds,
1000 gpm leak at
1.5 hrs)

4.5 (1-.056)(.13)= .12 (EFW succeeds,
1000 gpm leak at
2.5 hrs)

6 32 (Battery
depletion)

Frequency of Losses of
Offsite Power Exceeding a
Given Duration

The model used for predicting the frequencies of
losses of offsite power of a given duration is essential-
ly that described in NUREG-1032, Appendix A, with
the parameters for the TMI site supplied by John Flack
of the NRC staff in a private communication. Ac-
cording to the analysis done 1n support of the station

blackout ruie, the site characteristics are as follows
(with reference to the model in NUREG-1032):

Switchyard category: I = 3 (worst
category)

Gnd stability category: G = 2

Recovery category: R = 2(no
enhanced
recovery)

Extremely severe weather

freq: 0.0016/yr

Severe weather freq: 0.004/yr

NUREG-1032 uses Weibull distributions for the non-
recovery curves for loss of offsite power; however, in
the actual numerical work performed in support of the
station blackout rule, exponentials or linear combina-
tons of exponentials were used. These equations,
when specialized to the TMI site using the above
categorizations are as follows:

i) = 0.06%0.7008exp(~2.002t)
+ 3063exp(~0.50721))

g) = 0.03(0.6886exp(~1.9711)
+ .349xp(~.29031))

s(t) = 0.004exp(-0.19831)
ss = 0016

with the annual frequency of losses of offsite power
exceeding a duration t given by

F(t) = 1(t) + g(t) + s(t) + ss.

The terms i(t), g(t), s(t), and ss, respectively corre-
spond to the switchyard, grid, severe weather, and ex-
tremely severe weather contributions to the loss of off-
site power frequency.

Figure B-1 gives the frequency of losses of offsite
power exceeding a duration t, as calculated from the
above expressions.
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Frequencies of LOP exceeding T hours
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Figure B-1. Annual frequencies of loss of offsite power (LLOP) exceeding a time T. (Review Estimates)

Resuits for the Station
Blackout Severe Core
Damage Frequency

A stadon blackout severe core damage frequency of
3E-5/yr is obtained from the above data and equations.
The station blackout core damage frequency is calcu-
lated conditional on each value of the grace time, and
then the weishted sum is taken, with the weights being
the probabilivies of each grace time. The intermediate
results of the severe core damage frequency

conditional on each value of the grace time are as
follows:

Grace Time

—ihrs)
l 1.2E-4

Conditional Core Damage Frequency
(per.yean)

3.3E-5
2.3E-5

| 4E-5

Here conditional core damage frequency is the station
blackout severe core damage frequency conditional on
the given grace time.

It is interesting to compare the results to those ob-
tained in the PRA. In particular, Section 4.3.5 of vol-
ume 6 of the PRA was not understood. This section is
entitled “Electric Power Recovery Medel.” The equa-

tion for ¢‘:ore melt 1D this section was especially

confusing. The loss of offsite power frequency, as giv-
en in the PRA, was 0.071/yr (see Table 3-8 of Vol. § of
the PRA). The above model gives 0.106/yr.

The severe core damage frequency due to the loss of
offsite power initiator was given as 2.9E--5/yr in Table
6-4, Vol. 3 of the PRA. However, the greatest contn-
bution to this frequency was apparently from ponsta-
tion blackout loss of offsite power sequences. Of the
top 100 sequences on pgs. 646, 6-47, Vol. 3 of the
PRA, the core damage frequency from all loss of off-
site power sequences was 1 45E-5/yr, while the core
damage frequency from the single station blackout se-
quence (in the top 100 sequences) was 2.BE~6/yr




composing about 19% of the total of all loss of offsite
power sequences i the top 100 sequences

* sequencas below the top 100 contributed te-

ghg'dly to the station black out severe core damage fre-
guer <y, then station blackout would contribute about
IE-6/yr to the severe core damuge frequency in the
PRA. 1f the ratio of the contribution of station black-
oui 10 the contribution of all Joss of offsite power se-
quences was the same as for the top 100 sequences
(that is, 19%), then station blackout would contribute
about 6E-6/yr to the severe core damage frequency in
the PRA

The discrepancy, between the estimate in this re-
quantification of 3E-5/yr for the contribution of sta.
ton blackout to the core damage frequency, and the
PRA estimate of about 6B-6/yr, is caused in parnt by
different assumptions on the behavior of the reactor
voolant pump seals upon loss of cooling (and seal in-
jection). We estimate a $3% chance of a RCP seal
LOCA of 1000 gpm (250 gpm per RCP pump), while

the PRA assumes that the leak will be limited 10 20
gpm per pump for the first 1 hours of a station black-
out (see p. 442, Vol. 6 of the PRA). Because of the
difficulty in following the PRA analysis of station
blackout, it 15 not known to what extent other differ-
ences i ASSUMpbons are imponant

Toking the 1. 2E-5/y1 contribution of non-station-
blackout loss of offsite power sequences from the PRA
top 100 sequences, and multiplying it by the ratio of
the estimate of the loss of offsite power initisting event
frequency to the PRA estimate, i.e., 0.106/0.071,
would result in an estimate of 1. 8E~3/yr for the contn.
butian of the nonstation blackout loss of offsite power
sequences 10 the core damage frequency. Adding this
figure 10 the 3E-5/yr estimate of the core damage fre-
quency from station blackout sequences, will result in
about SE-5/yr us an estimate of the core damage fre.
quency from the loss of offsite power initiator. A sub-
stantial portion of this value is attributable to the RCP
seal LOCA problem. If the seal LOCA problem did

not exist, the core damage frequency would be about
3E-5/yr from loss of ~.fxite power.
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Thus appendix esumates the core damage frequency
from the seismic tutiator and compares it 10 the est-
mates given in the PRA. Estimates of the seismic-an
duced core damage frequency are made with the fragi)
ity parameters given in the PRA, and with the seismig
hazard curves given in the PRA. The uncenainties due
1o the uncenainties in the hazard curves are presented

In addition, estimates with the LLNL hazard curves
and EPR] hazard curves are provided © ' <~ Because
the response spectrum estimates and the soil amplifica.
uon factors are different for the LLNL hazard curves,
the fragilities must be miodified when the LINL curves
are used

In thus section, the term “probability” is used as the
‘requentist uses it This corresponds to the term “fre.
quency” used in the PRA. Here, frequency refers 1o a
time rate, as in the expression “core damage fre-
quency.” Probability, as used in the PRA | corresponds
to the term degree—-of-belief in this section

Seismic Core Damage

Frequencies with the Utility
Hazard Curves and Component
Fragilities

General Remarks The seismic core damage fre-
quency 15 esumated using the utility hazard curves and
component fragilities. 1t will be seen that the seismic-
induced core damage frequency estimated here is
much higher than that estimated in the PRA. A mean
frequency of 6 SE-5/yr is estimated, whereas the PRA
estimated 2 7E-6/yr for the seismic-induced core
damage frequency; a differential factor of about 24
This difference exists despite the fact that the same
hazard curves and component fragility parameters (the
median ground acceleration capacities and the loga-
rithmic standard deviations of the capacities) are used
here. One reason for this discrepancy is that apparent-
ly an error was made in the PRA in the evaluation of
the seismic-induced core damage frequency. This er-
ror consisted in the neglect of some of the suppon
states, as noted in a letter from GPU to the NRC &2

The assignment of the dominant sequences to plant
damage states also appeared to be inerror. Inthe PRA
the seismically initiated plant damage states SE and SF
contributed 90% to the seismically-induced core

damage frequency. hiowever, plant damage states SE
and SF (see Table 5-1 of Volume 3 of the PRA) corre
sponded to late core damage, where the Boraled Water
Storage Tank (RWST) water accumulated in the reac-
tor building sump before reactor vessel meltthrough
Moreover, these plant damage states were states in
which the containment is not intact at the time of core
melt imtatnon. 1o our analysis, the seismic severe core
damage sequences of importance are station blackout
sequences, loss of de sequences, and loss of Nuclear
Service River Water sequences. In these sequences,
reactor vessel meltthrough occurs without water accu-
mulating i the containment sump. BWST injection
never ocours, reactor vessel meltthrov gh is at high
pressure, the containment functions (heat removal and
fission product removal) are inoperable, and the con-
tainment 15 Itact at the tme of core melt. This is plant
damage state 3C of Table 5-1, Vol. 3 of the PRA

Of the sequences contributitg most often 1o plant
damage state SE in the PRA (See table on page A-100,
Vol. 3 of the PRA) the top 8 sequences came from the
0.6g seismic itisor,. These sequences all involved
loss of dc power and failure of the BWST, several of
them also involved failure of reactor trip. It is puzzling
how such sequences could have been assigned 1o a
plant damage state in which the BWST water is sup-
posed to find its way to the containment surip before
reactor vessel meltthrough

Component Failure
Probabilities, for a Given Peak
Ground Acceleration

The mean failure probability for a component or
structure, for a given horizontal peak ground accelera-
uon a, is given by

pa) = flln (a/A /0] (C-1)

where $(z) is the distribution function for a normally

distributed variable with mean zero and unit vanance

wz) =(1//(@2n)) expl~t* /2t

The quantity A, .4 is the median ground acceleration
capacity (MGAC) of the component or structete, and
B, is the standard deviation of the logarithm of the

ground acceleration capacity, given by




the loganthenic standard deviation

associated with the randomness in the
acceleration capacity, and

the Jogarithmic standard deviation
associated with the uncertainty in the
acorleration capacity

The component failure probabilities, conditional on
the peak ground acceleration (pga), are calculated at
the four values of the pga (0.15g, 0.25g, 0.4, and 0.6g)
used in the PRA, an! compared 10 those yiven in the
PRA, for the components juGyed 1o be imporiant
Mese components are as follows

Ceramic irsulators
4160 V swuchgear
480 V switchgear
480 V MC(
Battery cha. per
Fuel otl day tank
4160V/AR0V transformers
Diesel generators
dc power battery
10. NS river water pumps
11, NSS tank
12. NS heat exchanger

No significant differences are found Note that, be-

cause the same median ground acceleration capacities

and B's are used, this is a check on the computations

only

Conditional Probabllitizs of Selsmic
Sequences, given the Peak Ground Accelers-
tlon. We select the sequences we constder most likely
to be imponant after inspecting the component failure
probabilities condivonal on the pga, and afier wspeat-
ing the list of Boolean expressions given in Table 2-7
of Vol. 7 of the PRA. Although 1t i1s possiliie that an
important sequence was massed, the result for the se-
vere core damage frequency is a factor of 24 gremer
than in the PRA, even though the same component fra-
gilities and hazard curves are used. The sequences
considered are

Loss of offsite power, followed by loss of on-
site power. The loss of offsite power is event
1 of Table 3-7, Vol. 7, Book | of the PRA
The loss of onsiie power is event 9 of the
same table. Denote this sequence by

E(l) - B9) (C-4)

That «, E(j) denotes event number | 1. the
table referred to above. This notation is used
i the discassion of the other sequences
Event E(%) is caused by either loss of the
4160V switchgear, the 480V switchgear, the
480V MCC, the fuel oil day tanks, the
4160V/4B80V transformers, or the diesel
generators

Loss of d¢ power in conjunction with loss of
offsire power. Thus sequence is B(1) - E(S)
Tle loss of d¢ power either ocours immedi.
ately from failure of the batteries (leading to
immediate station blackout) or later from
failure of the battery chargers (leadieg to sta-
ton blackout later after the batteries dis-
charge, since the diesel generators requize dc
control power (o continue running ) The net
result is loss of dc and ac, leading 1o severe
core damage

Loss of nuclear services river water. This is
event E(2). Bvent E(2) 1s caused by loss of
the nuclear service river water pumps, loss Jf
the NSS tank, or Joss of the nuclear service
heat exchangers

The calculations of the conditional probabilities of
the events E(2), E(5) and E(9), given the pga. involve
calculaung the prabability of a Boolean sum of evemts
This 1s done by formulas like the following, wheie the
C; represent component failure events




\

PG+ CG+CGla) s 1=() - priC, 1 s

s))
(1 = pr{C La)X] - pr{Cs | a)) (C-5)

This type of formula accounts for the overlap between
the component failures at high pga's. It assumes, how
ever, that the component failure events are conditional-
ly independent, in the sense that

priC - C la) = pr(C | 2} - pr{C, | a) (C-6)

If this 1s not the case, then the formula is conservative

The results obtained for the conditional probabili-
ties of events E(1), K(2), B(5), and E(9), given the pga,
may be compared to those given in Table 2-7, Vol. 7 of
the PRA. The only substantial differences oocur in
event E(2), at 0.6g, and in event E(5) at 0.4g. The con-
ditional probability of event E(2), the loss of nuclear
services river water, given a pga of 0.6g, is 0.74, ac-
cording to these calculations, while it was 0.94 in the
PRA. The conditional probability of E(5), given a pga
of 0.4g 15 0.426, according 10 these calculations, while
itwas 0185 in the PRA. 1t is easy to see, without ca)-
culation, that the value for the conditional probability
of E(5), given a pga of 0.4g, was incorrect in the PRA
Thus event referred io failure of do caused by either
failure of the battery chargers or the batieries. Howev.
er, the battery chargers, according to Table 2-5 of
Vol. 7 of the PRA, have a 32.4% chance of failing at
0.4g; therefore the probability of E(S5) must be at least
as great, at thus pga, and must be greater than the 18.5%
given in the PRA. The error in the probability of E(2)
given a pga of 0.6g . is probably not important, since at
such a large pga there is u high probability of core dam-
age “rom other failures. The error in E(5) could possi-
bly have some effect, but not nearly enough 1o account
for the differences in the estimates of seismically-in-
duced severe core damage between our results and the
results given in the PRA

Once the proba*ilities of the events Ed) are calow
lated, condinonal on the pga, the following quantities
are calculated

PriSlia)=priEl)ia) . pr(E9) la
Pr(S21a)=pr{B(l)'a).pr{ES) | a)
PriS3la)=pr(EQ?) | a) (C-7)

Here S] represents the station blackout sequence, 82
the loss of dc sequence (either immediately by loss of
the batteries or later because of loss of the battery
chargers), and S3 represents the loss of nuclear service
nver water, The core Jamage event is given by the
Boolean sum of these 3 sequences, since the contnibu-
tions of all other sequences to the seismically-induced
core damage frequency are being neglected. Overlap
between the sequences is accounted for as follows

priS1 +821a) = pr{E(1)la) (pr{E5)!la)
+ priE9)la) -
priB®)la})

priB(5)!a)

priSI+S2+8310) = pr(S14821a)+pr(S3ia)
~pr{S1 + S2a|pr(S3la)(C-§)

The quantity pr{S1 + S2 + S31a} is the conditional
probability of core damage given a pga of a. When
considered as a function of g, it is sometimes called the
plant fragility curve. The mean plant fragility curve is
displayed in Figure C-1. One sees that there 1s about a
50% chance of core damage, given a pga of 0.36g
Since the Safe Shutdown Earthquake (SSE) corre-
sponds 10 0.12¢g for the pga, there 15 a S0% chance of
core damage at about 3 imes the SSE pga. Typically
the 50% point on the plant fragility curve is between
twice the SSE and four tumes the SSE, so the results for
TMI are not unusual
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Figura C- 1. TMI plant fragility curve

Combining the Conditional Sequence Proba.
bllitles and the Hazard Curve 1f, based on the
mean hazard curve, g(axda is defined as the probability
that the pga lies in the interval da about a, then the

mean frequency of core damage from the sequences
S1, 82 and S3 18

e = | PriS1 + 82 « 83 | a)g(a)da (C-9)

This integral is approximated by a sum, in the same
way as was done in the PRA. A small error was made
in the PRA, which is not corrected in our review. The
four ranges in the pga ave

0.1g<a<0.2g
0.2g<a<().3p
0 ’is.“. 0.5¢

0 ﬁp._u

The typical values of a used, in each of these ranges,
for evaluating the conditional probabilities of failures,
are, respectively, 0.15g, 0.25g, 0.4g, and 0.6g

The PRA should have used the integral of g(a) from
0.5g to infinity for the last range. The value of the
mean acceleration frequency for the range 0.5g<a
should be 6 BE-6/yr, while Table 2-1, Vol. 7 of the
PRA gives 5 6E-6/yr. The error has quite a small ef-
fect on the review results. (A correction for this error
would be, 10 a good approximation, an increase in the
seismic-induced core damage frequency by the differ.
ence of these two mean acceleration frequencies, or
1.2ZE-6/yr; the reason for this is that the probability of
seismically-induced core damage is close to unity,

given a pga of 0.0g, using the component fragilities in
the PRA for TM™M1.)

The results obtained in this review are

priSl) = ‘ priSliajg(a)a = 2.3E-5/y(station

J

blackout)




pr(S2}) =} priS2lajglana = 3 ZE-S/vr

(loss of d¢)

pris3) = J priS31a)gaxa = 3 1E-5/yr (loss of NS
river water)

and the ceismic induced core damage frequency
priSi+82483), 18 6. SE-5/yr. (1115 10 be recalled that,
because of overdap, pr{S1+824831a ) 15 not equal to the
sum of the pr{Sjla), j = 1,2,3)

The value obtained for the mean seismically-
induced core damage frequency is some 24 times
greater than the value of 2. 7E-6/yr given in the PRA,
despite the fact that the same component fragility pa-
rameters and hazard curves are used

Uncertainty due to the Kazard Curves using
the Utllity Hazard Curves The PRA (see Tuble 4,
Appendix A of Vol. 7) gives a family of hazard curves
each with a different degree—of-belief weight as-
signed. Each member of the family s really an aggre-
gate of a set of hazard curves. By cunsidering the van-
aton of the seismic-induced core damage frequency
over this ensemble of hazard curves, one can generate
a degree-of-belief, or uncertainty distribution, for the
seismic-induced core damage frequency. Of course
this uncentainty distribution includes only the uncer-
tainty due to the uncertainty wn the hazard function, and
not that due to the uncertainty in the median ground ac-
celeration capacities of the components and structures
In addition, although this uncertainty distribution is
appropriate for the authors of the PRA, other analysts
may decide that the hazard curves of other experts
shouid be included in the assessment of the uncertain-
ty. Nevertheless, it is of mterest to determine the un-
certainty in the seismic core melt frequency caused by
the uncertainty in the hazard curves, using the uncer-
tainty distribution for the hazard given in the PRA
Each hazard curve generates a density function: the
density function g(a) is the negative denvative of the
hazard curve, since the hazard curve H(a) gives the an-
nual probability that the pga exceeds a. 1f gi(a) 15 the
density function for the ith hazard curve, and if w, is
the degree-of-belief weight assigned to it, then the
seismic core melt frequency calculated from

{ = i pricd | alg (#¥a (C~10

has degree-of-pelief weight w,. In thus way one finds
the follewing tatle of seismic-induced core-melt fre-
guenaies and associated weaghts

Curve Cum imative
~No.. Weght oy . et

10 0.047 2 66E-(4 l

9 0074 116604 09353

0.147 1.10E-04 0.87¢
0.033 5 44E-05 0.732
0.138 5.22E-05 0.699
0.052 4 46E-05 0561
C.182 4 3SE-05 0.500
0.14] 3T71E-05 0.327
0.086 2 ABE-0S 0.186
0.1 2.34E-05 0.1

Io this table, the curve number corresponds (o the
curve number of the aggregate hazard curve in Table 4,
Appendix A, Vol. 7 of the PRA. The weight is the cor-
responding weight from this table. The column heao-
g CDF represents the seismic-induced core damage
frequency; the curves are ordered such that the CDF's
are in descending order of magnitude. From the above
table one sees that the 95.3 percentile on the uncertain-
ty distribution corresponds to a seismic CDF of
1. 16E-4/yr. The median valre of the seismic cdf is

about 4 3E~5/yr, and the mean value is about
6.5SE-5/yr

QGualitative Discuesion of the Uncertainties In
the FragliRies. In the PRA, the fragility parameters
for many of the components were based on generic
data. This introduced greater uncertainty. Also, the
fragility parameters obtained from generic data were
treated conservatively. This is appropriate for an ini-
tial screening analysis, but for components which are
dentified as important contributors to the seismic core
damage frequency, a plant-specific analysis should be
done. In particular, the battery chargers, with a rela-
tively low median ground acceleration capacity of
0.48g, contributed significantly to the seismic core
damage frequency, and a plant-specific analysis would
be appropriate. 1f the battery chargers were so strong
that they would never fail, the mean seismic core




damage fieguency ould change from 6. 5E Skt 1o
4 85 -S/yr. I the fraglity parameters of the battery
chargers wad Jhe ceramic insulators are Fopl the came,
and ali other components strengthesod -0 the point that
they would never Tail, then the mean seisieic vore dam-
age frequency would be 2 9E-5/yt

Of the comnonents entering into the im’ Onam §Jis-
mic seguences. only the nuclear service river waler
pump: snd the fuel oil day tank were treated by plant-
speafic calculations in the PRA

Loss of coclunt zecidonts from seismically- anducad
pine brexks were not important contribuioss o core
damage 1w this PRA, as 10 most vtility-sponsored
FRAs. However, PEAg peitormed usang the Seismic
Safery Margins Research Program (SSMRP) method-
ology heve estim.ed much higher condiv.onal proba-
huaties of small LOCAS at a given 'evel of peak ground
acceleration. For exaniple, at Zion, sccording to
Refl. C -4, Table 7.3, trore is 0 26% chance of a small
LOCA due to a pipe break, at a j caof 0 178, We note
further that the SSE pga 'or Zion is 017, while it 1s
0.12g at Txer Mile Island

The lack of inclusion, even in « genenc way, of de-
sign and construct:on errors 1n the asses «ment of the
frap.dities, was ano'he: source of uacertainty. The
WOSt amponznt uncertainiy in the fragil. - = 1s judped
to be the use of genenc data

Uncertuindes In *he Accid i+ Sequer.ce Delin-
eation. Relay chader was assus i 1o be completely
recoverable. Thus assumption shoald be investig sted
furthier. If thus assumptico were rem-ved, greater o
tail in the acardent sequence delineation would be
required

I'he accident sequences cousidered were those
judged to be most important. The exror associated with
lack of completeness is believed to be small

Ingights. The fuel oil Cay tank was treated by a plant
speciiic analysis, and contributed significantly to the
seismic severe core damage frequency. If the fuel oil
day tank were 50 strong it would never fail, but &l nth-
er fragilities remained the same, the mean seismic ¢ ore
damage frequency would change fiom 6 SE-5/yr to
6 1E-5/yr. If the fragility parameters for the ceramic
insulators and the fuel oil day tank wers kept the same,
but all other components strengthened to the point
where they would never fail, the seismic severe core
lamage frequency woula be 1 2E-S/yr. Acconding to
the PRA (see p. 545, Vol. 7, Book 2, of the FRA) the
tuel oil day tank had no seismic design and contained

no anchorage between the concrete saddles and the
ank

L1 the fraglity parameters of the nuclear service nv-
er water pumps were kept the same, but all other com-
ponents strengthened to the point where they would
never fail. then the mean seismic core damage frequen-
¢y would be 1 9E-5/vt

Seismic Core Damage
Frequenciee with the LLNL
Hazard Curves

General Remarks Since the completion of the TM
PRA, results of the Easteny Seismicity Characteriza-
vot Program at LLNL™! and a parallel program con-
ducied by EPRIS have become available. These re-
sults include site-specific probabilistic hazard
estumates and site-specific uniform hazard spectra.
The hazard esumates and spectral shapes of the LLNL
study, the EPRI study, and the TMI PR A, all differ
from each other. We will therefore estimate the sensi-
tvity of the seismically-induced core damage fre-
quency to the LLNL hazard curves and spectral
shapes, and lacer to the EPRI hazard curves. The re-
wilts of the hazard studies influence the fragilities in
two ways: through a soii amplification factor, and
threagh a spectral shape factor

Soll Amplification Factor. Except for the diese!
generator (DG) building, the borated water storage
wnk (BWS1), the condensate storage tank (CST), and
the underground fuel oil day tank, all TMI structures
are founded on bedrock. The DG buiiding, BWST, and
CST are on compacted backfill which is approximate-
ly 30" thick over bedrock. In the TMI PRA analysis
the setsmic kazard was defined with respect to bedrock
and a soil amplification {actor was incleded in the
fragility anglysis to account for the acceleration expe-
nenced at the top of the bedrock. In the LLNL pro-
gram, harard estimates are provided for both the bed-
rock condition and the surface condition. Therefore,
the first issue 18 to exemine whether the soil amplifica-
ton factor vsed in the TMI analysis was consistent
with the information developed by LLNL. LLNL, in
Ref. C-1, provided approximate estimates of the fol-
lowing ratios of PGA vaiues between shallow and rock
conditions for fixed values of the hazard (annual ex-
ceedance probahility)

Rauo Shallow/Rock PGA
Procability of 108 104
Exceedance (per year)
1.50 147




The amplification factor used in the TMI analysis was
1.2, lmphcations of thus differep- g
differences, are discussed below

along with other

Spectral Shape Issues The uruform hazard spec

tra (UHS) developed in the LINL and EPRI programs
exhibit significantly different charactenistics than the
median spectral shapes used in the TMI analysis. The
LLNL spectra are significantly lower than the T™I
median spectra below approximately 10 Hz, and high-
er at high frequencies. Spectral accelerations are am-
plified even at frequencies of S0 Hz or greater in the
LLNL results. while PGA values are approached at 20
Hz in the T™I spectra. One should be cautioned that
there are a number of issues yet 1o be resolved in using
uniform hazard spectra in the probabilistic risk analy-
sis. Funther investigatons are needed 10 propery char-
actenize the damage potential of a ground motion
which 1s nich in high frequencies but less rich in low
frequencies.  Issues associated with uncertainty esti-
mates require further examination. The following
table lists the ratio of amplification factor (value of
spectral acceleration at given frequency 1o PGA) used
in the TMI median spectrum to the amplification factor
of the median LINL rock spectrum for a 10 return
penod

I'MI Amplification Factor
Freguencydiz  Katios e —
‘0% LINL UHS Amplification Factor

If specific fragility calculations for component a
structures, or information on natural frequencies of
TMI structures, were available, then one could make
better judgmer < about the impact of different spectral
shapes on the fragility estimates. This information
was requested but has not been received

In the absence of the needed information, 1o gan
qualitative insights, it can be assumed that the stiff nu-
clear structures founded on the bedrock will not have
natural frequencies below 5 Hz and frequencies will be
in the range of 5-10 Hz. Examining the above table, in
the frequency range of 5-10 Hz, the TMI spectrum
shape overpredicts the response for a given PGA by
approximately 0% to 70%. For u sensitivity analysis

an arbitrary value of 1.5 18 selocte it should be noted

i
that in the TMI analysis. the spectral shape factor (o1

structural response factor w component fragality eval
uabions) used w calculanons was 1.0 since the median
spectrum was used 1o the response analysis. Thus fac-
tor should be changed in the sensitivity analysis as dis-
cussed above when the plant-specific fragility est
mates are used

Ideally, ore should also evaluate uncentainty param
eters (B, andf,) associated with the spectrum shape

factor; however, it 1s very difficuit in a shon amount of
time 10 son out the partivoning of uncertainties in the
hazard estimates and uniform hazard spectra estumates
provided by the LLNL. Therefore, in this order of

magnitude sensitivity analysis, the TMI £, and S, val-
ues are retaned

Reestimadon of Some Fragilities Three specif-
ic fragilities were reexamined in this effort. Two com.
ponents are surface mounted (the DG building and the
BWST), and the other component (the Nuclear Service
River Water Pump) is one for which a plant-specific
fragility was developed as pant of the PRA, and which
was found to be nsk-significant in the PRA

The approach used was 10 derive qualitatively- and
Judgmentally-determined median factors of safety for
sotl amplification, spectral shape, and peak ground ve-
locity values, and requantify fragility values for the
above components. No requantification of uncertainty
values 1s made. It must be emphasized that Aetailed or
specific calculations were not available

Of the above three components, only the Nuclear
Service River Water Pump 1s found to be an important
contributor.  The fragility parameters for the fuel oil
day tank, for which a plant-snecific analysis was pes
formed for the PRA, should ) be revised. However,
the calculations performed for the PRA were not
avadlable

For the nuclear service nver water pump, the struc-
tural response factor is revised 1o 1.5 from 1.0, leading
to anincrease 1 the MGAC to 1.02g trom 0.68g. Note
that = detailed evaluation of thus component has not
been made with regard to the other failure modes and
the adequacy of the parameter values used in the analy-
8is

There is the potential for the MGAC 1o be decreased
significantly for certain components. One reason for
this is the soil amplification factor discussed earlier
Anather reasor: 1s that, for component natural frequen
cies greater than about 10 Hz, the spectral ¢+ lifica
tion factor (ratio of the spectral acceleration at a given
frequency 1o the PGA} will be larger than assumeA in




the PRA further reducing the MGAC. For example,
chesel generators generally have natural frequencies in
the neighborhood of 20 Hz, as may be seen from
Table 5.2 of NUREG/CR-3428 ““4  Funther suppon
for thus value 1s supphed by the Long -Term Seisoug
Program Diablo Canyon PRA. - where the diesel
genergtor natural frequency is estimated 10 be about
17 Hz. For a frequency of about 20 He, the spectral
amplificavon factor obtaned from the LLNL program
15 about 1.6 umes that assumed i the PRA. Since the
diesel generator butlding 15 on soil, there 15 the addi-
vonal reduction coming from the soil amplification
factor. The two factors together would yield a reduc-
tion of the MGAC by a factor of about (1 6)(1.47/1.2),
or a factor of about 2. Since at present the MGAC for
the diesel generators is about 0.75, thus would result in
a revised MGAC of about 038, if sturmghtfory. ard
modifications 1o the median safety factors are made
Further investugations are needed to properly charac-
terize the damage potential of hugh frequency ground
motion. The precise impact of such high frequency
moton on component fragiliues 1s not clear. In any
event, because the fragility parameters in the PRA are
not plant specific, it does not appx .« appropriate to
make this correction. It would be more desirable to do
a plant specific fragility analysis for the dhesel genera-
tors, with all factors affecting the diesel generator seis
mic capacity considered in a plint specific way

The important implications for the st ff components
of nuclear power plants of the spectral amplification
factor ebtained from the LLNL program is noted in the
LLNL report (see p. 47, Vol. 6, of Ref. C-1)

LINL Hazard Curves The LINL mean hazard
curve (see Ref. C-1, Vol 2, p. 211) 1s given by the
table

PCA i

5. 00E-02 1.37E
7.55E-02 7.20E
1.26E-01 2 8RE
2 00E-01 1.11E
2.50E-01 6.83E-
4 00E-01 2. 28E~
S61E-01 0 R2E-
6.12E-01 71 85E
7.65E-01 4378
1 OE+00 2 11E

Here the column labelled PGA 1s the pedk ground ac-
celeration in g's; the column labelled H gives the mean

hazaid curve, or mean annual probability of excee-
dance of PGA. The LLNL mean hazard curve 15 con-
siderably hugher than the mean hazard curve in the
PRA. For example, at 0. 4g the mean exceedance fre-
quency s | 8E-S/yr, from the daia in Volume 7, Ap-
pendix A, Table 4 of the PRA, while 1t is 2. 28E-4/yr
from the LLNL mean hazard curve, more than an order
of magnitude different

Results with the LLNL Hazard Curves Two cal-
culations were performed with the LLNL hazard
curves. Furst, the seisiuc core damage frequency is
calculated with the sane fragility parameters as in the
PRA. Secondly, the seismic core damage frequency is
calculated with the increased MGAC for the NS niver
water pumps derived above. We estimated above that
the MGAC for the NS niver water pumps should be
1.02g, instead of 0.68g, when the LLNL hazard curves
and spectral shapes are used. Because there are other
important components contributing to the seismic core
damage frequency, there 1s not much effect from thas
change. With the same fagility parameters for the NS
river water pumps as in the PRA, the mean seismic
core damage frequency i1s calculated as 4. 3E-4/yr,
while with the modified fragility parameters for the
NS river water pumps it is 3. 8E-4/yr. For companson,
the seismic core damage frequency with the utility
hazard curves was calculated as 6 SE-5/yr, so that the
LLNL results are a factor of about 7 ugher

Seismic Core Namage

Freguencies with the EPRI
Curves

The mean hazard curve for the EPRI study for the
TMI site is given by the following table:

POA oy e

0.510E-02
0.510E-01

0.102E+00
0.255SE+00
0.510E+00
0.7.4E+00

0.640E-02
0.510E-03
0.170E-03
0.260E-04
0.380E--05
0.120E~05

The column labelied PGA gives the peak ground ac-
celeration in g's. The column labelled H gives the cor-
responding values of the mean hazard function, or an-
nual probability of exceedance of the corresponding
value of PGA. This hazard curve lies below the mean
hazard curve of the utility. For example, at 0.5g the
utility hazard curve has the value 6 8E-6/yr, while the
above table gives 3 8E-6/yr




For the EPRI hazard curve ., all that was done was 1o
calculute the mean seismic core damage frequency us
ing the mean EPRI hazard curve and the structure
component fragilities gven in the PRA. The seismic
core damage frequency obtained s | 74E-S/y1. The
uruform hazard spectra generated in the EPRI program
are similar to the LLNL uruform hazard spectra but -
dicate a smaller sp_ctral amplificaton factor for all
frequencies. The estumate of 1| 74E-5/yr for the seis-
mic core damage frequency does not include any
changes in spectral response factors from those used in
the TMI PRA. If, as in the case of the LLNL hazard,
only the MGAC of the nuclear service niver water
pumps 1s changed, not much change in the seismic core
damage frequency would be expected

Summeary

The estimate of the mean seismic core damage fre-
quency is 5 5E-5/yr when the PRA hazard curves and
component/structure fragility parameters are used
This is a factor of 24 greater than the value of
2. TE-6/yr given in the PRA. One reason for this is that
the PRA omitted the contribution of some plant dam-

ap. Staws, as 15 noted in the letter from GPU 1o the
NRC™" There may be other reasons. The assign-
ment 1o plant damage states i the FRA also appears
incorrect

Only a few of the componcat and structure fragility
parameters are based on plant-specific fragility analy-
ses. It would be highly desirable 1o use plant-specific
fragilities

The 95th percentile core damage frequency is
1. 2E-4/yr, when only the uncenainty in the hazard is
considered and the utlity hazard curves are used
When the LLNL hazard curves are used, & mean seis-
mic core damage frequency of 3. 8E-4/yr is obtained
with the NS niver water pump fragilities modified to
account for the response spectrum shape obtained in
the LLNL study. This value of 5 8E-4/yr falls ovtside
the 95th percentile bound obtained when the PRA haz-
ard curves are used. When the EPRI hazard curves are
used, & value of 1 74E-5/y1 is obtained for the mean
seismic core damage frequency. This value is below
the 1(th percentile value of 2 3E-5/yr obtained from
the utility hazard curves
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