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Mr. Hugh G. Parris

Manager of Power

Tennessee Valley Authority
500A Chestnut Street, Tower II
Chattanooga, Tennessee 3740

Dear Mr. Parris:

SUBJECT: INTERIM RELIABILITY EVALUATION PROGRAM (IREP) STUDY OF BROWNS
FERRY NUCLEAR PLANT, UNIT 1

WYe have received from our contractor, EG&G - Idaho the results of its IREP
andlysis of Browns Ferry Unit 1. The results are presented in NUREG/
CR-2802, which consists of four volumes; the main report and three ap-
pendixes. The main report provides a summary of the engineering insicghts
acquired in doing the study and a discussion regarding the accident
sequences that dominate the risks of Browns Ferry, Un‘t 1, It also de-
scribes the study methods and their 1imitations, the Browns Ferry plant

and its systems, the identification of accidents, the contributors to thcse
accidents, and the estimating of accident occurrence probabilities. Appendix
A provides supporting material for the identification of accidents and the
development of logic models, or event trees, that describe the Browns Ferry
accidents. Appendix B provides a description of Browns Ferry, Unit 1, plant
systems and the failure evaluation of those systems as they apply to
accidents at Browns Ferry. Appendix C generally describes the methods used
to estimate accident sequence frequency values. A copy of the main report
and appendixes 1s enclosed.

We understand you are nearing completion of your own IREP Study. We would
apprecfate you reviewing the enclosed reports and provide us any comments you
may have on the results of the EGAG IREP study and your current position with
respect to the conclusions of the report. We would appreciate a response
within the next three months. Upon completion of our review of your response,
we plan to prepare and {ssue a Safety Evaluation. If you have any questions or
would 1ike to discuss this with our staff, please contact Dick Clark, the
Browns Ferry project manager (301-492-7162).
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ABSTRACT

A probabilistic risk assessment (PRA) was made of the Browns Ferry, Unit 1, nuclear plant as part of
the Nuclear Regulatory Commission’s Interim Reliability Evaluation Program (IREP). Specific goals of
the study were to identify the dominant contributors to core melt, develop a foundation for more extensive
use of PRA methods, expand the cadre of experienced PRA practitioners, and apply procedures for exten-
sion of IREP analyses to other domestic light water reactors.

Event tree and fault wree analyses were used to estimate the frequency of accident sequences initiated by
transients and loss of coolant accidents. External events such as floods, fires, earthquakes, and sabotage
were beyond the scope of this study and were, therefore, excluded. From these sequences, the dominant
contributors to probable core melt frequency were chosen. Uncertainty and sensitivity analyses were per-
formed on these sequences to better understand the limitations associated with the estimated sequence
frequencies. Dominant sequences were grouped according to common containment failure modes and
corresponding release categories on the basis of comparison with analyses of similar designs rather than on
the basis of detailed plant-specific calculations.

Fach of eight dominant sequences for Browns Ferry, Unit 1, were initiated by postulated plant tran-
sients. Six of the eight sequences involved failure of the long-term decay heat removal functions of the
residual heat removal system. These sequences account for 73% of the sum of the dominant sequence fre-
quencies. The other two sequences involved an anticipated transient without a (subsequent) scram and
account for 27% of the sum of the dominant sequence frequencies.

While no LOCA-initiated sequences were dominant contributors to the frequency of core melt accidents,
two of the eight dominant sequences involved transient-induced stuck-open relief valve scenarios.

T'he results show that the single most important factor in reducing the risk of a core melt accident at
Browns Ferry, Unit 1, is providing reliable long-term decay heat removal capability; the next most impor-
tant factor would be providing more reliable means to ensure that the reactor can be rapidly shut down and
maintained subcritical.

FIN No. A1241—Interim Reliability Evaluation Program




SUMMARY

Probabilistic risk assessment (PRA) techniques offer important analytical tools for the safety evaluation
of nuclear power plants. Toward this end, the Three Mile Island Action Plan! identifies the Interim
Reliability Evaluation Program (IREP) as a high priority effort to apply PRA techniques in the measure-
ment of public health and safety risk of nuclear power plants. Because of plant-to-plant differences in
design and operation, it is desirable to apply these techniques to other reactor plants in addition to those
already studied.

The purpose of the current program, then, is to apply PRA techniques to several plants. Specific goals
include:

1. Identii ' accident sequences that dominate the contribution to core melt.

(5]

Develop a foundation of information for additional and more extensive application of
PRA techniques.

3. kxpand the cadre of experienced PRA practitioners.

4. Develop procedures for the uniform application of PRA techniques to other domestic
light water reactors.

EG&G Idaho, Inc., was contracted by Sandia National Laboratories to perform the IREP assessment of
the Rrowns Terry Nuclear Plant, Unit 1 (BFI1). Anzlytical support was furnished by Energy Inc., Seattle
office. Battelle-Columbus Laboratories provided analyses for grouping the dominant sequences according
to release categories.

The BF1 IREP team identified and estimated the frequency of potential core melt sequences caused by
loss of coolant accidents (LOCAs) and transients. The dominant sequences were identified and release
categones cimilar to those defined in WASH-1400 were assigned to each of these sequences. In the course
of the analysis, many engineering insights important to risk were identified. This section of the report sum-
marizes those insights and the dominant sequence evaluation.

Engineering Insights

The single most important engineering insight relating to risk is the dependence of BF1 on the residual
heat removal (RHR) system for long-term decay heat removal. For the majority of the accident initiators,
the power conversion system (PCS) is unavailable, Therefore, only the RHR system in either the torus
cooling or the shutdown cooling mode is available to remove decay heat from the reactor.

Six of the eight dominant sequences identified involve failure of the torus cooling and shutdown cooling
modes of the RHR system. These sequences account for approximately 73% of the sum of the dominant
sequence frequencies. Therefore, no significant reduction in core melt frequency can be achieved without
reducing the unavailability of the RHR system or providing an alternate means of long-term decay heat
removal. Thus, the RHR system is the most risk-critical system at BF1.

Of the three dominant sequences involving a loss of offsite power, failure of the emergency equipment
cooling water (EECW) system accounts for approximately 40% of the initial core melt frequency value.
While consideration of potential recovery actions makes EECW system failure a nonsignificant con-
tributor to the final frequency of these sequences, it would seem feasible that the system could be designed
and operated in such a way that the dependence on operator recovery actions is minimized.

I'he rupture disks on the exhaust lines of the reactor core isolation cooling (RCIC) and high pressure
coolant injection (HPCI) systems affect the unavailability of these systems. These devices are intended to

ii



be last-resort safety devices to prevent a rupture of the turbines or turbine exhaust lines. Premature failure
of these rupture disks ieads to isolation of the system when no such isolation is required. Therefore, rup-
ture disk failures contribute significantly to RCIC and HPCI system unavailabilities.

Scheduled testing and maintenance accounts for approximately 25% of the HPCI system unavailabiiity.
That is, one fourth of the probability of the HPCI system being unavailabie when required is due to the
operators making the system unavailable in order to test or maintain the system. This value seems to be
high in light of scheduled testing and maintenance contributions of other systems. This indicates that a
close examination of the scheduled testing and maintenance requirements may be needed to ensure that the
benefit of frequent testing is balanced against the unavailability caused by that testing.

Dominant Sequences

Eight dominant sequences were identified for BF1. Table S-1 lists these sequences along with the
sequence frequencies, calculated error factors and containment failure mode frequencies. Each error fac-
tor represents an upper 95% sequence frequency bound divided by the corresponding frequency point
estimate. The containment failure modes are identical to those of WASH-1400. For these particular
sequences, the release categories are « - 1, 7' - 2, and y - 3, where the Numbers 1, 2, and 3, refer to the
WASH-1400 release categories.

Table S-1. Dominant sequences versus containment failure modes

Containment Failure Mode Frequencies?

Error
_Sequence Frequency Factor e e o e ——a
TURRBRA 9.7 x 1073 8.7 9.7 x 109 1.9 x 10°5 7.8 x 1073
TyB 5.1 % 1075 5.0 5.1x 109 1.0 x 10°5 4.1x 105
TpRBR A 28 x 1073 2.8 2.8 x 107 5.6 x 106 2.2x10°5
TKRgR 4 9.3x 106 9.0 9.3x 108 1.9 x 106 7.4 x 106
TUQRBR A, 4.1x 10 15.3 4.1x1010 8.2x 107 33x 106
T ABM 3.7x 106 4.6 3.7 x10°10 7.4 x 107 3.0 x 106
TpKRgRA 1.6 x 106 2.8 1.6 x 108 32x 107 1.3x 106
TpQRgRA 1.2x106 4.7 1.2x 1010 24 x 107 9.6 x 10”7
Final 20x 104 5.6 1.3 x 10”7 3.9 x 1073 1.7 x 104

a. Probabilities of con.ainment failure modes:

"

0.01 for LOCAs
0.0001 for transients
0.8

0.2.

a (in-vessel steam explosion)

a (in-vessel steam explosion)

vy (release through annulus)

y' (direct release to atmosphere)

1}
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Several of the dominant sequences have similar phenomonology and system responses and will be
grouped together in this discussion. Each is discussed individually in the main report and Appendix C.

Transients with DHR Failure

Three sequences, TURBRA, TKRgR 5, and TyQRRBR 4, involve transient initiators with subsequent
failure of the torus cooling and shutdown cooling modes of the RHR system. In each case, a transient is
followed by a reactor scram and successful overpressure protection. In one case, TKRgR 4, a relief valve
fails to reseat causing steam to be discharged from the reactor to the torus. In each case, one of the high
pressure injection systems (RCIC or HPCI) operates to maintain reactor water level. However, failure of
the RHR system to remove the decay heat being transferred from the reactor to the torus eventually results
in an inability to pump the torus water back to the reactor due to excessive torus water ternperatures. Core
uncovering and core melt ensues.

The dominant contributcrs to the unavailability of torus cooling and shutdown cooling modes of RHR
are control circuit faults associated with motor-operated valves. In particular, minimum-flow bypass valve
faults contribute approximately 18% to the total system unavailability of 7.6 x 10°5, Figure S-1 is a
sequence evaluation diagram illustz wting RHR failure for these sequences.

Since the high pressure systems can operate for several hours before the torus water temperature
becomes excessive, there are recovery actions availat!e to the operator. One potential recovery action is to
use the PCS to remove decay heat from the reactor. Since some transient initiators may preclude use of the
PCS and since PCS recoverability is not easily quantifiable, no credit was taken for PCS recovery in the
final sequence frequency. However, control circuit faults were considered to be recoverable in this time
frame. The operator could manually operate the valves or bypass/repair the control circuits. Inclusion of
recovery potential reduced the unavailability of the torus cooling and shutdown cooling modes from
7.6 x 10°3 10 5.7 x 10°5. This value was used to calculate the final sequence frequency of Table S-1.

Loss of Offsite Power with DHR Failure

Three sequences, TpRgRA, TPKRBR o, and TpQRBR 4, involve a loss of offsite power and subse-
quent failure of the torus cooling and shutdown cooling modes of the RHR system. The phenomonology
of these three sequences is identical to the three described in the previous section. The differences between
these sequences and the previous sequences are in the initiator frequency and effect of the initiator on
system unavailabilities.

The dominant contributors to the unavailability of torus cooling and shutdown cooling can be separated
into two parts: EECW-related faults and non-EECW-related faults. Failure of the EECW system will
eventually cause failure of all the emergency diesel generators, thereby precluding use of the RHR system.
The non-EECW faults are primarily combinations of diesel generator faults which of themselves disable
the RHR system. The unavailability of torus cooling and shutdown cooling is the sum of these two values
2Ox102 4+ 29x102 = 49x103). Figure S-2 is a sequence evaluation diagram describing RHR
failure for these sequences.

As before, the high pressure systems can operate for several hours before the torus water overheats. This
allows time for the operators to take recovery actions. Among the recovery actions available is restoration
of offsite power. W ASH-14002 data suggest that offsite power can be restored 97% of the time before the
torus water overheats. For the other 3% of the time, the operators could manually start additional pumps
to serve the EECW function before total diesel power failure occurred. The operators could also isolate
nonessential EECW loads so that fewer than three of four pumps would be needed 10 serve the vital loads.
Taking these factors into account reduces the unavailability of torus cooling and shutdown cooling from
4.9 x 102 10 9.4 x 104, This value was used to calculate the final sequence frequency of Table S-1.
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Figure S-1. Residual heat removal failure for transient sequences with normal power available.

Transients with Failure to Scram

T'wo sequences, Ty;B and T o BM, involve failure of the control rod drive system to insert enough rods to
make the reactor subcritical. For the first sequence, Ty;B, a transient that disables the PCS is followed by a
failure to scram. The resulting power level causes the relief vaives to lift and dump steam to the torus. This
coolant loss rate is greater than the high pressure system makeup rate. Therefore, core uncovery and core
melt occurs. For the second case, T A BM, the PCS is available. However, the turbine bypass valves cannot
pass more than 30% rated steam flow. Without successful recirculation pump trip reactor power may
remain significantly higher than 30%. Therefore, the relief valves open to dump steam to the torus. This
causes depletion of the water in the condensate storage tank (CST) and a trip of the feed pumps. Main
steam 1solation valve closure follows and this sequence is then identical to TyB.

The value for failure to scram (3.0 x 10-%) was taken from Reference 3. The complexities of precisely

modeling how many rods in which patterns must fail to insert in order to remain critical was considered to
be beyond the scope of this analysis.
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Figure S-2. Residual heat removal failure given a loss of offsite power.

The lack of adequate models to determine plant thermodynamics under the failure to scram conditions
previously described, along with the rapid development of events in such a scenario, resulted in the deci-
sion to exclude operator recovery actions for these sequences. Therefore, no credit for operator recovery is
taken in calculating the final sequence frequency of Table S-1.

Conclusion

I'he single most important factor in reducing the risk of a core melt accident at BF1 is providing reliable
long-term decay heat removal capability; the next most important factor would be providing more reliable
means to ensure that the reactor can be rapidly shut down and maintained subcritical. The analysis sug-
gests that no significant reduction in the core melt frequency can be achieved without making
improvements in these two areas.
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FOREWORD

This report describes a risk study ot tiwe Browns Ferry, Unit 1, nuclear plant. The study is one of four
such studies sponsored by the NRC Office of Research, Division of Risk Assessment, as part of its Interim
Reliability Evaluation Program (IREP), Phase Il. Other studies include evaluations of Arkansas One,
Unit 1, by Sandia National Laboratories; Calvert Cliffs, Unit 1, by Science Applications, Inc.; and
Millstone, Unit 1, by Science Applications, Inc. EG&G Idaho, Inc. was assisted by Energy Inc., Seattle, in
its evaluation of the Browns Ferry, Unit 1, plant. Battelle-Columbus Laboratories provided information
regarding the fission piodic releases that result from risk-significant accident scenarios. Sandia National
L aboratories has overall project management responsibility for the IREP studies. It also has responsibility
tor the development of uniform probabilistic risk assessment procedures for use on future studies by the
nuclear industry,

This report is contained in four volumes: a main report and three appendixes. The main report provides
a summary of the engineering insights acquired in doing the study and a discussion regarding the accident
sequences that dominate the risks of Browns Ferry, Unit 1. It also describes the study methods and their
limitations, the Browns Ferry plant and its systems, the identification of accidents, the contributors to
those accidents, and the estimating of accident occurrence probabilities. Appendix A provides supporting
material for the identification of accidenis and the development of logic models, or event trees, that
describe the Browns Ferry accidents. Appendix B provides a description of Browns Ferry, Unit 1, plant
systems and the failure evaluation of those systems as they apply to accidents at Browns Ferry.
Appendix C generally describes the methods used to estimate accident sequence frequency values.

Numerous acronyms are used in the study report. For each volume of the report, these acronyms are
defined in a listing immediately (ollowing the table of contents.

Vi



ACKNOWLEDGMENTS

The authors wish to express their thanks to several individuals who have made important contributions
to this study report: Joe Murphy of the Nuclear Regulatory Commission, Dave Carlson of Sandia
National Laboratories, and Jonathan Young of Energy Inc. for their technical comments as the study pro-
gressed, Cindy Gentillon for her assistance in incorporating review comments into the final report;
Paul Adye for his technical editing of the final report; Kim Culbertson for her typing of the several drafts
and final text of this report; Pat Virgil for proofreading the copy; and Debi Iverson for her typesetting and
final layout of the report.



T 5 7 e R, Ry S ISP U oS- S M R e S S e e
EEIRERRIRIEN . . .. oo o monemioriesn s Mmoo 0. o M e A e ok, 4l
PDRENEIIREY: ... . & 55 o s B B B 502315 BT, B NS RTINS i W 0L e - A S S5
ACKNOWIEBDONEBNES . . ..o v vmes o dnes pn wsahns s eson 5o as s mammsne e 5, oom i i s
NOMERCLATURE .. . .. .0c000 08 00503 06 nn sasans o 3 Samenshass v ed bl vbsto s g e $.5% ne
b. INTRODUCTIOM. . ... oot ni a0 s v sisn o sieeisnm poaans b sob s bihs: bl s i s as s e a8 »aowms
2 IREPMETHODOLOGY . . .. - <. a5 canssras vensmnese s o an swne W A L W T T
2.1 INTORMREON BB, .. v \vicecrvanspnrmimesis i siddbdsmomss oo s/mutans mas sk
b R T T e e e R S T S S T
3. PEABT DESMGNL. & .« 5 s cviish'sin anis i o scom = o a0 o e 9,058 0 & 210 3 56 € WS 018 Sl 58 (o010 <14 ars e
I R I o Tt e en 5. pal e ST e P e e e e o o e e DL Rl ettt G et
3.2 Accident Mitigation FURCHONS. . . . .. ..ooviiviiirironmnarenninnsonnssnesonanssss
3.3 Front-Line and Support SYStEMIS. . .. .. c..ohvnvivisiinessionanssmsisnssassasassssls
# INITIRTINGEVENTS: - in s ass s snaamoladlasmi] Kalanh e s v o o8 s w g 5ne v ey aia
&N TTORRERION <. = v cox ooy sriedisn FTR v Ay i s Lo 6 A R F K BRI § ST R A
4.2 ldentification of Potential Core-Related Initiating Events. . .............. ... .. ...
4.3 Initiating Event/Mitigating System Dependencies. ... ... .. . oo,
ACCIDENT SEQUENCE DELINEATION. ... .coinuenssuvismiirasbsahsss sosissssiss
5.1 Introduction ... .. o & e s oy e e o e e Bk MR ek o e MRS, e O R S TR, W e

5.2 LOCA Functional Event Trees.

$.3  Transient Functional Event Trees. . ..
SYSTEMS ANALYSIS

6.1 Front-Line Systems Description. .

6.2  Support Systems Description

ACCIDENT SEQUENCE QUANTIFICATION

7.1 General Approach

10

13

13

13

18

76

76



e g R T N A P PP S AP PRI B S PR W B Tee (el €

T3 B N IR 7 . 0o w8 A b A il Al e o A A o B ai TRk § gD
T4 Sequonce FrOQUESHCHS. ... . 5 dsvevaiassmss fabysasonmossns ot ones yvuessononsy
7.8 Candidute Dominant ASCIOONt SCURNBRRES. . &« s - ccnins s v osnkoswsssss o bsnmssdsebsss
75 Exnmle CRlOION. < . ;- ci5 b a s s s 55 55 A0S 5.6 % RN e 3o e WA o S
B BRI« o v a s mness s vmn Wi ome s w7 o R S S R T RPN ol RPN, sl 410 Rty
8.1 GOOEL. . ... oo on i i s B P S i e e ST T SN S S A R
8.2 Domingnt SORMNees. . «.ovos s 0es vnins s simes yaindEe § € BESnE s SEEE S AA AT S E
8.3 Containment Response and Release Categories. .. ........ocvivivvnarinnrsesaeanas
B4 Engineering IusigBts. .. ...conveirvisnreereinsesions coss shbnsss ¥ os sy en sslasnos
8.5 1INCOrtaliity MIGEEIE. . o i <. v wo s 5y o0 5 B e e Soes i e e ey ket § S A PR
B0 Senuitivity AMBIVEES. . ..o ooncooiseniing s inindas sas sesssms s as v sl s %eshee s
8.7 Limitations of the IREP Methodology and Uses of theModels. . .....................
B - Applicution Of eI, . .- o oo il sl s s s s g ek b A S R @ S e P
REFERERITER - - ccnoh sl il mrmilns ol b Sl & o 5 5.0 wiebell e 4536 b4 5ol o 4] e il 2 o ks i oAbk

APPENDIXES
(Each appendix is published as a separate volume)

APPENDIX A—EVENT TREES
APPENDIX B—SYSTEM DESCRIPTIONS AND FAULT TREES

APPENDIX C—SEQUENCE QUANTIFICATION

FIGURES
S-1. Residual heat removal failure for transient sequences with normal power available. . ....... ..
S-2. Rewudual heat removal failure given aloss of offsitepower. .. ... ... i
1. IREP methodology. .. ey a0 s g g § s mim ek 4. s 2 W T e B T R PR 8
2 Emergency core cooling systems. . L e e e I A e 20 8w g 7 g py e G
1. Core standby cooling systems performance capability barchart. ... ... ...... ... .. ...
4. 1. OCA functional event tree—break inside containment. . . .. o e gy gt &
S. LOCA functional event tree—break outside containment. .. .. ... ... ... i

X1

77

vi

vii



6. LOCA systemic event tree for large liquid break, suction-side of recirculation pumps

£ L P G ST e DR TR SEr e DE v 27
7. LOCA systemic event tree for large liquid break, discharge-side of recirculation pumps

IR S+ 55 w0508 i el s A3 i B 0 A W Ak T A € Wi ¥ WA U ok 4 28
8. LOCA systemic event tree for large steambreak (Ly). . ....................... ... ... el
9.  LOCA systemic event tree for intermediate liquid break (I )....................... ... ..., 30
10. LOCA systemic event tree for intermediate steambreak (Iy). . ............................ 3
11. LOCA systemic event tree for small liquid-line or steam-linebreak (S). . .................... 32
12. Tennsieht TanctORBl OVERUAITEE: . . . . -« . ¢ oo vinomninsbn s £5 10 4 5 #0053 00 BaF 35 &l W SIRBHS 4T 35
13.  Transient systemic event tree where PCS is unavailable (Tyy). ...l 38
14.  Transient systemic event tree where PCSisavailable (Ta) ....................... ..., i m o
15. RHR/RHRSW/EECW interplant power dependencies. . ............ccovviiiiiinnnneiann. 43
B RN SRR = 75 o o arthi ol st 8 s B S e 16 3 R o AL WL e s Mk 15 .4 e et e e 44
B RN SRR O E . s oo i ine Hler i o Wi 810 Wik iy 4 9 8 B e emae e o 3 i g 46
B BN B . sl 5 wa i e o e vl s AT A T o im0 o o AT P . 58 T L o o 4%
19. Automatic depressuriZation SYSUEIN. . . « ..o e i aiv g basssasasssionessssesessosssssssaspss 51
20. Core spray system. . . .. AT (PR S L e s e e Ry 52
21. Vapor suppression part of the primary containment. .. ............. P = b L o 4R 54
2 ORI GBI . = i o p S vah PR s af #5030 & B A TR 315 AR i sAe wpe APE o % RSl 56
23, Scram discharge volume equipment. . . ............ s e o Bn foon ool BETLRE %A 57
24.  Main steam system. . . PR s e e e e SRR b x N
25. Condensate and feedwater system. .. ... .. S . iy on g 1o e [l mrag v D re: 3 B /B Rt 59
26. RPT circuit. .......... e I N P P e 61
27. EPS diagram showing AC and DC systems. . .............. T S P ... 63
28. RHRSW system. .. .. e s e e ) U 20 R P -
29, RHRSW/ EECW system power dependencies. . o B e S
100, EECW system . . : wr G 5 416 Wb A BN ... 68
1.  Keep-full system . . T e . . TO

312 COCW system 7

X



33.

3s.

36.

37.

S-1.

10.

13.

14.

15.

Simplified RCW System diagram. . . .. ... ...ouvivuneennsessrsesiooasnnssesnesssstssees
TIN5 5 5.0 e s 5o o 8 S T 8 MR 5 A 10 S 6 B e s s s
Transient systemic event tree for PCSunavailable. . .. ... ... ... ... iiiiiriniininnnn.
Core melt sequence frequencies versus initiators (recovery actions not considered). .. .........

Core melt sequence froquencies versus failed function (recovery actions not considered). ... ...
TABLES

Dominant sequences versus containment failure modes. ............... .. ... i,
Information souroes fOr BREP. . (... .coocciceoisininnseronsbdsrsios bt bl 5e o egbal bt ek
Front-line systems for LOCA and transient functions. . . .............uturiunernrennannens
Front-line versus SUpPOrt SYSIEIMIS . . .. ... oottt et it ettt ia e ane e e ananses
LOCA mitigation SUCCEES CEMBTME .« . - » ¢ co v v v onis snienss o uiss s sse swsnslssss oe s weewnns
LOCA DIpe rupture TreQUenCIeS. . . . .o ovovvvononesn o vinoses vneassssnensnsssbyshoshsne
Transient (IGLOT SrOUDMIEY SN ITROUCIEIES.. . « vt c s & 6 iws/vio K aali e s1ne 28 o5 04 o8 € 50k 300 N
Traasiont DHItIRALION SUCCESS CHIBRIIR . « o o« s oo o vsom aagvs 16 o oar b e ) B e o5 . o e . 5 e
LOCA initiator effects On mitigating SYSTeMS. . . . ... vuvuieiunetnnneiossnnneennesennsass
Front-line Mid saeport SYBIEm ISE. - -o....s scci s s vam emea b 7005wR 5 5amm mim ¥ sosalale B s s s
RHR operational mode suceess CHLETIA, . .« . ... onviwrvrvnersmasssssabneysnanisrassassss
Transieniza where the PCS s Aumavitlable.. . - . .- v o v on v viaowm i vs wom wols 8 5o 5 e sdismm e s
Candidate dOMINANT SEQUEIICES. . . v .« v vu vt nuenenscsossitasnssssssssnnsssssyesnssssssss

EXRATRIE BIERIEIEE .- . . - i« 5 Bt B et 1 % el 8 3B B 08 6 5 0 0 e e e 7 0 6 o RN

X

iv

11

12

15

16

19



NOMENCLATURE

A The complement of A (a success event if A is a failure event). (A may also be used to mean
““‘unavailability.”’)

A Alarm

AC Alternating current

ACC Accumulator

ADS Automatic depressurization system

AH Alarm-high

AO Air operator

APRM  Average power range monitor

AT Anticipated transient

ATWS Anticipated transient without scram

BF1 Browns Ferry, Unit 1, nuclear plant

Bl Break isolation

BWR Ba:ling water reactor

CAD Containment atmosphere dilution

CCW Condenser circulating water

D Complete dependence

CE Conductivity element

CIS Containment isolation system

Clg Cooling

COND Main condenser

CR-3 Crystal River, Unit 2, nuclear plant IREP study
CRD Control rod drive

CRDH Control rod drive hvaraulic

CRDHS Control rod drive hydraulic system

CRW Clean rad waste

(G Core spray

CS&T Condensate storage and transfer
CSCS Core standby cooling system

CSS Core spray system

CS1 Condensate storage tank

C\ Control valve

D Demand

(B4 Direct current

DEP Depressurization

DG Diesel generator

DHR Decay heat removal

Diff Different

DPI Differential pressure indicator
DPIS Differential pressure indicating switch
DPS Differential pressure switch

DP1 Differential pressure transmitter
EAC Equipment area cooling

ECCS Emergency core cooling system
ECl Fmergency coolant injection
EECW Emergency equipment cooling water
I H( Electro-hydraulic control

EMI Electiical Maintenance Instruction
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EOI Equipment Operating Instructions

EPRI Electric Power Research Institute

EPS Electrical power system

ESFAS  Engineered safety features actuation system

F(e) Frequency of initiator in parentheses
FCV Flow control valve

FE Flow element

Fl Flow indicator

FIC Flow indicating controller
FLS Front-line system

FMEA  Failure mode effects analysis
FR Flow recorder

FS Flow switch

FSAR Final Safety Analysis Report
FT Flow transmitter

FWC Feedwater control
FWCsS Feedwater control system

G Green

GOl General Operating Instructions

H High

H/L High/low

HCU Hydraulic control unit

HCV Hand control valve

HEP Human error probability

HPCI High pressure coolant injection
HPCS High pressure core spray

HPI High pressure injection

HS Handswitch

HSS High speed stop

HVAC Heating, ventilation, and airconditioning
HX Heat exchanger

1&C Instrumentation and control

I&E Inspection and enforcement

IMI Instrument Maintenance Instruction
INJ Injection

IREP Interim Reliability Evaluation Program
IRM Intermediate range monitor

| Low

LA Level alarm

LD Low dependence

LER Licensee Event Report

LIC Level indicating controller

LIS Level indicating switch

L1 L ow-low

LOCA Loss of coolant accident
1L OSP Loss of offsite power

1L PCI Low pressure coolant injection
LPI Low pressure injection

LS Limit switch

LSS L ow speed stop

L1 Level transmitter

Xy



M
MCR
MD
MGU
MMG
MMI
MO
MOV
MSC
MSI
MSIV
MSL

NA; N/A
NC

NMS

NO

Ol

OL
OpP
OP(C)
OP(O)

PA
PB
PCIS
PCS
PCV
PG

Pl
PORV
PRA
s
PSCWT
PT
PWK

Q=)
QA

R
RBCCW
RBEDT
RCB
RCIC
RCS
RCW
RCWS
Recirc
REP
RFPT
REWPI
RHR
RHRSW

Motor (operated valve)
Main control room
Moderate dependence
Master governor unit
Motor geneiator
Mechanical Maintenance Instruction
Motor operated
Motor-operated valve
Manual speed control
Main steam isolation
Main steam isolation valve
Main steam line

Not applicable

Normally closed

Neutron monitoring system
Normally open

Operating Instructions

Overload

Overpressure protection

Overpressure protection (relief valves closed)
Overpressure protection (relief valves open)

Pressure alarm

Pipe break

Primary containment isolation system
Power conversion system

Pressure control valve

IREP Procedure Guide

Pressure indicator

Power-operated relief valve
Probabilistic risk assessment

Pressure switch

Pressure suppression chamber water transfer
Pressure transmitter

Pressurized water reactor

Unavailability of system in parentheses
Quality assurance

Red

Reactor building component cooling water
Reactor building equipment drain tank
Reactor coolant boundary

Reactor core isolation cooling

Reactor coolant system

Raw cooling water

Raw cooling water system
Recirculation

Reactor feed pump

Reactor feed pump turbine

Reactor feedwater pump turbine
Residual heat removal

Residual heat removal service water
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RMOV
RMS
RPS
RPT
RS
RV(C)
RV(O)
RWCU
RX

S/D
S/RV
S/V
SBCS
SBGT
SC1
SD-BD
SDV
SIV
SJAE
SLCS
SORV
SRM

TA
TCV
D
TDC
TDPU
TE
TiP
™I
TR
Trans
TS
TVA

uv

VB
VO
VS
VSS
VWi

Reactor motor-operated valve

Remote manual switch

Reactor protection system

Recirculauon pump trip

Reactor subcriticality; reactor shutdown; reactor scram
Relief valve (closed)

Relief valve (open)

Reactor water cleanup

Reactor

Shutdown

Safety relief valve

Safety valve

Standby coolant supply
Standby gas treatment
Short-term containment integrity
Snutdown board

Scram discharge volume
Scram instrument volume
Steam jet air ejector

Standby !iquid control system
Stuck-open relief valve
Source range monitor

Temperature alarm
Turbine control valve
Time delay

Time delay contact

Time delay pickup
Temperature element
Traversing in-core probe
Three Mile Island
Temperature recorder
Tran. .ent

Technical Specifications; torque switch
Tennessee Valley Authority

Undervoltage

Volts

Vacuum breaker

Valve open

Vapor suppression

Vapor suppression system
Vessel water inventory

An insignificant quantity, generally less than 108
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INTERIM RELIABILITY EVALUATION PROGRAM:
ANALYSIS OF THE BROWNS FERRY,
UNIT 1, NUCLEAR PLANT

MAIN REPORT

1. INTRODUCTION

Probabilistic risk assessment (PRA) techniques offer important analytical tools for the safety evaluation
of nuclear power plants. Application of such techniques to commercial nuclear piants has (a) provided
useful information on accident sequences, (b) identified man;, strengths and weakresses in the design and
operation of the plants, (¢) provided insights into the :mportance of accident contributors, and (d) pro-
vided rough estimates of the likelinood of serious accidents. Recent evidence tends to suggest that plant-to-
plant differences in design and operation may give rise to significant differences in both the likelihood and
the event-,equence of accidents. Therefore, the application of PRA techniques to many reactor plants
appears to be desirable.

The need for PRA application is reflected in the Three Mile Island Action Plan,! which identifies the
Interim Reliability Evaluation Program (IREP) as a high priority effort. The IREP is intended to apply
PRA techniques to several nuclear power plants and then to develop procedures for the consistent analysis
of other plants. The IREP has the following specific objectives:

1. Identify those accident sequences that are the principal risks to public health and safety.

ro

Develop a foundation of information for subsequent, more intensive, application of PRA
techniques on the subject plants.

3 Expand the cadre of experienced practitioners of risk assessment methods within the NRC
and the nuclear power industry.

4 Develop procedures for codifying the use of these techniques to other domestic light water
reactor plants.

Pb se | of the IREP study was a reliability analysis of the Crystal River, Unit 3, facilit_v.“ Using
methodological insights gained from the Crystal River study, the Phase 11 IREP studies were initiated in
September 1980 to analyze four plants:

] Browns Ferry, Unit 1 (BFIl), by a team from EG&G Idaho, Inc., and Energy
Incorporated.

-

Arkansas Nuclear One. Unit 1, by a team from Sandia National Laboratories, Science
Applications, Inc. (SAl), and Arkansas Power and Light Company.

i Calvert Cliff:. Unit 1, by a team from SAI, Evaluation Associates, and NRC.
4 Millstone, Unit 1, by a tcam from SAI, Northeast Utilities, and NRC.
The principa! analysts responsible for conducting the Browns Ferry risk assessment were Steve Mays,

Walt Sullivan. John Poloski, and Jack Trainer of EG&G ldaho, Inc., Bob Bertucio and Tim Leahy of the
Seattle Office of Energy Incorporated, provided analytical support to assist EG&G Idaho in the early



phases of the study. Utility support from Tennessee Valley Authority (TVA) was coordinated by
Mark Linn with assistance from Terry Tyler, Henry Jones, and Tom Barkalow. Unlike other IREP teams
who had a full-time participant from the utility, the Browns Ferry team relied on telephone calls, mail, and
occasional meetings with TVA personnel for information exchange. The TVA support included documen-
tation of plant design, analyses beyond those found in the Final Safety Analysis Report (FSAR), and
verification of system operating characteristics.

Responsibility for overall technical management of the study rested with Sandia National Laboratories.
Periodic reviews to assure the quality of the product were conducted by Sandia and NRC personnel not
involved directly with the work of any one team, with the assistance of Energy Incorporated.

This report is one of a series of four reporting the results of these Phase 11 studies. Separate reports will
be issued regarding procedures for conducting future analyses of the same scope and breadth as these four
studies, and detailing the technical and methodological insights and nuclear safety perspectives gained
from this activity.

The reader is cautioned that while it is our opinion that these studies represent the state-of-the-art within
their scope, they are incomplete. External events (earthquakes, fires, etc.) are not included, and the assign-
ment of accident sequences to release categories was performed in a subjective manner with limited plant-
specific calculations. Thus, this portion of the study relied heavily on analyses performed previously on
similar facilities. Other limitations are discussed in detail in Section 8.7. While accident sequence and
release category frequencies were quantified, they are of value primarily in comparative analyses, and the
absolute values determined should not be used without a clear appreciation of their inherent uncertainties.
The principal product obtained is the integrated engineering logic presented in the plant and system models
and the insights into plant features contributing significantly to risk—not the specific values computed for
accident frequencies.

The main body of this report is essentially a condensation of the more detailed information supplied by
the three appendixes. A general discussion of the methodology used to conduct the risk assessment is pro-
vided in Section 2. Section 3 describes the general design of the plant including & brief discussion of the
systems that perform the functions to mitigate the effects of loss of coolant accidents (LOCAs) and tran-

ient events at BF1. Section 4 defines the accident initiating events that were considered for BF1 and how
their associated frequencies were estimated. Section 5 presents the event trees that display the functional
relationships between systems designed to respond to a potential accident initiator. Event trees were pro-
vided for the various LOCA and transient initiator groupings; a discussion of each is also given in
Section 5. A more detailed description of the various plant systems (and their associated support systems)
that affect the mitigation of a LOCA or transient is provided in Section 6. The assumptions that went into
the construction of fault tree models, as well as the insights gained from each of these models, is provided
for each system. The methodology tor accomplishing the quantification of the accident sequences
displayed by the event trec is discussed briefly in Section 7. An example calculation for a representative
event tree sequence is also given in this section. The selection of the final dominant accident sequences is
provided in the results, Section 8. Each of the dominant sequences is discussed on an individual basis.
More detail supporting each of the sections can be found in the appendixes. The appendixes are organized
as follows:

Appendix A— Event Trees. Applicable to Sections 2, 3, 4, and § of main report.
Appendix B—System Descriptions and Fault Trees. Applicable to Sections 2, 3, and 6 of the
main report

Appendix C—Sequence Quantification. Applicable to Sections 2, §, 7,
report

and 8 of the main
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2. IREP METHODOLOGY

vide guidance for the IREP analyses and to assist in consistency among the four IREP teams, pro
the analysis were developed. The four teams generally followed the same
ugh these procedures had never heen used in their entirety, and it was recognized (hat

in approach would be necessary

2.1 Information Base

I'he IREP analyses represent an integrated plant systems analysis. Detailed analyses were performed on

se systems required to respond to a variety of initiating events and on those systemis supporting the
| } .

I'he analysis included unavailabilities during test and maintenance activities, human

storing the systems to operability following wesi and maintenance and in

4 g

ituations, and a thorough investigation of support system faults that could affect

siderable, and occasionally very detailed, information was obtained from

rmation used in the analysis are listed in Table |

Table 1 Information sources for IREP

| WASH- 1400 (Refer




The final FSAR® and plant system descriptions and drawing: provided the basic inforiaation base for
the analysis. This was supplemented by information contained in other st:dies of the plants (where
available).

To identify initiating events and initiating event frequencies, EPRI NP-801,7 was used as the basic
source. Additional insights were obtained through reviewing licensee event reports for the plant and for
plants of similar design. To identify the systems needed to respond to an accident and their success criteria,
the FSAR was used. In some instances, doc... . *~tion from the plant or vendor was obtained suggesting
and supporting the use of less stringent success criteria,

To construct the fault tree models, detailed drawings were obtained, particularly for electrical systems
and control and actuation circuitry. Test, maintenance, an' emergency procedures were reviewed to
identify potential human errors to be included in the plant models.

Data for quantifving the fault trees were a mixture of generic and plant-specific data. Basic hardware
failure rate data were obtained from a modified WASH-1400 data base as: embled by NRC personnel par-
ticipating in IREP. For particular components, plant-specific data obtained from plant logs were used.
Plant-specific test and maintenance frequencies obtained from plant iogs were used in the analysis. Data
for human error rates were obtained from NUREG/C R-1278 8

In addition to the above documentation, the utility personnel participating in the study served as con-
tacts with the plant to obtain more information when needed. Each team visited their plant to view par-

ticular equipment and to discuss questions with plant personnel. The IREP team prepared periodic letter
reports that the utilities reviewed to ensure the accuracy of information.

2.2 Methodology

The IREP analyses consisted of eight tasks:

1. Plant familiarization.

2.  Event tree construction,

3. Svstems analysis.

4. Human reliability and procedural analysis.
S Data base development,

6 Accident sequence evaluation.

7. Containment analysis.

8. Interpretation and analysis of results.

The relationships between these tasks are illustrated in Figure 1. Each is discussed briefly below.

2.2.1 Plant Familiarization. The initial task of the analysis was to become familiar with the plant. This
was done by identifying those functions that must be performed to prevent core melt or to mitigate its con-
sequences. By reviewing the FSAR and other documentation, the systems that perform these functions,
termed **front-line svstems,’” were identified.

Initiating events for consideration in the analysis were determined from EPRI NP-801 and licensee event
reports. These were grouped such that all initiating events requiring the same systems to respond were
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pleced in the same group. LOCAs were generally grouped into three or four groups. This grouping was by
size of LOCA since mitigating requirements generally depend on the size of the break. Transients fell into
three to six groups. The grouping often reflected equipment lost as a result of the initiating event.

For each initiating event grouping, the criteria for successful system operation to mitigate the accident
were determined. This information was usually found in the FSAR. Utility and vendor calculations
sometimes indicated that the FSAR criteria were too conservative. Where appropriate documentation
existed, the IREP teams used the more realistic criterion,

A final task during plant familiarization was to identify system: dependencies. Systems that support the
front-line systems were identified; dependencies among various support systems were also noted.

Upon completion of plant familiarization, the following information was available:
1. The necessary functions to prevent core melt or to mitigate its consequence.
2. The systems that perform these functions (i.e., front-line systems).

3. The initiating events included in the analysis and grouped according to mitigating
requirements.

4. The systems required to respond to each initiating event group and the criteria for system
Success.

¢, Dependencies between front-line and support systems and among support systems.

Completion of this task set the gioundwork for corstruction of the models used in the study. The
systems to be analyzed were identified, and the number of and headings for event trees were defined.

2.2.2 Event Tree Construction. The accident sequences to be analyzed in IREP were deiineated by
event trees. Functional event trees were constructed to clarify functional dependencies. From these and
information developed in the plant familiarization activity, systemic event trees were constructed.
Sequences delineated on the systemic trees were analyzed in the study.

Separate systemic event trees were constructed for each initiating event group. Each event tree has a dif-
ferent structuwie since the initiating events were grouped according to mitigating requirements. Different
mitigating requirements result in different tree structure. Headings for the event trees correspond to the
cvstems responding to the initiating event. Only front-line systems appear on the trees. System dependen-
cies and dependencies arising from phenomenological aspects of the accident are reflected in the tree
structure.

2.2.3 Systems Analysis. Fault tree models were constructed for each front-line system. Support system
fault trees were constructed to further model the particular interfaces with the front-line systems. The fault
tree modeling approach used in this analysis is discussed in Section 6. Top events for the front-line system
fault trees correspond to the success criteria defined in the plant familiarization task. The fault trees were
developed to the component level. Component faults that affected only the particular component were
grouped as *‘local fauits.”” Faults that could affect multiple components, generally those faults associated
with support svstems, were further developed. The level of detail in the fault trees generally corresponds to
the detail of available data.

In addition to hardware faults, the fault trees include unavailability due to test and maintenance, human
errors associated with failing to restore components to their operable state following test and maintenance,
and human errors associated with accident responses. Human reliability analysis is discussed in the next

sechion



The detailed development contained in the system fault trees facilitated identification of hardware, test
and maintenznce, and human error faults that could cause multiple component failures. These three
classes of common mode failures were explicitly modeled in the fault trees. Other potential common mode
failures, such as environmental conditions or manufacturing defects, were not considered in the study.

2.2.4 Human Reliability and Procedural Analysis. Test, maintenance, and emergency procedures
were reviewed to determine potential human errors. Human errors associated with failing to restore the
system 1o its operable state following test and maintenance were included explicitly in the fault trees.
Potential operator errors in response to an accident were included in a limited way. The emergency pro-
cedures expected to be used in response to each accident sequence vere reviewed to identify actions
expected to be performed. Incorrect performance or omission of the actions were postulated and included
i thie model. The investigation, however, was limited to those actions expected to be performed, rather
than postulating all actions an operator might take.

2.25 Data Base Development. A modified WASH-1400 data base was used for quantification of
hardware faults. In some instances, plant-specific data were used instead. Test .nd maintenance intervals
and durations were obtained, where possible, from discussions with plant personnel and from reviewing
plant logs. Estimated upper values were chosen for human error rates for initial calculations. For those
human errors that appeared in potentially dominant accident sequences, detailed analyses were performed
with the assistance of human-factors specialists. This approach to human error quantification permitted
more efficient use of limited human-factors expertise.

2.2.6 Accident Sequence Evaluation. For each accident sequence, an initial frequency was calculated.
This was performed by logically combining the initiating event and the system successes and failures to
develop combinations of failures that could result in the accident sequence. Frequencies assigned to the
initiating events and probabilities assigned to each failure were combined to produce a frequency for each
sequence.

The evaluation process was an iterative one. Initial calculations used generic data and upper bound
human error rates. From these initial calculations, a collection of potentially dominant accident sequences
was chosen. These were chosen based on a certain frequency below which none of the sequences were
expected to contribute significantly.

I'he potentially dominant sequences were examined more closely to ensure that the probabilities chosen
were as accurate as they could be and to develop better human error rate estimates. The potential for
recovery actions that would terminate the sequence was evaluated in a gross manner. More refined
calculations resulted in a list of domirant accident sequences.

22.7 Containment Analysis. Fach potential dominant accident sequence was evaluated by Battelle-
Columbus [ aboratories to determine the expected mechanism of containment failure and the associated
probability of failure, and to characterize the potential radioactive release. This analysis was quite limited
in nature, relying primarily on insights developed from similar analyses in the past, but was supplemented
by further calculations where necessary.

2.2.8 Interpretation and Analysis of Results. The dominant accident sequences in terms of risk (the
highest probability sequences in the most severe release categories) were examined to develop engineering
insights from the analysis. Those plant features contributing most significantly to risk were identified;
these results constitute the principal results of the study. Limited uncertainty and sensitivity analyses were
performed to ascertain a rough estimate of uncertainty in results and to identify those assumptions which,
if changed, could significantly alter the results.

-4



3. PLANT DESIGN
3.1 General

BF1 is a2 General Electric designed boiling water reactor (BWR) of the BWR-4 product line, with a
Mark 1 (drywell and torus) containment. The TVA owns and operates the unit, which is located with two
essentially identical units along the Tennessee River near Decatur, Alabama. Unit i began operating in
August 1974 and has a rated power of 3293 MW thermal (1100 MW electric). The primary differences in
the reactor systems of this plant compared with earlier BWR plant designs include:

1. Variabie speed recirculation pumps that discharge into jet pumps arranged around the
periphery of the reactor vessel.

2. An integrated core standby cooling system (CSCS) including high pressure coolant injec-
tion (HPCI), low pressure core spray, automatic depressurization (ADS), and residual
heat removal (RHR) systems.

3. An integrated RHR system providing low pressure coolant injection (LPCI), shutdown
cooling, and containment cooling modes of operation.

4. A reactor core isolation cooling (RCIC) system instead of an isolation condenser for
mitigating transients where the reactor is isolated from the main condenser.

5. LPCI loop selection logic has been disabled and the LPCI discharge header cross-connect
valve closed.

The containment design features include:

i A drywell enclosing the reactor coolaat system.

rJ

A wetweli (or torus) connected to the drywell and designed to provide energy suppression
in the event of a LOCA and to provide a source of water for injection into the reactor,

3. A reactor building surrounding the drywell and torus that houses the CSCS and provides a
second barrier between the reactor and the plant environment.

Figure 2 provides a simplified diagram of the safety-related design features.
3.2 Accident Mitigation Functions

T'he plant functions necessary to prevent core melt and mitigate radiological consequences of accidents
fall into two groups. One group is the functions necessary to mitigate a loss of coolant accident (LOCA)
while the other group is the functions necessary to mitigate a transient. The following sections generally
describe the functions and the systems that perform these functions. More detailed function and system
descriptions will be found in Sections 4 and 6, respectively.

3.2.1 LOCA Mitigators. There are four functions required to mitigate the effects of a LOCA. These are
reactor subcriticality, short-term containment integrity (SCI1), emergency coolant injection (ECI), aud
decay heat removal (DHR).

Reactor suberiticality is necessary to stop the fission chain reaction so thai the heat generated in the core
is reduced. This action limits the thermodynamic onditions that the remaining functions must mitigate.
The control rod drive (CRD) system performs this function.

o
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SC1 is necessary to ensure that any radioactivity released from the reactor coolant system boundary is
not allowed to escape into the atmosphere. This is accomplished by ensuring that the pressure rise in the
containment is limited to less than the containment design pressure. The vapor suppression system
performs this function.

EC1 ensures that the water lost from the reactor due to the LOCA is replaced. This action keeps the core
covered and provides heat transfer from the fuel rods to prevent melting. The HPCI system provides high
pressure injection while the core spray and LPCI systems provide low pressure injection. The ADS
depressurizes the reactor so that the low pressure systems cai operate.

DHR is the method by which heat from fission product decay is removed from the reactor to the
ultimate heat sink, the Tennessee River. The RHR system provides this function in either shutdown cooling
or torus cooling modes.

3.2.2 Transient Mitigators. There are four functions required to mitigate the effects of a transient. For
purposes of this analysis, a transient is any event that challenges the reactor protection system (RPS) to
initiate a reactor scram. The transient mitigating functions are reactor subcriticality, overpressure
protection, vessel water inventory (VWI), and DHR.

The reactor subcriticality function for transient initiators is identical to that for LOCA initiators, except
that successful reactor subcriticality can also be achieved if the power conversion system (PCS) remains
available following the initiator and both recirculation pumps trip. It is recognized that in this latter case
the reactor is not actually subcritical. However, the resulting power level after successful recirculation
pump trip is such that the capacity of the PCS is adequate to remove the heat being generated. In this case,
as long as the PCS is available, the core will be cooled. 1f PCS becomes unavailable, it is assumed the core
will melt.

The overpressure protection function is required to ensure two actions. First, the relief valves must open
to maintain reactor pressure below the emergency stress limits. Otherwise, some part of the reactor coolant
boundary may rupture. Second, all the relief valves involved in this pressure limiting action must reclose
after pressure falls below the relief valve setpoint to prevent an uncontrolled release of reactor coolant
mventoiy.

I'he VWI function is analogous to the ECI function for LOCA initiators. The HPCI or RCIC system
can provide high pressure coolant injection. For some transients, the PCS can also provide both the VWI
and DHR functions. If the PCS is not available, isolation of the main condenser from the reactor vessel
with the main steam isolation valves is necessary for successful VW1, Manual depressurization of the reac-
tor vessel using the relief valves permits any of the low pressure systems, [i.e., core spray, LPCI, conden-
sate system, or standby coolant supply (SBCS) system] to provide injection.

T'he DHR function for transients is the same as that described previously for LOCAs except for the case
when PCS can provide long-term decay heat removal.

3.3 Front-Line and Support Systems

Front-line systems are those that directly perform the functions for mitigating the effects of a LOCA or
transients. Support systems are those systems that effect LOCA or transient mitigation by way of their
effect on the front-line systems. Table 2 lists the front-line systems for each mitigating function mentioned
in Section 3.2, Table 3 lists both the front-line and support systems and their interdependencies.

10



Table 2. Front-line systems for LOCA and transient functions

LOCA
Functions Systems
RS4 CRDHS
SCl vsb
ECI High pressure systems:
HPCI
Low pressure systems:
ADS
csd
LPCI
DHR RHR
a. RS = reactor subcriticality

b. VS = vapor suppression

¢. OP = overpressure protection

d. CS = core spray.

Transient

Functions

RS2
op¢

VWI

Systems

CRDHS, R¢T
Relief valves

Main steam isolation:
MSIVs

High pressure systems:
HPCI
RCIC
PCS

Low pressure systems:
Manual depressurization
Csa
LPCI
Condensate
SBCS

RHR, PCS




Table 3. Front-line systems versus support systems

Front-Line
Systems?

RCIC

RHR (shutdown cooling)
RHR (LPCDH

RHR (torus cooling)
RPT

HPC]

ADS

Core spray

SBCS

PCS

CRD

Relief valves

Vapor suppression

a. The front-line systems are given a one-letter name on the systemic event irees (see Table A-12).

b. Equipment area cooling.

AC
Power

b

o~ A A

DC
Power

X

b s

<

R’ A K K

EACP

EECW

_Support Systems

Keep-
Circulation Full
RHRSW RCW Water RPS System Operator
X X — - X EOI-74
- - — = X e
X X - - X EOI-74
= - — X = -
- - - - X -
X i — — - EOI-74
— X X — — EOI-1,2,3
- - - X — EOI-85




4. INITIATING EVENTS
4.1 Introduction

Accident-sequence definition is one of the major steps of a risk assessment. It consists of defining a list
of potential accident-initiating events and developing event trees to define the accident sequences that
could result from these initiating events. Event tree development is discussed in Section 5 of this report.

4.2 Identification of Potential Core-Related Initiating Events

As a starting point for the risk assessment, potential initiating events that could lead to the release of
significant amounts of radioactivity to the environment had to be identified. The initiating event list
developed here is for core-related accidents with the plant at or near full power. Significant fuel pin
damage can only take place if, as the result of greatly increased fuel temperatures, the fuel melts (or at least
the cladding melts, which could, in turn, cause the fuel to collapse).

In order for the fuel or cladding to melt, an imbalance must occur between the heat generated in the core
and the heat r-moved from the core. Thus, potential accidents that could not cause this imbalance are
exciuded from consideration of being core-related risks. There are two ways of creating a heat imbalance in
the fuel: inadequate heat removal for the designed amount of heat generated (either at power or “fter
shutdowi) or excessive power generation due to failure to scram.

4.2.1 Inadequate Heat Removal. Heat removal during normal power operation is accomplished by the
PCS, which consists primarily of the main steam, condensate, and feedwater systems. For inadequate heat
removal to occur during power operation, this normal heat flow system must be disrupted by transients or
L.OCAs that disable the PCS, or by LOCAs that result in loss of reactor vessel coolant inventory. Tran-
sients can cause the PCS to be unavailable either directly by failing PCS systems or indirectly by isolation
of the main condenser from the reactor by events that result in closure of the main steam isolation valves
(MSIVs). Similarly, LOCAs cause the MSIVs to close upon low reactor vesse! level.

Heat removal during shutdown (i.e., decay heat removal) can be accomplished by the normal heat flow
svstem (i.e., by PCS) if available or by the RHR system. Inadequate decay heat removal would occur if
both of these heat flow systems were disabled.

4.2.2 Failure to Scram. The second possible means of creating a heat imbalance in the fuel is for the
reactor power to be greater than the capacity to remove heat. The transient initiators used in this analysis
are defined as malfunctions or failures in the mechanical/electrical systems that result in a demand for trip
of the control rods (scram) and removal of heat from the reactor core. Actions such as scrams as part of a
planned shutdown or transients that do not result in a challenge to the reactor RPS to initiate a scram were
not considered.

The transient and accident mitigating systems are designed to operate only with the reactor subcritical
(i.e., with the reactor only producing decay heat). Only the PCS system is capable of removing significant
heat from the reactor while maintaining reactor water level. Therefore, for all initiators where the PCS
system 1s unavailable and the reactor is not made subcritical, it was assumed that the mitigating systems
will no'/i able to keep the core covered and core damage will occur. For those initiators where the PCS is
not disabled by the transient and insufficient rods do insert, the PCS can still remove the reactor heat and
maintain water level provided recirculation pump trip (RPT) is successful. RPT is necessary to ensure that
the resultant power level is within the capacity of the bypass valves to relieve steam to the condenser.

4.2.3 Initiating Event List. As discussed above, three major initiating event categories were
defined: (a) LOCAs, (b) transients that disable PCS, and (¢) transients that do not affect PCS.
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LOCA Initistors — Initially, breaches of the reactor coolant boundary that lead to LOCAs inside and out-
side of containment were considered. However, it was determined that a rupture in an interfacing system
that results in a LOCA outside primary containment always requires at least two valve failures. The
probability of such an occurrence coupled with the probability of the rupture and subsequent emergency
core cooling system (ECCS) failure is several orders of magnitude less than for ruptures inside contain-
ment. The rationale for exclusion of interfacing system LOCAs is provided in Section 5. Therefore only
breaks inside the primary containment were considered for this analysis.

Break size ranges were developed based on system mitigation requirements. The ranges of break sizes for
steam and liquid breaks were defined from the CSCS purformance capability bar chart, Figure 6.3-1 of the
Biowns Ferry FSAR. This figure is shown as Figure 3. In general, the CSCS that are required for the
various break ranges are indicated; specific CSCS performance is delineated in Table 4. The frequencies of
pipe rupture as an initiating event for these various LOCA sizes are listed in Table §.

o Al ntermediate e —— Large e —
I Steam
I breaks
Auto -depressurization
B ———— A —————— - |
Maximum steam
HPCI | - pipe break size
LPCI 1
-
P . —— ~ o |
\,__.—J Core spray _
1
I
012 14 41 l
Intermediate Liquid
T. Smal >*< —’J‘ . [ ———— ’I bré <ks
Auto-depressurization |
Maximum recirculation
IS . S 5 pipe break size (with “’{
equalizer line closed)
HPCI |
- - — J
—— - - P — -
- F LPCI |
— — — — — —
- + Core spray J
1
| p s k » |
HAL.HA”IJMHJHLX | SR T THES (S (S - L,&_;,*_._.Q__L._L_l___l.
00 01 02 1 20 30 40 43

,
Break area (ft°

INEL 2 1641
Scale changes

Figure 3 Core standby cooling systems performance capability bar chart



Table 4. LOCA mitigation success criteria

Reactor
_ Subcriticality

No more than 30 rods
scattered throughout
the core not fully
inserted

or

No more than five
adjacent rods not
fully inserted

No more than 30 rods
scattered throughout
the core not fully
mnserted

of

No more than five
adjacent rods not
fully nserted

No more than 30 rods
scattered throughout
the core not fully
mserted

or

No more than five
adjacent rods not
fully mserted

No more than 30 rods
scattered throughout
the core not tully
mseried

No more than five
adjacent rods not
Tully inserted

Short-Term
_Containmeni Integnity

Emergency Coolant Injection

Large Break—Liquid Line—0.3 t0 4.3 ft* —Suction

Adequate suppression
pool level and no
bypass leakage from
drywel! to wetwell

Two core spray lwops and two of
four LPCI pumps

or
Four of four LPCI pumps

or

One of two core spray loops
and two of four LPCI pumps

(one LPCI pump per injection
loop)

exchangers in torus
cooling mode

or

One of four RHR pumps
with associated host
exchangers in shutdown
cooling mode

Adeguate suppression
pool level and no
bypass leakage from
drywell to wetwell

Large Break—Steam Line—14104.1 fI:

Adequate suppression
pool level and no
bypass leakage from
drywell 10 wetwell

 Large Break—Liquid Line—0.3 10 4.3 1 Discharge

Two core spray loops

or
One of two core spray loops

and one of two LPCI pumps on
unaffected side

Twao core spray loops

or

Four of four LPCI pumps
or

One of two core spray loops
and one of four L PCI pumps

h
Intermediate Break —ligud Line—0.12 10 0.3 ft=

Adequate sappression
pool level and no
hypass leakage from
drywell 10 wetwell

One of one HPCI pump

Four of six ADS rebef valves
and

One of four LPCI pumps

or

One of o core spray loops

Two of four RHR pumps
with associated heat
exchangers in torus
cooling mode

or

One of four RHR pumps
with associated heat
exchangers in shutdown
cooling mode

Two of four RHR pumps
with associated heat
exchangers in torus
cooling mode

or

One of four RHR pumps
with associated heat
exchangers in shutdown
cooling mode

Two of four RHR pumps
with associated heat
exchangers in lorus
cooling mode

or

One of tour RHR pumps
with assocrated heat
exchangers in shutdown
cooling mode



Table 4. (continued)

Reactor
Subcriticality

No more than 30 rods
scattered throughout
the core not fully
insertes’

or
No more than five

adjacent rods not
fully inserted

No more than 30 rods
scattered throughout
the core not fully
nserted

or

No more than five

Short-Term Decay Heat
Containment Integrity Emergency Coclant Injection Removal
Intermediate Break—Steam Line—0.12 to 1.4 i
Adequate suppression One of one HPCI pump Two of four RHR pumps
pool level and no with associated heat
bypass leakage from or exchangers in torus
drywell to wetwell cooling mode
One of four LPCI pumps
or
or
One of four RHR pumps
One of two core spray loops with associated heat
exchangers in shutdown
cooling mode

Adequate suppression
pool level and no
bypass leakage from
drywell to wetwell

Small Break—Liquid or Steam—Up 0.0.12 ft?

One of one HPC! pump
or

Four of six ADS relief valves
and one of four LPC1 pumps

or

Two of four RHR pumps
with associated heat
exchangers n torus
cooling mode

or

One of four RHR pumps

adgacent rods not with associated heat
fully inserted Four of six ADS relief valves exchangers in shutdown
and one of two core spray loops cooling mode
Table 5. LOCA pipe rupture frequencies
Frequency
~ Type ~ Size L ocation (per reactor-Year)
Liguid L arge Suction side 99 x 106
Discharge side 39x 103
Steam Large - 5.2 x 1075
Liquid Intermediate - 9.0 x 10°5
Steam Intermediate -- 2.1 x 104
Ligumd or steam Small .- 1.0 x 10-3
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Initicting event frequencies for the various liquid and steam LOCA break sizes were generally derived by
multiplying the probability for a given break size times the relative frequency the break occurs in a specific
portion of that size piping. One basic assumption was that, within a given break range category, (e.g.,
intermediate piping, 2 to 6 in.), the rupture was equally likely to occur in any of the piping, whether it be
for liquids or steam. The probability for a given break size was taken from Table 11 6-9 of WASH-1400.
The BF1 plant piping isometrics for the systems that comprise the primary pressure boundary were
examined to determine the relative probability the break occurs in a specific portion of the piping. Sec-
tion 2.1 of Appendix A provides an example calculation for LOCA initiator frequency.

Transient-induced LOCASs were treated as a special category of LOCA initiators. Failure of a sufficient
number of safety relief valves to open following a transient initiating event was assumed to result in a
primary system pressure boundary rupture. Failure of these valves to reclose after opening or failure of
isolation valves in the main steam lines to close (when PCS is not available) will also result in a LOCA
initiator. As discussed in Section 3 of Appendix A, both failure of a sufficient number of safety relief
valves to open and failure of the MSIVs to close were determined to be insignificant compared to other
LOCA initiator frequencies. However, the LOCA initiator due to a stuck-open-relief-valve (SORV) is the
most likely of all LOCA initiators and is similar to an intermediate steam-break. Section 3 of Appendix A
addresses these particular LOCA initiators.

These imtiating event designators and their associated frequencies are shown in Table C-10 of
Appendix C.

Transient Initiators — The initial set of transient initiators identified for this analysis were those listed in
EPRI NP-801. Table A-5 of Appendix A defines this list of transient initiators. Section 14, ‘‘Plant Safety
Analysis,”" of the Browns Ferry FSAR indicated those transients that result in thermal-hydraulic, flux,
pressure, or similar reactor parameters to challenge the RPS to initiate a scram.

The Licensec Event Reports (LERs)? submitted by Biowns Ferry were examined to determine if there
existed events not identified in EPR1 NP-801. No other additional events were identified from this set of
LERs. Each of the transient initiators were further examined along with various electric power bus and
cooling water system failures to identify transient initiators effects on front-line system availability. This
analysis is described in Section 4.3.2. The set of transient initi2ztors were then examined and grouped
according to common mitigating requirements. Only the availability of the PCS varied and, hence,
initiating events were grouped according to their eftect on PCS availability. Seven of the 37 EPRI NP-801
events were classified as transient initiators that resulted in PCS being unavailable for mitigation of the
transient.

Of the remaining 30 events, 8 were identified as havirg no effect on PCS availability and 22 were con-
sidered not applicable for this study. Reasons for exclusion of these events are briefly summarized in
I'able A-6 of Appendix A.

One final consideration to the transient event was given in the case of the loss of offsite power (LOSP)
event, This LOSP event was originally grouped as a PCS unavailable transient initiator. However, due to
the dependency of other mitigation systems on this event, this particular event was treated separately in the
transient event tree analysis,

The frequency of the transient initiators was estimated using the techniques discussed in EPRI NP-801.
An example of these methods is illustrated in Section 2 of Appendix A. Table 6 lists the frequency of these
transient initiators. The transient frequencies were estimated using two methods. The first method used
strictly the plant-specific data found in EPRI NP-801. The second method was to obtain all pertinent BWR
experience from EPRI NP-801 and to calculate the frequency based on the BWR data set. For this
analysis, the plant-specific data were used in the iransient event tree quantification.

Ihe transient mitigation success criteria are given in Table 7.



Table 6. Trunsient initiator groupings and frequencies

Frequencies
(events/year)
BF1 BWRs
Group 1- Transients that cause PCS to be unavailable
a. MSIV closure 0.58 0.24
b. Loss of normal condenser vacuum 0.56 0.41
c Pressure regulator fails open 0. 0.25
d. Loss of feedwater flow 0.51 0.17
e. Loss of offsite power 0.03 0.11
f. Loss of auxiliary power 0. 0.03
g Increased feedwater flow at power 0.05 0.18
Totals 1.73 1.39
Group 2 - Transients that do not cause PCS to be unavailable

a. Electric load rejection 1.02 0.74

b. Electric load rejection with bypass failure 0. 0.
C. Turbine trip 0.58 0.77

d. Turbine trip with bypass failure 0. 0.
e. Inadvertent closure of one MSIV 0. 0.10
F, Pressure regulator fails closed 0. 0.11
g Bypass/conisol valve fails causing pressure increase 0.05 0.25
h. Recirculation control fails causing increased flow 0.03 0.10
Totals 1.68 2.07

4.3 Initiating Event/Mitigating System Dependencies

In addition to identifying the initiating events, it is important to determine what effect the initiator may
have on those systems designed to respond to the accident. In some cases, the initiating event may originate
in a mitigating svstem. The resulting accident sequence could be significant since the normal level of
redundancy in mitigating systems has been degraded.

I'he following sections discuss the LOCA and transient initiator effects on mitigating systems.

4.3.1 LOCA Initiator Effects on Mitigating Systems. Some of the L OCA initiators have the potential
to render LOCA mitigation systems partially or completely inoperable. For example, a break on the
discharge piping of a recirculation loop renders one loop of LPCI inoperable. To account for this possibil-
ity in the sequence calculations, the following procedure was used.

If a LOCA imtator could disable a mitigating system, the lencih of piping for the mitigoting system
susceptible to that LOCA was calculated using |'VA supplied isometric drawings. Then, the touwal length of
piping susceptible to that initiator was calculated. Table 8 provides a list of the systems and the percentage
of their piping susceptible to a particular LOCA imtiator. It was assumed that for a particular break size,
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Table 7. Transient mitigation success criteria
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Transients No move Both NA All rebe! Condenser MSIV shur HPCI Manual
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b I both recirculation pumps tnp and PCS lable, the ltins power level i such that the capacity of the bypass valves s adeguate to remove the heat being generated.
. Fven though relief valve action s not required some relief valves will open
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pump
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pump n

SBCS mode
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Tabile 8.

LOCA Type

Large break on discharge
of recirculation loops

Large break on suction
of recirculation loops

Large steam

Intermediate steam

Intermediate hiquid

Small hiquid or steam
Steam

Liquid

Steam and liquid

LOCA initiator effects on mitigating systems

Mitigating Systems Lost

One 1 PCI loop and one shutdown cooling
discharge path

All of shutdown cooling
or
None

None

HPCI

or

One core spray loop
or

None

One LPCI loop and one shutdown cooling
discharge path

or

All shutdown cooling

or

None

HPCI

or

One core spray loop

or

One LPCI loop and one shutdown cooling
discharge path

or

All shutdown cooling

or

None

Piping Susceptible to LOCA
("o)

NA

55 (suctnion of recirculation

Loop A)
45 (suction of recirculation
L.oop B)

23.2 (HPCD
3.8 (core spray)
73.0 (other piping)

78.2 (discharge of Loop A or
B)

11.2 (suction of recirculation
Loop A)

10.6 (suction of recirculation
Loop B)

16.3 (HPCI)

1.3 (core spray)

23.3 (recirculanion di-charge)

3.4 (suction or recirculation

Loop A)
55.7 (other piping)

Remarks

Both are lost due to break location

Suction for both shutdown cooling
loops comes from recirculation
Loop A

Majority of piping susceptible to
LOCA does not affect mitigating
systems

Assumes small break can occur in
larger piping and renders mitigating
systems unavailable as in large break
cases




the LOCA was equally likely to occur at any point on the piping susceptible to the LOCA. The
unavailability of the mitigating systems was calculated considering the effect of the initiator, Therefore,
the sequence frequency is the sum of two terms. The first term is the product of the probability of a break
occurring in a location that affects the mitigating systems and the unavailabilities of those systems. The
second term is the product of the probability of the break occurring in a location that does not affect the
mitigating systems and the unavailability of those systems under that condition. Section 2.3.4 of
Appendix C provides an example of this method.

4.3.2 Transient Initiator Effects on Mitigating Systems

Introduction— Transient initiators are identified in Section 4.2 and are grouped according to their effect
on the PCS availability. However, it was necessary to examine these events further in order to determine if
these could originate in mitigating systems or affect front-line systems other than the PCS.

Pr edure—The goal of the transient initiator analysis was to identify those plant failures at a component
or sysiem level that could impact mitigating systems availability. The identification of transient initiator
effects was done by a three part process as described below:

Task 1. Consequence Evaluation of Electrical Failures—Failure of each plant electrical bus was
postulated. Equipinent powered by the bus was tracked and the effect of its failure on the plant
was identified.

Task 2. Consequence Evaluation of Cooling System Failures—Failure of each cooling system
was postulated. Loads cooled by the system were tracked and the effect of their loss on the
plant was identified.

Task 3. Causal Analysis of Transient Categories—Causal-type failure analysis was performed
on the 15 transient categories. The BF |1 study identified 15 transient initiator categories. These
were selected from EPRI NP-801. The causal analysis is similar to fault tree analysis in that
events that can lead to occurrence of some undesired initiating event category are logically
depicted.

Conctusions - The ultimate purpose of this effort was to identify possible dependencies in the core damage
sequences not readily apparent from prior analysis. The results of Tasks 1 and 2 above are presented in
tabular form in Tables A-7 to A-10 of Appendix A; Task 3 results are represented by causal failure
diagrams in Figures A-1 to A-7 of Appendix A. A discussion of these results can be found in Section 2 of
Appendix A. From these tables and charts the following conclusions can be drawn:

1 T'he only significant power failure that results in a scram and causes loss of a front-line
system (i.e., the PCS) is a LOSP event.

2. Equipment cooling system failures were not considered to be significant transient
initiators because of the allowable time for the operator to recover, e.g., to initiate
alternate cooling systems.

i J T'he events in front-line or support systems that can initiate a transient categ >ry do not

degrade the ability of the plant to respond to the accident. As can be seen by Figures A-1
to A-7 of Appendix A, the only initiating event failures identified that originate in
mitigating systems were double failures in the electrical power system (EPS), e.g., failures
in 250 V DC powered instrumentation and control (1&C) buses or 120 V AC RPS buses.

4. Failure of HPCI and RCIC upon loss of 250 V DC nonclass 1E power is possible but
relatively improbable



5. ACCIDENT SEQUENCE DELINEATION
5.1 Introduction

In general, the initiators listed previously in Tables S and 6 for LOCAs and transients, respectively,
alone do not lead directly to fuel damage and release of radioactivity to the environment, but must be com-
bined with other system failures. Event trees are used to display the functional relationships between
systems designed to respond to a potential accident initiator.

5.2 LOCA Functional Event Trees

The LOCA functional event trees are shown in Figures 4 and 5. The purpose of these trees is to show the
functions necessary to successfully terminate a LOCA sequence at BF1. A LOCA outside of the contain-
ment requires different functions for accident mitigation than the functions required for a break inside
containinent. This distinction made it necessary to construct two separate functional event trees for this
plant.

5.2.1 LOCA Functional Event Tree —Breaks inside Containment. If a LOCA occurs inside the
primary containment boundary, there are three basic functions required for accident mitigation. These
functions are successful reactor shutdown, containment integrity, and core cooling. For this plant, it is
necessary to consider core cooling during two different phases of the accident. These phases are the
immediate core protection or coolant injection/reflood phase of the accident and the long-term protection
or decay heat removal phase of the accident. Consequently, core cooling is considered in *wo different
places on the functional event tree. This, in effect, gives a total of four functions to be considered on the
functional event iree for breaks inside containment. These functions together with the initiating event are
depicted as event tree headings on the functional event tree shown in Figure 4.

Function Descriptions—In the following paragraphs, each function and its relationship to other functions
will be described. The LOCA, or pipe break, is the initiating event for the accident sequences depicted in
the functional event tree.

Reactor Subcriticality - 1f a LOCA inside the containment takes place, it is necessary to immediately stop
significant power or heat generation due to the sustained fission process within the rea.:or. This is
accomplished by rapid insertion of the control rods into the core. This is the purpose of the reactor sub-
criticality function. It was assumed that when reactor subcriticality is unsuccessful, the 2:cident-mitigating
functions will not successfully cool the core, the core will melt and, as a result, the containment will be
breached and radioactivity will be released to the plant environment.

Upon successful completion of reactor shutdown, it immediately becomes necessary to confine the
coolant inventory lost from the break to i.a¢ inside of the primary containment boundary and to replace the
coolant inventory that has been and is being lost out of the break.

Short-Term Containment Integrity — Successful containment of the coolant inventory lost from the break
will prevent radioactive products contained or entrained in the coolant from being released into the
environment. However, since BWRs characteristically contain large volumes of hot coolant, the release of
this coolant into the containment atmosphere will rapidly pressurize the containment. If this pressurization
is not reduced or limited by some cverpressure protection system, it is assumed that the containment will
rapidly overpressurize and rupture. The purpose of the SCI function is to provide this immediate contain-
ment protection during the coolant injection phase of the LOCA.

Functioning of the SCI has a direct side benefit. The physical scrubbing of the coolant by the torus water
while the coolant is being forced through the torus water results in some of the radioactive particulates
entrained in the coolant being transferred to the torus water. This, in effect, removes radioactivity from

"
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the coolant, which results in less radioactivity buildup in the containment atmosphere, If the containment
is subsequently breached such that the containment atmosphere is released to the environment, the
resulting release will not be as severely radioactive as a release associated with the direct discharge of
coolant to the environment.

Should the SCI function fail and the containment rupture, radioactivity will be released to the environ-
ment. However, the physical failure of the containment does not necessarily preclude other functions from
being performed if the rupture occurs above the water line of the torus. As long as torus water is available,
coolant injection can succeed, regardless of the state of the containment. Therefore, the event tree still
shows branches for other accident-mitigating functions even though the SCI function has failed.

Since SCI is immediately activated by the physical processes of the LOCA, it is shown on the event tree
prior to the remaining accident-mitigating functions. In other words, this function should precede the
remaining functions by some finite time, and chronological ordering of the functions will place SCI before
the remaining functions.

Emargency Coolant Injection — Even though the reactor is shut down, a significant amount of heat will
still be generated in the fuel rods by the decay of the fission products contained within the fuel rods. This
decay heat must be removed or the fuel rods wil! melt. Consequently, it is necessary to replace the coolant
lost through the break or the core will be uncovered, the heat removal capability will be lost, and the core
will melt.

The injection of relatively cool water into the core at a rate that is greater than the loss of coolant
through the break is the purpose of the ECI function. There are two sources of injection water for the ECI
function, the condensate storage tank (CST) and the torus. Only a limited amount of coolant (approx-
imately 135,000 gallons) is available in the CST, requiring an eventual transfer of suction from the CST to
the torus for those systems initially aligned to the CST. Consequently, as the torus water is injected into the
core by the injection systems, the core is cooled, and a closed loop is formed by the injection pumps, the
core, and the torus. This loop forms a recirculation (iow path for the water and ensures a continuous
source of water for injection. Thus, successful performance of this function will reflood the core and pro-
vide initial cooling of the core subsequent « the LOCA. Should ECI fail, it is assumed that the melt
scenario discussed above will take place and the core will mel:,

Upon successful completion of SCI and ECI, it becomes necessary to remove the decay heat from the
torus water so that long-term core cooling can be maintained.

Decay Meat Remova!— In the injection phase of the accident, discussed above, heat is continually being
transferred from the core to the torus. The torus water is then pumped back into * e core. This cycle will
continually add heat to the torus and will ultimately cause loss of recirculation capabiiiy due to loss of net
positive suction head to the pumps. The purpose of the DHR function is to remove this heat directly from
the torus or prevent further heat buildup in the torus by removing the heat directly from the reactor
coolant circulating around the core. These two modes of the RHR system are known as the torus cooling
mode and the shutdown cooling mode, respectively. Success of the DHR function by either mode provides
long-term core cooling and protection of the containment from overpressurization.

Heat is removed from the torus by the RHR heat exchangers installed in the discharge paths of the RHR
pumps. River water is pumped through one side of these heat exchangers while the torus waier passes
through the other side. The heat in the torus water is transferred to the river water and the torus water is
cooled.

Heat is removed from the reactor coolant circulating around the core in much the same way as it is
removed from the torus. The RHR pumps are aligned to take a suction from recirculation Loup A and
discharge back into one of the recirculation discharge loops via the RHR heat exchangers. Again, the decay
heat is transferred to the river water. Of course, if the break is located on the suction side of recirculation
1 oop A, this method of decay heat removal will not be available.




Should DHR fail, it is assumed that the core will melt and the containment will tail due to the inability to
continue pumping water from the torus back to the reactor.

Sequence Descriptions - The following paragraphs discuss the sequences shown in the LOCA functional
event tree for breaks inside containment as depicted in Figure 4.

Sequence 1 (no failures) - Sequence | is the LOCA sequence with all functions working as expected. In
this sequence, the core is cooled and no radioactivity is released to the environment.

Sequence 2 (DHR feilure) - In Sequence 2, the DHR function is unavailable after successful performance
of the other funciions. In this case, decay heat cannot be removed and, eventually, the core will melt, the
containment will be breached, and radioactivity will be released to the atmosphere.

Sequence 3 (ECI failure) - In Sequence 3, ECI fails, which causes a relatively rapid core melt and, thus,
precludes the success of the DHR function.

Sequence 4 (SCI failure) - As discussed earlier, the failure of SCI does not necessarily preclude the suc-
cess of the ECI or DHR functions. This is depicted ir Sequence 4. In this sequence, the core is cooled even
though the containment has been breached by the failure of SCI. The resulting radioactivity release will not
be as severe as a release following core melt because, in this sequence, the core is still cooled.

Sequence 5 (SCI and DHR failure) - Sequence S results when both SCI and DHR fail. In this case, the con-
tainment is breached by the loss of the SCI function and the core eventually melts because the DHR
function fails.

Sequence 6 (SCI and ECI failure) - Sequence 6 results when SCI and ECI both fail. Since the core cannot
be cooled and the containment has already failed, core melt will occur and radioactivity will be released to
the environment. No sequence branch is necessary for DHR because the core has melted before this
function can mitigate the accident.

Sequence 7 (no mitigating functions) - As discussed earlier, when the reactor cannot be shut down follow-
ing a LOCA, it is assumed that the accident mitigating functions will not successfully cool the core, the
core will rapidly melt and, as a result, the contaiument will be breached. In this case, a branch is still shown
for the SC1 function because, if this function is successful, fission products entrained in the coolant will be
scrubbed by the torus water, and the resultant radioactivity release will not be as severe as when the SCI
fails to function at all. Sequence 7 depicts a failure of the reactor to shui down with subsequent success of
the SCI function.

1t should be noted that even with SCI function success, the containment will eventually rupture due to
the core melt. But the consequences of the resulting release may be different from those resulting from
Sequence 8.

Sequence 8 iscram and SCI failure)— Sequence 8 results when reactor subcriticality fails and SCI fails. In
this case, the core melts rapidly and the containment is breached with resultant release of radioactivity to
the environment. ECI and DHR will not mitigate the accident.

The LOCA systemic event trees are presented in Figures 6 through 11. The purpose of these trees is to
show the interrelationships among the various systems that perform the functions previously discussed.
Specific system success criteria are provided in Tables A-2 and A-3 of Appendix A.

5.2.2 LOCA Functional Event Tree — Breaks Outside Containment. If a LOCA occurs outside of
the primary containment boundary, there are only two basic functic <. available for mitigating the LOCA
once it is determined that the break cannot be isolated. These functions are successful reactor shutdown
and core cooling. Containment overpressure protection will not be necessary because all heat, nonconden-
sable gases, and radioactivity will be transmitted outside of the containment by the break. Core cooling is
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still needed during the injection and long-term decay heat remo-al phases. This results in only three func-
tions to be considered on the functional event tree fch breaks outside containment. These functions, along
with the initiating event and break isolation, are depicted as event tree headings in the funstional event tree
shown in Figure §.

Function Descriptions—In order for a break outside the containmen' to become a L OCA, the break must
be incapable of being isolated. Otherwise, the accident becomes a transicnt in which the break is solated
and, depending on break location, the PCS may or may not be available for mitigation of the fransien*
The second heading on the event tree, break isolation, reflects whether or noi the break is isolated.

Reactor Subcriticality and Emergency Coolant Injection—The reactor subcriticality and ECI functions are
identical to the corresponding functions discussed for the LOCA functional event tree for breaks irside
containment,

Decay Heat Removal— If a break occurs outside of the containment, the coolant emitted from the break
does not enter the torus as it does when the break occurs inside the containment. Thus, no closed loop is
formed to return coolant to the core from the torus. Thus, the DHR function is different from that
discussed earlier for a break inside containment.

For the break inside containment, the DHR function basically involves cooling of the torus water. Since
a break outside the containment will eventually lead to loss of torus water, it will be necessa:y to replenish
the torus water for successful long-term cooling of the core.

It should be noted that, in this case, the DHR function appears to be a continuous form of injection
rather than torus recirculation. This is in effect, the case. Failure of the DHR function will eventually lead
to core melt.

Frequencies of LOCA Outside Containment— Initially breaches of the reactor coolant boundary that lead to
LOC As inside and outside of containment were considered. However, it was determined that a rupture in
an imerfacing system that results in a LOCA outside primary containment always requires at least two
valve failures. The probability of the rupture and subsequent failure to isolate is scveral orders of
magnitude less than for ruptures inside containment. Similarly, for low pressure systems connected to the
reactor coolant boundary but not normally operating when the reactor is au pressure, at least two valve
failure- must occur for the low pressure system to rupture due to exceeding its design pressure. Therefore,
only breaks inside the primary containment were considered for this analysis. The rationale for exclusion
of the Lreak outside containment initiators is provided in the following sections.

Large Breaks - A large liquid break on the suction side of the reactor coolant recirculation pump cannot
normally occur outside containment since there are two normally closed flow control valves (FCV-74-48
and 47) on either side of the containment penetration.

A large liquid break on the discharge side of recirculation pumps in the RHR injection piping would
require failure of the testable gheuk valve (CV-74-54). From Section 2 of Appendix A, the fiequency fora
large pipe rupture was | x 104 per reactor-year (Table 111 6-9 of WASH- 1400). 5ection XI of the ASME
Boiler and Pressure Vessel Code, !0 provides that the test frequency for check valves is at lcasl once every
3 months. Failure frequency of a check valve in the severe internal leak mode is 3 x 10”7 per hour. The
resultant unavailability based on a 3 month testing interval is 3 x 104, Thus, the failure frequency for a
large break LOCA in the RHR injection piping outside the primary containment is (1 x 104)
Bx10% - 3x 108 per reactor-year which is insignificant compared to a large discharge break inside
containment (3.9 x l()‘s).

Large steam breaks were also insignificant. Section 2.13 of Appendix B chows a failure probability of

1.1 x 1077 for failure of both MSIVs to close in a given steam line. A large steam break could also occur in
the core spray, HPCI, or feedwater piping outside containment. For this failure to occur and not be
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isolatable would require failure of a check valve and would be similar to the large liquid break frequency
shown previously, 3 x 108, This value is insignificant compared to the frequency of 5.2 x 10°5 for the
large steam break inside containment,

Intermediate Breaks - The only intermediate size liquid break piping that interfaces with the primary
coolant pressure boundary is that of the reactor water cleanup system. For a break to occur outside con-
tainment 1n the re.ctor water cleanup piping and not be isolatable would require the failure of an electric
motor-operated valve to close (e.g., FCV-69-1), given the intermediate break. The valve failure rate is
1 x 103 per demand. The intermediate break frequency is 3 x 104 per year. This results in a relative
initiator frequency of (3 x 1091 x 103) = 3x 10‘7. compared with a frequency of 9 x 10°3 for an
intermediate break inside containment. In addition, hand control valve (HCV-69-500) can be utilized to
isolate the break.

An intermediate size steam break could occur outside containment in the RCIC or feedwater piping. For
this break to occur and not be isolatable would require failure of a check valve (CV-3-572) to close, given
the intermediate break. In this case, the valve failure rate is 1 x 104 per demand. This results in a relative
initiator frequency of (3 x 1040 x 104 = 3x 10°8, compared with 2.1 x 104 for an intermediate sieam
break inside containment. In addition, hand control valve (HCV-3-66) can be utilized to isolate the break.

Although intermediate size breaks can occur on larger size piping, the frequency of these breaks and
failure to isoiate the large line is likewise insignificant.

Small Breaks — No small liquid or steam breaks were identified that interface with the primary coolant
pressure boundary under the guidelines of NPRDS!! for excluding lines 1-1/4-in. diameter or less.
Although small size breaks could occur on large or intermediate piping, the break frequency and probabil-
ity of failure to isolate muakes these events insignificant compared to small breaks inside containment.

5.3 Transient Functional Event Trees

For purposes of this analysis, a transient is any event that causes thermal-hydraulic, flux, pressure, or
similar reactor parameters to challenge the RPS to initiate a scram. Actions, such as a scram, as part of a
planned shutdown or transients that do not directly result in a challenge to the RPS were not considered.
The transient functional event tree is shown as<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>