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January 22, 198Z 

Dr. Ashok Thadani, Chief 
Reliability and Risk Assessment Branch 
Office of Nuclear Reactor Regulation 
U. S. Nuclear Regulatory Commission, 
Washington,. D.C. 20555 

Dear Ashok: 

SUBJECT: Memorandum: 'BNL Peer Review.of the Zion ProbabilifStic Safety 
Study', A. J.. Buslik to R. A. Bari, 1/18/82 (Enclosure 1).

Memorandum: "On the Two-Stage Bayesian Procedure for Deter 
mining Plant-Specific Frequencies for Initiating Events", 
.. A.. Papazoglou to R. A. Bari, 1/19/82 (Enclosure 2).  

Work of Ioannis Papazoglou (Enclosure 2), using Raymond F. Scholl's 
data on loss of offsite power initiators to provide the generic data base 
used in the two-stage Bayesiarr Method, shows that the estimate of the mean 
frequency of loss of offsite power should be .12/yr, instead of the .08/yr 
used in Enclosure 1. Note also that on p. 14 of Section 2 of Enclosure 1, 
that the probability of event sequence 45 should be multiplied by the prob
ability of restoring offsite power in 60 minutes, or by .74. Enclosure 1 
corrects typographical errors contained in the transmittal (Federal Expres
sed) to you on 1/18/82.  

Warm regards, 

Robert A. Bari, Head 
Engineering and Risk 
Assessment Division
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cc: A. J. Buslik 
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BROOKHAVEN NATIONAL LABORATORY .  

MEM O R A ND UM

DATE: January 18, 1982 (Typographical errors corrected January 22, 1982) 

TO- R. A. Bart 

FROM: A. J. Buslik " XF 

SUBJECT- BNL Peer Review of the Zion Probabilistic Safety Study 

1.0 INTRODUCTION= 

This report documents the results of our peer review of the Zion Prob-

abilistic Safety Study,. Reference 1. Section 2 considers internal events, and 

Section I external events. Sectior 4 Is. a discussion and sutinary-.
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2.0. INTERNAL EVENTS -__

243. Completeness of the Analysis, System Interactions, System;.  
Success/Failure:.Cri.teria .... _______-_._,__ ._.__ 

In this section, comments on the completeness of the analysis wil:l :be 

made. System success criteria which require further study will benoted. Sys

tern.interactions, which do. not appear to be treated properTy will be noted. .  
Two sequences for-which- more detailed analyses were made will be discussed 

separately, in sections Z.Z and Z.3. These are accident :sequences -initiated by 

- loss of offsite power, and small loss of coolant accidents -followed by failure " 

of emergency coolant rectrculation.  

The plant state (or core damage state) used in the analysis of Reference t 

tells whether the sequence type is a large loss of coolant- accident (iden

tifier A), a. small. loss of coolant accident (identifier S), a- transient (iden'

tifier T), or an interfacing LOCAt (identifier V), whether the core- melt is 
early (E) or late (L),. whether the containment sprays are operating (C), or not " 
(blank space), and whether-the containment fan coolers are operating (F). or not 

(blank space-). However, the containment spray identifier (C) refers only to 

the-operation' of the containment sprays in the emergency coolant injection -.  

phase and not in. the recircuTation phase. An accident in which a small Loss of -' 

. Coolant Accident (LOCA) occurred, followed by failure of emergency co6lant 

I recirculation, failure of the containment recirculation spray, and failure of 

* the containment fan coolers, would have-the identifier SLC, if the containment 

• !spray were to operate in the injection phase. This is the same core damage 

state identifier, that would be used if the containment recirculation spray were.  

-operating, yet the containment failure mode and radioactive release might be 

very different for'the two- sequences.  

rn both transient-initiated sequences and small loss of-coolant accidents 

j the analysis of Reference I assumes that "feed and bleed", where primary cool

ant is injected into the reactor coolan't system by the high pressure injection 

- system, and released througt the pressurizer relief valves, is- adequate for 

successful decay heat removal, when the auxiliary feedwater system is unavaiT

able. No analysis Ts given to support this assumption.  
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Although loss of component coo-ling water- is considered as-.an accident.  

initiator, there are potential systems interactions which are not discussed.

If component cooling water is lost to the reactor coolant pump seals then re

actor coolant pump seal injection flow must be maintained .by the charging pumps 

to prevent reactor coolant pump seal failure. But it would appear that the-:-..  

charging pumps require component cooling water for coolig.- --If the charg

ing. pumps fail, then one has a small LOCA through the failed reactor coolant." 

pump seals. The higt head. safety injection pumps can be used to take water , 

front the refueTing water-storage tank (RWST), and inject It into the primary 

coolant system. In generaT, these pumps require component cooling water.. It 
.... is possible that when they are. pumping the relatively cool: water from the RWST 

.that they do not require component cooling water. But ultimately one has to go 

to emergency coolant recirculation. The point is that all this must be 

analyzed, and it does not appear to be discussed in the report. It is not at 

all clear how the frequency of core melt due to the loss of component cooling.  

,water initiator was arrived at., 

A sequence which was important-in the German Risk Study (See Reference 2, 

EPRI-NP-1804-SR) was one whic& involved loss of offslte power, reactor trip, 

lifting of the pressurizer relief valves, failure to close.of the pressurizer 

relief valves, and failure of the diesel generators. This results in a small 

LOCA through the pressurizer relief valves, with failure of the High Pressure 

Injection System (HPIS), and Teads to core melt. An incident which involved 

loss of offsite power, reactor trip, lifting of pressurizer relief valves, and 

failure to close of the pressurizer relief valves, occurred at the Beznau reac

tor in Switzerland,. on August 20, 1974, (Reference 3, ORNL/NSIC-176, p. 58).  

This is a Westinghouse-designed reactor.. The pressurizer relief valves lifted 

because of failure of a turbine by-pass valve. A very rough estimate of the 

frequency of this sequence is obtained as follows:
1



Event 

Loss of Offsite Power 

Pressurizer Relief or 

Safety Valve Lifts 

Pressurizer- Valve Fails 
to. Reclose 

Diesel Generators fail to 

Energize any of Buses 

147, 148, or 149

Frequency 

.08/yr

1x10-3

The product of the frequencies of these events is T.6xlO- 7/yr, which is com

parable to. the value obtained for other loss-of-offsite power sequences that 

were considered. This estimate of the frequency of this sequence 
is very  

rough. In the German Risk Study (See p.5-16 of EPRR NP-1804-SR), the pressur-, 

izer relief valves were assumed to lift on power failure. The frequency of 

pressurizer relief or safety .valve lifting, given loss of offsite power, de

pends in part on whether the plant is operated with the block valves (in series 

with the pressurizer relief valves)in a closed position.- Presumably the lift

ing of a. pressurizer safety valve, with its higher set point, would occur more 

rarely. From a telephone conversation with George Klopp of Commonwealth Edi

son,. it was learned that the Zfon plants are, in fact, operated with the pres

surizer block valves: closed..  

If the pressurizer relief valves are operated in this mode, it raises a 

question concerning the-ATWS sequences. According to page 1.3-333 of the Zion 

Probabilistic Safety Study, ATWS pressure relief may require operation of one 

power operated relief valve on the pressurizer, in addition to the three safety 

valves on the pressurizer. This wiTl occur if the moderator temperature coef

ficient is not sufficiently negative. On page 1.3-44 of the Zion Probabilistic 

Safety Study this condition is assumed to occur about 10% of the time..
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The operator must open the block valve-in less than 10 minutes. A mean fre-" 

. quency of 4x10"3 is assigned to the event that the. operator fails to open.the 

- block valve in this 10 minute or less time period. Considering the high stress 

conditions under which the operator is acting, it would appear that this fre-' 

quency could be significantly higher. If the human error frequency were P,.  

' instead of .004, then the frequency of core melt due to ATWS would be 

6.7x10-6/yr + 8xO-5/yr x (P - .004). This can be seen by considering the 

following sequence of events, which leads to core melt (state SEFC): 

- EVENT FREQUENCY 

1. Either loss of main feedwater or (5.2+3.7)/yr *8..9/yr:* 

turbine trip 

2. Power level greater than 8% 

3. Failure to trip l.8xl0 4 *

4. Mod. Temp.. Coeff. between 

-7 and -5 pcm 

5. Operator Fails to open block P 

valve.  

* See Table .5.1-50 of Reference 1.  
See p. 1.3-340 of Reference 1.  

• See Tables 1.3.4.7-a and 1.3.4.lla-2 of Reference 1. . -: 

See p., 1..3-4 of Reference 1.  

The frequency of this sequence is 8xlO-5P/yr. Since Reference 1 obtains a 

core melt frequency due to ATWS of 67x10-6/yr (see Table. II.2.1 in VoTume I 

of Reference.1), and since P - .004 was. used in Reference 1, one obtains 

67xO-6 /yr + 8.OxiO-5 (P - .004) for the frequency of core melt due to 

AThJS.  

The estimate of .004 for the human error of failing to open the block 

valve was based on analogy to the human error in switchover to low pressure 

recirculation. However, there is at least 30 minutes after a large LOCA before.  

.1.



switchover to low pressure recirculation is required, while according to 

p. 1.3-44 of Reference 1 the operator in an ATWS has "less tharn-10 minutes" to 

open the pressurizer block valve.-, The question is, how much less? Generic 

studies indicate that the peak pressure in an ATWS is reached in about 2 min

utes (Ashok Thadani, private communication). if the operator must respond 

within two minutes, then, according to the Handbook of Human Reliability

AnaTysis (see p. 17-20 of Reference 9), the human error frequency is .95, and' 

P=.95 may be a good estimate, although the skill and training of the operators 

must betaken into account. Two minutes or so after an accident, credit is 

given for only one operator,, accordihg to the Handbook (see. p. 17-24 of Refer

ence 9)- If 10 minutes were available, then the probability that the first' 

operator fails to open the block valve is- about .8, according to the Handbook

(p. 17-20 of Reference 9). Credit is given here for the shift supervisor alsoF 

being present. Assuming complete independence of the errors of the two peopTe,.  

one obtains .64 for the probability of failing to open the block valve. For 

P .95 the core melt frequency-due to ATWS is 8.2xlO-S/yr; and for P = .64 

the core melt frequency due to ATWS is 5.8xlO-5/yr. These are important con

tributors to core melt frequency. A careful, detailed human error analysis of 

this sequence must be made, taking into account the skills and training of the 

operators, and the precise times available for their action. The Handbook.  

-(Reference 9, p. 17-25) says that, in some cases, in coping with large LOCA, 

the human error frequencies may be much lower than those given on p. 17-20 of 

the Handbook (Reference 9).  

When looking for completeness,. one can look at the relatively minor 

incidents that occurred which miqht have led to a serious accident if other 

things went wrong. Even if the conditional frequency of a serious accident, 

given the event sequence that actually occurred,. is relatively low, one would 

like this possible serious accident sequence to'be included in the logical 

framework of the risk study. The reason is that there may be a .very large 

number of such accident sequences, so that the frequency of the aggregate of 

these sequences may be appreciable.
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IOne-incident that-occurred which could have-led:-to something ,seriousan 
which does not appear to be included in the logical framework. of the Zion Prob
abilistic Safety Study is a human-error initiated incident which occurred at 
Zion 2. on July 12, 1977. This incident resulted in the water-level in: the re
actor being drawn down to. the point where the pressurizer heaters were uncov
ered. It occurred when unit 2 was in- hot standby. A reactor- protection logic 

" system test was to be done. Because of a series of administrative and operator 
errors, a number of instruments were jumpered.so that dummy signals were pres

-4 ent, when in fact these instruments were not supposed to be jumpered. These 

" instruments displayed values which were not related to the actual values of the 
parameters they were, supposed to measure, and the control systems responded to- 
the dummy signals, not to the true vaTues of the parameters.  

Certain core-melt accident sequences which could occur during cold shut
down do not appear to be adequately addressed in the Zion Probabilistic Safety 

Study. These are accident sequences in which the steam generators are un
available for decay heat removal. In preparation for refueling, with the re
actor vessel head bolts loosened, the option of returning to hot shutdown con
ditions and removing decay heat through the steam generators is not avail
able. The steam generators may also be unavailable because of eddy current 
testing of the-steam generator tubes. There. have been at least four incidents 
during shutdown when residual heat removal pumps have become airbound during 

cold shutdown and the steam generators have been unavailable because the steam 
generator manway covers were removed in preparation for eddy-current testing.  

- These events were (1) an event at Beaver Valley on September 4-, 1978,. (2) an 
event at Ginna on May 3, 1972,. (3) an event on April T8, 1980 at Davis Besse, 
and (4) an event on-. April 19, 1980 at Davis Besse., When eddy-current testing 
of steam generator tubes is done, the water level in the reactor is lower than 

4usual and airbinding- of the residual heat removal pumps becomes more likely.  

Charging pumps could in general be used. to maintain a water level above the 
core, but maintenance on charging pumps is frequently done during periods of 

cold shutdown.  

+.1 
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BNL was supplied with a list of initiating events by the Reliability and 

Risk Assessment Branch. We give here some conents concerning-the treatment of 

these events in the Zion Probabilisttc Safety Study.  

For event 1 on this list (see Table 2.1), Station Blackout,. the reactor 

coolant pump seal failure event was considered, but there are deficiences in 

the analysis, as will be discussed in Section 2.2. The loss of d.c. after a 

finite time was apparently (insofar as the authors could ascertain) not 

explicitly considered.

Event 4, Reactor coolant pump trip for a small LOCA is apparently not 

included, but its effect on the event sequence is unclear.

Event 6, a multiple instrument tube LOCA below core level is a small, loss

of coolant accident, and should be included in the frequency for small loss of 

coolant accidents.  

Event 7, overcooling events leading to pressurized thermal shock, and 

event 8, overpressurization during cold shutdown, are not included in the. Zion 

Probabilistic Safety Study, as being possible causes of reactor vessel rupture.  

(The related: problem of radiation embrittlement changing the nil ductility 

transition temperature of the reactor vessel is also not considered.) The 

frequency of reactor vessel rupture is taken from Wash-1400 -see p. 1.3-71 of 

the Zion Probabilistic Safety Study.  

For the large LOCA, event g, reactor coolant pump missiles.are not 

considered; turbine missiles as an accident initiator are considered briefly on 

p. 7.8-1 of the Zion Probabilistic Safety Study.

I

I
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. . . Although accidents occurring during .coTdshutdown may not be adequately

-.addressed in the study, there do not appear to be any fundamental weaknesses in 

the methodology which prevent them from being handled as well as the other ac

cident sequences considered. The human-error initiated accident sequences are 

more difficult, however,, as the incident at Zion-2 referred to earlier, in 

which a variety of instruments were jumpered, demonstrates.
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I Event 12, a stuck open pressurizer safety'relief valve is included as an..  

accident initiator as part of the small LOCA frequency. This means that any

difference in, say, the frequency of operator error for a pressurizer safety 

valve lifting and for other possible small LOCA's would not be considered.  

However, considering the operator training after the Three Mile Island Accident 

it is- not very likely that the operator would turn off the High Pressure 

Injection System because of high pressurizer water level If the pressurizer 

pressure is low.  

We were not able to ascertain, in the time available to us, whether con

tainment isolation, event T5 of TabTe 2.1, was included or not. The signal to 

provide containment isolation is provided by the Engineered Safeguards Actua

tion System, discussed on p. 1.5-31Z. of Reference 1. There is also a discus

sion of containment isolation on p. 1.1-9 of Reference 1. However, the event 

trees looked at do not appear to address whether or not containment isolation 

took place. Moreover, the plant state description (i.e.. core damage state) is 

not sufficiently detailed to say whether containment isolation took place. For 

example, SEFC says nothing about containment isolation. On p. 2.4-3 of Refer

ence I it is indicated that containment isolation failure is sufficiently 

unlikely so that its contribution to risk is negligible; however, no analysis 

seems to be given in the report.  

Event 19, loss of ventilation in the auxiliary building, is not considered 

as an accident initiator, but it is not clear that this is significant. Cer

tain accident sequences couTd result in loss of ventilation because of loss of 

AC power; this was apparently not addressed directly but may not be important.  

Event 21, reactor coolant pump seal failure, should be included as part of 

the small LOCA initiating event frequency. However, from Table 1.5.1-47 of 

Reference 1, and the comment there that there were no small LOCA's except- for 

pressurizer relief or safety valve- opening, it is evident that no reactor 

coolant pump seal loss of coolant accidents were included in the data base.  

There have been at least twa reactor coolant pump seal failures - at H.B.

e 
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Robinson, unit 1, on May 1, 1975, whi 

of 12.5 inches, with a total leak of 

on May 10, 1980 where the leak rate 

Table 2.1 gives, in addition to 

the Risk and Reliability Analysis Br 

is included in the Zion Probabilisti 

else reference to the text of this si 

for more details.
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ere the containment-was flooded to a depth

132,500 gallons, and at-Arkansas unit 1, 

reached a maximum of 90 gallons per minute.  

the initiating events supplied to us by

inch, an indication as to whether the event 

Safety Study, and some brief comments, or 

ection, or other sections of this reportl

2.Z Loss of Offsite Power Initiator-

Z.Z.1 Electric Power Recovery Models.  

The offsite power recovery model used in the Zion Probabilfstfc Safety 

Study is optimistic compared to generic data on the recovery of offsite power.  

'There is no plant-specific data on the recovery of offsite power after a total 

loss of offsite power, since this has never happened at the Zion plant. Ac-.

cording to the model used in the Zion Probabilistic Safety Study, the frequency 

that offsite power is not recovered within 30 minutes is .28, and the-frequency 

that offsite power is. not recovered in 60 minutes is .03. To obtain, from ge

neric data, an estimate of the frequency distribution for the time to restor

ation of offsite power,. we made use of a report by Raymond F..Scholl, Jr., of 

the NRC [Loss of Offsite Power - Survey Status Report, Revision 32. For 39 in

stances of total loss of offsite power in which the time to pa-rtial restor

ation of offsite power was given, the frequency with which offsite power was 

not recovered within 30 minutes was .41, (as contrasted to the Zion Probabi

lfstic Safety Study value of .28) and the frequency with which offsite power 

was not recovered within 60 minutes was .26 .(as contrasted to the Zion Prob

abilistic Safety Study value of .03). Admittedly, there are deficiencies in 

this direct application of generic data to the Zion plant, but it is felt that 

the results obtained are-closer to the truth than that obtained in the Zi-on 

Probabilistic Safety Study. Considering only failure-to-start of the diesel 

generators, and not failure to. run, the probability of a loss of power to
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busses 148 and 749 because of failure-of the diesel generators, coupled with., 

failure to restore offsite power in 30 minutes, is: 

PF30 -= (l.83xlO "3) x. .41 = 7.5xlO-4, I as contrasted to the value 

PF30= 6.02xl0 4 

obtained in the Zion Probabilistic Safety Study.. Here 1.83x10-3 is the 

probability of failure of the diesel generators to supply power to. busses 148 

and 149. The dtfference is more significant when one considers the probability 
offsite power is not restored within 60 minutes, coupled with failure of the 

diesel generators to supply power to bases 148 and 149.  

One obtains 

9 PF6 (1.83x10-3) x .26 = 4.75xl0 4 , as 

opposed to the value. 

F60= 7.49xlO
-5 

obtained in the Zion Probabilistic Safety Study. This is approximately a 

factor of six higher.  

Even if one accepted the model for restoration .of offsite power given in 

the Zion Probabilistic Safety Study, the probability offsite power is not re
, stored within 60 minutes should be .046, not .03. The Zion Probabilistic 

Safety Study model for recovery of offsite power, gives the time to recovery of 

offsite power as the sumof two.variables, which we will call t' and t". The 

* time t' is the time for the operator to reach the 345kv relay house, cheek the 

3diesel generators, check the 345kv relays and open the unit disconnects. The 

.1



time t" is the time to restore- power after above local operations have been 

performed. " The frequency functions for t' and t" are histograms, so that they 

can be written as linear combinations of the unit step function: 

gl(t') = ai- u(t'-t'j) 

•g?(tm). = bj u(t"-t"j), -

where gl(t') is the. frequency function for t', g2 (t") is the frequency 

function for t", and u(t) is the unit step function, equaT to zero when its argu- = 

ment t is negative, and equal to unity otherwise. By use of the fact that the 

Laplac- transform of a convolution is the product of the-Laplace transforms of 

thetwo functions being convoluted, it is possible to determine the frequency, 

function of t = t'+t" as 

g~t) aib j (t-ti'-tj")u(t-ti-tj, 

and numerical evaluation leadsto the result that the probability offsite power, 

is not restored in 30 minutes is .365, not the .28 calculated in the Zion 

Probabilistic Safety Study, and the probability that offsite power is not restored 

in-60 minutes is .046, not the .03 obtained in the Zion Probabilistic.-Safety 

Study.  

We now estimate the change obtained in the frequency of sequence 44 in 

Table 1.3.4.11b-4 of Reference I when generic data is used to estimate PF60 

instead of the model used in the Zion Probabilistic Safety Study. This se

quence is initiated by loss of offsite power, followed by loss of emergency 

power to buses 148 and 149, and failure to restore power for a period of 60 

minutes. It also includes failure of the turbine driven auxiliary feedwater 

pump. The conditional frequency of this sequence, given the occurrence of the 

loss of Offsite power initiator becomes 

PF60 x .049= Z.32xlO - , 

-when PF60 = 4.75X]- 4 is 'used; if the Zion Probabilistic Safety Study value 

of 7.49xlO "5 is used for PF60 one obtains 3.67x10-6 for this sequence.



-The failure frequency of tire turbine-driven auxiliary feedwater pump is .049 

per demand. We estimate the initiator frequency for this event as .081/yr p.instead of'.058/yr. The difference obtained here arises mainly from the fact 

that one cannot merely take the sum of the operating times of both units when 
updating the generic data distribution by the plant-specific data. This is a 

*consequence of the fact that a *loss of offsite power event can affect both 

units simultaneously. The Zion unit operating the longest has been operating

8.5 years. We obtain therefore,.for sequence 44, a frequency of 

.08/yr x 2.32x0 5' .1.9x106/yr.  

This sequency leads to core damage state TE. This sequence is identified a's 

sequence 14 In TabTe 11.2-7 in Volume I of Reference 1. -The frequency ob
. iteadthereis 2x 7/yr; our estimate is aifactorooft10fhcther.  

The diesel generator recovery model is also somewhat optimistic compared
. to the data given in able 10 of NUREG/CR-132 eData Summaries of Licensee 

Event Reports of Diesel Generators atoU.S. Commercial Nuclear Power Plants .  

However, nocredit was given for diesel generator recovery in the Zion Prob

abilistic Safety Study - the model developed was never used. The neglect of 

diesel generator recovery increases the calculated core melt frequency some

what, but the conservatism introduced is not great, since,according to 

*NUREG/CR-1362, only 23% of all diesel generator repairs-take less than 1 hour.  

2.2.2 Loss of Offsite Power Followed by Reactor Coolant Pump Spal Failure 

There are errors in the calculations of event sequences 45 and 51 in the 

loss of offsite power event tree (see Table .3.4.llb-4 of Reference ) of the 

Zion Probabilistic Safety Study. These sequences involve-the reactor coolant 

pump seal failure after loss of offsite power and failure to supply emergency 

power to buses 147, 148, 149, 248,,and 249. This results in loss of coamcnent 

cooling water, as well as loss of seal injection flow, to the reactor coolant 

pumps, and results in the failure of the reactor coolant pumpseals. i ssbly 

because of typographical errors, it is not possible to ascertain that sequence 

5d involves the event LS, the reactor coolant pump seal LOCA, from Table 
l.3.4.llb-4 ofReference 1. It is necessary to refer to the event tree,



-

S-13-

i a 

I:,

Figure 1.3.4.11-2 of-Reference 1.. In any event, the conditional frequency of 

sequence 45, given the offsite. power initiator, should be just the frequency of 

the event LS. Reference to p. 1.3-37 of Reference 1 shows that the event LS 

implies failure of buses 147, 148,. 149, 248, 249. Nothing more is required, 

after the loss of offsite power Initiator, since it is assumed that only a 15 

minute loss of component cooling water and seal injection flow is sufficient to 

cause the reactor coolant pump seal LOCA. Thus, the conditional frequency of 

sequence 45, using the Zion Probabilistic Safety Study calculation of-the..  

frequency of event LS, is 1.8xlO -6, not the 3.09xI0'8  given InTable

1.3.4.!1b-4 of Reference . Sequence 51 should be the' event LS followed by.  

loss of power for more than 60 minutes. However, the event LS already implies 

failure of the diesel generators to energize buses 147, 148, and 149.m Thus, in 

order to obtain loss of power for 60 minutes, given the offsite power 

initiator, and given the event LS, it is only necessary not to restore offsite 

power in 60 minutes. This event has, according to the Zion Probabilistic 

Safety Study, the frequency .03. One obtains therefore, for sequence S1, the 

conditional frequency (given loss o? offsite power) of 

1.8x10 6 x .03 = 5.4xlO 8.  

However, the probability offsite power is not restored within 60 minutes 

is .26, not .03, if generic data is used (see section 2.2.1). Moreover, the 

probability of the event LS is calculated assuming diesel generators asscciatcd 

with the two different units fail independently. (Commion mode failures for the 

diesel generators associated with the same unit are considered. Also, external 

events are handled separately ). The dominant contributor to the event LS con

sists of the event produdt 

ABC, 

where 

A = event that buses 148 'and 149 are not energized by the diesel generators 

OGIA and DBIB.  

B = event that buses 248 and 249 are not energized by the diesel generators 

DG2A and DG2B.  

C = even+ that diesel generator OGO energizes bus 247 and not bus 147.

-s
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The frequency of the event LS is essentially, using the model of reference 1, 

"  P(LS) = P(ABC)= P(A)P(B)P(C) * .5 P(A)P(B),.  

since the probability DGO swings to either unit on loss of offsite power is .5. -; 

With 

P(-A) = P(B)= 1.85x10"3 

one obtains P(LS) 0.5 (l.85xi0-3)Z  l.71xlO 6 , But P(ABC) May be much 

greater than P(A)P(B)P(C) if there are common mode failures connecting the Unit, 

1 and Unit 2 diesel generators. " 

The type of common mode failure one is concerned about is the type which 

is not revealed by testing, but is only revealed during a: real Toss of offsite 

power event. A "near-miss" to this kind of event happened .at Millstone Unit 2 
on July 6, 1976. A voltage reduction on the grid occurred Which resulted in a 

* reactor trip but was not sufficiently great to actuate certain undervoltage re

lays.. The diesel generators were not capable of automatic start. It really 
would not have mattered how many of them there were - they would have all res

ponded in the same way.. If. one attempts to obtain an upper bound to the fre

quency of this type. of event from data, one gets an upper bound estimate of the 

order of 10- 2. There have been some 400 reactor-years of PWR experience in 

the U.S.,. and the average rate of loss of offsite power is about .27/yr, so 

that there have been about 100 total loss of power incidents. If one says that 

there have been no incidents of common mode failure of the diesel generators in 

these 100 incidents, one obtainsat a 50% confidence level, 7xlO -3 as an up

per bound to the probability of this event. This seems too high to use as. an 

estimate of the commort mode faiure of all the diesel generators. However, it 

seems difficult to justify a number much below lO" per demand. It is rare 

to find systems without diverse subsystems, but which depend only on redundancy 

for reliability, to have a much lower-unavailability. Then we obtain for the 

.J frequency of the event sequence 45 (from Table l.3.4.llb-4 of Reference 1) 

P(sequence 45) = .08/yr x P(LS) = .08/yr x-l0-4 

-. 8x I0_ 6/yr,
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where, as before, we have used .08/yr instead of .058/yr as the frequency of 

loss of offsite power. This sequence 45 leads to core damage state SEFC. Se

quence 51 of the same table would now be calculated as 

* .P(sequence 51) = .08/yr x P(LS) x P(offsite power not restored in 60 minutes) 

.08/yr x 10- x..26 = 2 x 10 /yr,.  

and leads to core damage state SE.  

2..3 Small Loss of Coolant Accidents Followed by Failure of Emergency Coolant 
Recirculation __ 

The Zion Probabilistic Safety Study, Reference l, does not explicitly 

' consider simultaneous failure of both emergency coolant recirculation and con

* - tainment recirculation sprays because of components common to both systems., 

* The core damage state descriptor (e.g., SL) gives no information about 

whether recirculation sprays are operating or not. Apparently the authors of 

the Zion Probabilistic Safety Study have tacitly assumed that recirculation 

spray operation is irrelevant to the containment response and radioactive re--.  

*: i lease. If this were the case, then there would be. no need to considercomo 

mode failures of.the. recirculation spray and emergency coolant recirculation.  

However, after a core-melt aerosols are generated in containment. If 

containment recirculation sprays are not operating, then these aerosols may 

interfere with the operation of the containment fan coolers. In the BNL cri

tique (Reference 7) of the Offshore Power Systems risk assessment for the Zion 

plant, the probability of failure of the fan coolers, given a core melt and 

failure of the containment recirculation spray, was taken as .1. This was 

based on an estimate made by M. A. Taylor of the. NRC. If this. probability is 

valid, and if failure of emergency coolant recirculation, failure of contain

ment recirculation spray, and failure of containment fan coolers leads to de

layed overpressure failure of the containment (without the radioactivity re

moval that would occur if the containment recirculation spray Were operating), 

then the common mode ,failure of emergency coolant recirculation and containment 

recirculation sprays is significant.
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In the recirculation mode of -cooling the core, for a small LOCA,, the 

residual heat removal (RHR) pumps take suction from the containment. sump; the Iwater l eavi ng the RHR pumps 'goes through heat exchangers and then goes. to. the: 

4containment sprays (by one path) and to the hi-head pumps for core cooling (by 

another path). There are motor-operated valves (SI88llA and S18811B) in'the 

lines from the containment sumnp to the RHR pumps. These valves are normally 

closed;. failure to operate of both of these valves leads'to failure of both-the 

emergency coolant recirculation function and the containment recirculation 

spray function.  

The Zion Probabilistic Safety Study, Reference 1, used a value of 

l.55x10-3 per demand for-the mean failure frequency of these motor operated 

valves (see Table 1.5.2.3.4-6 of Reference 1) and used a mean 0-factor of .014 

(see p.1.5-462 of Reference l).to include common mode failures. The failure.: 

frequency of .55x1o3 is supposed to include failures in the local control 

circuitry for these. valves (see p. 1.5-496 of Reference 1). However, following  

the Reactor Safety Study, both the Offshore Power System Study (Reference 8)i 

and thr BNL critique (Reference 7) of this study used a value of .03 for the fail

ure frequency- of th loa ontr l circuitry of the valves. Moreover7taBNL critique 

of the Offshore Power Systems Study used a 6-factor of .15, an order of magni

tude higher than that used inReference 1. 'ncluding the failure frequency for 

valves due to failures of local control circuitry, one obtains a failure fre

quency of .032 per demand for one of the valves, using Reactor Safety Study 

data. Using the -factor of .15, one obtains a frequency of (.032) (.15)  

.0048 for common mode failure of both valves (valves S18811A and S8811).  

There is other common equipment in the containment spray recirculation system 

and emergency coolant recirculation system, but the major portionof the common 

mode failure of these two systems comes from the common mode failure of these 

motor-operated valves.. Using the mean small LOCA frequency of .0354 from the 

Zion Prohabilistic Safety Study, Reference T, and assuming a containment fan 

cooler failure frequency of .,given failure ff emergency coolant recirculation 

and containment recirculation spray, one obtains 

J d(.0354) (.0048) (..1) f.7x 5 /yr, 

as the frequency of a sequence which may result in delayed overpressure failure 

of the containment. It is therefore of imoortance to determine whether this 

A 

a moe filue o thee to sstes cmes romthecomon ode ailre f. hes
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sequence does indeed lead to delayed containment o 

moreover to recheck the Reactor Safety Study value 

frequency of the local control circuitry for a mot 

the valve SI8811A in the line from the containment 

pumps.

verpressure failure, and 

'of .03 for the failure 

or-operated valve, such as 

sump to one of the RHR
s
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TABLE 2.1.  

EVENT TO BE CONSIDERED IN RISK STUDIES

REMARKS

1. Station Blackout 

(a) RCP seal failure 

(b) Loss of D.C. after 

finite time 

2. Loss of D.C. power 

3. Loss of instrument and 
control power 

4. RCP trip for a small LOCA 

5. SDV LOCA 

6. Multiple. instrument tube 
LOCA below core level 

7. Overcooling Events 
(as pressurized thermal 
shock) 

8. Overpressurization during 

cold shutdown 

9. Large LOCA 

(a) RCP missiles 

(b) Other missiles 

10. Steam Operation tube failure 

11. ATWS 

12. Stuck open S/R valve 

13. Break in RHR during cold 

shutdown 

14. Loss of main feedwater

Included .  

Included - deficiencies in analysis, 
see Section 2.2 

Not Included - see remarks, this section 

Included as a reactor trip initiator 

Not Included 

Not Included - see comments, this section 

Not Applicable to PWR 

Included as part of small- LOCA frequency 
see comments, this section 

Not Included 

Not Included 

Included 

Not Included 

Not Included 

Included as ant initiator 

Included - but see comments, this section 

Included as an initiator as part of small 
LOCA frequency - but see comments, this 
section, concerning stuck open S/R valve 
after loss of offsite power.  

Included in section on internal flooding, 
in Chapter 7.  

Included

EVENT



TABLE 2.1 (cont.).  

EVENT TO BE CONSIDERED IN RISK STUDIES ____ .  

EVENT REMARKS 

. 15. Containment Isolation ?. see comments, this section 

16. Turbine Trip Included 

i 17. Loss. of component cooling Included - but see comments, this section 
water

18. Loss of service water 

.19. Loss of ventilation in 
auxiliary building 

20. Pipe breaks in auxiliary 

21. RCP seal failure

22. Boron Dilution 

(a) Shutdown 

(b) At power 

23. Excess feedwater events 

24. Loss of instrument and 
control air

Included 

-Not Included - see comments, this section.  

Included in section- on Internal flooding 

Treated as a small LOCA, but RCP seal 
failures that have occurred are not 
Included in data base; see comments, this 
section 

Not IncTuded

Included as a power excursion event, 
(event tree 10) 

Included as part of turbine trip 
initiation frequency 

Eliminated.as an initiator during 
preliminary screening - see Section 
1.3.1 of Zion Probabilistic Safety 
Study, p. 1.3-7..

.1 

d 

*1
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* 3.0 FIRES AND EARTHQUAKES 

3.1 Fires 

The purpose of this section: is to critique certain aspects of the fire an 

alysis, for cable tray fires, of Reference 1.  

We first make some remarks about terminology. Reference I makes-use of

two concepts, the first of which it calls 'frequency", and the second of which 

it calls "probability". The word 'frequency', in this. usage, denotes a concept 

which someone belonging to the frequentist school of probability theorists 

1 would call- probability. The word "probabilityu, as used in Reference 1,: refers 

to a degree-of-belief. Just as a frequentist would say that the probability of 

an. event is not exactly known from, statistical data, but that only an estimate 
of this probabiity can be obtained, so, in. Reference. 1, the authors;talk about ... .  

. probability of a frequency. The word "frequency", as used here, is not to be--

confused with "observed frequency", in a. finite. sequence of trials. For ex

1 ample, if one tosses a coin 100 times, and obtains 47 heads, then the observed 

(relative) frequency isi .47, while the frequency is .5, if the coin is unbiased 

(the word "frequency" denoting what the frequentist would call probability).  

A random variable may take on various values with different frequencies. -If 
-

' the random variable is continuous, one can talk about a frequency function 

(corresponding to the frequentist's probability density function). If one is 

uncertain .as to the exact value of a parameter, one-assigns different degrees 

of belief to different values of the parameter. The parameter then has a 

probability density function, if it is assumed that it takes on a continuous 

" set of values. The probability density function for a parameter serves much 

. the same function as- the frequentist's confidence interval - one gets an es

timate of the uncertainty in the parameter.  

There is confusion in the fire analysis of Reference 1 in the use of 

these concepts -.the frequency of a random variable and the probability of a 

1 parameter. In order to understand this confusion, and what effects on the fire 

* analysis it has, let us first outline the basic model used in the analysis.of 

core melt sequences due to fires in the cable spreading room. The analysis is 

I subdivided into the following parts: 

.
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(1) Data on cable-tray fires is used to'estimate the frequency of fires 

initiated in a cable tray -a probability of frequency curve- is ob
tained.  

(2) The CMPBRN code is used to determine the time tv 'for propagation of 

the fire vertically to an adjacent cable tray, and the time tH for 

propagation of the fire horizontally to an adjacent cable tray. In 

this calculation, no fire suppresion activity is assumed to take 

place.  

(3) A family of frequency dfstributions for the fire suppression time, 

t s , are generated from data on. fire suppression times, with a probp-

ability (i.e., degree-of-belief) assigned to each member of this 

family.  

(4) If the fire suppression time, ts, is greater than the propagation 

time, tv. (or tH),. the fire is assumed to have propagated verti

cally (or horizontally) to the adjacent cable tray.  

(5) From the analysis corresponding to parts (1) through (4) above, one 

can calculate the frequency of fires in cable spreading rooms which 

involve two or more trays. One must then consider what fractions of 

these fires can, combined with other events, cause a core melt.  

For example, one core melt sequence considered is a sequence in which the 

fire disables. the charging pumps and the motor driven pumps of the auxiliary 

feedwater system,. and the turbine-driven pump of the auxiliary feedwater system 

is unavailable for reasons other than the fire. The calculation of the fre

quency of this sequence involves estimating the conditional frequency of oc

currence of a fire at a particular location in the cable spreading room, given 

that a fire in the cable tray room has occurred.  

Our analysis, in this section, focuses on parts (2), (3), and (4) ofthe 

fire analysis, and then only on some of the statistical aspects. The frequency 

at which a cable tray fire will propagate to a tray above the tray in which the 

fire has started, given a fire has started in the cable tray, is given by 

t t)(ts 
t V (I) " £V ) (1)

-9



way that, pr(...) denotesi for the frequentist,.the probability of an e e t.  

However, here we are dealing with a family of frequencies., indexed by the par- " 

ameters v, (1), e Each of these parameters-has a degree.of belief 

associated with it. If we assume that es varies continuously, then we may 

associate. a probability density function hs(es) with it, so that h :(cs') repre

sents the probability that the parameter e lies between Es' and e! + d s . .  
Similar statements hold for (, v (The parameters -s ,  (). v are 

r 4. e (Th paaetr e e(+) 

assumed independent, although this is really not necessary.)* The function 

9- (ts; Cs') represents the frequency function for the time to suppression of 
the fire, when the parameteres has the value '. Similarly, 

t C v(2)) is the frequency function for the time for vertical 

propagation of the fi-e from one cable tray to the tray above it.. The 

parameters e() ev(2) may be viewed as parameters which enter into the CMPBRN 

.I code; the number of such parameters has been limited to two only for ease of .. (1), (I) n (2) € (2 ) 

exposition. Denote by tdv (1V) and hV (v ))the probability density 

functions for ev(1) and (2 We shall limit our discussion to an analysis of 
V V the mean frequency at which ts. exceeds tv. The mean frequency is given by 

4 X1) d(2)e (1) (2) (2) 

S V 

Use of Eq. (1) leads to ts 
F(ts>tv) /dtss (ts fdtvv(tv), (3) 

where 

_'S(ts) -fs(ts; es)hs(Es)ds_ (4) 

t and = g-<V 4 (t lg(t " (1)' V(2) h(1) (1 ( ) hl( 2 ) (2~ () dv ( ) 
2 ) 

V V V V V  V V V V (5) 

AThus, the mean frequency at which ts exceeds, ty depends only an the mean of 

the frequency functions- for. ts and tv.  

The first difficulty with the analysis of cable tray fires in Reference 1 

is the statistical treatment of tv. The random variable .tv -is treated in
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Reference 1, as.having an infinitely sharp'.frequency'function,-centeredi.-about a",:  7 

value rv which is a function of the parameters Sy(J):

gv~ ( 14S v ( 2). ~ ) ,.. (n)) =a (tv-T) 6., 

where ( 
= V((n)), (n)(7) 

(We assume more than two parameters. v(J) now.) The frequency function for 

tv is uncertain, but once the unknown parameters are fixed, one 'obtains an
(1) (n param-: 

infinitely sharp function. The parameters e 1 )v ( .. ar r 

eters which are used in. the CMPBRN code which calculates rv. One of these 

parameters (say (1)) is called Qp in Reference 1. It refers to the heat 

content (in BTU) of the pilot fuel. The pilot fuel could be any of a number 

I of materials, such as lunch wrappers or oily wiping cloths, both of which have 

been found in cable trays [See Reference 4,, Kazarians and Apostolakis, NUREG/ h(1)~ 
CR-Z258, p. 911. The function hv (Qp) is given from p. 7.3-8 of Refer

ence 1 as
hv(1)(Qp) ,1(Qp-400) + .44 S(Qp-2 0 00 ) (8) 

+ .44- 8 (Qp-1OOOO) + .02 6 (Qp-40000) 

The problem is that hv1)(Qp) is really a frequency function, not a probabil

ity density function measuring degree of belief. A certain fraction of cable 

tray fires will be caused by lunch wrappers, some by oily wiping cloths, and so 

forth, and hv(1)(Q ) measures the relative fraction of fires which would be 

caused by pilot fuels with various values of Qp, However, the misinterpreta

tion of hv ()(Qp) does not affect the mean frequency function for tv; it 

affects the uncertainty bands but it is unclear how significant this is.+ To 

see that if hv (1 p.) were a frequency function instead of a probability 

density function, the mean frequency function is unchanged, one notes that if 

* I (Qp) werea frequency function, then gv(tv; -v. V(Z) 

would be the frequency function for tv conditional on e,(1) 
= Qp having 

4 a specified value. The frequency function for fixed values of ev(2), 

Ai Ev(n) would then be 

(2) v(n)) g ( 1 (2) (n) 
., . v v v. C )dc



*1* ..

-

and the same formula, for gv(tv) as.-obtained ' in Eq.- (5-) (but extended to -' 

more than two ev(j)), would be obtained.  

The value of Tv(tv) can be obtained from the graph of the (cumulative).  

distribution of Tv given in Figure 7.3-3 of Reference 1 . -(The quantity Tv 

is called Tv* in Reference 1.) This graph represents the uncertainty dis

tribution for Tv.. rf h(T-v) denotes. the uncertainty distribution for T., 

then 

3v(tv) "fgv(tv; tv)h(Tv)dTv 
uf(t 'Tv)h(Tv)dTv 

h(tv),3 

(1). (n)) 
since according to Eq.. (6), gv(tv; ev : --- 'v Is just a 6 fjnction.  

Then the quantity ts 
Jo. gV (tv) dt v 

which enters into Eq. (3) can be read directly from Figure 7.3-3.  

The difficulties with the statistical treatment of ts are somewhat more 

substantive. Data on fire suppression times were obtained (see p. 7.3-10 of 

Ref. 1). To be used correctly, this data on the relative frequency of sup

pressing fire in various lengths of times should be used as our best estimate 

of Ts(ts). If this is done, one obtains for Ts(ts) the function 

gs(ts) .4 S(ts-5 min) + .3 S(ts-15 min) 

+ .2 S(tS-30 min) + .1 a(ts-60 min) 

However, for reasons Which are unclear, the authors of Reference 1 said that 

this data on fires represents the uncertainty distribution in a mean time to 

fire suppression Ts, not a sample estimate of the distribution of ts. The 

actual frequency function for t s , in Reference 1, is 

1 e-tS/S s(ts; Ts) -T

*1 

0
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and the mean frequency function for ts, according to'Reference 1 •Is related 

to ?s(ts) by 

gs ~-r et) e s rs -rs'"" 

Since, as discussed earlier, the values of 

Sf gv(tv)dtv 

* can be read directly from Figure 7.3-3 of Reference ., one can, from Eqs. (3).  

. and (10) obtain our revised value for F(ts>tv). This vaTue is 

SF(ts>tv)- .22.  

O: 
Coupled with the mean value of cable tray fires of 7.2x1O 3 /year obtained on 

page 7.3-4 of Reference 1, one obtains a mean probability of 1.6x103 /year for 

cable tray fires involving two adjacent trays. This compares to-a value of 

1.2x1O'3/year obtained in Reference 1, as given at the bottom of Table 7.3-2.  

The'effect of this change is to change the mean core melt frequency due to cable 

tray fires from 1.8x1O-./year, as given on p. 7.3-1 of Reference. 1, to 

2.4x1o'./year.  

There is a possibly important nonconservatism present in the fire analy

- sis of Reference 1. This arises from the neglect of the Browns Ferr fire 

in determining the frequency distribution for the time to fire suppression.  

Although Reference -. states that the Browns Ferry fire was included in the 

data base, this is only.as far as determining the frequency of cable tray 

fires. The Browns Ferry fire took about 7 hours to control; the longest time 

for suppression of a fire considered in Reference 1 (see p. 7.3-10 of this 

reference) is 85 minutes. The time to suppression for cable tray fires used in 

Reference I was derived by Siu in Reference 5 (NUREG/CR-2269) on p.. 108ff.  

He states there that the reason for omitting the Browns Ferry. fire was that the 

4' .- '
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long time required to put the fire out was due to the hesitation of plant per

sonnel to use water to put out the fire, and that it is unlikely that that 

would occur again.

3.2 Earthquakes

The purpose of this section is to assess the sensitivity of the calculated 

frequency of seismically-induced core melt to the seismic hazard function.. In 

particular, the effect of replacing the seismic hazard used in Reference I with.  
the best estimate seismic hazard curve from the Seismic Safety- Margins Research 
Program (SSMRP) will be determined. The SSMRP seismic hazard curve is given in 
Figure 11 of Reference 6, NUREG/CR-2015, Vol. I, and is for the Zion site.  
Table 6 of Reference 6 gives the same information in different form, but there 
are errors in it; the corrected values were obtained'in a private-communication 
from Larry George. The SSMRP program reduced the seismic hazard function by 
.703 to take into account the plant availability factor, and because they were 

considering only accidents occurring during normal operation. We have not done 
this.  

The frequency (i.e., what the frequentist calls probability) of a giverr 
plant state, given an earthquake with peak ground acceleration a, will be taken 
from the Reference 1 analysis; this information-is presented in Table 7.2-4 of 
Reference 1. This table gives the conditional frequency of various seismic 

plant matrices.. A row of the plant seismic matrix corresponds to a particular 
value of the peak ground acceleration. The various columns correspond to the 
various plant states. The only plant state of interest is that designated by 

SE, an early core melt which involves a small loss-of-coolant accident (which 

for the dominant accident sequences consists of failure of the reactor coolant 
pum seals after failure of all the diesel generators, and loss of offsite 
power). We shall determine only the mean value of the seismically-induced core 
melt frequency, and not consider the uncertainty estimates. From Table 7.2-4 
of Reference 1, by averaging the values for the five equal.ly likely, seismic 

matrices given, one obtains for F(SEja), the. mean frequency of plan.t state SE, 
given an earthquake with peak ground acceleration a, the values given in the 

table below:

A

A 

'I 

I 

-t
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a '(SEIa) 

.225 g ,..0022 

.275 g .0154 

.35 g .1358 

.45 g .464 

.55 g .796 

.65 g .950 

.75 g .994 

.85 g .9996

The mean value of the seismically-induced core melt frequency is given by 

T(SE) f(SEja)g(a)da, 

where g(a)da is the frequency (per year) of peak ground acceleration between a

and a + da at the Zion site. The integral in Eq. (1) can be approximated by 
al +1 

T(SE) - T T(SEi fi)a g(a)da, 

where, for numerical convenience, the cut points ai are chosen so as to agree 

with those of Figure 6 of the SSMRP study, NUREG/CR-2015, Vol. 1. The 1i are 

values at the center of each interval (ai, ai+l). The values of T(SEi) 

were obtained from the above table of P(SEla) by graphical interpolation. The 

table below gives the values of F(SEI-ai) and /'g(a)da for each interval.

ai g d 
T(SE ITi ) fa g(a)da

.225 

.375 

.525 

.675 

.865 

above .98

.0022 

.205 

.665 

.965 
LO 
1.0

3. 6x10-4/yr 

1. 8x10- 5 

2.2x10- 6 

5. 75x10- 7 

2.3xLO- 8 

7. 3x10- 8

I I m



One obtains from, Eq. (Z). the result..  

.(SE) =6.6x-
6/yr..  

: This differs by 18% from the result of 5.6x10 6/yr obtained in'Reference-1.  

.1 I
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4.0 Discussion and Summary _.-, .  

Some of the more important points made in this report are:.' 

1. The frequency"of core melt due to ATWS is 6.7TXO 6 /yr + 

8.Oxl1- 5 (P-.004), where P is the probability that the operator fails to open 

* J the pressurizer block valve, In those cases. where it is required.- - Values of P 

of .64 or even .95 may be appropriate, leading to values of the frequency of 
2.WLsiaeacdn eqecsI hc eco coo .ntpup sel -" 

core melt due to ATWS in excess of 5.8xlO 5S/yr.  

.. .... . L We 'estimate accident sequences in which a reactor cootlant'pump. seal :: : 

- - LOCA occurs after loss of offsite power to have a much higher probability than; 

. was obtained in Reference I, partly- because. of errors made in. Reference 1 in

... the evaluation of this sequence, and partly because of consideration of common 

. mode failures which would fail the diesel generators of both units. :Moreover,

... the u-se of generic data to estimate the frequency function for the time to,'.  

recover offsite power leads ta a. higher calculated probability that offsite 

power is not restored in one hour. The frequency of the sequence involving 

loss of Offsite power, a reactor coolant pump seal LOCA, and failure to restore 

power in 60,minutes is estimated to have a frequency of 2xlO- 6/yr. Using the' 

assumptions made in Reference 1 this would lead to core damage state SE.  

3. The core damage state descriptor(e.g., SLC), does not distinguish 

between cases where the containment recirculation sprays are operating or where 

they are not.  

4. For sequences involving a small LOCA followed.by failure of emergency 

* coolant recirculation, significant differences in failure data for certain 

motor-operated valves, and, in particular, differences in the failure frequen

cies for the local control circuitry of these valves, were -found between the Re

actor Safety Study and Reference 1. Consideration of common mode failure of 

emergency coolant recirculation and containment recirculation sprays because of 

common components, and consideration of possible failure of fan coolers in a 

post core-melt environment with failed recirculation sprays, leads to a.se

quence which may result in delayed overpressure failure of the containment, 

with a frequency of .7xlo- 5 /yr., 

• . ., .1



...' - + 

-2

5. The analysis given in Reference 1 of accidents initiated by TOss of 

component- cooli ng.water 'does not address. systems interactions involving failure 

of the charging pumps to maintain reactor coolant pump seal flow because the 

* chargi-ng pumps require component cooling water.  

6. The study may suffer from a lack of completeness as regards- human

error initiated accidents and because of neglect of accidents occurr-ing during 
: cold and hot shutdown." 

7. Corrections of an error in the statistical treatment in the fire ana

lysis leads to only a moderate increase in the probability of core melt due to 

cable tray fires. The calculated frequency of core melt due to cable tray 
fires increases from l.8xlO-6/yr to 2.4xlo,6/yr.  

8. The use of the SSMRP seismic hazard function instead of the seismic 

hazard function of Reference I leads to a very moderate increase of 18% in the 

seismically-induced core melt frequency.
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BROOKHAVEN NATIONAL LABORATORY 

MEMORANDUM 

DATE: January 19, 1982 

TO: R. A. Bari 

FROM: I. A. Papazoglou 

SUBJECT: On the Two-Stage Bayesian Procedure for Determining 
Plant-Specific Frequencies for Initiating Events 

1.0 INTRODUCTION AND SUMMARY . -

In the Zion PRA (Ref. 1) the uncertainties about the frequencies of the 

accident initiators have been assessed according to a two-stage Bayesian pro

cedure which provides plant-specific probability density functions for the 

frequency of each accident initiator. The two-stage Bayesian technique,, as 

: used in the Zion PRA, is described in Reference 2 and consists, in principle, 

in generating a "prior' distribution for the frequency of an initiator using 

Bayes' Theorent and (all available) information (evidence) from relevant plants' 

next, this "prior* is updated according to the "conventional" Bayesian tech

nique using the plant-specific evidence.  

* •The two-stage Bayesian procedure, as described in Reference-2, presents 

two methodological problems. First, the evidence from all relevant plants that 

is used to generate the prior-of the first stage, includes the evidence from 

the particular plant for which the plant-specific posterior is desired. Since 

* . this plant-specific evidence is used again in the second stage of the tech-, 

nique, the proposed approach results in a double-counting of the plant-specific 

evidence. This double counting causes, in principle, an underestimation of the 

plant-specific frequency if the plant is "better than average", or an over

estimation of the frequency if the plant is "worse than average". The second 

problem has to do with the incorporation of additional information. If addi

tional evidence of the form [kZ incidents in t2 years] becomes available 

from specific plant, and the two-stage technique is applied for a second time 

(where it was applied the first time, the evidence from this plant was 

-k2 incidents in tL years]), then the resulting posterior plant-specific



.. . , .-.. . .  

Memo. to: R. A. Bari . " 
January 19, 1982 
Page two.  

distribution of the frequency is not the same as the one obtained if the two-* 

stage technique is applied only once with plant-specific evidence-of the form 

k incidents in tl+t 2 years]. Thus, this technique does not exhibit 
1N 

the "noninformative sampling stopping" property that characterize the con-

I ventional" Bayesian approach (Ref. 3)... . _ 

A methodologically correct technique for generating plant-specific dis

tributions for the frequency of .the initiators, taking into consideration the 

plant-to-plant variability and information from all plants, has been- developed.  

This technique does not present the problems mentinedabove. Namely, it avoids 

the double counting of the plant-specific evidence, and provides the same re-

sults regardless of the manner in which the plant-specific evidence is obtained.  

- that is all at once or in parts. A computer code for the implementation of 

the methodology has been developed to evaluate the. importance of the above

mentioned problems in the quantitative-results of the Zion PRA. As a test 

case, the plant-specific probability density function of the frequency of the

Loss of Offsite Power (LOOP) initiator for the Zion plant has been calculated.  

Since there was no LOOP incident for the total operating history of the plant 

(better than average plant), the application of the two-stage Bayesian tech

nique, as described in Reference 2 and applied in the Zion PRA, understimates 

the frequency of the initiator. The underestimation, however,, is rather in

i significant; for example, the mean value of the frequency is underestimated by 

a factor of 10%. This is due to the large number of plants (30) from which 

* evidence was available. Thus, the double counting of the technique is equiv

alent to using the correct approach in a field of 31 plants, the 31st being 

identical to the Zion plant. The second problem of the incorporation of the 

additional evidence, is irrelevant for the present Zion application of the two

stage technique, since all the available evidence was included in one step.  

Care must be taken, however, to use the correct technique in the future +f the 

results are updated to include additional, evidence as it becomes available.  

Another potential problem with the assessment of the uncertainties about 

the frequency of the Loss of Offsite Power-initiator has to do with the data 

used in the Zion study. It is stated that the generic data comes from the 

i
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NP-801 EPRI .Report (Ref. 41). :. In the Zion studyi'multiple units of :the-same 

site have been treated as independent units resulting in an overestimationof 

the, time during which the observed LOOP events are assumed to have occurred.--' 

Other data. analyses (Ref. 5), however, suggest that multiple units at the same 

site suffer losses of offsfte power simultaneously. A separate calculation has- 

been performed using a modified set of data derived from the data of Reference 

5.- As a result, the probability density function of the frequency of- the LOO ..  

initiator-has been moved to the right (higher values),of the one calculated in 

the Zion study.  

In conclusion, we can state that the two-stage Bayesian technique provides 
a reasonable quantification of the uncertainties about the frequency-of the ac

cident initiators for the Zion plant. The identified errors fn the logic of" 
the technique do not introduce any significant numerical errorS: for the Zion 
application.. However, the assumption that units at the same site are independ

ent as far as the Loss of Offsite Power is concerned is questionable. The

quantitative effect of this assumption would be significant and further investi

gation of the subject is warranted. The assumed prior distributions are-flat: 
enough and extend over several orders of magnitude of.the random variables so" 
that no reasonable objection to their use can be raised. Nevertheless, the 
sensitivity of the results to the assumed form of the distribution that 

describes the plant-to-plant variability (log normal) should be examined.
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LetX e tne Trequency ke.g., inc~ients/year) w1Ln wnicn a particular 

accident initiator occurs. This initiator can occur in any one of a number of 

plants that are similar in- behavior but not identical. Thus, there is-no.  

single value for the frequency X that corresponds to all the plants in the popu

lation. Instead, the plant-to-plant variability is expressed by assuminq that 

the frequency X is a random variable distributed according to a pdf O(X). With 

perfect information, all that can be said about X, as far as the population is 

concerned, is included in the pdf *(X), where .O(X)dX provides the percentage 

of the plants that are characterized by a frequency between X and X +dX. For 

the purposes of this demonstration, @(X) has been assumed to be a lognormal** 

pdf, i.e., of the form

expr (n-)

'Ai 
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- . 2.0 ASSESSMENT OF THE UNCERTAINTIES ABOUT-THE FREQUENCY OF AccifDENT INITIATORS _ 

-IN THE PRESENCE OF POPULATION VARIABILITY (BNL TECHNIQUE

This section provides a brief description of the technique developed at 

BNL for the assessment of the uncertainties about the frequency of accident 

initiators (or any other parameter of interest). This assessment is based on 

limited information coming from a number of plants belonging to a population 

that exhibits an inherent variability. In other words, it is known that there 

is no single value of .the frequency in question that characterizes all the 

plants im the population. This variability is an inherent property of the pop
ulation and it is not due to any lack of knowledge. To demonstrate the use of 

this technique, the uncertainties about the frequency of the Loss of Offsite 

Power initiator were assessed and the results are-compared with those obtained 

from the two-stage Bayesian procedure- used in the Zion PRA and presented in 

Reference 2. A complete description of the BNL technique is presented in a.  

forthcoming BNL report.  

2.1 Notation and Assumptions 
* L .. e . > " " 22 ,..A .. &..L.
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With perfect information,.:-the values of the parametersl.,a would be 
exactly known. Due to limited information, however, the values of these: 
parameters are not exactly known, and we quantify this fact by assuming that 

-Ithey are.random variables distributed according to a joint pdf g(lw,a). Every

thing that is:known about 0(x) is incorporated in the pdf g(ua) in such a way 

that g(I,a)dUda gives the probability that O(x) is the specific function 

(Xlu,a). Since.g(u.,a) express our state of knowledge about the true value of 

O(X), then the best pdf that characterizes the population is the expected value 

*of *(.) over the measure g(lio), i.e-., 

4 (x) =,f(xu,)g(.,a lsd" (2) 

To facilitate the numerical calculations, the random variables , are 

discretized. Then each pair of discrete values 

!L 

=ui(i 1, 2, ... I) and a i = 1, 2, ... j) 

defines a lognormal curve 

Sij , (xb1 i , a.) (3) 

and EqG (2) becomes 

T'(A) = '.. oij(x)gij (4) 

where gij is the joint probabiTity that j,;Ili and a=aj. For example, if 

the variables l.,a are assumed statistically independent, ranqing over the 
"grid" presented in Table 1, then the unconditional distribution of the fre

quencyX as calculated from Eqs. (2) and (4) has the characteristics given in 

Table 2.  

:TT
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I The second major assumption of the-technique, is that the incidents occur

randomly in time according to a Poisson random process. The intensity of the 

1 process (or freouency of the event), A., has no unique value but exhibits the 

population variability discussed above and described by Eq. (1),. Experiential 
I data becomes available from various plants as incidents of Loss of Offsite 

Power occur. The form of the data.is: number of observed incidents (k) during 

a total peri.od of operation (T). If there are N plants for which experiential" 

data exist, the plant-specific evidence has the form 

Em =(k m - 1,2, ... N (5) 

while the total evidence E from the population as a whole is the union of the 

individual evidences 

@_ E E U Ezu _. u En (6) .. 7 

The data used in this report for the Loss of Offsite Power initiator are given .  

in Table 3. Different units of the same site have been treated as one unit 

with total operating time being the time of the oldest individual unit, and the 

number of incidents being the number of times the site experienced a LOOP 

event. These data were derived from the data of Reference 5. For comparison 

* purposes, the data used in the Zion PRA (taken from Ref. 4) are also included 

in Table 3.  

2.2 Posterior Distribution for the Frequency of the*LOOP Initiator 
for the Plant Population 

The uncertainties about the exact value of the function (X) that 

describes the plant-to-plant variability of the frequency X are quantified by 

the measure gij that provides the probability that the parameters ,a (see 

Eq. ()-) have the values 4 i and crj, respectively. Given the evidence E 

• (see Eqs. 5 and 6). the measure gij can be updated using Bayes' Theorem as 

follows: 

,, E 1 L(E L.,a)g! (7) • i j g(Uij j E  -C 

..I
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where g"ij is the posterior-distribution of 11 and a given the evidence E, 

Sij is the prior distribution, L(EjUi,a) is the likelihood of obtaining the 

evidence E conditional to the fact that Ia have the values ui,aj, and C1 
4 

is a normalizing constant.  

It can be shown that 

L(EIia j) = . km. e Tm)(Xj11i.,ajd (8), 

and that 

C1 = L(Elui,aj)g. (9) 

After calculating g"ij according to Eqs. 7-9, the posterior distribution-.  

for the frequency of the LOOP initiator that characterizes the total population 

is calculated by (see Eq. 4) 

j ij i j 

Using the prior distribution for U,a given in Table I and the evidence pre

sented in Table 3, we obtain the posterior distribution g-ij contained in 

Table 4. Then, by virtue of Eq. (10) it follows that the posterior distribu

tion of the frequency X for the population of plants has the characteristics 

given in Table 5.  

It is .noteworthy that the evidence from the plants reduced the prior 90% 

interval of the frequency (0.001, 18) by two orders of magnitude to (.025-1.15) 

and the mean value from the prior value of 1.24 yr"1 to a posterior of 

0.34 yr-,1. It is also noteworthy that the medians of the two distributions 

(prior and posterior) do not differ significantly. This technique for obtain

. ing the posterior distribution for the population is in agreement with the one 

described in Reference 2.  

ie-
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2.3 Plant-Specific Posterior Distribution for the Frequency 
the LOOP Initiator

o2L _

Before obtaining the evidence E, all we know about the frequency of LOOP 

for a specific plant m is contained in the measure gij and eventually in the 

unconditional distribution *(.X) (see Eq. 4). The evidence E contains informa

tion that concerns both the behavior of the population as a whole 
and-the spe-; 

-cific plant in question (see Eq. 5). Careful application of Bayes" Theorem 

results in the following expression for the distribution of the plant-specific 

frequency of LOOP . (m)

(11)f f = f(XIE) = 1- L(EA,)

where L(E, m) is the likelihood that the evidence E will be obtained and that 

the frequency for the mth plant is m, and given by 

L(E A (Xk~leL )~ fk e 1 )(X i aj d4(XIuiaj)gjj (12) 
ia 

C is the normalizing-constant and equal to

C = L(E.Xm)dX, (13)

The result in Eq.. (11) differs from the one obtained by applying the 

.technique proposed in Reference 2. The difference reduces to the anission of 

the evidence of the mth plant in the product in Eq. (12). If the plant

specific evidence is not anitted from the product in Eq. (12), then the result 

given in Eq. (11) is equivalent to the one obtained from the technique of Ref

erence 2 and used in the Zion PRA.  

Applying the procedure outlined above to the data given in Table 3, the 

results of Table 6 are obtained. It is. noteworthy that for this set of data 

(Ref. 5) the differences between the BNL and. Zion PRA procedures are indeed 

insignificant. The differences between the BNL estimates and the ones given in 

.the Zion PRA are rather significant and are due.to the difference in the data 

presented in References 4 and S. The figure shows the population 
prior, popula

lation posterior, and Lion posterior pdf is .for V.
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Table 1

GRID OF VALUES OF THE PARAMETERS p,a AND ASSOCIATED.PRIOR PROBABILITIES

TABLE 2

UNCONDITIONAL 
POPULATION FRE

PRIOR DISTRIBUTION OF THE 
QUENCY OF LOOP IN'TIATOR I

5% Percentile Median Mean 95% Percentile 

1.00-03 1.'46-01 1,'24+00' 1.71+01 

i, . .:.:.. .,i: ' , ." :, -, ... . - , : .. ... t .. .. ,. Ij: ; ... ., ,

1 2 3 4 5 6 7 8 

___ 0.1 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
1 1.28-03 5.434-03 5.434-03 5.434-03 5,434-03 .43 - 54-03 5'.434-03 5.434:03 12 
2 1.92-03 
3 2.88-03 
4 4,31-03 
5 6.47-03 
6 9,71-03 
7 1.46-02 
8 2.18-02 
9 3.28-02 

10 4.91-02 
11 7.37-02 
12 1,11-02 
13 1.56-01 
14 2,49-01' 
15 3,73-01 
16 5.60-01 
17 8.40-01 
18 1.26+00 
19 1.89+00 
kO 2.84+00 
21 4.25+00 
22 6.38+00 
23 9.57+00.  

i J 1/ 1/8 1/8 1/8 1/8 1/8 1/8 1/8

Ih~, 4rM4' ~

I.. . I 
...........................................................I. '



POPULATION TIME AND EVENT DATA 

LOSS OF OFFSITE POWER 
"ZION"

1. Yankee Rowe 

2. Indian Point 1 

Indian Point 2 

Indian Point 3 

3. Sin Onofre 

4. Con Yankee 

5. R.E. Ginna

6. H.B. Robinson 

7. Point Beach 1 

Point Beach 2 

8. Palisades 

9. Maine Yankee 

10. Surry 1 

Surry 2 

11. Oconnee 1 

Oconnee 2 

Oconnee 3 

12. Fort Calhoon 

13. Kewaunee 

14. Arkansas One 

15. TMI-1 

16. Calvert Cliffs 

17. Trojan 

i8. Millistone 2 

19. D.C. Cook 1 

20.- Prairie. Island 

Prairie Island 

21. Turkey Point 3 

Turkey Point 4 

22. . Zion I 

Zion 2

DOCKET 

29 

3 

247 

286 

206 

244 

266 

301 

255 

309 

280 

281 

269 

270 

287 

285 

305 

368 

289 

317 

344 

336 

315 

282 

306 

250 

251 

295 

204 

TOTAL:

Table 3 'I

"SCHOLL""

FAILURES 

9 

3 
I 

3 
.0 

4 
I.  
1 

3 
0 
0 

0 

2 

0 4 0 

0 

0 
4 

0 
2 
0 
0 
0 

0 

0 
0 

0* 

0 

0 

0 

34

YEARS 
IN.  

OPERATION 

15 

12 

5 

3 

8 

8 

6 

5 

5 

4 

4 
3.  

4 
4 

4 

2 

.3 
3 

2 

2 

2 

1 
1 

1 

3 

2 

4 

3 

11 

131

FAILURES 

1 

(7

0 

I 

0 
3 

0 

0 

1 

112 

0.  

53.

YEARS 
IN 

OPERATION 
15 

12

9 

9 
8 
8 

6 

7 
6 

6 
6 

5 

5 
5 

6 

8 

167

.. ... ...
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Tabl e 4 

GRID-OF:VALUES OF THE PARAMETERS upad AND ASSOCIATED: POSTEIO PROBABILLTIES: 

... .. ,; .,, . '. POSTERIOR..

POSTERIOR 
i " j PROBABILITY.  

-- 6 415E-16 

2' 6 3.3443E-14 

3 6 2,2621E-12 

4, 6 1.0092]E-10

* _ I 

- -- 1~-~ 

-I. 

et

I 

1'

POSTERIOR 
j. PROBABILITY 

7 Io9249E 13

Z .7 S.3375E- 12 
-3 -4-"--2-.-9 9. -

3 7 9.b972E-11 
. . --7E 

4 7 1.4523E;09 

5 7 1. oo-E.08 

6 7 1.,705E-07 
7--2-a4.- 54-9 E-39 
7 7 790987E OT 

8 7 2.7g29E;*06 
2-7. i1 e, 

9 7 .8,9626E-06 
-I- - ---- .- 7 6 Ei- r'"

to 7 1*761SE-05
1 -2--- U6-7, 2E -- a

11 7 2.8721E-05 

-127-2- o-I 858E- F 6 
12 7 3,2677E-05 
13 - -0 41E-03 
13 7 2*6fl8, E-05 

1.4 7 1.4054,E-05 
-15-2 -1 .. 26 7E- L a-
15 7 S,3409E-06 

-6--21-3w*203E-O6 
16 7 1.5907E;.06 
17 -Z -- T- 4 A3 6E-13-
17 7 2.7956E-07 
-is 8-2-389 0-,3 E--23

18 7 4V.055E-08 
19-- 2--4- 5 q54 E--38
19 7 3-,R19E-09 
2 T -2---,-, 33 4E-. 1

20 7 2.3199E-10 
1 ----- 7-7 0 4 E;-.9r

21 7 Iu997E-11 
22-2--9,i1-0--, 13 8
22 7 3.J125rE- l3 
-2 3-2- -,i 36-
23 7 6.7721E-15

POSTERIOR 
i j- PROBABILITY 

3 8 

4. a 3 3-519E 9
87 -2 E- 4-

S -8 

6 8 8*3492E:m8' 

7 8 3,4427S-."7 

8 8 9878'A

q 8 .84A2E:A6 
-1 -1- vnl *3E-;w6
10 8 2 ..7748E_'6 

11 8 4 .1024E..'6 

12 8 3.j464E1 6 

13 8 3.018SEA6 

14 8 1,6P9OE.A6 

15 8 8'.6148E_7 

16 R z.8&4E:m-7 

17 - 7.8399EA8 

18 8 1.?27E:8, 

19 8 2.7156 Ag 
-20 3 1C;645E_' 6r

z2r 8 3 .7734E-'1 

21 8 2.A669EA1I 
C.-J-± 277-1 E-51 

2 3 . 2.062iE*1..2 
.2- 3 1.*00fE-1-2
23 8 1.0640E_'13

6 2,9793E-09 
- i 71-7-1-3E--0 I 

6 6 9,9334E-08 

7 6 7.7603E-07 -,--- --4. o e-7e-4.

8 6: 6.11.34E-06 
-3----. 5 0 5"E -3J 4 
9 6 3.3389E-05 

in 6 1.1259E-01 
---4 1---- 0---- 5 56-35 E-i-

1I 6 2.3313E-04 
-1-2---.-3-;-1 600E-'12

12 6 3.1902E-04.  

-13---,-4-8859E-08 
13 6 2.8170E-04 

---!- -4. 624-5E-04-
14 6 1.3t75F-04 •-15-1 -1.6980E-04

15 6 4.2971E-05 --1 6-------- 7868E--89-

16 6- 8,2786E-06 .--- 7 -I---- - 6 E- 2-

17 6 q,2202E-O7 
-18 6,99555E- 4 Z

18 6 6.6415E-08 
-19-----73540E-77 

19 . 6 2.7549E-09 
-2 f-1----,-3665-- 32

aa 6 6,.1936E-Li 
- 2-1 -1--7i6057'215_ 

21 6 .9.0074E-13 

22 6 6.7671E-15 

23 6 2.5035E-17

i m , WV J+A=WA4

t 
7 

-9
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*GRID OF VALUES OF THE PARAMETERS U* AND ASSOCIATED POSTERIOR PROBABILITIES 

POSTERIOR POSTERIOR 
PROBABILITY, PROBABILITY 

e 4-o-3E 3 -2 5T-*- 35~E-t9 

1,9961 E-7 5 -; 0 531 6-  

E. R ei 5 t. R2-eS- i 13 

6 796-3OZ8EE- £ 

-mI ..

F 1 S000E--O-

.-.4......-4.--. 1 7162E--3

-2-43; 8 5 S E--f1l 

-+3----i---s5 o a08E 0-

- --5--4--.3969E-03

-1~~ ~~ 9----- -1E- 0 6

-1.8 4  4T1 663E-09

--2-4 3,0563E-1.6-.  

-22 4 -. n84-2T-

.1. h.A A ~.....A A-

-- o---5----4T6 80 o' 0 fr 

-1 j---Ij--47 9Em03

-1------5-3w6i99E:0-3

-4--1-b 6.6-1-1 E-O 3

-i 5-- 3--7-342E-0 4-

-I:@ -6Z ,lBOS--

-1.. - 1'w8777E-12- " 

-21 -5- 1 2379E-1 5

-2 --- S 7 3 6 4 - 18

-1 2 ,65-32-- 2-

........ ... .
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Table 5 

UNCONDITIONAL PRIOR AND POSTERIOR DISTRIBUTION OF THE 
POPULATION FREQUENCY OF THE LOOP INITIATOR (YR-1 )

- V *

4 

* 'I 

t 

S

5% Percentile Medlan Mean 95% Percentile 

Population 1.00 - 03 1.46- 01 1.24 +-00 1.79 + OT 
Prior 

PoPulation Z.50 -02 2.3 -. 01 3.41 - 01 1.15 + 00 
Posterior 

Table 6 

PLANT SPECIFIC POSTERIOR DISTL IBUTION OF THE FREQUENCY 
OF THE LOOP INITIATOR.(YR- 1), FOR THE ZION PLANT 

5% Percentile Median Mean 95% Percentile 

BNL Procedure 
Scholl Data 1.50 - 02. 8.48 - 02 1.17 01 3.0 01 
Zion 

PLG Procedure 
Scholl Data 1.30 - 02 7.50 - 02 1.05 - 01 2.7 - 01 
Zion 

PLG Procedure 
NP-801 Data 8.72-03 3. 84-02 5.76 02 1.69 -01 
Zion PRA .
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