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1. INTRODUCTION AND SUMMARY

Object

In response to Science Applications, Inc. (SAI) Corporate concern
about comments that were received on NUREG/CR-2497 (Ref. 1), an
independenrt SAI review team of experienced risk assessment person-
nel was formed, with a charter to review the findings of the
Accident Sequence Precursor (ASP) study and their bases in fact.
The intention of this SAI review is to clarify the information in
NUREG/CR-2497 in the light of relevant comments on that document
by government, industry and other organizations. In addition,
this SAI review is intended to highlight the ASP study strengths
and limitations and to clarify its relevancy to risk assessment.
This report is the product of the independent SAI review team and
as such, should be considered as the consensus opinion of that
team.

Scope

This SAI review analyzes NUREG/CR-2497 and comments made Dy the
external technical community. Most of the issues examined in this
report were also raised by other reviewers of NUREG/CR-2497. This
SAl review is not exhaustive in nature, but rather, is in suffi-
cient depth to support the recommendations and conclusions made
herein.

Historical Background
The accident sequence precursor (ASP) study reported in NUREG/CR-

2497 was initiated in 1979 by the Nuclear Operations Analysis
Center (NOAC) at Oak Ridge National Laboratory on behalf of the



Division of Rijk Analysis of the Nuclear Rcqulatory Commission
(NRC). Under subcontract to NOAC, SAI perforned much of the AP
study reported in NURZG/CR-2427 and is continuing to provide
technical support for this ongoing NRC prugram. NUREG/CR-2497 was
published in June 1982 after an extensive review, which solicited
comments from various government and industry groups. After it was
published, many additional reviewers offered comments and raised
some concerns over the results documented in NUREG/CR-2497. In
recognition of the importance of the ASP <tudy, and the signi-
ficance of some of the concerns raised over tha study results, SAI
established in November 1982 a group to perfarm an independent
review of NUREG/CR-2497.

Key Results Summarized

The key results of this SAIl review are summarized briefly below
and are discussed in more detail in Sections 5 and 6.

1. Licensee Event Report (LER) Selection and Screening Process

a. The ASP study was successful in providing a reasonable
methodology for axtracting a small set of potentially
significant events that have occurred at nuclear power
plants from the very large LER data base. This method-
ology screens LERs based on subjective measures of their
significance.

b. Other LER selection and screening methods could be
developed and would likely yield different results.
Exhaustive comparison of LER screeninu methods or devel-
opment of an “ultimate" screening system is of guestion-
able value, however, because of the incomplete and con-
tinually changing nature of the LER data base.




2.

Initiating Event and System Failure Probabilities

b.

The ASP initiating event and system failure probabili-
ties derived from LER data represent average values for
the aggregate light water reactor population (i.e., PWRs
and 8WRs are combined) during the period from 1969 to
1979. Because they are generic values, these data are
not representative of any plant in particular; however,
they are used consistently within the ASP study and
should be acceptatle for ranking of precursors.

Corrective actions in response to LERs have the effect
of altering the relevant data base that should be used
to compute initiating event and system failure proba-
bilities. Therzfore, probabilities computed for some
past pericd (e.q., 1969 to 1979) may have little rele-
vance to future periods for specific equipment or sys-
tems which have undergone significant design or opera-
tions changes since that time.

Caution should be exercised in comparing ASP data to
probabilistic risk assessment (PRA) data or in using the
ASP data in PRAs.

Far the precursors judged to be significant in the ASP
study, it is recommended that additional plant-specific
information be considered to ensure the accurate
representation of the nrecursor sequence.

A consistent methodology should be used for updating the
ASP initiating event and system failure probabilities as
new time periods are included in the ASP study and old
data becomes inapplicable because of corrective actions
that have been taken (the existing ASP methodology may
contain these features).
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Quantification and Ranking of Precursor “equences

D.

d.

An important contributignm of the ASP study fs its demon-
stration that the potentially significant precursors
identified by the prior screening process can be ranked
based upon simplified, plant-specific analyses from
which semi-quantitative indicators of precursor signifi-
cance can be derived. Together, the screening and
ranking process accountad for the majority of the work
raported in NUREG/CR-2497,

The statistical approach, level of modeling detail, and
use of generic data in the ASP study to quantify indivi-
dual precursor events appears to be reasonable for
ranking purpcses (e.g., the ASP ranking results did not
contradict expactations that events such as TMI, Browns
Ferry and Rancho Seco would be among the more signifi-
cant events).

In the ASP study, results called “conditional probabili-
ties of severe core damage given the precursor’ were
calculated for specific LER events using generic data
generated from the LERs. These results are measures or
"indicators” which relate to the likelihood of severe
core damage, but should not necessarily be construed as
accurate estimates of the conditional probability of
severe core damage for specific LER events. This is an
h *~.r3cal indicator that may not apply to the same
»} -t zfter changes have been made in design, operating
¢+ ‘ices or operator training.

Because of differences in design, operation, and train-
ing among plants, an ASP indicator calculated for a
precursor at one plant may not have the same numerical
value (and hence significance) at another plant. It
appears reasonable, however, to use ASP screening and



ranking techniques to identify potential precursors and
then have individual utilities evaluate the importance
of the precursor on their plants.

4. Estimate of Average Severe Core Damage Frequency per Reactor-

Year

In the ASP study, an industry-wide “"indicator"” called
‘estimated frequency of severe core damage per reactor-
year for the years 13969 to 1979" was derived by combin-
ing the conditional probabilities of severe core damage
for the relevant precursor events. The calculation of
this industry-wide indicator represented only a small
portion of the overall ASP effort, however, it has
contributed significantly to the controversy over
NUREG/CR-2497, largely because of comparisons made
between the ASP indicator and PRA core melt frequencies.

The ASP estimate of severe core damage frequency should
be treated as a semi-quantitative indicator of the past
performance of the nuclear industry. Because of limita-
tions associated with generic data and modeling detail,
this indicator should not be treated with confidence as
an absolute estimate of severe core damage frequency per
reactor-year, In contrast, the PRA process leads to an
analytical estimate of severe core damage frequency for
a specific plant. Therefore, comparison of a specific
estimate of core melt frequency from a PRA with the ASP
indicator of severe core damage frequency has no meaning
of itself. However, comparison of numerical estimates
and the bases for differences and agreements between
such estimates may provide insights into PRA techniques
and completeness.

The ASP industry-wide indicator of severe core damage
frequency is a measure of past performance; it should
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not be used for future inferences. This point is
clearly made in NUREG/CR-2497. However, similarly ae-
rived indicators for different time periods (e.g., post-
1979) could be compared with the ASP industry-wide indi-
cator for the 1969 to 1979 period to bring to light
trends in the industry.

Trend Analysis

Trend analysis was performed in the ASP study without
reaching substantive conclusions. Informatius from a new ASP
study period (e.g., post-1979) should be plotted along with
information from the 1969 to 1979 period. Such a plot should
show system-by-system effects of corrective actions and
improvements made since the original ASP study period. This
feature could provide a means for measuring, at least in
qualitative terms, the contribution to safety of post-TMI
efforts by the NRC and the nuclear industry.

Uncertainties

Uncertainties were not defined for the numerical estimates
made in the ASP study. To the extent practical, a consistent
approach for addressing uncertainties in system failure and
initiating event probability and the indicator of severe core
damage frequency should be developed in future studies of
this type.

Application of ASP Results

The follewing are potential qualitative or semi-qualitative
applications of the results of the ASP study.

a. The ASP study provides a mechanism for identifying
potentially significant weaknesses in system/equipment
design, operating practices and cperator training. As
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part of, or separate from the ASP study, there should be
a mechanism to evaluate, on a plant-specific basis, the
actual significance of precursors that were identified
as potentially significant in the ASP study. One
approach is to submit for review at each plant all the
precursors identified from the ASP initial screening
process (e.g., 529 out of 19,400 LERs). The review of
all 529 precursors would prevent an oversight that may
occur in the case of an LER that is judged to be not
significant at one plant while it might be more signifi-
cant at another plant with different design features or
operating practices. The level-of-effort involved in
this type of review is not as great as it may appear
because the 529 precursors would not apply to all
plants.

The ASP ranking of precursors in conjunction with addi-
tional plant specific analysis should be useful for
allocating resources and prioritizing corrective actions
in response to significant LERs.

The ASP study provides input to plant-specific PRAs in
the following areas:

- Identification of sequences not previously included
in PRAs

- Identification of overlooked component/system
dependencies

- Better perception of the importance of some compo-
nent failure modes



- Insight into person-machine interfaces and their
roles in accident response.
i
|

operator error
operator recovery actions ¢

d. In the future, results of the ASP study for time periods \
beyond 1979 will become available. With this new infor-
mation, it should be possible to make meaningful com- .‘
parisons with the original ASP results for the 1969 to
1979 period. In particular, expanded time-on-test plots 1
may show new trends in initiating event and system 1
failure probabilities. In addition, the indicator (
called "estimated frequency of severe core damage per
reactor-year" can now be compared with a similarly |
derived value and a crude trend may be seen in this
measure of the aggregate nuclear power industry. It may «
be possible to relate some of these changes to post-TMI
NRC regulatory activities and thereby gain some indica-
tion of the effects of the reactor licensing process.

It may be of interest to subdivide ASP data by reactor (
type or by NSSS vendor so that a check can be made for
other meaningful trends.

\
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2. GOALS OF NUREG/CR-2497

NUREG/CR-2497 (Ref. 1) describes work done in the general area of
interpreting reactor operational data to help assess the composition and the
totality of the risks from nuclear power plants. The report focuses on the
1969 to 1979 time period and includes a description and ranking of accident
precursors to severe core damage. Summing and weighing the probapilities of
these precursors leads to an estimated frequency of severe core damage per
reactor-vear for the period from 1969 to 1979.

A similar study s now in progress for the period from 1980 on-
ward. When completed, NUREG/CR-2497 and the new study will permit compari-
sons between the pre- and post-Three Mile Island (TMI) periods.







3. GENERAL NATURE OF REVIEWERS CRITIQUE OF NUREG/CR-2497

Many organizations have reviewed NUREG/CR-2479 and have offered
comments dealing with the following aspects of the study:

¢ LER Selection process

use of incomplete information from LERS
alternative ranking schemes

[ Plant, system and operator modeling

use of functionally-based generic event trees

judgements regarding availability of mitigating systems
Judgements regarding ability of plant oparators to repair
inoperable systems

analysis and inferences

estimated system failure and initiating event probabilities
small sample set size

uncertainty

statistical methods

interpretation of numerical results of the study

trend analysis '

The Institute of Nuclear Power Operations (INPQ) has presented a
very detailed review of NUREG/CR-2479. Significant issues addressed in the
INPO review (Ref. 2) and in reviews by others are discussed further in

Section 5 of this report.

1!







4. SYNOPSIS OF NUREG/CR-2479

Introduction

NUREG/CR-2497 (Ref. 1) is a status report prepared by the Accident
Sequence Precursor (ASP) study group covering work completed on
LERs submitted during the ll-year period from 1369 through 1379.
[t contains material related to: (1) the development and applica-
tion of selection criteria for identifying those reactor events
that are potential severe core damage precursors, (2) the appli-
cation of these criteria as a filter to the eleven year LER his-
torical data base, and (3) the analysis of the selected events for
their relative ranking from a risk viewpoint. For the time period
from 1969 and 1979, the report integrates the data to arrive at
an estimated severe core damage frequency range of from 1.7 x 10-3
to 4.5 x 10-3 per reactor-year.

Report Approach and Key Features
1. LER Selection and Ranking Criteria
Approximately 19,400 LER abstracts were examined, and speci-
fic LERs were chosen for further detailed review if any of
the following criteria were met (see Figure 4-1):
a. any failure to function of a system that should have
functioned as a consequence of an off-normal event or

accident,

b. any instance where two or more failures occurred,

13
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- EVENTS OR CONDITIONS REPORTED
INPUT: IN 196979 LER ABSTRACTS (19400)

.

DID EVENT INVOLVE THE FAILURE
OF A SYSTEM TO FUNCTION THAT
SHOULD HAVE FUNCTIONED AS A
RESULT OF AN OFF.NORMAL EVENT YES
OR ACCIDENT?
J NO
D10 EVENT INVOLVE TWO OR
MORE FAILURES? YES
‘ NO
DID EVENT REQUIRE INITIATION OF
SAFETY-RELATED EQUIPMENT
(EXCEPT FOR EVENTS THAT ONLY
REQUIRED A TRIP AND THE TRIP YES
WAS SUCCESSFUL)?
‘ NO
DID EVENT INVOLVE THE COMPLETE
LOSS OF OFF-SITE POWER OR ANY
YES
YES
YES

LESS FREQUENT OFF-NORMAL
INITIATING EVENTS OR ACCIDENTS?

} o

DID EVENT OR CONDITION
PROCEED DIFFERENTLY FROM
PLANT DESIGN BASIS?

4 o

COULD EVENT OR CONDITION HAVE
RESULTED IN OR SIGNIFICANTLY
AFFECTED A CHAIN OF EVENTS

NO LEADING TO POTENTIAL SEVERE
CORE DAMAGE?

010 EVENT OCCUR AFTER INITIAL
NO CRITICALITY?

EVENT
EVENT SUBJECT TO
REJECTED DETAILED REVIEW

Figure 4-1. Initial LER Screening and Selection Process.
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EVENTS WHICH PASSED THE

ﬂ

I
|
INPUT: INITIAL SCREENING TESTS (529) |
|
POSTULATED INITIATING EVENTS
® LOSS OF MAIN FEED WATER
® LOSS OF OFF-SITE POWER
REVIEW OF FINAL SAFETY ANALYSIS ® L0CcA
REPORTS AMENDMENTS AND OTHER ® STEAM LINE BREAK j
INFORMATION AVAILABLE AT NSIC I
EVENT EVALUATED ON THE BASIS OF
) THE LIKELIHOOD OF SEVERE CORE
WAS INITIATING EVENT, DESCRIBED DAMAGE FROM A POSTULATED
IN THE LER, IMMEDIATELY DETECT- INITIATING EVENT THAT MIGHT HAVE
ABLE AND WOULD T HAYE AN )  OCCURRED DURING THE FAILURE
m:::;:;"”” ON *.ANT NO PERIOD AND WOULD HAVE REQUIRED
THE FAILED ITEMS FOR MITIGATION
EVENT
INITIATED A 4
TRANSIENT ] YES
EVENT EVALUATED ACCCRDING TO
DID EVENT OCCUR WHILE THE LIKELIHOOD THAT THE EVENT
REACTOR WAS AT POWER? NO ITSELF AND THE ENSUING PLANT
. RESPONSE, HAD IT OCCURRED WHILE
PLANT WAS AT POWER OR DURING
YES HOT SHUTDOWN COULD LEAD TO
SEVERE CORE DAMAGE
1
EVENT EVALUATED ACCORDING TO
THE LIKELIHOOD THAT THE EVENT
ITSELF AND THE ENSUING PLANT
RESPONSE COULD LEAD TO
SEVERE CORE DAMAGE
~ POTENTIAL FOR e ——m——

EVENT

REJECTED

SEVERE CORE DAMAGE?

EVENT SUBJECTED
TO QUANT!TATIVE
ANALYSIS

Figure 4-2,
15

Detailed LER Review Process.




all events that resulted in or required initiation,of
safety-related equipment (except events that only re-
quired trip and when trip was successful).

all complete losses of offsite power or any less fre-
quent off-normal initiating events or accidents,

iny event or operating condition that was not enveloped
Oy or proceeded differently from the plant design bases,

any other event that, based on the reviewer's ex-
perience, could have resuited in or significantly affec-
ted a chain of events 1eading to potential severe core
damage.

Out of the 13,400 LERs, a total of 529 LERs were selected for
detailed review. The detailed review of each LER was done as
follows (see Figure 4-2):

[f the event was immediately detectable, it was
evaluated according to the likelihood that the event and
the plant response would lead to severe core damage
during power operation.

[f the event did not impact plant operation, an initia-
tor was postulated and the event was evaluated based
upon the likelihood of severe core damage from the
postulated initiating event and the failed items found
in the LER. Postulated initiators included: (1) loss
of main feedwater, (2) loss of offsite power, (3) loss-
of-coolant-accident, and (4) main steam line break.

This detailed LER review reduced the number of sequences
considered from 529 to 169. For each of the 169 events, an
analysis of the sequence was performed. As part of each
sequence analysis, the following four items were produced:

16




A tabular summary description and data on the precursor.
An event tree of the actual occurrence of the precursor.
A standard event tree representation of the precursor.

A tabular summary categorization of the precursor.

An example of each of these items for incident 101444 (Browns
Ferry fire) is given on six pages at the end of this section
(reproduced from Ref. 1).

Sequence Quantification

Initiating event and system failure probabilities were deter-
mined from the LER data base directly when possible. A
summary of the ASP data and a comparison with WASH-1400 (Ref.
3) data is shown in Table 4-1 (from Ref. 1). The ASP data
agrees within a factor of 10 with most of the WASH-1400 data
listed in Table 4-1.

When routine testing found a system to be in a failed state
during normal operation, the ASP study assigned a subjective
estimate of the probability of restoring the system to opera-
tion. This estimate was assigned as follows:

. [f the failure could be easily corrected from the con-
trol room in a short period of time, the probability of
such repair was assumed to be 0.9.

© [f the failure could be repaired at the failure
location, the probability of system repair was assumed
to be 0.5.

® [f short term repair at either location was not possi-
ble, the failure rate was as determined by the data.

Standardized PWR and BWR functional event trees were con-
structed for the four postulated initiating events. Each LER

17




Table 4-1.

Initiating Event Frequencies and Demand Failure Probabilities

Determined using Precursor Information Compared with Values
Determined in the Reactor Safety Study (from Ref. 1).

Event

Frequency or failure probability

ASP Heactor Safety
valoe Study value
Loss of offsite power (combined PWR and BWR) 0.041 0.04%
(230 m:1n), per year
MR loss of offsite power (230 min), per year 0.048
BYR loss of offsite power (230 min), per year 0.030
PR small LOCA, per year 8.3 = 10~ lO“b
VR small LOCA, per year 2.1 z 10~ 10-+° :
PYR AFY failure, per demand 1.1 & 10~* 3.7 = 10~°* (141 10~¢
to 3 x 10¢)
PWR HPI failure, per demand 1.3 = 10~ 8.6 x 107" (4.4 x 10~
to 2.7 z 10-%)*
PR long-term core cooling (sump recircaulation) i.2 & 10~? 1.3 2 10™* (4.4 16-*
failure, per demand to 3.1 x 107%) (
P¥R emergency power failure, per demand 1.8 x 10 1zx xo--‘
PYR steam generator isolatiom failure, per demand 1.2 = 10~¢
PR HPI for steam lioe break mitigatiom (comcen 2.8 = 10~
trated boric acid injection) failure, per demand
BWR RCIC and HPCI failure, per demand 9 = 10=¢ 7.8 z 10"'" 4
BYR ADS failure, per demand 7 5 10=% 5z 10"* (3.3 :‘.10"
to 7.5 x 10™*)
BYR emergency power failure, per demend 5.0 & 10~* % 10"‘f
BYR HPCI failure, per demand 5.7 5 10 9.8 z 10—* (‘.lhx 10=*
to 1.4 z 10™%)
BYR reactor vessel isolatiom failure, per demand 3.0 z 10 t

Ref. 1, p. I-85/86, footnote 3.
blol. 1, p. 63.
“Ref. 1, Seet. 5.3.4.1, p. 64,
dlo(. 1, Table II 5-8.
“Ret. 1, p. II-144. '
"lo'. 1, p. II-176.
IRet. 1, p. II-90.
hlo(. 1. p. 56.
“Ret. 1, p. 11-405. .
‘Ret. 1, p. 11-385.
h‘l‘lo Reactor Safety Study failure probabilities include a test snd msintensnce conmtri-
batiom that would not be included in numbers derived from testing., The noatest and mainte~
aance failure probability is 1.3 z 10-*/D (medias) (Ref. 1, p. II-395).
L
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sequence was then fit into the applicable standard event tree
wnere possible - unique event trees were required in a few
cases - and conditional probabilities for severe core damage,
given the precursor event, were estimated. The 26 LERs with
the highest conditional probabilities of severe core damage
are listed in Table 4-2 (abstracted from NUREG/CR-2497).
Summing the probabilities of precursors associated with
actual initiating events and accounting in an approximate
manner for multiple counting of avents leads to an estimated
frequency of severe core damage of 1.7 x 10-3 to 4.5 x 10'3
per reactor-year during the period from 1963 to 1979.

Trends Examined

Time line plots were constructed, but nc distinctive conclu-
sions or trends could be confirmed. Similarly, time-phased
failures were examined without any significant trends found.
[t was found that approximately 1/3 of the significant LERs
contained human errors as part of the seguence reported.

Appendices
The bulk of the report is in the form of appendices that
contain the supporting information, details of each selected

presursor, and details on the evaluations of the 52 signifi-
cant precursor events.
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ACCESS
153164
101444
138830
90421
91 76
108078
133706
149450
63129
88451
128906
137305
149961
61434
61565
137918
137543
139565
1401335
142462
85566
85738
152187
153810
103002
103077

DATE
790326
750322
780320
740407
740508
751105
M221
790502
710324
740119
170831
780325
790603
700717
710902
780423
780413
780514
780728
781127
731119
731119
790903
791120
750429
750501

Table 4-2.

LOFW
v
LOFW
LOFW
LOFW
LOFW
LOFW
LOFW
oo
LOOP

pISEEEEREEERERES

Dominant Precursor Events.

ACTUAL OCCURKENCE
LOSS OF FEEDWATER & OPEN PORV
CABLE THRAY FIRE CAUSED EXTENSIVE DAMAGE
¢. VLURE OF NNI & STEAM GENERATUR DRYOUT
INOVEKABLE AFW PUMPS DURING PLANT SHUTDOWN
FAILURE OF 3 AUX FWDTR PMPS T0 START AT TEST
INOPERABLE AFW PUMPS DURING PLANT STARTUP
AUX FEEDWATER PUMPS INOPERABLE DURING TEST
LOSS OF FEEDWATER FLOW
10SS OF OFFSITE POWER
1OSS OF OFFISTE PUWER
LOSS OF NO-BREAK-POWER AND FEEDWATER CONTROL
LOW-1LOW WATER LEVEL IN ONE STEAM GENEKATOK
HPCI FAILS TO START GIVEN LOFW
LOSS OF OFFSITE POWER
LOOP AND FAILURE OF A DIESEL GENERATOR TO LOAD
MULTIP™E STUCK~-OPEN RELIEF VALVES
LOSS OF OFFSITE POWER WHILE SHUTDOWN
LOSS OF OFFSITE POWER DURING REFUELING
LOOP AND DIESEL GENERATOR FAILURE
LOSS OF VITAL INST. BUS-REACTOR TRIP
LOSS OF A.C. POWER CAUSE HPCI/RCIC TO FAIL
RCIC/HPCI FAILS DURING TESTING
SWITCHYARD LOCKOUT DUE TO CABLE DROP AT STOKM
RCIC TURBINE TRIP WITH HPCI UNAVAILABLE
MULTIPLE VALVE FAILURES & RCIC INOPERABLE
RCP SEAL FAILURE

Conditional Core Melt Probabilities Calculated for

pLANT
™I 2

BEN FERKY 1
RANCHO SECO
PT BEACH )
TKY POINT 3
KEWAUNLE
DVS-BESSE 1
OYSTER CHREEK
LACROSSE
HAD NECK
COOPER
FARLEY 1
HATCH 1
HUMBOLT BAY
PALISADES
TMI 2

CAL CLIFFS 1
ST LUCIE 1
BVR VALLEY 1
SALEM 1

BEN FERRY 1
BRN FERKY 1
ST LUWCIE 1
BRUNSWICK 1
BRUNSWICK 1
ROBINSON 2

PRECURSOK
PROBABILITY

1.0
0.4
0.25
0,025
025
025
.025
le
.ule
.0i3
013
N
010
LG0T



PRECURSOR DESCRIPTION AND DATA

NSIC Accession Number: 101444

Date: March 22, 1975

Title: Cable Tray Fire Causes Extensive Damage at Browns Ferry

The failure sequence was:

1. A fire started in cable spreading room (at approximately 12:20). About 20
zinutes later anomalous behavior of the controls and instruments, especially in
items associated with ECCS, were observed by the operator.

2. The operator scrammed the reactor at 12:51 pm.

3. Electrical boards supplying power to systems used to cool the reactor were lost,
(12:54).

4. The MSIV automatically closed. This resulted in the following (1:00 pm):
(a) The steam generated by the decay heat could not be dumped to the condenser.
(b) The steam supply to the feedwater pump turbine was lost thus eliminating the
remaining source of high pressure coolant injection.

5. Operable pressure reiief valves were manually opened to depressurize the
reactor to the point where the condensate booster pumps could be used to
supply vater, (1:20).

6. These valves later failed closed (6:00 pm), then the condensate booster
pu=ps could no longer supply water. Only the control rod drive pumps wvere
left operable.

7. The control of the relief valves was restored (9:50 pm) and the condensate
booster pumps again supplied water.

8. Normal shutdown cooling was established at 9:10 am the next mornming.

Corrective action:
-+ The fire was extinguished.
2. The cables were repaired (ll years).

3. Extensive changes were made to the cable spreading room, electrical penetrations,
and insulating materials.

Design purpose of failed system or component:

Electric cables carry electric power and control signals to the various loads
throughout the planc. .

Unavailability of system per WASH 1400:* -

Unavailability of component per WASH 1400:* —

- -
Unavatlabilities are in units of per demand D ', Failure rates are in
units of per hour HR™!
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Notes

Closure of the MSIV had two immediate consequences.

(a) The steam jenerated by decay heat could not be passed to the main
condenser, but instead remained in the reactor.

(b) The steam supply to the feedwater pump turbine was lost thus eliminating
the remaining source of high pressure cooling water.

The MSIV is designed to fail closed.
The MSIV closed shortly after 1:00 pm. Shutdown cooling wasn't restored

until 4:30 am the next morning. Without adequate cooling over this period
of time the core would have been severely damaged.

See the attached sheet. This information was obtained from Nuclear Safety,
Vol. 17, No. 5, September—October 1976, p. 607.




Note 3

AVAILABILITY OF COOLING
WATER

Following 3 reactor siutdown, radioactive matenal
still prescut mn the reactr tuel continues (o generate 3
dgniicant amount of heat. called decay heat. that
must he removed 1o nrevent fuel damage. There ure
several metinndy o1 remuoving this decay heat (Fugs. 1]
and 12)

| Stean can be passed to the main condensers and
waler retumed (o the reactor 1o keep the fuel covered
a1 &l nimes.,

2. The man-steam-iine solauon valves can be
clused 1y slluw the reactor temperasure and pressuse 1o
micrease, thus causng reliet valves 10 open and cluse
automatically to mantan ¢ relauvely constant pres-
sure. The steam Jducharge from the relief valves passes
through pipes 10 4 large pooi of water called 2
suppression pusl. Fur this type of operation, the
reactor waler ievel s 3utomatically maintained above
the fuel by means of lugh-pressure water makeup
sysiems,

3. Rejie! vaives can be opened by remote control (o
Jischarge steam to the suppresson pool in order (0
reduce reator pressure 10 3 low value, tius permitting
the use of low-pressure water makeup systems (0
mamtain the water level above the fuel.

4. Decay heat can also be removed when the
resior s al jow pressure by pumping the water
directly  through die residual-heat-removal heat ex-
iangers.

Alter e reactors were shut down, supplying
couling-water makeup on Unit | was complicated
bevause the fire in the electrical cables had caused a
number of preces of equipment to lose some or all of
thew capadilities. There was adequate high-pressure
water makeup avadadle on Unit 2 at ul times to keep
the luel cuvered. The means of heat removal through-
ot the course of the mcident was not cnitical because
rehiel valves (o transfer the decay heat to the suppres-
won pool were available.

The fire damaged the control arrangements for the
manateamdine solatiun vaives in Unit |, and the
vaives closed and could nut be reopened. The decay
ezt was removed for 4 ime using autumatic operation
ol the reliel valves with the reactor remaming at high
pressure. However, the fire had also affected the two
primary ligh-pressure water makeup systems provided
for inaintaining water level in an emergency. Therefore
ihe ouperator chuse to depressunze the reactor by
remuote controd of the reliefl valves and 1o use the

low-pressure water nwkeup systems hal were sull
avalabie

It showid =¢ amnted out that with the reactor a1
ingh pressure (herc were other siternatives for obtam-
ing MJkeup auier o the reacior A few exampies of
other alternat.ves yre isted below

L The Lt 2 control-rodinive tCRD) pump and 3
shared spare CRD oump cuuld have been used m
addiion 10 the CRD pump on Unut |

2. The suandbv lLiqud~onirol pumps could have
been made svauuble by perfurnung 4 manual vaive
dignment, Jciuating two vaives, and manually restoning
puwer 10 the sumps.

3. The resctor core-solation covling system could
hiave been maue uvadabie by installing 2 special short
prece of pipe that was stored nearby

Dunng ihe senud of depressunzation, the water
levei in the core dropped but never fcil below | .22 m
above the fuel. (Normal level is S08 m: the 1.22.m
level 15 stdl 0.76 m above the level at wiuch additional
emergency cooling systems are aciuated.) Once the
reacior pressure was reduced below 1.4 MPa, 3 conden.
sate booster sump and 3 . ondensate pump provided an
adequate source of make 'p water, and the normal
water level was obtained. However, when stable low-
pressure operition was attained, the operability of the
relief valves being used (0 maintain low pressure was
lost as a reswt of the loss of control air. The relief
valves closed, pressure increased, and the avadabdity of
the low-pressure water makeup systems was lost. Alter
about 3% hr. operability of the rehief valves was
reestablished ind low-pressure operation restored.

With low-cressure operation now secured, adequate
makeup water could be supplied by one of the
condensate pumos. [n addition, two gdditional conden-
ate bousier cumps and two addinonal condensaie
pumps were v aiable to the uperatur,

Another uternative would have heen to use 2
nonstandard o stem configuration and manual valve
alignment. Two residual-heat-removal pumps in Unit 2
could have been aiigned to the Unnt | r2actor through a
crosstie pipe. ind, as an additionai backup, nver waier
could have Seen used (rom either of two available
service-water oumps.

The pont s that adequate comiing-water makeup
was provided throughout the wncident, and additional
aternatives could have been used to prowvide makeup
water wath the reactor at either high or low pressure.
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74

Loss of Reactor RCIC/HPCT | Automatic ° “PCI or Long
Feedwater Subcritical | Response Depressurization | CS Response | Term
Flow Adequate System Operates Adequate Core
Cooling
Fco)
¥

(co)

Yes

Q4242242022022
LABAARERRAAR AL

NSIC 101444 — Sequence of Interest of Cable Tray Fire at Browns Ferry 1

1
Nonstandard techniques could have been used to make RCIC operable.

2
The depressurization was manually initiated.

Potent tal
Severe
Core
Damage

No

Yes

No

Yes

Yes

Yes

Yes

Sequence
No.




CATECCRIZATION OF ACCIDENT SEQUENCE PRECURSORS

NE1T ACTESSICH NUMIER: 101444
DATE 90 LER: April 1, 1975

DAT:L O FVENT: Mazeh 22, 1975

SYSTEM INVOLVED: electrical distribution
COMIONENT INVOLVED: electrical cable
CAUCE:  fire, human error

SeOUVENCE OF ILTEREST: loss of feedwater
ACTUAL OCCURRENCE: cable tray fire causes extensive damage
REACTOR 'I\ME: Browns Ferry 1l

DOCKET NiIMBER: 50-259

REACTCA TYFE: BWR

DECICN ZLECTRICAL RATING: 1065 Mie
REACTP ALE: 1.59 yr

VEMNTOR: GE

ARCHITZCI-ENGINEERS: ~ TVA

UPZRATCRS: TVA

LOCATION: 10 milas NW of Decatur, Alabama
DURATION: N/A

PLANT OPERATING CONDITION: 100 power

Drade inoperable; d)

SAFETY FEATURE TYPE OF FAILURE: (a) inadequate performunce; (b) failed to stare;

DISCOVERY METHOD: operational event

COMMENT: =
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5. DETAILED REVIEW AND CRITIQUE OF NUREG/CR-2497

The major thrust of this section is to support the key results
previously stated in Section 1 as well as to provide an overview of the
major topics addressed by reviewers. Where practical, the approach taken in
the Accident Sequence Precursor (ASP) study is compared with comments and
recommendations made by reviewers. Because of the depth of comments and

¢ documentation available in the INPO review (Ref. 2), many of the comparisons
in this section are between the ASP study and the INPQO review.




LER SELECTION AND SCREENING PROCESS

Discussion

The ASP study used a two-phase LER screening and selection process
to review a large licensee event data base and to identify a rela-
tively small set of precursors of severe core damage. The basic
steps in the ASP screening process were described in Section 4 and
are shown in the flowcharts in Figures 4-1 and 4-2. As shown in
Figure 4-1, the initial screening pnase involved *he review of
about 19,400 LER abstracts and resulted in the identification of
529 events for further detailed review. In the second phase of
the selection process, shown in Figure 4-2, 169 precursors of
severe core damage were identified. It is noted in NUREG/CR-2497
that this selection process might lead to some significant events
being missed and conversely to the selection of some inappropriate
or marginally significant events. The subsequent ranking process
evaluates their significance.

Other methods of screening the LERs using alternative criteria
could be developed. In “ict, INPO applied the screening criteria
from their Significant Events Evaluation and Information Network
(SEE-IN) program to the 52 top-ranked events identified in the ASP
study and classified 38 of these events as being "significant" and
14 as "not significant." In many cases, INPO used information
beyond that which was available in the LERs and claimed that this
more detailed information was necessary to resolve the signifi-
cance of the events. A comparison of the ASP and INPO screening
criteria is shown in Table 5-1 (from Ref. 2). As can be seen in
this table, the SEE-IN and ASP screening criteria have some basic
similarities. INPO classifies LERs as sfgnificant, conditionally
significant or not significant. Classification of an LER as
"significant" in the SEE-IN program means that “remedial measures
are likely to reduce risk and improve availability." The purpose
of the SEE-IN screening is therefore somewhat different than the

. -



ASP screening which is intended to identify LERs that are precur-
sors of severe core damage. To date, about 2.5 percent of all
events screened by INPO have been categorized as significant,
(Ref. 4). This is comparable to the percentage of significant
events identified in the ASP study (e.g., 528/19,400 = 2.7
percent).

One reviewer of NUREG/CR-2497 proposed a selection and ranking
process whereby the number of remaining operable mitigating
systems (or "barriers"”) was considered as the primary selection
criterion. The highest ranked LERs would be those in which no
additicnal systems were available to prevent severe core damage in
an event sequence of interest. Other LERs would be ranked lower
based on the availability of one, two or more additional miti-
gating systems or functions. This selection method would likely
define a set of significant LERs that is different than the sets
identified in the ASP study and the INPO review.

[t probably is not possible to define an "absolute" system for
selection and ranking of LERs. The selection criteria are not
derived mathematically, and therefore, subjective judgements are
made in estabiishing a set of selection criteria. An individual
criterion may also require that additional subjective judgements
be made during actual screening of LERs. This subjectivity makes
it difficult to get absolute agreement even on the application of
a single set of selection criteria. In their review, for example,
INPO noted that 8 of the 52 most highly ranked LERs did not appear
to be significant when measured by INPO in terms of the ASP selec-
tion Er1ter1a. Had INPO applied the screening criteria to a wider
set of events, it is possible that additional significant events
might have been found.

What then is the value of the ASP, or any other, LER selection
criteria? Their primary importance is in their ability to extract
from a very large LER data base a small, manageable set of poten-
tially significant events to be analyzed in more detail. The ASP

29
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Table 5-1. NUREG/CR-2497 Screerina Criteria and INPO Screening Guide.

NUREG iNPC SEE~IN

CRITERIA SCREENING GUIDE®*

l. any failure of a system to function that sl, s2, s3, sS4,
should have functioned as a conseguence ¢1, €2, C4

of an off-normal event or accident

2. any instance where twe or more sl, 82, 83, €2
failures occurred

3. all events that resulted in or required Cé
initiation of safety-related equipment
(except events that only require trip
and when trip was successful)

4. all complet2 losses of off-site power sl, s&, s7, S8,
and any less frequent off-normal c3, CS
initiating events or accidents

Se any event or operating conditicn that sS, s&6, s@
was not enveloped by cor proceeded
differently than the plant design basis

6. any other event that, based on the s7
reviewer's experience, could have
resulted in, or significantly affected
a chain of events leading to potential
severe core damage

*pefinitions of the INPO Screening Guida2 categories are .
shown on the chart below:

30
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sl.

s2.

s3.

S4.

SS.

S6.

s7.

s8.

Cl.

c2.

4‘3
- -

Table 5-1. ({(continued).

Definition of INPO Screening Guide Categeries

Two or more failures occur in redundant systems during the
same event.

Two or more failures due to a common cause occur during the
same event,

Three cr more failures occur that would have easily escaped
detecticn by testing or examination. |

Component failures occur that would have easily 2scaped
detection by testing or examination.

An event proceeds in a way significantly different than
would be expected.

An event or operating conditicn occurs that is not enveloped
by the plant design bases.

An event occurs that could have been a greater threat to
plant safety with different plant conditicons, the advent of
ancther credible cccurvence, or a different progression of
occurrences.

Administrative, procedural, or operational errors are
committed that result from a fundamental misunderstanding of
plant performance or safety requirements.

A single failure occurs in a non-redundant system.

Twoe apparently unrelated failures occur during the same
event.

A zroblem reeults in an off-site radiation release or

personnel exnosure,
3



Table 5-1. [(continued).

C4., A design or manufacturing deficiency is identified as the
cause of 2 failure or potential failure.

CS5. A problem results in a long outage or major equipment
damage.

C6. An ESF actuation occurs during an event.

C7. A particular occurrence is recognized as having a signi-
ficant recurrence rate.

Note: The division of the INPO criteria into two categories,

*significant” (Sl to S8) and "conditionally significant®

(Cl to C7) is used for ease of screening. Events in the (
latter category are ultimately upgraded to “"significant®

or downgraded to "not significant®" follewing additional
evaluation. Events that are unique to a plant design and

have no generic applicability are usually categorized as (
*not significant.*
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study was successful in developing a reasonable methodology for
this purpose. Admittedly, some potentially significant events may
be overlooked but this should not be considered as a fatal flaw in
a screening or selection process that is being applied to an
incomplete data base.

Conclusions

The LER selection and screening process used in the ASP study i1s a
reasonable approach for selecting from a large data base a rela-
tively small set of potentially significant events. The process
is subjective, but this is an almost unavoidable aspect of a
screening process of this type.

Other screening criteria could, of course, be developed and would
likely yield results that are different from those of the ASP
study, but not substantially so.
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COMPLETENESS OF THE LER DATA BASE

Discussion

The LER data base contains information on events that actually
7ave occurred at licensed nuclear power plants. In spite of the
size of the LER data base, in terms of the numbers of events, the
ASP study identified only a relatively small set of potentially
significant events, and these constitute a sparce set of data from
wnich initiating event and system failure probabilities were
calculated. The calculated data are then used in the ASP study to
make inferences regarding: (1) the conditional probability of
severe core damage of a precursor event, and (2) the estimated
frequency of severe core damage per reactor-year for the years
1363 to 1979. The LER data base must, however, be considerad as
an incomplete data base fcr identifying precursors of severe core
damage pecause of the following considerations:

. The LER data represents the experience gained from only a
limited reactor operational history (e.g., 432 reactor-
years). As noted by INPO (Ref. 2) the total commercial
reactor operational history in the free world was much
greater at the time the ASP study was published (e.g., about
1500 reactor-years). The LER data base only includes infor-
mation on U.S. reactors. Adding relevant data on non-U.S.
reactors could have an effect on the resuits of the ASP study
dbut should only be done in a manner consistent witn the
treatment of U.S. data.

. Precursor events identified in the ASP study involve signifi-
cant sequences or partial sequences that actually have occur-
red. There are other unrelated severe core damage sequences
that are predicted probabilistically in PRAs but have not yet
occurred at any nuclear power plant. There also may be other
significant sequences that have not yet occurred and are not
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yet included in PRA-type plant models (e.g., these sequences
have been overlooked and therefore are not predictable proba-
bilistically). These unrelated sequences cannot be identified
from the LER data base. As shown below, precursor events
constitute a subset of all event sequences that cou'd lead to
severe core damage.

The precursor events are rare events. Statistical inferences
made from such sparce data will have large uncertainties.

LER reporting requirements may not capture ail information
~~levant to identifying precursors of severe core damage that
nave actually occurred. INPO noted that LERs are “...inher-
ently incomplete and sometimes inaccurate" (Ref. 2).

- Events that do not involve safety systems are not re-
ported. The probability of some initiating everts such
as loss of feedwater therefore may be underestimated.

- The significance of some support system failures (e.g.,
fnstrument air, equipment room ventilation) may be
overlooked, particularly when the impact on front-line
systems is not straight forward. Potential sources of
common mode failure may therefore not be detected.

- Some safety system failures may not be reportable if

they occur during plant operating modes when the system
in question is not required to be operable by the plant
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Technical Specifications. Variations in plant Technical
Specifications, particularly before the advent of the
NRC standard Technical Specifications, introduce
nonuniformities in LER reporting requirements.

LER reporting requirements have changed during the 1969
to 1979 period.

B. Concliusions

The LER data base is incomplete. It does not include all precur-
sors that have actually occurred. In addition, it does not include (
any severe core damage sequences that may be possidble but have not
occurred. These considerations impose 1imitations on the statisti-
cal inferences that can be drawn from the numerical results of the
ASP study. Since the degree of incompleteness was not quantified, (
and since uncertainties were not estimated, numerical estimates of
past and future event probabilities based upon the ASP information
must be treated with great care. The LER data base is, however,
an important source of operational data which has deen used in the (
ASP study to provide insight into severe core damage precursors.




5.3

STANDARD EVENT TREES
Discussion

Event trees and fault trees are tools that can be used together to
model the fau.t logic of a nuclear power plant in response to
specified initiating events. The event tree describes the
response of the plant to an initiating event, and the fault trees
provide detailed modeling of the systems related to each function
in the event tree.

There is a trade-off that is possible between the level of detail
of an event tree and the associated fault trees. Fault trees and
event trees are similar logical models, and therefore, one can be
made more detailed while the other is simplified (to a point)
without affecting the validity of the plant model. In NUREG/CR-
2497, simple event trees with broadly defined generic functions
are used to describe PWR and BWR response to the following
initiating events:

Loss of main feedwater

Loss of offsite power

LOCA (small LOCA only for PWR)
Main steam line break

The mitigating functions included in the PWR and BWR standard
event trees are summarized in Tables 5-2 and 5-3, respectively.
An individual function in these event trees may correspond to a
single system or to several systems which have interrelated suc-
cess criteria.

As an example, consider Table 5-4 which lists BWR plants and the
systems available at each to perform the high and low pressure
coolant injection, shutdown cocoling and containment cooling
functions (adapted from Ref. 5). In a BWR, adequate core cooling
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Table 5-2. Summary of Mitigating Functions Included in Standard PWR
Event Trees in NUREG/CR-2497.

Initiating Event
Loss uf Loss of
Main | Offsite Sino‘c];
Feedwater| Power
Reactor Trip
Steam Generator /
isolation
Turbine Generator (
Runs Back and v
Assumes House Loads
w
¥}
£ | Emergency Power / ,
—
S {
- Auxiliary Feedwater ,
« | and Secondary Heat / v / /
2 Removal '
v \
¥
§ PORV Demanded v/ v
S
v
S PORV Opened Due (
» To Continued High v/
s Pressure Injection
P
S PORV or PORV
% Isolation Valve Y / /
Closure ¢
High Pressure J/ / / /
Injection
C
Long-Term Core J/ / /
Cooling
Low=Pressure
Recirculation and v/ y
LPR/HPI Cross Connect

* PORV = Power-operated relief valve ‘ _
LPR/HPI = Low pressure recirculation/high pressure injection
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Table 5-3. Summary of Mitigating Functions Included in Standard
BWR Event Trees in NUREG/CR-2497,
Initiating Events
Loss of | Loss of Main
Feed- Offsite LOCA [Steam Line|
water Power Sreak
Reactor Scram / v
Reactor
suberitical peactor Scram or ,
SBLCS or Rods v /
Manually Driven In

H
z Reactor Vessel Isolated ’
-
e
c
¥
>
et
x Diesel Start and Load /
=]
-
-
<
g , ;
= RCIC/HPCI Response Adeguate v / v v
-
z
S Automatic Depressurization / / /(+) /
% System Operates
=
[V

LPCI or CS Response Adequate v/ 4 / 4

Long-Term Core Cooling ' " v Y

* SBLCS
RCIC
HPCI
cs

+ Depressurization system only required for small LOCA.

Standby Liquid Control System
Reactor Core Isolation Coolina System
High Pressure Coolant Injection System

Core Spray System

39



Table 5-4. Summary of BWR High and Low Pressure Coolant Injection, Shutdown Cooling and Containment
Cooling Capabilities
Systems for Core Coolant Systems Performing
Systems for Core Coolant Injection Injection at Low Pressu Only a Shut
at High Pressurell and Other funclioashv Cooling Function(!)
. ?““ (2) 42) Isolat fon
ype RCIC  WPCI  WPCS  FWCI CRDH LPCS LPCL  RHR-M1  RNR-M2 RHR-S  Condenser
Oresden | ] - (4) - - X X - - - X X
Huwboldt Bay | - B - X X X - - X X
Blg Rock Point I - - - - X (5) - - - X X
Oyster Creek 2 - - - - X X . - - X X
Nine Mile Point 2 - - - X X X - - - X X
Millstone ) 3 - - - X X H X - - x X
Dresden 2 & 3 3 - X - - X X X - - X X
Pligrim 3 X X - - X X - X - - -
Monticello 3 X X - - X X - X - -
Quad Cities 1 8 2 3 X X - - X X - X - - -
Mateh 1 8 2 q X X - - X X - X - - -
Browns ferry 1, 2 8 3 4 X X - - X X - X - .
Vermont Yankee El X x - - X X - X - - -
Peach Bottom 2 & 3 B X X - - X X - X - - -
Cooper El (3) X - - X X - - X - -
Duane Arnold 1 (3) X - - X X - - X - -
Fitzpatrick 4 (3) X - - X X - - X - -
Brunswick 1 & 2 4 (3) X - - X X - - X - -
Shorcham 1 (3) X - - X X - - X -
Fermi 2 q (3) X - - X X - - X e
Susquehanna 1 & 2 4 (3) X - - X X - - X - -
LaSalle ) 8 2 5 (3) - X - X (6) - - X = »
Uiamer 5 3 - X - X (6) - - X - -
Nanford 2 5 (3) - X - X (6) = - X = -
Grand Gulr ) & 2 6 (3) - X - X (6) - - X -
Other BWR/5 & /6 (3) . X - X (6) & = X = .
r - = = ~

Systewms for Contatnamnt
Spray and s"""m'm

€s-5
X
*

Pool Coaling

S5 M

(7

(8)
(€)
(9)
(9)
(9
(9)
(9)
(9)
(9)
(9)
(9)
(9)
(9)
(9)
(9)
(9)
(9)
(9)
(9)
(9)
(9)
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Table 5-4.

Summary of BWR High and Low Pressure Coolant Injection, Shutdown Cooling and Containment
Cooling Capabilities (continued)

Hotes:

(1) REIC = reactor core isolation cooling system
HPCl = high pressure coolant injection system
HPCS = high pressure core spray system
FHCl = feedwater coolant injection system
CROHS = control rod drive hydraulic system
LPCS = low pressure core spray system
LPCI = low pressure coolant injection system (single mode system)
RiR-Ml = multi-mode RHR system performing LPCI ~hutdown cooling,

suppression pool cooling and containment spray functions
RHR-M2 = same as RHR-M1 plus steam condensing operation with RCIC
RHR-S = single-mode residual heat removal system
CS-M = containment spray, which is an operating mode of some other
multi-mode system
€5-5 = single-mode containment spray system

(2) MNon-engineered safety feature system except Millstone 1 FWCI
(3) Injection plus steam-condensing modes of operation

(4) Being Installed

(5) Also performs suppression pool cooling function

(6) Only a single 100% capacity LPCS punp. Other plants typically have two
100% capacity LPCS trains

(7) Containment/suppression pool cooling is an operating mode of LPCS
system

(8) Containment/suppression pool cooling is an operating mode of the LPCI
system

(9) Contaimment/suppression pool cooling is an operating mode of the
multi-mode RHR system (RHR-M1 or RIR-M2)



it low prassure usually can be provided by 2ither a low pressure
core spray (LPCS) system or by 2 Tow pressure coolant 1njecttdn

(LPCI) system. In many BWR plants, the LPC! function is performed
dy a specific alignment of a multi-mode residual heat removal
(RHR) system. In Table 5-4, it can be seen that the Browns Ferry
plants have reactor core isolation cooling (RCIC), high pressure
coolant injection (HPCI), and control rod 4rive hydraulic (CRDHS)
systems for performing the high pressure coolant injection
function. Low pressure coolant injection is performed by an LPCS
and a multimode RHR system. The varied success criteria for LPCS
and LPCI systems are summarized in Table 3-5 (from Ref. 6). At
8rowns Ferry, adequate low pressure cor2 cooling could be provided
by two of the four LPCS pumps, or by two of the four LPCI pumps.
Combinations of LPCS and LPCI pumps may also provide adequate core
cooling, but are not listed in Table 5-5.

To accurately describe system interrelationships of the type
described above, detailed plant-specific models are required.
dith detailed models, the fault trees can be quantified using
component-level failure data (e.g., pump, aiesel generator demand
and running failure probabilities). The ASP study used an altern-
ative approach to quantify the event trees using initiating event
probabilities and system (rather than component) failure probabi-
lities that were calculated from LER data. This approach results
in a Toss of resolution of the detailed plant response that may be
traced in a detailed plant-specific model. However, such detailed
analysis appears to be inconsistent with the goal of the ASP study
to screen and rank a relatively large number of LERs.

To fit an actual event into a standard event tree, some or all of
tne fcllowing steps were taken in the ASP study.

As in PRAs, engineering judgements were made regarding the
mitigating systems for which credit would be taken. In some
cases, credit may not be taken for some potentially available
systems. The point-of-view of the analyst can affect the




. Table 5-5. Summary of BWR Low Pressure Core Spray (LPCS)

and Low PreSSure_CoqlanE Snjection (LPCI)

System Characteristics.

3WR Plant ?‘;'ﬁe Lpes() trer(2)

Oyster Creek 2 (8x) 3400 @ 110 (4/8) -
Nine Mile Point 2 (8x) 1700 @ 113 (2/8) -
Millstone 1 3 (2x) 3600 @ 30 (1/2) (4x) 2500 @ 165 (2/4)
Oresden 2 & 3 3 (2x) 4500 @ 30 (1/2) (4x) 2675 @ 200 (2/4)
Pilgrim 3 (2x) 3600 @ 120 (1/2) | (4x) 4800 @ 20 (3/4)
Monticello 3 (2x) 4500 @ 145 (1/2) | (4x) 4000 @ 20 (2/8)
Quad Cities 1 & 2 3 (2x) 4500 @ 90 (1/2) | (4x) 4830 @ 20 (2/4)
Hatch 1 & 2 - (2x) 4625 @ 132 (1/2) | (4x) 7700 @ 20 (2/4)
8rowns Ferry 1, 2 & 3 B (4x) 3125 @ 122 (2/4) | (4x) 9999 @ 20 (2/4)
Vermont Yankee 4 (2x) 3000 @ 120 (1/2) | (4x) 7200 @ 20 (2/4)
Peach Bottom 2 & 3 4 (4x) 3125 @ 122 (2/4) | (4x) 10000 @ 20 (2/4)
Cooper Py (2x) 4500 @ 115 (1/2) | (4x) 7700 @ 20 (1/4)
Duane Arnold 4 (2x) 3020 @ 113 (1/72) (4x) 4800 @ 20 (3/4)
Fitzpatrick R (2x) 4625 @ 120 (1/2) | (4x) 7710 @ 290 (3/4)
8runswick 1 & 2 b (2x) 4725 @ 100 (1/2) | (4x) 4100 @ 246 (1/2)
Shoreham 4 (2x) 4725 @ 121 (1/2) | (4x) 7700 @ 20 (2/4)
LaSalle 1 & 2 5 (1x) 6350 @ 122 (1/1) | (3x) 7450 @ 20 (2/3)
Zimmer 5 (1x) 4625 @ 119 (1/1) | (3x) 5050 @ 20 (2/3)
Grand Gulf 1 & 2 6 (1x) 7000 @ 122 (1/1) | (3x) 7450 @ 20 (2/3)
Perry 1 & 2 6 (1x) 6000 @ 122 (1/1) | (3x) 7100 @ 20 (2/3)
Notes:

(1) Abstracted from NUREG/CR-2069, "Summary Report on A Survey of Light Water

(2)

Reactor Safety Systems," with modifications and additions from other
safety analysis reports.

System characteristics are listed as follows: the number in the first
set of parentheses indicates the number of pumps (e.g., "4x" means four
pumps), the fraction in the second set of parentheses is the system
success criteria (e.g., "2/4" means that two of four pumps are required
for the system safety function to be successful). The data between the
two sets of parentheses includes the capacity of each pump (in gallons
per minute) at a specified discharge head (in psid). The code "(4x) 7700
@ 20 (2/4)" is therefore read as follows: four pumps rated at 7700 gpm
at 20 psid, two-of-four pumps are required. )

43




O -

choice of systems to be included in the event model, and
contributes to a systematic bias of the results of the study.

. A simplified event tree was developed for the actual LER
avent.

“ This simplified event tree was translated into the appro-
priate standard event tree,

The standard event tree representation of the LER may not be
entirely accurate because of the 10ss of resolution associated
with generic modeling and because subjective engineering decisions
may overestimate or underestimate the mitigating effects of plant
systems. To illustrate this point, the Browns Ferry fire (event
10144 in the ASP study) is reviewed below.

in the ASP evaluation of the Browns Ferry fire, the high pressure
coolant injection function was assumed to be failed with a
probability of 1.0 as a consequence of the fire. As shown in
Table 5-4, nhigh pressure coolant injection at Browns Ferry can be
provided by the RCIC, HPCI, and CRD systems and additionally by
the Standby Liquid Control (SLC) system. The RCIC, HPCI, and SLC
systems were inoperable due to effects of the fire. Throughout
the fire, one control rod drive pump was available and was used as
a source of high pressure makeup. One CRD pump can provide about
100 gpm makeup at an RCS pressure of 1080 psig. It has been
calculated that a makeup rate of about 218 gpm at 40 minutes after
shutdown would have been adequate to prevent the Browns Ferry core
from ever being uncovered (Ref. 7). The following options for
increasing the high pressure coolant injection capability using
existing features of the CRD hydraulic system were available to
the plant operators, but were not used:

. Increase the output of the operating CRD pump to about 225
gpm by manually valving-in a pump test bypass line which
provides an additional flow path. This realignment could

r~
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have been accomplished with a single valve. Adequate core
coolant inventory could then have bSeen maintained and
depressurization would be unnecessary.

. Align the shared, spare CRD pump and run it in parallel with
the operating pump. This makeup capability would not be
enough to match the rate of coolant boiloff at 40 minutes
after reactor shutdown, but would buy extra time (about 40 to
50 minutes) for repair activities to restore other systems to
operation.

B Cross-connect Unit 1 and Unit 2 CRD hydraulic systems and use
all three CRD pumps (1 per unit and 1 shared) to supply
makeup to Unit 1. This system alignment would have provided
an adequate coolant makeup capability.

It appears, therefore, that an adequate high pressure coolant
injection capability could have been provided by the CRD pumps,
which wera available throughout the Browns Ferry fire.

The INPO review (Ref. 2) models the 1oss of high pressure injec-
tion (HPI) function using the fault tree in Figure 5-1 which was
taken from WASH-1400 (Ref. 3) This model includes the CRD system
as well as repair activities that were in progress for restoring
the RCIC and/or the SLC systems. If restored, the RCIC system
would have provided an adequate coolant makeup capability. The
SLC system would have provided an additional 56 gpm of makeup per

pump.

An event tree illustrating an even greater range of system options
related to the single event "RCIC/HPCI Response Ad>juate' in the
ASP standard event tree is shown in Figure 5-2. This event tree
was developed based on the description of the Browns Ferry fire in
References 7 and 8, and includes some system options not found in
the fault tree in Figure 5-1.
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have been accomplished with a single valve. Adequate core
coolant inventory could then have been maintained and
depressurization would be unnecessary.

. Align the shared, spare CRD pump and run it in parallel with
the operating pump. This makeup capability would not be
enough to match the rate of coolant boiloff at 40 minutes
after reactor shutdown, but would buy extra time (about 40 to
50 minutes) for repair activities to restore other systems to
operation.

. Cross-connect Unit 1 and Unit 2 CRD hydraulic systems and use
ail three CRD pumps (1 per unit and 1 shared) to supply
makeup to Unit 1. This system alignment would have provided
an adequate coolant makeup capability.

[t appears, therefore, that an adequate high pressure coolant
injection capability could have been provided by the CRD pumps,
which were available throughout the Browns Ferry fire.

The INPO review (Ref. 2) models the loss of high pressure injec-
tion (HPI) function using the fault tree in Figure 5-1 which was
taken from WASH-1400 (Ref. 3) This model includes the CRD system
as well as repair activities that were in progress for restoring
the RCIC and/or the SLC systems. I[f restored, the RCIC system
would have provided an adequate coolant makeup capability. The
SLC system would have provided an additional 56 gpm of makeup per

pump.

An event tree illustrating an even greater range of system options
related to the single event "RCIC/HPCI Response Adequate" in the
ASP standard event tree is shown in Figure 5-2. This event tree
was developed based on the descripticn of the Browns Ferry fire in
References 7 and 8, and includes some system options not found in
the fault tree in Figure 5-1.

45



9

Forv ia
R Lt L
Iy vy

Py - eoad

o [

Frtan @ wowsn
g rmae Owi
o mgren (RO mome
o =1 houns ween ACS
e s 8 g

LR 1)

acic  f

S CRO

1 A3

Ponse 1o wniien
RCS om0 we
wan B0 ong oy
Wemn et

LR L

Posse ta ivmoe
ACIC sow sevam =

Fomse 10 remore
e K

Fanun 10 one =

o suwmens CRO

Sy = ] Ny
P 11

] MSwv

Faman of comaning

carml e a0 lockse

o eaas M e Bne

e ot 1) ow ] o
. 0o

Ponne 10 npav
L S
e

CRD-LG [

Faine @ e =
CAD vvoem Mow =
~7 oy

(IR B )

Figure 5-1.

-

.

1 CHO SiC

Foan wn ronee 800
for Gwreeany -
~ 1 horn

e - 0

Failure Possibilities for the Browns Ferry
Fire (from Refs. 2 and 6).

-\



p———meeees CRD INJECTION ===y RCIC [ SL(S i

NORMAL HP MAKEUP RESTORE | RESTORE
CRD VIA CRD | ALIG! X-CONNECT |[RESTORE [SLC PUMP | SLC PUMP | STATUS OF
OPERATION [TEST LINE| SPARE UNIT 2 |RCIC SYS ['A' AND |'B' AND | HPI

1 PUMP 1 PUMP CRD PUMP|CRD PUMP |4 MAKEUP |MAKEUP MAKEUP FUNCTION

0K

0K

0K

0K

PROBABLY 0K

0K

NOT OK

0K

0K

PROBABLY 0X

PROBABLY OK

NOT OK

0K

PROBABLY OK

NOT OK

NOT OK

iR

NOT OK

Figure 5-2. Example Event Tree for High Pressure
Injection Function at Browns Ferry.
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Thus, we have seen three levels of modeling detail for the same
function in a standard event tree. A very simple, conservative
assumption of high pressure injection (HPI) unavailability is used
in the ASP study. The INPO review references the WASH-1400 fault
tree shown in Figure 5-1 to justify a lower probability of HPI
unavailability. An even more detailed representation of possible
optionis for restoring the HPI function is shown in Figure 5-2, and
this model could be used to calculate yet another failure proba-
bility for the HPI function. The important point is that the
numerical estimaves of function failure probability are affected
Dy the depth of the supporting system model, and, 5f course, by
the data used to quantify the model.

The RCS depressurization capability was lost during the Browns
Ferry fire as a result of loss of control air and depletion of the
air supply in the accumulators for the ADS valves. A solenoid
valve had failed closed in the comwon air supply line serving the
ADS valves. Manual actions were necessary to bypass the failed
valve and reestablish control air. It has been noted that the
bypass action took 3.5 hours to accomplish (Ref. 7). The l1oss of
depressurization function was not modeled in detail in either the
ASP study or the INPO review. A relatively simple fault tree
representation for loss of the depressurization function is shown
in Figure 5-3. Each event in this fault tree could, of course, be
modeled in much greater detail.

Once the depressurization capability was restored, the fellowing
pumps were available and capable of performing the low pressure
injection (LPI) function:

Condensate and condensate booster pumps
Two of four LPCI pumps
Two of four LPCS pumps
RHR service water pumps
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The condensate and booster pumps depend on offsite power, but the
other pumps can be supplied from the diesels. A detailed eveﬁt
tree or fault tree of loss of the LPI function could be developed,
anda would provide the basis for an estimate of the probability of
1oss of the LPI function (within the iimitations imposed by the
ivailable data). A detailed model was not used in either the ASP
study or tne INPG review.

fonclusions

Use of standard functional event trees without supporting plant-
specific models inherently limits the detail with which response
of a plant can be modeled, and hence the accuracy of numerical
results derived from the model for that plant. Ranking of signi-
ficant LERs does not require a high degree of precision in the
probability estimates. The consistent application of standard
event trees and associated engineering judgements may, in fact,
aid ranking LERs. Numerical results derived from the simple
models used for ranking LERs should not, however, be considered as
comparable to the numerical results from more sophisticated an-
alyses such as WASH-1400 or plant-specific PRAs.
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($ 13

IMPLICIT ASSUMPTIONS ASSOCIATED WITH STATISTICAL ANALYSIS

Oiscussion

The statistical analysis is based on the following assumptions,
some of which may not be entirely valid. Other aspects of the
statistical analysis are discussed in Sections 5.5 to 5.7.

For the purpose of determining initiating event and system
failure probabilities, precursors are treated as if they are
each applicable to the entire population of reactors in the
J.S. This assumption is not true in general. Failures and/or
events may be specific to a reactor type, a vendor, or to an
individual plant. Because the experience is aggregated,
probability measures for events that affect only a subset of
plants will tend to be underestimated in comparison to events
that affect a majority of the operating reactor population.
For example, auxiliary feedwater system failure probability
was calculated with respect to the total years of reactor
operating experience rather than just PWR experience. One
approach to minimizing this problem is td sort the LERs into
groups of similar plants (e.g., sort by reactor type or NSSS
vendor). This approach should make it easier to identify
vendor-specific problems and tc make comparisons using pre-
cursor data more meaningful, however, this reduces the sample
size and aggrivates the problems associated with small
samples.

Plant designs and components are assumed not to change with
time. Clearly, modifications have taken place in light of
the observed failures. In a sense, tne reporting of failures
and/or conditions together with the subsequent corrective or
preventive actions represents a very dynamic evolutionary
process which plays an important role in the continuing
improvement of nuclear safety.




An important assumption that has been made is that the
precursor events occur randomly in time in accordance with a
Poisson process. The following are the assumptions
associated with a Poisson process:

a. The number of events that occur during non-overlapping
time intervals are independent random variables,

b. The prc ability that an event will occur in a small
interval of time, say (t, t + delta t), depends upon the
length of the interval and not on the location of the
interval in time,

c. The probability that an event will occur in the interval
(t, t + delta t) becomes proportional to the length of
the interval, as delta t gets very small,

d. The probability that two or mora eveats occur in the
interval (t, t + delta t) is negligible.

It is noted that the ASP study did investigate the validity
of the Pecisson postulates. Although conclusive evidence for
validity of these assumptions was not found, no evidence of
their invalidity was identified.

The above assumption that the precursor events represent the
Poisson process gives rise to an exponential (constant
failure rate) distribution of the time between successive
events. Such an assumption is typically made in reliability/
availability modeling in order to ensure that the analysis is
mathematically tractable. This does not imply that such an
assumption is valid. In fact, it is contrary to experience
with mechanical systems subject to infant mortality and/or
wearout mechanisms. The average failure rate will tend to be
an overestimate in “"mature” plants and may be an underesti-
mate in the newer and older plants.
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4. [t is assumed that statistical estimates for event probabili-
ties can be combined with subjective probability estimates to
yield an estimate for the combined event.

Conclusions
The assumptions discussed in this section appear to be acceptable
for a ranking of events, but the acceptability of these assump-

tions as a basis for making estimates of actual severe core damage
probability is subject to question.
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OATA FOR QUANTIFICATION OF THE STANDARD EVENT TREES

Jiscussion

Initiating Event and System Failure Probabilities

As discussed previously, initiating event and system failure
probabilities were calculated from data for the 169 signi-
ficant LERs identified in the ASP study. The system failure
probabilities were based largely on demand failures observed
during testing, and the numerical results derived in this
manner did not include the following potential coniributors
to equipment unavailability, both of which would tend to
increase the failure probabilities derived from LER data:

B Maintenance (unless actual demand occurred during the
maintenance period)

¥ Failure to run for extended periods of time.

Initiating event and system demand failure probabilities used
in NUREG/CR-2497 and a comparison with WASH-1400 (Ref. 3)
values are shown in Table 4-1. The ASP values are point
estimates and do not include uncertainties, whereas the WASH-
1400 numbers are median values, usually stated with uncer-
tainties.

INPO noted that the ASP failure rate data were derived in
many instances from events in which: (1) the total function
of a system was not lost, or (2) failure was discovered as
part of post-maintenance testing (Ref. 2). Because of these
effects, it was stated that the generic failure probabili-

ties for certain key mitigating systems “appear to be very
conservative” (Ref. 2). The PWR auxiliary feedwater (AFW)
system and the BWR depressurization system were two systems



for which INPO presented alternative system reliability esti-
mates, as listed in Tadle 5-6. As can be seen in this table,
the NUREG and INPO estimates differ by approximately one
order of magnitude, and both are stated without confidence
intervals.

The design details of particular systems vary from plant to
plant and these design differences can nave a significant
impact on estimated and actual system reliability. This
point was demonstrated in NUREG-0611 (Ref. 9) for PWR
auxiliary feedwater (AFW) systems. The results of the NRC
reliability evaluation, which took into account the plant-
specific details of AFW system design are summarized in
Figure 5-4 (from Ref. 9). Results in terms of relative AFW
system estimated reliability for many Westinghouse plants are
depicted in this figure. The reliability evaluations consi-
dered the following three transient conditions for which AFW
system operation would be required:

B Loss of main feedwater (LMFW)
. LMFW plus loss of offsite power (LOOP)
. LMFW plus loss of all AC power

Subjectively, Figure 5-4 illustrates that AFW system relia-
bility estimates range from "low" to "high". On a more
quantitative basis, this range depicts differences of as much
as two orders of magnitude in the estimated reliability of
AFW systems. The difference between the NUREG and INPO
reliability estimate for a "generic" AFW system seems, there-
fore, relatively small considering the range of plant-
specific AFW system reliability estimates shown in Figure
5-4. It is intaresting to Aote that more than half of the
LERs used in the ASP study to calculate AFW and secondary
heat removal failure probability occurred at Westinghouse
plants that were ranked in NUREG-0611 as having rather
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Table 5-6. Comparison of System Failure Probabilities.

Mitigating System NUREG* LLPOw WASH=-1400**
PWR Auxiliary Feedwater System  1.1x107>  2.15x107 3.7x10"°
BWR Depressurization System 2.7x10°° 3.0¢1073 §x10°3

* Point estimate demand failure probability from LER data.
** Madian value demand failure probability with following uncertainty bounds:
- AR 7x10° to 3x107¢

- ADS: 3.3:1073 to 7.5x1073
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reliable AFW systems (see Table 5-7 and compare with plants
listed in Figure 5-4). .

Similar plant-specific reliability estimates are not readily
avai able for the BWR depressurization system or for other
mitigating systems. [t is reasonable, however, to expect
that plant-specific reliability estimates for these other
systems would also be distributed over 2 significant range.
The ASP point estimates of system failure probability do not
provide a measure of the uncertainty or variability in the
value and this information is important to the meaningful
interpretation of the ASP measures of severe core damage
probability.

A further point of interest in Figure 5-4 is that system
reliability can be improved sijnificantly (e.g., by up to an
order of magnitude) when dominant system failure modes are
eliminated or raduced. Once improvements are made, the plant
no longer "Tooks"” the same as it did before. The effects of
such improvements ire excluded from the ASP study, but should
result in lower system failure probability and/or initiating
event probability in the future. The ll-year period covered
Dy the ASP study is long enough that any improvements made as
a result of events early in the study period will adversely
affect the applicability of the failure data in the latter
part of the study pericd, and certainly beyond 1979.

Some precursor sequences involve systems that were determined
to be unavailable by testing during normal operations. In
the ASP study, it was assumed that the average period of time
a system was unavailable could be estimated by one-half of
the normal test interval.
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Table 5-7.

Initiating event/function

under considerstion

Event description

ASP Data for Estimation of AW and Secondary Heat Removal Function
Failure (from NURLG/CR-2497).

NSIC
accession
nuaber

Event
date

Plant
Plant age
(d4)

Description

severity

Total nusber
of events
* seveilty

Inttiating event

Reactor trip fallure

AFW and secondary heat
resoval fallure given
trip success

AFW and secondary heat
rewoval fallure glven
fallute to trip

FUR loss of maln feedvater

Initiatiog event frequency for & PWR LOFW was determined based on & reviev of saln-feedwater-related

events reported in NUREG-0611 (pp. T1i-15 through 11-27).
a three-calendar-year period.

Efghty LOFW initiating events occurred over
Approximately 501 appesred to be rectifiable tn the short tera.

Westinghouse LOFW events were used for this estimate because the majority of PWi operating hours are
contributed by Westinghouse plants.

Demand fallure probability for fallure to trip was assumed to be equal to value calculated in WASH-1400

(p. 11-97).
81523

90421

91676

108078

133706

137305

138830

153164

June 18, 1973

Apr. 7, 1974

May 8, 1974

Nov. 5, 1975

Dec. 11, 1977

Har. 25, 1978

Mar. 20, 1978

Hav. 48, 1979

Turkey Polot & 7
Polnt Beasch | 1252
Turkey Point 3 %5
Kewaunee 608
Davis-Besse | 121
Farley 228
Rancho Seco 1281
™I-2 365

Fallure of pusps to suto-start
due to fallure to tnetall
fuses

Fatlure to deliver flow due to
clogged suction stulners

Fallure of pumps to start due
to overtightened packings and
controller saltunction

Fallure to deliver flow due to
clogged suction stralners

Loss of AFW puap control due to
wechanical bindlog and blown
control power fuses

Fallure of turbline-driven pusps
to stact plus open bypase
valves

Failure of AFW to deliver flow
due to NNl fallure

Fuilure of AFW to deliver flow
due to closed valves

0.1

0.5

Desand fatlure probability for fallure of AFW and secondary heat removal given fallure to trip as~
sused to be 10 times fallure probabllity calculated for AFW and secondary heat resoval glven trip.
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r 47 Severity Factors

As discussed in Section 4, three different probabilities of
not restoring a failed system are defined in the ASP study,
depending on the perceived severity of the system failure.
Assignment of a "“severity factor" is a subjective process as
can be seen in the analysis of the Browns Ferry fire in the
ASP study and the [NPQ review.

? Probability of loss of high presssure coolant injection
capability (ASP = 1.0, INPO = 0.05).

* Probability of loss of RCS depressurization capability
(ASP = 0.25, INPO = 0.06).

. Probability of 1oss of low pressure coolant injection
capability (ASP = 0.1, INPO = 0.01).

The differences between the ASP and NUREG values provides a
.measure of the systematic bias between the two groups.

Conclusions

ASP initiating event and system failure probabilities are point
estimates derived from a relatively small sample set. The esti-
mates appear to be conservative, however, uncertainties are not
stated, and may be quite large. If possible, the ASP data should
be refined by a more detailed review of events contributing to
failure data so that partial failures are not counted as complete
function failures. This improvement may be warranted because of
the sparce nature of precursor data and the signficant adverse
impact that each false data point can have on estimates of system
failure and initiating event probability. This improvement must be
tempered, however, in the light of the incomplete nature of the
LER data base.
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Severity factors for estimating the probability of restoring a
failed system are determined, based on subjective engineering
judgements. The point of view of the analyst can be a significant
factor affecting the value of severity factors. The uncertainty
in subjective assessments in the ASP study can be large, there-
fore, it does not seem necessary to provide finer graduations for
the severity factor values that can be assigned.

Once system design or operational changes have been modified and
previously dominant system failure modes eliminated or reduced,
there can be significant changes in system failure probability
and/cr initiating event probability. Where such changes have been
made, the ASP system failure data will have only limited applica-
bility outside the time frame of the ASP study.



wun

QUANTIFICATION OF STANDARD EVENT TREES
Discussion

The events considered significant among the 169 precursors were
identified Dy a ranking method based on “a measure of the proba-
d1lity of severe core damage associated with each precursor”.
This probability measure is "an estimate of the chance of severe
core damage, given the condition: of the precursor exist". A
total of 52 precursors with probability measures of > 10-3 were
selected as significant.

The statistical methods for determining individual precursor
probabilities are straight forward and are based on the generic
event trees and the initiating event frequency and system failure
probability data as well as the "severity factors" discussed
previously. In the ASP study, the LER data base represents a body
of available experience and the ASP? staff is the source of one
consensus expert cpinion on severe core damage precursors.
Relevant "formal procedures" instituted in the ASP study include
the following:

. Generic initiating event and system failure probabilities,
K Assumption of Poisson process,

B Limited range of "severity factors" to define the probability
that a failed system will not be restcred to operation,

] Assumption that system outage time equals one-half of the
testing interval (for systems discovered to be inoperable
during testing).

The INPO review team is a second source of expert opinion. The
present body of knowledge of this group and their “formal proce-
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dures” are somewhat different than that of the ASP study group.
These factors introduce a systematic bias that virtually ensures
that the ASP and INPQ results will be consistently different. A
summary of the ASP and INPO conditional probabilities of severe
core damage is shown in Table 5-8. [t is instructive to note that
the INPO values (with only one exception) are all lower probabili-
ties. As can be seen in Figure 5-5 (Browns Ferry fire, from
Ref. 2), the ASP and INPO assessments both are based on comparable
event trees, but signficantly different data are used in quantifi-
cation of the event tree. Systematic bias of the ASP and INPO
groups is believud to be a significant contributor to the dif-
ferences between their respective estimates. While methodologies
exist to perhaps resolve these differences (Ref. 10), it is beyond
scope of this review to do so.

Conclusions

The quantitative techniques used in the ASP study lead to a rea-
sonable ranking of precursor events. However, alternative quanti-
fication schemes (e.g., INPO) may provide an equaliy valid, thougnh
different ranking. The estimated probability determined from a
particular LER can be considered as a measure of the "distance" to
core damage that existed at the time of the event. Any changes in
plant configuration may affect the applicability of the ASP study
estimates.

The ASP results cannot readily be applied from plant to plant,
because significant differences exist in design, operating pro-
cedures, training, maintenance practices and plant age. For this
reason, all 529 precursors identified from the initial screening
should be evaluated, and possibly ranked, on a plant-by-plant
basis. It is possible that a precursor judged to be not signifi-
cant at one plant may be more significant at another piant because
of differences in design, operating practices or training.
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Table 5-3. Comparison of NUREG and INPQ Ranking
of Fifty-Two LER Events*

NUREG NUREG Conditional INPO NPO Conditional
Ranking Probability Ranking Probability

ey

.0 1
9107} <3.6x10"3
.5x10°% <3.6x10™
.5x10°2 <4.9x10”%
.5x10°2 2.7x107
.3x10°2 <1.2x1073
.5x10™2 2.7x107
.77x1072 <1.4x10°
.8x1072 <1.6x10
.44x1072 <1.0x10
.4x10°2 <1.6x10"
.2x10°2 <5.341072
.38x10°2 <1.8x1073
.0x107% <5.0x107%
821073 <4.0x107
4x1073 NR

.1x1073 <4.0x10"
8x107> <8.1x10"
.3x1073 NR

.6x1073 <1.2x10"
.5x1073 <2.2x10"
11073 <6.4x10"
.4x1073 <3.6x10
.8x1073 <8.1x10"
.9x1073 <3.6x10"
.4x10'3 <1.4x10°
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W W N Oy v &= W e

-
o

4
5
3
3

= et et s
W e

—
o

5
5

e
w 0

3
5

e TN A T S TR oS N oS T SS T )
O U S W e O

5
5
5
4
4
3

-
w
NN NN W W Ul U & B O O QO 4 b s b b s PPN N N MY W e

ro
~




Table 5-3. Comparison of NUREG and INPO Ranking
of Fifty-Two LER Events* (Continued).

NUREG NUREG Conditional INPO INPQ Conditional
Ranking Probability Ranking Probability
28 1.8x1073 24 <1.7x10”% |
29 1.8x1073 25 (NS) a.7x1074
30 1.8x1073 19 <2.6x10°°
3 1.45x10° 9 <1.0x1073 (
32 1.7x10°3 10 8.7x107
33 1.45x1073 21 <2.0x1074
3 1.45x10°3 22 (NS) <2.0x107¢
35 1.6x1073 31 (NS) <1.1x107 (
36 1.6x10°3 23 <2.0x10™
37 1.6x1073 45 <6.3x10°%
18 1.6x10"3 : NR
39 1.3x10°3 26 <1.6x107* (
40 1.2x1073 30 «1.2x107
a1 1.1x1073 11 (NS) <7.5x10"%
a2 1.26x10°3 43 (NS) <1.0x10"°
43 1.4x1073 27 <1.5x107 (
14 1.25x10°73 2 <1.0x10°2
45 1.28x1073 15 3.9x107
46 1.3x10"3 44 <1.0x10"°
47 9.12x107 a1 <2.0x1073 ¢
48 9.3x10”% 46 (NS) <3.1x1070
39 9.1x107 47 <2.2x10”7
50 9.4x107% 32 <9,8x10">
51 9.9x10”% 20 2.2x107 C
52 9.8x10™% - (NS) NR
* Based on data in INPO "Review of NRC Report: Precursors to L

Potential Severe Core Damage Accidents: 1969-1979 A Status
Report, NUREG/CR-2497"
NR = Not Reevaluated, NS = Not a Significant LER (INPO)
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ESTIMATE OF AN OVERALL FREQUENCY OF SEVERE CORE DAMAGE
Discussion

As stated in NUREG/CR-2497, "The probabilities of severe core
damage associated with the precursors were also used to estimate
the frequency of severe core damage per reactor-year for the years
1969-1979. This point estimate is between 1.7 x 10-3 and
4.5 x 10-3 per reactor year....". These results were compared in
the ASP study with the estimates from PRAs as shown in Figure 5-6
(Figure 1, from Ref. 1). Based on discussions in previous sec-
tions, comparison of a specific estimate of core melt frequency
from a PRA with the ASP indicator of severe core damage frequency
has no real meaning of itself. Therefore, Figure 5-6 can be
misleading, and it has contributed significantly to the contro-
versy over NUREG/CR-2497,

In spite of this, trend information can be derived by consistent
application of the ASP methodology to different periods of time.
Other methodologies, if consistently applied, could also serve
this purpose. When viewed from this perspective, the ASP approach
of summing the estimated severe core damage frequencies of rele-
vant precursors is an acceptable technique for deriving a numeri-
cal "indicator" for use in future trend analysis. Comparison of
such consistently derived numerical indicators among themselves
should provide qualitative or semi-qualitative insight on plant-
specific and industry-wide performance. Some further issues are
discussed below.

o Frequency of Severe Core Damage Per Reactor-Year
[n NUREG/CR-2497, a severe core damage frequency per reactor-
year was estimated Dy taking the estimated conditional proba-

bilities of severe core damage given the precursors, multi-
plying by the precursor frequency estimates and summing these
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results for all precursors. The validity of this technique
#as questioned by INPO due to the adding together of actual
failures with the probability of failure for those sequences
which were actual successes.

An estimate of severe core damage frequency per reactor-year
for the ll-year ASP study period can simply be 1/432 =
2 x 10-3 per reactor year (e.g., TMI was the only observed
case of severe core damage in 432 reactor-years). This is an
observed frequency of severe core damage which assumes that
the TMI event was not an outlier. Another estimate, and the
one used in the ASP study, adds the additional information
gained from the LERs. This estimate attempts to define an
underlying frequency of severe core damage and is a statisti-
cal method that has been previously documented (Ref. 10).
This approach also assumes that the TMI event was not an
outlier. As a result of adding additional probability con-
tributions from precursors which did not actually result in
severe core damage but did have a significant likelihood of
occurrence, the underlying frequency estimate is greater than
observed frequency estimate by a small amount. These esti-
mates apply to the period of the ASP study (1969 to 1979) and
would have some predictive value if all relevant factors
remained unaltered. As discussed previously, this is not the
case because of corrective actions taken in response to the
LERs and the consequent impact on the ASP data base. The ASP
estimate of severe core damage frequency per reactor-year is
therefore not predictive. In fact, the limitations in the
data and depth of system modeling suggest that this estimate
should be treated more as a figure-of-merit (e.g., only an
indicator) rather than an actual estimate of severe caore

damage frequency.




Treatment of TMI as a Precursor

~
-

In NUREG/CR-2497 the entire TMI event was treated as a pre-
cursor and this event was included in the estimation of
severe core damage frequency. The inclusion of this event
automatically makes the frequency estimate at least as large
as 1/432 since the TMI event led to severe core damage. An
alternative approach would be to treat only a part of the TMI
sequence as a precursor and treat the remainder as proba-
bilistic system failures rather than as given failures. This
treatment of precusors is not as conservative as the current
approach in NUREG/CR-2497.

Conclusions

Comparison of specific estimates of core melt frequency from a PRA
#ith the ASP indicator of severe core damage frequency has no real
meaning of itself. By including the illustration shown in Figure
5-6, the ASP study implied that such comparisons could be made.
Comparison of the ASP indicators of severe core damage frequency
derived for different time periods should provide insight on
plant-specific and industry-wide performance.
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5:8

TREND ANALYSIS

Discussion

An analysis of failure trends is presented in NUREG/CR-2497 in the
form of time-on-test plots which were used to determine instant-
aneous failure rates for selected initiating events and function
failures. The time-on-test plot is an x-y plot of fraction of
total observation time (e.g., 432 reactor-years of operation from
1969 to 1979) against fraction of total failures. The y-axis can
be related to calendar dates however the relationship is non-
Tinear. A straight line at a 450 angle represents the predicted
failures when there is a constant instantaneous failure rate.

The results of the trend analysis provides interesting insight,
however, these results for small samples can be very misleading.
One reason is that many different factors may be affecting the
data base for the trend analysis. The fact that new plant data is
mixed with old plant data can obscure trends dealing with infant
mortality or wearout of systems. The results as they are cur-
rently applied would be good for seeing the impact of major design
or procedure changes on failure rate. For this reason, new data
from the post-1979 period should be plotted along with the 1969 to
1979 ASP data.

Given enough data to make reasonable inferences, there are five
generalized situations that the data can reflect from trend
analysis results:

Gradually decreasing failure rate
Step decrease in failure rate
Gradually increasing failure rate
Step increase in failure rate

Constant failure rate
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zxample trend curves for each of these situations are shown in
“igure 5-7. [Each curve includes the reference straight line for
zonstant failure rate.

A11 these curves can have calendar date as well as plant life time
considerations bDlended. The differences between these two effects
can mask information from the curves.

Zonclusions

Trend analysis procedures used in NUREG/CR-2497 are valid for data
based on calendar periods such as the period from 1969 to 1979.
There is a paradox, however, in that the trend plots are capable
of showing failure rate changes as a result of plant, operational
or training improvements for which credit is not taken in the ASP
study. In addition, trend data may be very difficult to interpret
nowever because: (1) paucity of data may yield unreliable trends,
and (2) mixture of data from new and old plants may “smear" trends
associated with infant mortality or wearout.
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6. VALUE OF PRECURSOR STUDY

In the preceding section, various aspects cf the ASP study were
reviewed and critiqued. The general conclusions that are drawn in Section 5
are that: (a) the ASP screening and ranking process is reasonable, (b) the
LER data base and the ASP plant models have significant limitations related
to quantitative analysis, (c) the absolute values calculated in the ASP
study are indicators only, and should not be treated with confidence as
accurate estimates of the conditional probability of severe core damage
given the precursor, or severe core damage frequency per reactor-year, (d)
the ASP indicators described in (c), above, should not be casually compared
with the results of plant-specific analyses such as PRAs. These conclusions
do not detract from many useful applications of the results of the ASP
study. Several potential applications are discussed in this section.

A. Identify and Rank Potential Weaknesses in Plant Design, Operating
Practices or Training.

In the ASP study, precursor event sequences were ranked based on a
measure of their potential significance as contributors to risk.
The ranking establishes a relative order of importance of LERs and
thereby aids in focusing attention on the most significant events
that have occurred at nuclear power plants. Through a more de-
tailed and consistent review of the significant LERs, it is
reasonable to expect that weaknesses in plant design, operating
practices or training will be uncovered. In fact, INPO noted many
plant changes that have already been made in response to signifi-
cant LERs identified in the ASP study (see Table 6-1 from Ref. 2).
Some important insights that are highlighted in Table 6-1 are the
following.




9L

Table b-1.

NSIC
Accession
Number

Actual Occurrence

153164

101444

138830

90421

91676

108078

133706

149450

63129

88451

Loss of feedwater &
open PORV

Cable tray fire caused
extensive damage

Failure of NNI & steam
generator dryout

Inoperable AFW pumps
during plant shutdown
(clogged strainers)

Failure of three AFW
pumps to start at test
(packing overtightened)

Inoperable AFW pumps
during startup
(clogged strainers)

AFW pumps inoperable
during test

(pumps started; loss of
speed control)

Loss of feedwater flow

Loss of off-site power

Loss of off-site power

Plant
TMI-2

Browns Ferry 1
Rancho Seco

Point Beach |

Turkey Point 3

Kewaunee

Davis-Besse 1

Oyster Creek

LaCrosse

Haddam Neck

Plant Changes Relative to Significant Precursor Events (From INPO, Ref. 2).

Relevant Changes

Post-TMI changes (made to Unit 1
and all plants of similar design)

Fire protection design and
procedure changes

More reliable non-nuclear
instrumentation, post-TMI changes

Strainers removed

Procedure requires post-
maintenance testing

Fine mesh strainers removed

Control System modified (this is
not a precursor event by ORNL
criteria; no loss of function
occurred)

Procedures and Tech Specs.
preclude shutting of all
recirculation loop valves, switch
demarcation, training emphasis

Installed additional service
water pumps (gasoline-powered),
additional diesel generator

Turbine-driven AFW pump
made AC-1independent



N getter perception of the significance of some component
failure modes (e.g., auxiliary feedwater system failure due
to strainer plugging at Point Beach 1 and Kewannee).

3 [dentification of component/support system requirements that
should be revised (e.g., AC-dependent turbine-driven AFW pump
at Haddam Neck).

) [dentification of procedural training, and Technical
Specification deficiencies (e.g., related to loss of
feedwater at Qyster Creek).

As part of, or separate from, the ASP study, there should be a
mechanism to evaluate, on a plant-specific basis, the actual
significance of precursors that were identified as potentially
significant in the ASP study. One approach is to submit for
review at each plant all the precursors identified from the ASP
initial screening process (e.g., 529 out of 19,400 LERs). The
review of all 529 precursors would prevent an oversignt that may
occur in the case of an LER that is judged to be not significant
at one plant while it might be more significant at another plant
with different design features or operating practices. The level-
of-effort involved in this type of review is not as great as it
may appear because the 529 precursors would not apply to all
plants.

[mproving Probabilistic Risk Assessments

As stated previously, the numerica)l estimates made in the ASP
study should be treated only as "indicators" that are not directly
comparable to the results of plant-specific analyses. In spite of
this, the ASP study is capable of providing insight into the
completeness of PRAs and the adequacy of data used for quantifying
PRAs. Some examples are discussed below.
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[dentification of Sequences That Were Not Previously Included
in PRAs. '

[t is difficult to be confident that a PRA is complete in the
sense that it includes all relevant event sequences.
[deally, one would expect to find all of the ASP significant
precursor sequences in plant-specific PRAs for related
plants. [f a significant ASP precursor sequence cannot de
identified in a plant-specific analysis it may indicate an
oversight, and a revisicn of the plant mode!l used in the PRA
may be nece2ssary. [t is instructive to note that Qyster
Creek event 149450 was not included in the unpublished PRA
for that plant. It is also possible that the ASP study may
illustrate the importance of some operator intarfaces and
system/support system dependencies that are often not modeled
in detail in current plant-specific studies. The system
dependencies may include systems such as equipment room
cooling and ventilation and control air systems which are not
required in the short-term following an initiating event, but
which may be required for long-term maintenance of a safe
shutdown condition.

Identification of Suspect Data

The ASP system failure probabilities are derived from generic
sparce operating experience and should not be expected to be
the same as system failure probabilities derived from plant-
specific analytical studies. The ASP data may, however,
serve as a useful indicator by identifying systems such as
the PWR auxiliary feedwater system and the BWR depressuriza-
tion system for which there is significant variance between
ASP and other estimates of the failure probability.
Resolution of this variance could lead to refinement of the
ASP data base and reevaluation of component failure rates or
system models used in probabilistic studies.
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Improved Understanding of the Role of the Operator

in the ASP study, it was noted that operator error was involved in
38 percent of the significant precursor sequences. The operator
also had a role in the recovery of the plant during some
sequences. Further evaluation of the ASP results may provide a
better understanding of the potential impact that an operator can
nave on accident response, and the need for plant, operational or
training changes related to the operator.

Insignt into Nuclear Industry Safety Trends

The time-on-test trend plots establish baseline trends for
selected initiating events and system failures. By adding data
for other time periods (e.g., post-1973) as it becomes available,
changes in these trends may be observed. These changes could
provide a qualitative measure of the impact on reactor safety of
the post-TMI NRC regulatory process. In addition, it may be
possible to identify new trends requiring regulatory attention.
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. . Institute of
’,‘ Nuclear Power
- Operations

1100 Circle 75 Parkway
Suite 1500
. Atlanta, Georgia 30338
| Teiephone 404 953-3600

' February 18, 1983

Mr. G. R. Quittschreiber, Chief

Project Review Branch No. 2

U.S. Nuclear Regulatory Commission
Advisory Committee On Reactor Safeguards
washington, D.C. 20555

Dear Mr. Quittschreiber:

As a follow-up to your telephone conversation with Mr.
E. L. Zebroski of our Institute, I am enclosing five (5)
copies of the INPO report, INPO 82-025 "Review of NRC Report:
Precursors to Potential Severe Core Damage Accidents: 1969~
1979 A Status Report NUREG/CR-2497." I understand that these
reports are to be used for an ACRS Subcommittee that will

review the ORNL repeort.

Sincerely,

' '“,Si-(a.«xu. c{

Ange¥Yina S. Howard
Director
Communications Division

ASH/la
Enclosures

cc: E. L. zebroski
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