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1.2 APPLICABILITY METHODOLOGY - GENERIC PROGRAM

The general approach is similar to that of the Byron Risk Study. A Probabilistic
Risk Evaluation based on the Zion Probabilistic Safety Study. The main e-eeptions

to the approach will be a deemphasis of Steam Generator Tube Rupture (SGTR) issues |,

Iand an added emphasis on dealing with system variations. This decision is based on
the following data. The results of the Byron Risk Study and subsequent industry
rish evaluations have concluded that SGTR initiators are minor core damage risk

contributors. ,

|

Although USNRC generic issues with respect to SGTR phenomena post core exist., these f
'

have little impact on the programs purpose in identifying specific outliers. Thus
few added insights would be gained from such a treatment. The level of methodology
detail for SGTR generic applicability is consistent with the methodology proposed
herein. Next the Byron plant is very similar to the Zion design. Thus, the
applicability of Zion analysis to Byron systems was readily apparent for most cases,
although several systems required unique analysis. However, there is much more
variability of system designs when all FWRs are considered. Although many L

variations exist, the same basic safety functions are utilized as well as similar
train orientations of support functions. These variations are rather limited due to
the functional constraints. Thus, the program will have more emphasis on

identifying and analyzing these variations.

In general, this program is divided into two main segments. The first is to develop
a methodology which rebaselines the reference plants into standardized segments of
analysis. From this rebaselined effort, "known" dominant sequences are identified
for specific analysis. These include the loss of recirculation after LOCAs and the

~

V sequence. The intent of this segment is to compare the specific plant frequency
with frequencies of the base plants. The second segment involves the search for
design or operational outliers. This segment does not include the generation of a
Level I FRA but rather the use of representative unavailability quantification
modules ref erred to as "TEMPLATES". These templates coupled with generic event

trees as well as data and support system checklists will form the baseline for the
outlier screening. The intent is to develop reliability building blocks which can
be custemired to the plant specific designs and can be recombined into the sequences

as may be important.
1-6
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standardized forms (worksheets and tables ) for assisting the
'analyst and for documenting the assessment. In order for

consistency across all IPE studies to be achieved, these notebooks
must be completed with at least as much information in them as in

the examples.
,

In IPE studies it is imperative that quality assurance techniques
be applied due to the large amounts of input / output data generated

,

and also because the analysis is used in support of licensing and
safety decision making. Because of the inherent nature of a IPE,
it is not possible and as stated by the USNRC not required to apply
the exact same type of Quality Assurance (QA) prescribed by 10CFR50
Appendix B because of the following three considerations:

1. The purpose of IPE is to analyze the "best estimate"

response of safety and non-safety related systems and
structures to a wide range of accidents beyond the design
basis. This differs substantially from the process of
classical safety analysis in which very high confidence
levels are sought to meet regulatory criteria.

2. Certain phenomenology modeled in containment analysis
codes is based on best engineering judgement and not on
experimental data. Hence, these codes could not be

benchmarked against test data.

3. Certain component failure rates are based on best

engineering judgment in lieu of actual statistics. This
is required because certain failure modes have never

occurred and hence there are no statistics.

Despite these limitations, the use of subjective judgoment of
knowledgeable experts is appropriate and necessary to understand
the expected response. The QA program used by utilities or their

contractors for IPE studies should include the following items:

1 *6aJ
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A. If computer codes are used during the program, they must
be configuration controlled and documented in recorded
calculations (departmental calenotes). These calenotes
are subject to an independent review and sign-off process.

B. All hand calculations are d'ocumented (via calcnotes),
independently reviewed and checked for accuracy.

C. The results of computer calculations are independently |
reviewed to verify proper modeling and use of the computer
code,

i

D. Areas in which subjective judgement is used are
independently reviewed for reasonableness and consistency.

E. Areas in which data were manually transferred from the !

output of one code to the inputs to another are
:

independently reviewed and checked for accuracy.

F. Permanent legible records of all analyses are maintained.
These are written as departmental calenotes that require
compliance to a review and sign-off procedure prior to I

acceptance.

In summary, the IPE Quality Assurance program chosen must insure
that all computer codes (if used) are independently reviewed and i

documented, all results are independently reviewed and documented,
and all input / output data or engineering assumptions are documented

,

and traceable.

<
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2.4 QUANTIFICATION DATA
.

The purpose of this section is to demonstrate applicability of referenced
point estLastes of the failure rates for system components to plant-specific
phenomena. These point estimates are necessary for the quantification of the
risk models (event trees and fault trees). A methbdology is developed in
order to determine applicable point estimate failure values for components.
This methodology consists of three phases: 1) genstic data tank selection:

2) plant specific data collection and, 3) comparison of generic and
*

plant-specific estimates and determination of final values for use in the
quantification. The procedural steps for the analysis are described in the
following subsections. Appendix B.4 provides examples.

2.4.1 GENERIC FAILURE RATE DATA BANK SELECTION

This section provides two generic data bases for use in the comparison to
plant specific values. Table 2.4-1A lists the component types, failure
modes, medians, and means from the Interim Reliability Evaluation Program
(IREP) Procedures Guide (NUREG/CR-2728). A lognormal distribution is assumed
for failures of the components with a 90% probability interval. An upper
bound at the 95th percentile, a lower bound at the 5th percentile and error
factor are also listed in the table. This data base applies to all systems.
The second data base (Table 2.4-1B) is to be applied only in the case of

system and fault tree template fits to Zion and Oconee PRAs. This table ,

lists the gener'c data base information used in the Zion and Oconee PRAs plus

the plant-specific failures, trials and Bayesian-updated means for basic
components of several systems. A legnormal distribution (90% confidence
interval) is assumed. The upper bound at the 95th percentile, median, mean,
and error factor are reported in the table. All failure rates are in units
of failure per hour while the demand failure probabilities represent failures
per demand of the component.

Although this section provides two generic data bases for use in the
comparison to plant specific values, it is recognized that other NRC

2-275
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approved data banks exist; (i.e., IEEE-500, NUREG/CR 2815. ASEP, etc.). !
'

Other NRC approved data banks may be tised to quantify the unavailability

of failed components for system analyzed using the methodology put

forth in this document. However, when so used it should be noted and
,

referenced in the summary report and system notebooks of the plant
,

evaluated. It should further be noted that if other than the IREP data

base is used, the data applicability curves presented in this section

are not applicable to other data bases used to test plant specific data.
[
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accident sequences which identify the initiating event and the progression of
the event to core damage through identification of the frontline and support
systets failurest.2) list of the core damage frequency by plant damage state,
and definition of each damage state, and the frequency of the damage state,
3) the table from the impaired containment Screening analysis (Section
2.2.5.1) and any vulnerabilities that were idenlified, and 4) the
identification of potential interfacing systems LOCA locations and their

| frequency of occurrence. This information provides the link between the

| planc analysis and the containment analysis.
,

TASK 10: COMPARISON Of PLANT RESULTS TO IDCOR RESULTS

$ The results from Task 7 for individual plant evaluated will be compared to
the generic results of the IDCOR reference plant analyses to determine if
major differences exist (Section 4.0). Where these differences do exist a'

more detailed investigation of the causes will occur.

i

i TASK 11: PREPARATION OF TINAL SLHMARY REPORT

]

] At the completion of the IPE analysis (tasks 1 through 10) the utility must

| provide a sununary report documenting the overall analysis and results.

J Therefore, the purpose of this task is to svcunarize the findings and
j summarize the results of each of the individual tasks into a single

| integrated document for reporting the IPE results. A suggested "table of

! contents" for the final sumary report is provided in table 3-1. The sumary

] report provides an overview of the IPE objectives, motivations, scope,
i

i results, and conclusions. The final report envisioned should be in the range
of 75 to 100 pages including all text material, tables and figures.

| Additional appendices providing backup analysis, documentation, etc. can be

t added at the discretion of the utility.

The key documentatien section of the IPE sumary report is Section 3, Plant
Analysis, and should cortain the following informatient

3-7a
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A. A brief discussion of the dominant core damage accident
sequences. Dominant sequences can be defined as those

; sequences that contribute greater then 2.0E-6 or 5% of the

total core damage frequency. As a secondary measure, the

sum of the reported dominant accident sequences should

; account for at least 70 y' 8'O percent of the total core
damaga frequency. Table 3-2 provides an example as to the

level of detail to be included in the discussion.>

>

B. A brief discussion summarizing the core damage frequency
by initiating event, plant damage state, and support state

,

including tables. Example tables are shown in by tables

I 3-3 and 3-4.
1

!

C. A brief discussion of the plant's system unavailabilities
'

calculated in task 7. The discussion the should include a

| brief comparison of the plant's system unavailabilities to

the system unavailabilities calculated for similar cystems

in parvious PRAs.

!

TASK 12: INCORPORATION OF COMMENTS

Comments received on IDCOR IPE results during the finalization of
j the summary report will be resolved and incorporated as necessary.

|
:

|

!

!

|
|

t
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TABLE 3-1 IPE SUMMARY REPORT TABLE OF CONTENTS

ABSTPACT

1.0 INTRODUCTION

1.1 BACKGROUND

1.2 SCOPE OF THE ANALYSIS
1.3 ORGANIZATION OF THE REPORT

.

2.0 METHODOLOGY COMPLIANCE

2.1 SOURCES OF INFORMATION

2.2 EXCEPTIONS TO THE METHODOLOGY

2.3 RESOURCES REQUIRED

3.0 PLANT ANALYSIS

3.1 PLANT DESCRIPTION
3.2 ACCIDENT INITIATORS
3.3 ACCIDENT ANALYSIS
3.4 SYSTEMS ANALVIS
3.5 PLANT ANALYSIS RISULTS

4.0 CONTAINMENT / SOURCE TERM ANALYSIS

4.1 CONTAIMENT RESPONSE ANALYSIS

4.2 SOURCE TERM ANALYSIS

4.3 ACCIDENT SEQUENCE SOURCE TERMS

5.0 COMPARISON WITH IDCOR ANALYSIS

5.. COMPARISON OF CORE DAMAGE FREQUENCY

5.2 COMPARISON OF ACCIDENT SOURCE TERMS

6.0 SUMMARY OF RESULTS

6.1 IDENTIFICATION OF OUTLIERS
6.2 IDENTIFICATION OF INSIGHTS
6.3 ANALYSIS CONCLUSIONS

3-8
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TABLE 3-2 DOMINANT ACCIDENT SEQUENCE DISCUSSION.

Sequence 1: Small LOCA - Tailure of T!acirculation

Trequency Trequency Percent Plant Support Event Tailed
Initiator Sequence Coronelt Da, mage State Trees Nodes

PLANT SPECITIC VALUES

Sequence 1 is a small LOCA with failure of high pressure

recirculation. Support state x indicates.that two trains of high

pressure injection, low pressure injection and containment sprays are

available. All auxiliary feedester pumps are also available. High i

pressure injection and cont < rat spray injection are successf:1L,

the high pressure recircula nas failed, but containment sprayi

recirculation is successful. High pressure recirculation can fall,

because either the sump valves did not open, the operator did not

realign RHR valves to the containment sump. With auxiliary feedwater

available, core cooling may be maintained through rs*1ux cooling

between the core and steam generators for this sec e. j
|
|

Sequence 2: Loss of offsite Power - RCP Seal LOCA I

1

|
'

Trequency T'e quency Percent Plant Support Event Tailed !

Initiator Sequence Coremelt Damage State Trees Nodes

PIANT SPECITIC VALUES

Sequence 2 is an RCP pump seal LOCA during a loss of offsite power.
Support state x indicates that there is either no power to train A or

no cooling to train B of the safety systems. Hence there are no

trains of high pressure, low pressure, RER or containment spray
available. Following the x hours after the pump seal 17CA, if power

is restored, then only containment spray injection and recirculation

is credited. With auxiliary feedwater available, core cooling may be

maintained through reflux cooling between the core and steam

generators for this sequence.

3-9
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TABLE 3-2 DOMINANT ACCIDENT SEQUENCE DISCUSSION.-

(continued)

Sequence 3 Loss of a Vital AC Power - Failure of Auxiliary
Feedwater and Feed and Bleed.

Frequency Frequency Percent Plant Support Event Failed
Initiator Sequence Coremelt Damage State Trees Nodes

PLANT SPECIFIC VALUES

Sequence 3 is a special initiator: loss of a vital AC power. This

will cause a fee vster transient and loss of one motor driven
auxiliary feedwat c pump. Support state x indicates two trains of

high pressure inj tion, low pressure injaction,RHR, and containment -

sprays are initially available. However, only one motor driven

auxiliary feedwater pump and the turbine driven auxiliary feedwater
pump are available. In this sequence the motor driven and turbine

driven auxiliary feedwater pumps fail, the operator initiates the
feed and bleed operation but either the operator fails the action or
both PORVs do not open. Contt.inment spray injection and

recirculation are successful.

Sequence 4 Transient - Main & Auxiliary Feedwater and Feed & Bleed
Cooling Fail.

Frequency Frequency Percent Plant Support Event Failed

Initiator Sequence Coremelt Damage State Trees Nodes

PLANT SPECIFIC VALUES .

This sequence is a loss of main feedwater transient. Support state x

indicates that two trains of high pressure injection, low pressure
injection and containment sprays are available. All auxiliary

Feedwater purps are available. Feed and bleed is available as both
pressurizer PORVs are available. Both motor driven pumps and the

turbine driven auxiliary feedwater pumps fail, main feedwater is not

restored and the operator initiates the feed and bleed operation but

either the operator fails the action or both PORVs do not open.
Containment spray injection and recirculation are successful.

3-10
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TABLE 3.2-3
.

Initiating . Core Melt Percentage
'

Event Description Frequency of Total

1 Large LOCA

2 Medium LOCA

3 Small LOCA

4 Transient With Main Feedwater

5 Transient Without Main Feedwater

6 Loss of Offsite Power
7 Interfacing Systems LOCA - V Sequence

'

8 Loss of One Service Water Train

9 Loss of One Vital DC Bus 1 or 2

10 Loss of Both Vital DC Buses

11 Loss of Vital AC Bus 1 or 2
12 Loss of Vital AC Bus 3 or 4

,

6

9

I

,

3-11
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TABLE 3.2-4

TOTAL CORE MELT FREQUENCY BY PLANT DAMAGE STATE

Plant Frequency / . PercentDamage
State Description Reactor Year Contribution

AEFC Large LOCA, Early Melt
AEC Large LOCA, Early Melt, Failure of

- Containment Fan Coolers
AEF Large LOCA, Early Melt, Failure of

Containment Spray
AE Large LOCA, Early Melt, No Containment

Safeguards
ALFC Large 10CA. Late Melt
ALC Large LOCA, Late Melt, Failure of

Containment Fan Coolers
ALF Large LOCA, Late Melt, Failure of

Containment Spray
AL Large LOCA, Late Melt No Containment

Safeguards
SEFC Small LOCA, Early Melt
SEC Small LOCA, Early Melt, Failure of

Containment Fan Coolers
SEF Small LOCA, Early Melt, Failure of

Conteinment Spray
SE Small LOCA, Early Melt, No Containment

Safeguards
SLFC Small LOCA, Late Melt
SLF Small LOCA, Late Melt, Failure of

'

Containment Spray
SLC Small LOCA, Late Melt, Failure of

Containment Fan Coolers
SL Small LOCA, Late Melt No Containment -

Safeguards
TEFC Transient, Early Melt

TEF Transient, Early Melt, Failure of
Containment Spray

TEC Transient, Early Melt, Failure of
Containment Fan Coolers

TE Transient Early Melt, No Containment
V Interfacing Systems LOCA

<

TOTAL
s

*

|
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ABSTP.f.CT0

Guidelines and criteria have been developed for preventing and mitigating
severe accidents in a BWR which has a Mark I containment (BWR Mark I). The
guidelines were developed from insights derived from reviews of in-depth risk
assessments performed specifically for the Peach Bottom plant and from assess-
ment of other relevant studies. Accident sequences that dominate the core-
damage frequency and those accident sequences that are of potentially high
consequence were identified. Vulnerabilities of the BWR Mark I to severe
accident containment loads were also identified. In addition, those features
of a BWR Mark 1, which are important for preventing core damage and are avail-
able for mitigating fission-product release to the environment were also iden-
ti fi ed. These guidelines and criteria are issued to provide direction to an
analyst examining an individual plant. This direction calls attention to
plant features and operator actions and provides the standards for assessing
those features and actions found to be helpful in reducing the overall risk
for Peach Bottom and other Mark I plants. Thus, the guidance is offered as a
resource in examining the subject r' ant to determine if the same, -ar similar,
guidelines will be of value in reducing overall plant risk. These guidelines
and criteria are intended to serve solely as guidance.

.
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NOMENCLATURE,

ac alternating current
A large loss of coolant accident (LOCA)
ADS automatic depressurization system
ARC alternate room cooling
ARI alternate rod insertion
ASEP Accident Sequence Evaluation Program
ATWS anticipated transients without scram
BF Browns Ferry Nuclear Station
BNL Brookhaven National Laboratory "

BWR boiling water reactor
C failure of reactor protection system (RPS)
C mechanical failure to scrami

C Operator failure to actuate standby liquid control system (SLCS) or to2

control level with high pressure system (HPS), or failure of SLCS
CDEP failure of manual depressurization
CDF core-damage frequency
CHR containment heat removal
CLWG Containment Loads Working Group
CONT inadequate or no containment heat removal leading to loss of core

cooling
CPWG Containnent Performance Working Group
CRD control rod drive system
de direct current
DG diesel generator
DGCM diesel generators common mode failure
DGREC failure to recover diesel generators
DHR decay heat removal
E failure of coolant injection
E failure of injection after venting (used for ATWS sequences only)
ECC emergency core cooling
ECCS emergency core cooling systems
EPG Emergency Procedure Guidelines
ESW emergency service water
FW feedwater system
GG Grand Gulf Nuclear Station
GI generic issue
HADS failure to inhibit ADS
HEP human error probability
HPCI high-pressure coolant injection system .

HPIS high-pressure injection systems
HPLC failure to control RPV water level with HPCI (either due to operator

error and/or hardware failure or malfunction)
HPSW high pressure service water
I failure of containment heat removal
IDCOR Industry Degraded Core Rulemaking Program
INJ failure of injection with low pressure systems (LPS) after containment

i failure (CF)
| 10RV inadvertent open relief valve
| IREP Interim Reliability Evaluation Program

IPE individual plant examination
ISL interfacing system LOCA
J failure of the HPSW

.

Xi,

!
,

.
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NOMENCLATURE (Cont'd) -

LLRT local leak rate testing
LOCA loss-of-coolant accident
LOOP loss of offsite power (sometimes denoted by LOSP)
LPCI low-pressure coolant injection
LPIS low pressure injection systems
LPLC failure to control RPV water level at low pressure (either due to'

operator error and/or hardware failure or malfunction)
LWR ligh water reactor
MCC motor control center -

MSIV main steam isolation valve
NPSH net positive suction lead
NRC U.S. Nuclear Regulatory Commission
NRC/RES U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory

Research
P one or more stuck open relief valves (SORV)
PCS power conversion system
PRA probabilistic risk assessment
PWR pressurized water reactor
Q failure of feedwater system
Qi PCS recovered early
Q PCS recovered late
Rd reactor building
RCIC reactor core isolation cooling system
RHR residual heat removal system
RPS reactor protection system
RPY reactor pressure vessel
RSS Reactor Safety Study
RSSMAP Reactor Safety Study Methodology Application Program
S intermediate LOCAi

S small LOCA
SkRP Severe Accident Research Program
SARRP Severe Accident Risk Reduction Program
SB0 station blackout
SI safety injection
SLC failure of SLCS (due to failure of manual initiation and/or due to

hardware malfunction or failure)
SLCS standby liquid control system
SNL Sandia National Laboratories
SNPS Shoreham Nuclear Power Station

'

50RV stuck open safety relief valve
STCP Source Term Code Package
SW service water
(?) unidentified contribution
(*) transient sequences are denoted by T followed by letters denoting the

relevant failure, e.g., TC transients involving failure of RPS
TQUV transie.its involving failure of FW,
HPIS, and LPIS, etc.

T transient
TAF top of active fuel
TB station blackout sequence (also referred to as $80)
TC ATWS
TCy loss of condenser vacuum initiator

.
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NOMENCLATURE (Cont'd),

Tpw loss of feedwater initiator
TI isolation transients

T}25% isolation transients at power level greater than 25%.
Tg manual shutdown
TN0PCS transients with PCS initially unavailable
TPCS transients with PCS initially available
TPQI transient sequence with S0RV failure, feedwater failure and loss of

CER
_

TQU transient sequence in which the feedwater and HPI systems fail
TQUX transient sequence in which the feedwater and HPI systems fail and

depressurization does not occur
TT turbine trip initiator

%
TT turbine trip transients at power level greater than 25%.
TW loss of CHR
TC ATWS
U failure of high pressure injection system (HPIS)
USI unresolved safety issue
V failure of low pressure injection system (LPIS)
VCS operator failure to control level and reactivity with low pressure

systems
VENT containment (wetwell) venting failure
W failure of containment heat removal (CHR)
X failure of reactor pressure vessel (RPV) depressurization

.
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1. EXECUTIVE SUMMARY,

The U.S. Nuclear Regulatory Commission (NRC) has formulated an approach
for a systematic safety examination of existing plants to determine whetherparticular severe accident vulnerabilities are present and what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core Rulemaking Program (IOCOR) selected four ref-
erence plants for detailed analysis: Peach Bottom, Grand Gulf, Sequoyah, andZion. The IDCOR analyses performed for the reference plants have been docu-
mented together with the methodology used for the analyses and the technical
basis supporting the methodology.

Parallel with the IDCOR work, the NRC under the Severe Accident ResearchProgram (SARP), performed risk assessments, audit calculations, sensitivity
studies, and uncertainty analyses for five plants. The five plants considered
by SARP were Peach Bottom, Grand Gulf, Sequoyah, Zion and Surry.

The purpose of this effort is to review all of the 10COR and SARP analy-
ses performed for the refarence plants, understand the reasons for the differ-
ences, and then use the experience gained from these reviews for developing
guidelines and criteria that identify plant features and operator actions that
were found to be important for either preventing or mitigating severe acci-dents in each plant type. In turn, these guidelines should prove helpful in-
the systematic safety examination of individual plants.

Three basic objectives or goals for this severe accident program applyequally to all plant types:

Goal 1: Mitigate fission-product releases..

Goal 2: Control the frequency of high-conse.

Reduce high core-damage frequency. quence sequences.Goal 3:.
*

The aim was, therefore, to develop detailed guidelines and criteria thatcould bc used to achieve these goals during the examination of individualplants.

"Guidelines," as used in this report, identify those plant features and
operator actions that were found to be important to either preventing or miti-
gating severe accidents in the reference plant studies. These guidelines pro-,

vide a list of plant features and operator actions that the utilities can use
'

as part of each individual plant examination (IPE). It is not the intent of
i

this report to specify a set of improvements for either the reference plant ort

|

for any other plant which would be sufficient to achieve a certain level ofsafety. Instead, the guidelines indicate poten'.ial improvements in various:
areas of plant design and operation of which each utility should be aware when
conducting its IPE and making decisions on plant improvements. The intent is
to provide guidance to the analyst performing an IPE, as to the plant features
and operator actions which were found to reduce overall risk. It is prudent
to check whether potential improvements identified in studies of other similar
plants can be of help in improving overall plant performance. The guidelines
contained in this report, therefore, complement the IPEs.

| *

|

|
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"Criteria," as used in this report, are the attributes which have been '

identified as important to assess the performance of plant features and oper-
ator actions identified in the guidelines. The criteria provide deterministic
(as opposed to probabilistic) performance measures which are judged to be
helpful to implement the concepts contained in the guidelines. When a deci-
sion is made to provide an item or an action specified in a guideline, the
utility should address a set of questions relating to the design, operation
and availability of the needed equipment and the training of operators. For
the example of containnent-venting guidance, the capacity of the venting sys-
tem, the selection of setpoints to initiate venting, the availability of
applicable procedures and the accessibility of certain valves by operators
should be addressed. The criteria on containment venting provide helpful in-
formation in assessing venting capability in each individual plant.

Based on an extensive review of prior severe accident investigations, the
authors have provided a set of guidelines and associated criteria which can be
used to assess the capability of individual boiling water reactor (BWR), Mark
I plants to cope with severe accidents. Although much of the work is based on
probabilistic risk assessments (PRAs), the guidelines and criteria are deter-
ministic in nature. That is the criteria describe specific features of key
systems and operational procedures which have been found helpful in reducing
the likelihood of severe accidents. The guidelines and criteria take into
account detailed severe accident experiments and analyses performed by the
NRC/RES, the nuclear power industry and foreign governments.

The following sections present the insights gained from reviewing the
PRAs. Specifically, the IDCOR Peach Bottom Integrated Containment Analyses l

and the SARP Peach Bottom reports " were reviewed in detail. These studies
2

were compared with the original Peach Bottom risk assessment in the Reactor
Safety Study {RSS) (WASH-1400) s and relevant BWR PRAs for other plants, namelyBrowne 7Ferry, Limerick ,8 and Shoreham.9,10

.

1.1 Core-Damage Profile

PRAs for BWRs have indicated that accidents initiated by transients
rather than loss-of-coolant accidents (LOCAs) dominated the total core-damagefrequency (CDF) estimates. However, there appeared to be no consistent pat-
tern of relative ranking of transient sequences among the PRAs reviewed. Itis also important to observe that for a given accident sequence, the major
contributor to differences in quantitative results between the PRAs was sub-
jective modeling assumptions rather than plant differences or data differ-

For the four BWR plants considered in the six PRAs that were examined,ences.

the same few functional accident sequences figured prominently in all of therespective CDF profiles.

In the RSSs (which used the Peach Bottom plant) and the Interim Reliabil-
ity Evaluation Program (IREP) study 6

of containment heat removal sequences (which used the Browns Ferry plant) losswere found to be important contributors
to core melt (about 50%). The more recent Accident Sequence Evaluation Pro-
gram (ASEP) and IDCOR studies have reduced the CDF, attributable to these
sequences, based on operating procedures that include venting and alternative
injection.

.
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For the Limerick PRA, Browns Ferry IREP and Shoreham PRA, accident se--

quences with failure of high-pressure injection were important contributors to
CDF. Most of this contribution was because of a high failure rate for the
automatic depressurization system (ADS).

Both SARP and IDCOR indicated that station blackout (SB0) and anticipated
transients without scram (ATWS) are the dominant core-melt sequences for the
Peach Bottom plant. Both studies calculated a total CDF approaching 10 5 per
reactor year for these events.

1.2 Consequence Analysis

The assessment of core-meltdown phenomena and containment response in
the PRAs indicated that the Mark I containment is vulnerable to severe acci-
dent containment loads. Unless mitigative actions are taken, 3 Mark I con-
tainment has the potential to fail shortly (in a few hours) after the core
debris melts through the reactor pressure vessel. If containment failure
occurs in the drywell, any fission products in the drywell atmosphere could
pass to the reactor building and ultiuately to the environment without the
benefit of suppression pool scrubbing. Because of this vulnerability, the
predicted offsite consequences were relatively insensitive to the definition
of the accident sequence. In addition, differences in the 10COR and Severe
Accident Risk Reduction Program (SARRP) assessments of containment response
and fission-product release also did not result in major differences in the
predicted offsite consequences. The only time that a major reduction in off-
site consequences was predicted by IDCOR and SARRP was with successful wetwell
venting and no suppression pool bypass.

SARRP estimated that the dominant accident sequences (namely ATWS and
SBO) result in a significant probability of suppression pool bypass. Thus,
the bypass mechanisms identified in the SARRP analysis have to be addressed to
ensure mitigating of fission products. '

1.3 Guidelines and Criteria

Each guideline is provided with a detailed test of criteria which provide
helpful information to assess the performance of plant features and operator
actions identified in the guidelines.;

1.3.1 Mitigate Fission-Product Releases

The assessment of core-meltdown phenomena and containment response indi-
cates that the Mark I containment is vulnerable to severe accident containmentloads because of its relatively small volume. Unless mitigative actions are
taken, a Mark I containment has the potential to fail shortly after the core
debris melts through the reactor pressure vessel. For this reason the authors
developed Guidelines 1 and 2, as shown in Table 1.1, which have the potential
t,o mitigate the consequences of a severe accident.

Guideline 1 - Maintain Containment Integrity

Mark I containments are very effective at condensing steam, but their
small volume nakes them vulnerable to any combust 1ble and noncendensable gases
that would be generated during a severe core-meltdown accident. The inpact of

3
4

3
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hydrogen burning was not si gni ficant for the Mark I containment because the
atmosphere is inerted. However, SARRP predicts that the accumulation, of non-
condensable gases, released fron core-concrete interaction, will fail the con-
tainment because of overpressurization. 10COR, on the other hand, had pre-
dicted that the containment would fail because of high temperatures before
overpressurization. Differences in the predicted drywell pressure and temper-
ature histories will influence the containment performance. In order to
address this uncertainty in the failure mode, the authors developed Guideline |

1.A (see Tabl e 1.1) on containment venting (relating to preventing over-
pressure f ailure) and Guideline 2.B. on containment spray (relating to pre-
venting of failure because of high temperature).

Guideline 2 - Maintain Suppression Pool Effectiveness

The ability of the Mark I suppression pool to trap aerosol fission prod-
ucts is an important mitigative feature since it leads to a direct raduction
in offsite consequences by a factor of 10 or more. Thus, any pathways that

-

might open, which would allow the fission products to bypass the p_11, are
undesirable. Therefore, Guideline 2 is intended to prevent fission-products
from bypassing the suppression pool.

1.3.2 Control the Freauency of High-Consecuence Seouences

Guideline 3 - Interfacing Systems LOCA

In general, BWR Mark 1 PRAs have found interfacing systems L0c.A to be
extremely unlikely. However, the possibility of high releases makes 1t impor-
tant to ensure that the frequency of these events is kept very low at all Mark
I plants.

Guideline 4 - Anticipated Transients Without Scram

Anticipated transients wi,thout scram (ATWS) have been found to be impor-
tant contributors to risk for many BWRs. The NRC pronulgated the ATWS rule to
reduce the frequency of ATWS events. The criteria developed for this guide-
line emphasize human reliability insights as to the importance of correct
energency procedures and operator training in recovering from an ATWS event.

1.3.3 Reduce High Core-Damage Frequency Sequences

Guideline 5 - Station Blackout

For accidents involving the loss of offsite power and onsite emergency
power, the NRC recommends examining the proposed station blackout (SBO) rulefor applicability. The criteria associated with Guideline 5 are intended to
emphasize the need to searen for plant specific features and potential common
cause failures which could disable systems required to work during an SBO.
For individual plants which are found to have a vulnerability to SB0, the cri-
teria highlight the importance of proper emergency procedures and operator
training in recovering from an SB0 event.

.
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Guideline 6 - Loss of Containment Heat Removal,

Accident sequences involving loss of containment heat removal (CHR) were
found to be quite important in the earlier PRA studies reviewed. In WASH-1400
loss of CHR sequences accounted for 53% of the calculated CDF. In the Browns
Ferry IREP study, these sequences similarly accounted for 50% of the calcu-
lated core damage frequency. However, the most recent Peach Bottom studies,
IDCOR and ASEP/SARRP, show a two-and-three-order-of-magnitude reduction, re-
spectively, in the quantification of these sequences. Therefore, Guideline 6
has been developed to generically address the mechanisms already effectively
employed at Peach Bottom to reduce the frequency of loss of CHR sequences. -

Guideline 7 - Reactor Pressure Vessel (RPV) Depressurization Performance

One of the insights gained from the existing BWR PRAs is the importance
of the ADS in mitigating loss of high pressure injection sequences. Specific
criteria have been developed to ensure that the likelihocd of these accident
sequences occurring is low.

Guideline 8 - Support System Interdependencies

Although the importance is difficult to quantify, one of the insights de-
veloped in most risk assessment studies is the importance of support system
inte rdepend encies. For example, a draf t of the SARRP Peach Bottom study in-
dicated that loss of all service water was a dominant contributor to core
mel t. The final version of the accident sequence studies 2 has reduced it to
one percent of the overall core melt frequency. In order to ensure that sup-
port system vulnerabilities do not cause unacceptably high core melt fre-
quencies for other BWR Mark I plants, the authors have developed this guide-
line to help assess any weaknesses of the support systems.

Guideline 9 - Flooding Within Reactor Building

Flooding of the reactor building has been found to be a significant con-
tributor to core damage in only one Mark 11 plant. Huwever, the concerns
appear to be of general applicability to other designs. Thus, this guideline
was developed for Mark I plants to assess the potential for flooding of
safety-related equipment.

1.4 Using the Guidelines and Criteria
.

Numerous investigations, including PRAs, have been performed for the ref-
erence plants and similar plants by both the NRC and the nuclear power indus-
try. The insights gained from many of the studies have been used in develop-
ing the guidelines and criteria contained in this report (including the other
volumes of this report). These guidelines and criteria are issued to provide
guidance to the analyst performing an IPE. This guidance is in the form of
plant features, operator actions and the criteria for assessing those features
and actions found to be helpful in reducing the overall risk for Peach Bottom
and other Mark I plants. Thus, the guidance is given to provide a resource in
examining the subject plant to determine if the same, or similar, guidelines
will be of value in reducing overall plant risk. These guidelines and crite-
ria are intended to be used solely as guidance.

.
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Table 1.1 Guidelines for Preventing and liitigating Severe~

Accidents in a BWR with a liark I Containment

Guideline Description
:

Mitigate Fission-Product Releases: '

1 Maintain Containment Integrity

1.A. Provide Wetwell Venting

2 Maintain Suppression Pool Effectiveness

2.A. Prevent Suppression Pool Bypass
2.B. Provide Drywell Spray

Control the Frecuen:y of High-Consecuence Seouences:

3 Interfacing Systems LOCA

3.A. Prevent Overpressurization of Low Pre:sure Systems
4 Anticipated Transients Without Scram (ATWS)

4.A. Provide Operator Response During ATWS
t

Reduce High Core-Damage Frecuency Sequences:
t5 Station Blackout
i
;

5.A. Provide Reactor Pressure Vessel Injection *

6 Loss of Containment Heat Renoval
;
*

,

6.A. Provide Long-Term Emergency Core Cooling

7 Reactor Pressure Vessel (RPV) Depressurization Performance
,

7.A. Provide RPV Depressurization

8 Support System Interdependencies
,

B.A. Examine Support System Interdependencies

9 Flooding Within Reactor Building

9.A. Prevent and liitigate Reactor Building Flooding

.

D

7 I
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2. INTRODUCTION
,

2.1 Background

The U.S. Nuclear Regulatory Comission (NRC) has formulated an approach
for a systematic safety examination of existing plants to determine whether
particular severe accident vulnerabilities are present and what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core Rulemaking Program (IDCOR) selected four ref-
erence plants for detailed analysis, namely: -

Peach Bottom (a BWR with a Mark I containment)
.

Grand Gulf (a BWR with a Mark III containment)
.

Zion (a PWR with a large dry containment).

i

Sequoyah (a PWR with an ice condenser :ontainment).

The IDCOR analyses performed for the above reference plants have been
documented together with the methodology used for the analyses and the techni-
cal basis supporting the methodology.

Parallel with the IDCOR work, the NRC under the Severe Accident Research
Program (SARP), performed risk assessments, audit calculations, sensitivity
studies, and uncertainty analyses for five plants. The five plants considered
include the above four IDCOR reference plants, and, in addition

Surry (a PWR with a subatmospheric containment).

The purpose of this ef fort is to review all of the IDCOR and SARP analy-
ses performed for the reference plants, understand the reasons for the differ-
ences, and then use the experience gained from these reviews for developing
guidelines and criteria that identify plant features and operator actions
found to be important for either preventing or mitigating severe accidents in
each plant type. In turn, these guidrlines should be helpful in the system-
atic safety examination of inoividual plants.

The first plant reviewed was Peach Bottom,l which is a BWR-4 with a Mark Icontainment. The IDCOR Peach Bottom analysis was documented in liarch 1985
and was supplemented by" additional sensitivity studies in July 1985. The SARPPeach Bottom reports 2 were reviewed in draft form during 1986. These re-
ports were published early in 1987 and were sumarized in the "Reactor Risk -

Reference Document" (NUREG-1150),5 which was published for comment in February
1987 The experience gained from the review of these Peach Bottom studies
along with other BWR PRA studies (namely, Limerick, Shoreham and Browns Ferry)
was used to generate the guidelines and criteria which are the subject of this
report.

2.2 Objectives

Three basic objectives or goals for this severe accident program applyequally to all plant types:

Goal 1: Mitigate fission-product releases..

Goal 2: Control the frequency of high-consequence sequences..

.
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Goal 3: Reduce high core-damage frequency..
.

The aim was, therefore, to develop detailed guidelines and criteria that
could be used to achieve these goals during the examination of individual
pl ants. The guidelines and criteria are defined in the sections that follow.

2.2.1 Guidelines

"Guidelines," as used in this report, identify those plant features and
operator actions that were found to be important to either preventing or miti-
gating severe accidents in the reference plant studies. These guidelines pro <
vide a list of plant features and operator actions that the utilities can use
as part of each individual plant examination (IPE). It is not the intent of
this report to specify a set of improvements for either the reference plant or
for any other plant which would be sufficient to achieve a certain level of
safety. Instead, the guidelines indicate potential improvements in various
areas of plant design and operation of which each utility should be aware when
conducting its IPE and making decisions on plant improvements. The intent is
to provide guidance to the r.nalyst performing an IPE, as to the plant features
and operator actions which were found to reduce overall risk. It is prudent
to check whethel' potential improvements identified in studies of other similar
plants can be of help in improving overall plant performance. The guidelines
contained in this report, therefore, complement the IPEs.

The three objectives or goals were noted as applying equally to all plant
types. Although the goals are independent of plant type, the guidelines that
are needed to achieve the goals are plant dependent. in general terms Goal 1
implies that there should be effective means of mitigating the fission-product
releases for the broad classes of accident sequences which dominate the core-
damage frequency. Therefore, these dominant accident sequences have to be
determined and those plant features and operator actions that are available to
mitigate the release of fission products have to be identified. Only then can
detailed guidelines be developed to ensure that these dominant accident
sequences can be mitigated. .

There may be accident sequences for which a specific plant will have sub-
stantial fission-product releases (e.g., containment bypass sequences). Thus,
for such sequences Goal 1 may be difficult to achieve. Therefore, all reason-
able steps are identified which could reduce the frequency of these poten-
tially high-consequence sequences (namely Goal 2). Again, the accident
sequences have to be identified and pl ant vulnerabilities and/or operator '

actions that lead to core damage for these sequences also have to be identi-
fied. Detailed guidelines can then be developed which will aid in assessing
an individual plant's capability to prevent these sequences from occurring.

It is also desirable to ensure that the overall core-damage frequency is
low (namely Goal 3). Again, the dominant accident sequences have to be found
so that detailed guidelines can be developed to reduce the frequency of these
sequences, if necessary.

In general, the following screening process was used to determine whether
or not to develop a particular guideline:

'
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any accident sequc9ce with a core-damage frequency greater than 10-6
.

.

reactor year per

any sequence that contributed to more than 5% of the total core-damage fre-
.

quency

any event that caused a conditional probability of early containment fail-.

ure greater than 0.1

any sequence that resulted in containment bypass with a frequency greater
.

than 10-7 per reactor year

any sequence that was judged to be uniqJely important (example, very severe
.

consequences)

This screening process led to the development of guidelines that can be
P

used in the systematic safety Lxamination of other BWRs with liark I r.ontain-
For example, the guideline for venting of the wetwell was identifiedments.

as an item that would help to achieve Goal 1 (namely, to mitigate fission-
product releases) for the BWR Mark I reference plant. Therefore, in the
safety examination of other BWRs with Mark I containments, the need for wet-
well venting nay need to be carefully assessed.

The development of a particular guideline for the BWR Mark I reference,
'

plant does not imply that this plant or any of the other plants in this cate-
gory need to conform to this guideline, it simply means that antlyses haveindicated that this particular guideline has the potential to significantlyreduce risk. Thus, the guidance is given to provide a resource in examining
the subject plant to determine whether the same or similar guidelines will be
of value in reducing overall plant risk. Whether or not the guideline is
useful or needed in a particular BWR with a Mark I containment depends on

)

plant-specific details and is beyond the scope of this report and is therefore
not addressed here.

2.2.2 Criteria

"Criteria," as used in this report, are the attributes which have been
identified as important to assess the performance of plant features and oper-

4

ator actions identified in the guidelines. The criteria provide deterministic
(as opposed to probabilistic) perfor1mance measures which are judged to behelpful to implement the concepts contained in the guidelines. When a deci-
sion is made to provide an item or an action specified in a guideline, the;

utility should acdress a set of questions relating to the design, operation
and availability of the needed equipment and the training of operators. For
the example of containment-venting guidance, the capacity of the venting sys-
tem, the selection of .<etpoints 'to initiate venting, the availability of
applicable procedures and the accessibility of certain valves by operators
should be addressed. The criteria on containment venting provide helpful in-
formation in assessing venting capability in each individual plant.

The criteria address the general issues of (1) survivability of equipment
(i.e., whenever credit is given for a system or a component to mitigate the
accident, the ability of the equi nent to function under environmental? andfluid dynamic loads associated with severe-accident sequences must be taken

11
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into account), (2) equipment capabilities, capacities, and duration of opera- '

bility, (3) accessibility of equipment, (4) availability of support systems,
(5) identification of necessary components, (6) identification of important
operator actions, and (7) identification of parameters for initiation of miti-
gating systems and operator actions.

2.3 Organization of the Report

This report describes detailed guidelines and criteria for preventing and
mitigating severe accidents in BWRs that have a Mark I containment. It is the
first of a series of five volumes that deel with guidelines and criteria for
several different reactor and containment types. Other volumes in the series
are:

Volume 2: BWRs with Mark 11 Containments.

Volume 3: BWRs with Mark III Containments.

Volume 4: PWRs with large-Voiume Containments.

Volume 5: PWRs with Ice Condenser Containments..

Appendix A of this volume contains a review of the IDCOR and SARP analy-
ses for a BWR-4 with a Mark I containnent along with other pertinent studies.
The insights gained from these studies lead to the identification of the
strengths and vulnerabilities of a BWR with a Mark I containment, In Section
3, the three basic goals of the program are related to the relevant design
features and operating characteristics of a BWR-4 with a Mark I containment.
The guidelines recommended to achieve the three goals are therefore initially
devel oped in Section 3. In Section 4, the guidelines are restated and de-
tailed crite"ia are developed for each guideline. Appendix B highlights the
key systems and features of a BWR Mark I plant which ensure that the severe
accident risk is acceptably low.

2.4 References for Section 2

1. "Peach Bottom Atomic Power Station-Integrated Containment Analyses," IDCOR
Technical Report T23.1PB, March 1985

2, A. M. Kolaczkowski et al ., "Analysis of Core Damage Frequency from Inter-
nal Events: Peach Bottom, Unit 2," Sandia National Laboratories, NUREG/
CR-4550, Volume 4, October 1986

'

3. C. N. Anos et al., "Containment Event Analysis for Postulated Severe Acci- "

dents: Peach Bottom Atomic Power Station, Unit 2," Sandia National Labor-
atories, NUREG/CR-4700, Vol. 3 Draft Report for Comment, May 1987.

4 C. N. Amos et al., "Evaluation of Severe Accident Risks and the Potential
for Risk Reduction: Peach Bottom, Unit 2 " Sandia National Laboratorics,
NUREG/CR-4551, Vol . 3, Draf t for Comment, April 1987.

5. "Reactor Risk Reference Doc ument ," U.S. Nuclear Regulatory Connission,
NUREG-1150, Draft for Comment, February 1987.

|
.

12

.

_ _ _ _ _ - _ _ - . . _ _ _ _ . _ - - _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - -



._

*
.

.

3.
DEFINITION OF GOALS AND RELEVANT BWR MARK I FEATURES

-

In Section 2 of this report, the concept of three basic objectives or
goals for this severe accident program was introduced. The concept appliedequally to all plant types. In this section, the three goals are related to
the relevant design features and operating characteristics of a BWR with aMark I containment for the accident sequences and containment failure modesfound to be important in Appendix A. This includes consideration of both
f avorable and unfavorable severe accident attributes.

Screening criteria have been used to identify those sequences that need
to be addressed by severe accident guidelines for each goal. Specifically:

For Goal 1 (Mitigate fission-product releases), all sequences have been
.

examined which represent 5% of the core-melt frequency or are estimated to
occur more often than 10 6 per reactor year and which result in a condi-
tional probability of early containment failure greater than 0.1.

For Goal 2 (Cont rol the frequency of high-consequence sequences), all
.

sequences have been examined which result in pool bypass and are estimated
to occur more often than 10-7 per reactor year.1

For Goal 3 (Reduce high core-damage frequency sequences), all.

sequences
have been examined which "have the potential to occur" more frequently than'10-6 per reactor year. Note that this screening criterion has been used co
identify potential vulnerabilities from risk assessment insights which do;
not necessarily apply to Peach Botton itself, but may apply to other Mark Iplants.

This section provides the link between the goals (developed in Section 2)'
and the guidelines (developed in Section 4) that may be used to assess the
capability of specific plants to meet these goals.
into three subsections, which correspond to the three goals.This section is organized

-

3.1 Miticata Fission-Product Releases

Goal 1 requires that there shall be effective means of mitigating the
fission-product releases for the broad classes of accident seqcences that maylead to core damage in a BWR with a Mark I containnent. In Appendix A the
most important contributors to the core-damage frequency (C0F) were found to1 be 580 and ATWS sequences.

Several studies indicate that transients with loss
:
!

of injection into the reactor pressure vessel (RPV) are also potentially im-
4

portant contributors.
Other transients and loss-of-coolant accidents (LOCAs)'

may also contribute to the CDF. Two specific accident sequences for which;
mitigation by the Mark I containment is ineffective are also identified in

!Appendix A. These specific sequences are discussed further in Section 3.2,!
which attempts to determine how the frequency of these unmitigated sequences

'

! can be reduced.
This section concentrites on the broad classes of accident! sequences for which pl ant features provide significant means of mitigating

i fission-product release. In the following sections both the favorable and'

unfavorable severe accident attributes of the Mark I containment are identi-fied. This discussion in turn leads to the development in Section 3.1.3 of
| the two guidelines that are related to Goal 1.
| 0

|

L
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3.1.1 Plant Vulnerabilities

The Mark I containment is a small-voltme, pressure-suppression design.
The suppression pool is available to condense steam released from the primarysystem during an accident. However, the small volume of the Mark I contain-
ment makes it vulnerable to pressure and/or temperature increases because of
the noncondensable gases and heat released during a core-meltdown accident.
There are differences between the IDCOR I and SARP2 analyses regarding the
estimates of how long it will take to pressurize a Mark I containment to its
ultimate capacity after the core debris has failed the reactor vessel (and is
interacting with concrete); but both studies concluded that the containmentwill eventually fail. Therefore, unless mitigative actions are taken, a Mark
I containment will fail because of overpressure or overtemperature within a
few hours of RPV failure. If containment failure occurs in the drywell, any
fission products in the drywell atmosphere could pass to the reactor building
(and ultimately to the environment) without the benefit of suppression poolscrubbing. Note that suppression pool scrubbing is an important mitigative
feature of a Mark I containment (refer to Section 3.1.2).

An inspection of the Mark I containment configuration (see Figure A.1)
shows that the pedestal below the RPV would tend to confine the core debris
af ter a core-meltdown accident. Extensive core-concrete interactions would be

.

expected to occur. There are differences between the IDCOR and SARP analyses
related to how high the core debris temperature will remain during these in-
teractions and to the quantities of the less volatile fission products that
will be released. However, at this time the possibility of the core debris
remaining hot and releasing significant quantities of fission products has not:

been ruled out,
e

Af ter the region directly underneath the RPV (pedestal region) filled
with core debris, there would be suf ficient core materials from a full core-
meltdown to overflow onto the drywell floor, if the core debris remained
molten it could flow across the drywell floor and reach the steel containmentliner. This steel liner would offer little resistance to molten core debrisand it was predicted 3 to fail very rapidly if the core debris reached the
liner wall . This was found to be a mechanism for early loss of drywell integ-
rity in the SARP analysis and is thus another Mark I containment vulnerability
relative to some other containment designs in which the geometry would tend to
prevest the core debris from reaching the containment wall. The SARP analysis
estimated a relatively high conditional probability for liner failure for SB0
sequenc es'.

. In the sections that follow, suppression pool scrubbing is noted as an
effective mitigative feature for the Mark I containment provided all of the
fission products pass through the pool. It is, therefore, important to ensure
that paths do not open which would allow the fission products to bypass the
suppression pool . The vacuum breakers between the wetwell and drywell would
create a path that bypasses the suppression pool, if they fail open. In addi-
tion, the various drywell penetration seals could be degraded at high tempera-tures and pressures. Failur r of those seals would also open up paths that
would bypass the suppression pool.

If the main steam isolation valves (MSivs)fail to c.3.ose, another suppression pool bypass path would exist.

,
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Although the Mark I containnents appear to be vulnerable to severe'

accident containment, they have several very important mitigative features,
which are described in the section that follows.
3.1.2 Mitigating Features

The suppression pool in a Mark I containnent is a very effective mechan-
ism for trapping any fission-product aerosols that might pass through it.
Thus, to a large extent the suppression pool has the potential to compensate
for the vulnerabilities identified above (in Section 3.1.1). For example,
overpressure failure of the containment (and perhaps loss of drywall integ -
rity) can be prevented by venting the wetwell. With venting of the wetwell
atmosphere, containment integrity is lost but the containment function (reten-
tion of the fission products in the pool) is maintained.

High drywell temperatures and resultant penetration seal degradation can
ae prevented by drywell spray. The potential for molten core debris to spread
across the drywell floor and fail the containment liner may also be rediMed by
spray operation (refer to Section A.2.4). Drywell spray will also contribute
to decontamination of the drywell atmosphere even for sequences with substan-
tial suppression pool bypass.

The atmosphere in a Mark I primary containment is continuously inerted
(by introducing nitrogen and thereby lowering the oxygen concentration) during
operation, which prevents hydrogen combustion. This is a very significant
mitigative feature, which is important to maintain during a severe accident.
For example, wetwell vent,ing and drywell spray operation could result in a
vacuum in the containment, which could introduce additional oxygen and thus
deinert the containment atmosphere.

An area of significant phenomenological uncertainty (refer to Section
A.2) relates to core meltdown with the primary system at high pressure. If
molten core materials are ejected from the RPV under pressure, it has been
suggested in the SARP analysis that the materials form fine aerosols, which
could be dispersed into the containment atmosphere and directly heat it. This
could result in a large pressure pulse, which could threaten containment
integrity at the time of RPV failure. BWRs have an automatic depressuriz. tion
system (ADS) which can prevent high-pressure core-meltdown (on RPV low water

-

level after a time delay or manually by the operator). The ADS has a dualrole as a core-melt prevention system as well. For those sequences in whichthe high-pressure injection systems fail
reactor vessel and allow the low-pressure (TQU), the ADS can depressurize the

'

systems to inject water into the
RPV.

Finally, the BWR Hark I primary containment is completely enclosed in areactor building. This building is, therefore, available as a secondary con-
tainment to trap any fission products that might be released from the primarycontainment during a severe accident. The amount of fission products that
might be trapped in the reactor buiMir3 is uncertain, but it is a potentiallyimoortant mitigating feature.

,
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3.1.3 Maintain Containment Integrity and Suppression Pool Effectiveness

The above discussion has identified several plant features of the BWR
plant with a Mark I containment that have the potential to help achieve Goal
1, namely, mitigating fission-product releases. From the above discussion,
two guidelines have been developed and related to these features that will aid
in assessing whether specific plants meet Goal 1. The guidelines address con-
tainment integrity, the effectiveness of the suppression pool, and the various
mechanisms for possible pool bypass. As long as the dominant release path is
through the suppression pool, the consequences of core melt accidents were
shown (refer to Table A.12) to be reduced by at least a factor of 10 relative
to sequences that bypassed the pool. Guideline 2 also addresses one of the
dominant pool bypass sequences (e.g., melt-through of the steel containment)
to ensure that the release is substantially reduced or that the frequency iskept low.

Both the ASEP and IDCOR studies identified SB0 ar.d ATWS sequences as
being the most significant contributors to core melt. Although the studies
disagree on which is more important,5they are in general agreement on the
total core-melt probability (about 10 / reactor year). Thus, it is believedthat the effectiveness of the suppression pool must be maintained for both
ATWS and SB0 events.

For sequences that threaten the containment by overpressure, wetwell
venting has the potential to preserve the containment function by relieving
noncondensable gases and/or saturated steam, thus preventing further pressure
buildup while forcing fission products to be scrubbed by the pool. However ,
for the two dominant sequences (SB0 and ATWS), existing venting procedureswill be difficult to perform. For SB0 sequences,
clude actuation of venting from the control room, power dependencies may pre-and high radiation levels
may hamper local manual valve actuation. For ATWS sequences, the large vent-
ing capacity requirements, short time frame for operator action and possible
problems with normal isolation systems make successful venting under such con-ditions operationally difficult. Detailed criteria are developed for this
guideline in Section 4.1.1 to ensure venting capability for these dominant
accident sequences, thus maintaining suppression pool effectiveness.

The SARRP event trees for Peach Bottom indicated that core debris melting
through the steel containment shell was a dominant suppression pool bypass
mechanism. SARRP estimated that the conditional probability of containment
shell melt-through was relatively high for SB0 sequences. Although it could
be argued that, even with containment shell melt-through, if the drywell pres-
sure is relieved by wetwell venting, the driving force to transport the radio-
nuclide from the drywell to the reactor building will be reduced, the frac-
tional fission product release remains uncertain. Therefore it appears pro-
dent to attempt to keep the containment shell from melting. Ceramic brick
curbs may be built to keep the corium fron reaching the containment shell but
complete debris confinement would be difficult without impacting water returnto the pool . If both overpressure failure and containment nelt-through can be
prevented (by venting and by building corium retainers) the likelihood of pool
bypass can be reduced substantially (uy about a factor of 10 using SARP event
trees).

.
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For sequences that still result in suppression pool bypass, the drywell,

sprays will tend to wash out aerosols f rom the containment atnosphere and thus
reduce the airborne fission product concentration during core-concrete inter-
action. In some sequences such as SBO, drywell and wetwell sprays would not
be available because of ac power requirements. For the other dominant se-
quence class (ATWS), these sprays may not be available because of suppression
pool heatup and its effects on net positive suction head (NPSH) of the spray
pumps. The guidelines and criteria developed in Section 4.1.1 address alter-
native power supplies and suction sources to ensure that drywell sprays viil
be available for the two dominant sequences.

.

3.2 Control the Frequency of High-Consequence Sequences

The plant features identified in Section 3.1 can effectively mitigate
fission-product releases for the broad classes of accident sequences that were
found to dominate the core-damage frequency (CDF). However, two accident
sequences were identified in Appendix A for which substantial reducing of
fission-product release for the BWR Mark I plant cannot be ensured. 7 Neither
of these two sequences appear to meet the screening criteria (>10- / reactor
year) for Peach Bottom, but their importance in other PRAs indicate that guid-
ance should be developed to ensure that specific plant vulnerabilities do not
make them contributors to risk for other BWR Mark I plants.

The first accident sequence that may defeat the plant containment fea-
tures identified in Section 3.1 is the interfacing LOCA sequence. Al though
none of the BWR Mark I PRAs reviewed in Appendix A indicate that it is a sig-
nificant contributor to core-melt frequency, PRAs for othe plant types (e.g. , '

Shoreham) have identified it as a significant contributor to risk. It has
also been identified as a generic issue (GI-105) by the NRC. Thus, Guideline
3 and associated criteria are developed in Section 4.2.1 to ensure that other,

'

BWR Mark I plants review the potential contribution of interfacing systems
LOCA to risk. This guideline and criteria should be considered appropriate
pending resolution of GI-105.

The second accident sequence that may defeat several of the plant fea-
tures identified in Section 3.1 is an ATWS with a power transient. In this
sequence, the operator fails to control the RPV injection at low pressure dur-
ing an ATWS event. The rising water level in the reactor vessel produces a
power transient that cannot be controlled by the normal containment heat re-
moval systems. The containment will pressurize rapidly and may fail with the

"resultant loss of coolant injection and eventual core melt into a failed con-
i tainment. The ability to control this rapidly progressing sequence by wetwell

venting is difficult, and thus mitigating this sequence appears to be un-
likely. Therefore, the risk of this subset of the ATWS sequences must be con-
trolled by ensuring that its frequency is low. In Section 4.2.2, a guideline
and detailed criteria are developed related to operator actions during an ATWS
event.,

3.3 Reduce High Core-Damage Frequency Sequences

i In Section A.1 it was found that only a few accident sequences figure
prominently in the core-damage profiles of all of the PRAs reviewed. This led

j to the conclusion that if the frequency of this relatively small subset of ac-
| cident sequences could be reduced, then the overall CDF could also be reduced.

.
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3.3.1 Station Blackout *

Most of the PRAs for BWRs (including the ASEP study of Peach Bottom) in-
dicated that the most important contributor to the CDF is station blackout;

| (SBO). Therefore, a severe accident guideline with specific criteria has been
developed in Section 4 related to these accident sequences.!

Station blackout refers to a loss of the offsite power supply with con-.

current f ail ure of the two emergency ac power divisions. Reducing 5B0
sequences is addressed by the proposed NRC SB0 rule. The guideline and asso-
ciated criteria developed by the present study emphasize the need to search
for plant specific features and potential comon cause failures which could
disable systems requirec to work during an SBO. For individual plants which
art. found to have a vulnerability to SBO, the criteria highlight the impor-
tance of proper emergency procedures and operator training in recovering from
an SB0 event.

,

For the BWR-4 design, the two systems designed to operate in the presence
of an SB0 are the high pressure coolant injection (HPCI) and the reactor core4

isolation cooling (RCIC) systems. By removing the long-term SB0 sequences
related to dependent f ailure modes of either system, the SB0 core-damage fre-
quency can be significantly reduced. The long-term dependent failure modes of
HPCI and RCIC under SB0 conditions are (1) battery depletion, (2) pump seal
failure because of suppression pool heat-up, and (3) loss of room cooling.
Since the RSS" did not address these failure modes, it is expected that their
removal from the current design would lower the CDF because of blackout back4

'

to essentially the RSS point estimate of 10 7

3.3.2 Loss of Containment Heat Removal

Accident sequences involving loss of containment heat removal ( CHR),
| (e.g., TW) were found to be important in the earlier PRA studies considered in

Appendix A (see Table A.1). In the RSS." the TW sequences accounted for 53%
of the calculated CDF. In the Browns Ferry IREP5 study, the TW sequences sin-
11arly accounted for 50% of the calculated CDF. The most recent Peach Bottom
studies (IDCOR and SARP) show a two-and-three-order-of-magnitude reduction,,

! respectively, in TW sequences quantification. Therefore, a guideline has been
developed in Section 4 to generically address the mechanisms already effec-
tively employed at Peach Bottom to control the frequency of TW sequences (and

i other related loss of CHR removal sequences).
!

There are a number of factors associated with this reduction in the fre-
quency of TW sequences. When the RSS study was performed, it was assumed that
overheating of the suppression pool failed emergency core cooling (ECC) injec-
tion and therefore the containment failed with a conditional probability of
unity. ECC injection failure came about either by failure to maintain NPSH
conditions for the ECC pumps because of the heated pool conditions or, surviv-
ing that, loss of their suction source by some overpressure failure of the
containnent itself. Since that early study, investigations into ECC pump sur-
vivability have demonstrated that the pumps have a substantial likelihood of
successful operation given a heated suppression pool. In addition, the con-
tainment failure concern is now mitigated by containment (wetwell) venting
procedures at Peach Bottom (refer to Table 4.1). Alternate sources of

"

r

18,

1



.. .- - -

'
e

;

.

injection capability have also been established to preclude reliance upon an*

overheated suppression pool (refer to Table 4.6).
3.3.3

Reactor Pressure Vessel Deoressurization Performance i

ing loss of high-pressure injectionAs mentioned in Section 3.1.2, the ADS is an inportant system in mitigat-sequences. Although neither SARP nor
10COR indicate that these are dominant sequences for Peach Bottom, other stud- ,

ies (Limerick and Shoreham) indicate that failure to manually depressurize can !

be an important contributor to core melt (about 6x10-5 !

/ reactor year). Guide-lines and criteria are provided in Table 4.7 to ensure that other liark I
, plants have a low TQUX frequency.

the RPV is an important mitigative feature that helps maintainAdditionally, the ability to depressurize
;

pool effectiveness (Guideline 2), suppression

3.3.4 Support System Interdependencies

Most PRAs have _ stressed the importance of unrecognized interdependencieshaving the potential to compromise the performance of many critical
In many cases, risk assessment studies have identified such vulnera-safety

systems.

bilities very early in the study and
"fixes" have been made which substan-tially reduced risk.

Although no such dependency-caused vulnerability has
been idantified for Peach Bottom, "engineering judgement" indicates that it
may be useful to search for the existence of such interdependencies in other-tiark I plants.

3.3.5 Flooding Within the Reactor Building

One of the accident sequences, whose potential for contributing to the i
core damage frequency was specifically evaluated in the Shoreham Nuclear Power
Station (SNPS) PRA,6 is the release of excessive water into the reactor build- .ing.

Both the SNPS PRA and the Brookhaven National Laboratory (BNL) review' |

contribute substantially to the C0F (3.9x10-6of the SNPS PRA revealed that accident sequences induced bg/such an initiator
spectively). and 2.0x10- reactor year, re-

To help ensure that Mark I plants which may have a similar safety-relatedequipment
flooding potential can be identified, a guideline and associated

1

criteria are provided in Section 4.3 which may be used to screen for such vul-nerabilities,

ij 3.4 References for Section 3
i 1.

"Peach Bottom Atomic Power Station-Integrated Containment Analyses," 10COR2

Technical Report T23.1PB, March 1985.
!

2.
C. N. Anos et al., "Containment Event Analysis for Postulated Severe Acci-'

dents: Peach Bottom Atomic Power Station, Unit 2," Sandia National Labor-
atories, NUREG/CR-4700, Vol . 3. Oraf t Report for Comment, itay 1987.

3. G. A. Greene, K. R. Perkins and S. A. Hodge, "Impact of Core-Concrete)
Interactions in the Mark 1 Containment Drywell on Containment Integrity
and Failure of the Drywell Liner," Paper IAEA-SM-281/36. Pres:nted at the

,
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5. S. E. Hays et al. , "Interim Reliability Evaluation Program: Analysts of
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4
GUIDELINES AND CRITERIA FOR A BWR WITH A MARK I CONTAINMENT.

In Section 3, those accident sequences that doninate the core-danage fre-
quency (CDF) were identified as were those that are potentially of high conse-
quence. Vulnerabilities of the Mark I containnent to severe accident contain-
ment loads were discussed and those features of a BWR with a Mark I contain-
ment, which are important for preventing are damage and are available for
mitigating fission-product release to the environment were identified.

Based on the "insights" from previous PRA studies and other severe acci-
dent research, the following sections provide guidelines defining "determinis-
tic, plant-specific guidance on the design features and operating characteris-tics which are to be exanined by the utilities ,"1 and criteria definin
"deterministic standards for judging the acceptability of plant features."g
Fron SECY-86-76,2 further guidance is provided in defining guidelines and cri-
teri a. These guidelines "will specify the plant features and operator actions
which are considered important to ensuring acceptable risk for the refer 2nce
pl ant . " 2 Further acceptance criteria (for the various guidelines
cify the attributes necessary to ensure acceptable performance."2 ) "will spe-

Based on this work, nine guidelines were developed which reflect the
importance of these features to plant risk. As discussed in Section 2.2.1
these guidelines indicate areas of potential improvements for various areas of
plant design and operation of which utilities should be aware when conducting
assessnents. it is further noted that a number of the guidelines appear to
overlap various generic issues as defined by the NRC. Final resolution and
disposition of these generic issues may encompass NRC-imposed requirements.
However, the guidelines and criteria presented herein are intended only for
the purposes noted above. The guidelines are sunmarized in Table 1.1.

Guidelines 1 and 2 were developed to ensure the capability to nitigate
fission-product releases (Goal 1) with reference to maintaining containment!

i integrity and maintaining suppression pool effectiveness.

Guidelines 3 and 4 were developed for controlling the frequency of high-1

consequence sequences (Goal 2) with reference to minimizing interfacing sys-
tems LOCA frequency and mitigating anticipated transients without scram (ATWS)
sequences.

Finally, Guidelines 5 through 9 were developed for reducing high core-
damage frequency sequences (Goal 3) with reference to mitigating station,

blackout (SBO) sequences, mitigating loss of containment heat removal se-
quences, enhancing reactor pressure vessel (RPV) depressurization performance,
examining support system interdependencies, and mitigating floods within the
reactor building.

! The remainder of this section is organized into three subsections corre-
. sponding to the three basic goals. In each subsection, the corresponding
i guidelines are discussed from which detailed criteria are developed in order
} to provide standards by which each plant could be measured for compliance with
i the guidelines. The criteria address (see Section 2.2.2), under severe aut-
i dent conditions, the general issues of (1) survivability of equipment (i.e.,
j whenever credit is given for a system or a component to nitigate the accident,
; the ability of the equipment to function under the environmental conditions
!

i
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and fluid dynamic loads associated with severe accident sequences must be .

taken into account), (2) equipment capabilities, capacities, and duration of
operability, (3) accessibility of equipment, (4) availability of support sys-
tems (5) identification of necessary components. (6) identification of impor-
tant operator actions, and (7) identification of parameters for initiation of
mitigating systems and operator actions.

4.1 Mitigate Fission-Product Releases

For a BWR that has a Mark I containment, the dominant core-damage se-
quences were found to be station blackout (TB) and anticipated transients
without scram (ATWS). In order to minimize offsite consequences for the
sequences, the containment systems (both primary and secondary) should be able
to retain a substantial fraction of fission products released even under these
severe accident conditions.

4.1.1 Maintain Containment Integrity and Suppression Pool Effectiveness
(Guidelines 1 and 2)

As discussed in Section 3, the most important systems for mitigating
high-consequence sequences are the containment and its suppression pool. In
addition to condensing the steam generated in an accident, the suppression
pool also acts to remove fission products from the containment atmosphere. As
long as any release path is forced through the pool (e.g., during wetwell
venting), the pool will act to reduce the environmental release fractions by a
factor of 10 or more. Thus, the mitigative guideline deals with maintaining
containment integrity, ensuring the effectiveness of the pool as a fission-
product mitigation system.

Tables 4.1 and 4.2 provide criteria which may be used to evaluate each
plant's capability to avoid breach of the containment and suppression pool
bypass and possible suppression pool bypass mechanisms that were identified in
Section 3.

4.2 Control the Frequency of High-Consequence Sequences

In Section 4.1, guidelines and criteria were developed that should effec-
tively ensure containment integrity and mitigate fission-product releases for
the broad classes of accident sequences that were found in Appendix A to be
important to the core-damage frequency. However, two accident sequences were
identified in Appendix A for which the BWR Mark I containment has limited -

means of mitigating fission-product releases; namely an interfacing systems j
LOCA and an ATWS with a power transient. In this section, guidelines and cri- I
teria for controlling the frequency of occurrence of these potentially high-
consequence sequences are developed.

4.2.1 Interfacing Systems LOCA (Guideline 3) I

In general, BWR Mark I PRAs have found the interfacing systems LOCA (ISL) j
to be a highly unlikely event (less than 10-7/ reactor year). However there
are some BWRs (e.g., Shoreham) for which the ISL is risk significant because
of the potentially high releases. The objective of this guideline and

.

'associated criterie is to ensure that the frequency of ISL events is kept at
an acceptably low level. Brookhaven National Laboratory (BNL) is presently

.
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perfoming a study to provide technical support to the NRC for the neaningful,

resolution of the generic issue related to ISL (GI-105). Therefore, the cri-
,

teria for this guideline should be considered appropriate pending resolutionof the generic issue.
!

In order to control the frequency of ISL sequences, specific perfomance
,

criteria have been developed to assess the perfomance of equipment, systemsand operators. The criteria relate to equipment (low-pressure systems inter-
facing with high-pressure systems) and operator performance (isolation and

i

relief valve maintenance and surveillance).

Detailed criteria developed for this guideline are given in Table 4.3.

4.2.2 Anticipated Transients Without Scram (Guideline 4)

The important attributes of the ATWS sequence with respect to opvatori

iactions were found 3 to be the likelihood of misleading instrumentation, the !
,

need to inhibit automatic safety systems, the use of required mitigating '

actions which conflict with operator response to other accident conditions,
i and the need for coordinated actions and communications among controli roomcrew nembers under highly stressful conditions.

'

For the ATWS guideline, the performance of equipment, systems, and opera- +

tors should be assessed against specific performance criteria to ensure suc-
cessful use of this guideline. The criteria relate to the equipnent, systems,
and operator perfomance by emphasizing operator familiarization, aids, and '

<

understanding of potentially conflicting signals. '

Detailed criteria developed for this guideline are given in Table 4.4 and '

are based upon the assumption that each of the plants is (or will be) in com-
pliance with the NRC rule on "Reduction of Risk from Anticipated Transients
Without Scram for Light-Water-Cooled Nuclear Power Plants."''

4.3 Reduce High Core-Damage Frecuency Sequences I

!

The major contributors to the core-damage frequency (C0F) are presented '

l

in Appendix A. The 10COR and ASEP/SARP analyses indicate that the 580 and
ATWS sequences are the dominant contributors to the C0F. The results of other

4

1

PRAs and PRA reviews Indicate that in addition to those two types of se-
quences, other sequences, namely, loss of containment heat removal (CHR)
sequences (TW, SI, and TPQI sequences) and sequences with failure to depres.
surire the reactor pressure vessel (RPV) for injection with low-pressure sys- ,

'

tens (TQUX sequences), can also be major contributors to the CDF.
;"

i

4.3.1 Station Blackout (Guideline 5) '

In most PRAs for light-water-reactors (LWRs), station blackout (S80) se-
quences have been major or prominent contributors to the C0F. As part of the |

,
,

'

effort to resolve the unresolved safety issue (USI A 44), the NRC is proposing
to amend its regulations "to provide further assurance that an SB0 (loss of
both offsite power and onsite emergengy ac power systems) will not adversely

<
,

affect the public health and safety." For accident sequences, developed by ;
i

.| an individual plant examination (IPE), which involve the loss of of tsite power
j and onsite emergency power, the proposed SB0 rule should be examined for '

!
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applicability. The eriteria associated with Guideline 5 are intended to ers- '

phasize the need to search for plan; specific features and potential comon
cause failures which could disable systems required to work during an SBO.
For individual plants which are found to have a vulnerability to SBO, the cri-
teria given in Table 4.5 highlight the importance of proper emergency proce-
dures and operator training in recovering from an SB0 event.

4.3.2 Loss of Containment Heat Remeval (Guideline 6)

For some of the PRAs and the PRA reviews used in this study, sequences
with successful coolant injection but with subsequent loss of containment heat'

removal (CHR) (TW, 51, and TPQI sequences in Tables A.1 and A.5) can be impor-
tant contributors to the CDF; in those PRAs it is assumed that containment
failure causes loss of ECC injection. As discussed in Section 3.3.3, in the
PRAs where those sequences are not important, the main factor for the low con-
tribution to CDF is because of credit given for containment venting and alter-native sources of injection. Therefore it appears to be important to have
alternative injection sources available in addition to wetwell venting to
provide adequate CHR during accident sequences with successful ECC injection
but with subsequent loss of CHR. Previous studies have shown that injectioni

is not lost in TW sequences for 20 or more hours. Thus alternate injection
sources should be sized to remove decay heat at that time (-0.5%).

Detailed criteria developed for this guideline are given in Table 4.6.

4.3.3 Reactor Pressure Vessel Depressurization Performance (Guideline 7)

In sone of the PRAs exanined in this study, sequences with failure to de-
pressuri ze the reactor pressure vessel (RPV) after failure of the hi gh-,

pressure injection systems (TQUX sequencas) are important contributors to
CDF. In all these PRAs, the automatic actuation of the ADS only occurs on
coincident signals of "high" drywell pressure and "low" reactor vessel watet-
level held for a time delay of 2 minutes, for a large number of transients,

with loss of high-pressure injection, these coincident signals will not occur.
Therefore, the contribution of these sequences to CDF is dependent upon the
intervention by the operator to manually depressurize the reactor. In Table
A.6, it can be seen that these probabilities vary from 1.8x10 "/ demand to
6. 0 x10- 3/ demand. In Peach Bottom, the CDF was reduced by changing the logic
of the ADS auto-actuation logic to eliminate the need for the "high" drywell
pressure and changing the water level time-initiation setpoint to "low-low"
and the ittiation time delay to 8 minutes.

Detailed criteria developed for this guideline are given in Table 4.7.

| 4.3.4 Support System Interdependencies (Guideline 8)

One of the primary benefits of performing a rigorous PRA is that the sys-,

tem interdependencies are modeled and are reflected in the results. However.
.

'

not all PRA studies have performed rigorous interdependence analyses and,
therefore have not ferreted out all of the possible subtle interdependencies,
This may have profound effects upon their results. A dependency is defined asi

the failure of one system leading directly or indirectly to the failure of
another system.

,

! .
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An in-depth application of basic PRA nethodology with respect to nterde-
pendencies yielded significant findings on a previously teavily studied PWR.|

To illustrate this point, reference is made to the BNL study of s{ sten inter-actions (support system interdependencies) at Indian Point Unit 3. Tre major
finding of that study was that a specific single staticn emergency battery
could f ail and, among other things, negate the entire low-pressure injection
function. The point to be emphasized here is that none of the numeroui other
studies and reviews of the Indian Point 3 design were able to detect this
important single failure nor did the BNL study until all the support systens
were explicitly modeled, linked together (the f ault tree linking approach )7

and solved using the SETS computer code.8
,

NUREG-11509 has provided a thorough application of the latest PRA methods
to five reference plants and the results point out numerous insights into the
importance of specific design differences among the studied plants. Howeve r,
the HUREG-1150 authors emphasize the importance of support system differences
and the difficulty of extrapolating the result from one plant to another.

It is not sufficient to nake a single overall depeMancy table of the
front-line and support systems for a given plant and simply compare that to
the reference plant. No two plants will have the same set of system interde-
pendencies. Support systems vary widely from plant to plant even though the
plants may be of a similar class and have the same set of front-line systems.

It is recognized that following the steps outlined in Table 4.8, in a
rigorous f ashion, is a najor unrjertaking. This fact, however, does not dimin-ish its importance.

Based upon the dominance of the SB0 sequences for Peach Bottom as well as
for other BWR designs, it also is recommended that a detailed interdependency
table be constructed for this sequence w1th all dependencies conditioned upon
the existence of an SB0 for various lengths of time. This table should als0
explicitly identify all of the expected f ailure nechanisms (e.g. , identify
whether battery f ailure is because of loss of room cooling or charp deple-tion).

4.3.5 Flooding Within the Reactor Building (Guideline 9)

Although medium or small leakages can be adequately mitigated by the
existing sumps or pumpback systems, large water leakages are of primary con-
cern in reactor building (RB) flooding. Potential water sources for excessive
water release into the lowest RB level include the suppression pool, the con-
densate storage tank, the reactor coolant systen, the service water system and
tu fire protection system storage tank. Some of the major equipment located
in the lowest RB level compartment may include emergency core cooling (ECC)
pumps and their electrical control panels for the high-pressure coolant injec-
tion (HPCI), RCIC, core spray and low-pressure coolant injection (LPCI) sys-
tems.

RB flooding can be initiated by (1) a major maintenance which requires
exposing a safety system to the RB atmosphere, and (2) breaks in the pressur-
ized or the non-pressurized part of piping or conponents, in item 1, "najor
maintenance" refers to those actions which would require dismantling of system
components tbus eliminating a barrier between large sources of water and

25
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the RB. RB flooding can partly be prevented and/or mitigated through proper
training and procedures. For example, once the RB is flooded, the operator
should be able to follow the instructi0ns for responding to the alarm to iden-
tify the source of the flood and isolate it before the water level in the low-
est compartment reaches a critical level. The operator should also know about
alternative devices or equipment which can be utilized to provide coolant inj-
ection to the RPV in case of emergency core cooling (ECCS) systems equipment
failures in the flooded compartment.

IOThe BNL study of the Shoreham Nuclear Power Station (SNPS) revealed
that although the SNPS Alarm Response Procedures give general guidelines for
monitoring system parameters to determine the leakage location and initiate
the leakage isolation, specific requirements for operators to systematically
check-the operation parameters of relevant systems are not included. BNL also
identified that the random failure of an equipment protection electric circuit
breaker coinciding with RB flooding may result in the propagation of failures
to the upstream motor control center (MCC), other MCCs, and the associated
load centers. It is important that this or similar pctential common-mode
failures be avoided.

Although this type of vulnerability to flooding was identified for a Mark
11 plant, it is believed that the concerns are of general applicability to
other designs. Thus , it is recommended that Mark I plants also be screened
for floading vulnerabilities.

Detailed criteria developed for this guideline are given in Table 4.9.

4.4 Using the Guidelines and Criteria

Nunerous investigations, including PRAs, have been performed for the ref-
erence plants and for similar plants by both the NRC and the nuclear power
industry. The insights gained from many of the studies have been used in
developing the guidelines and criteria contained in this report (including the
other volumes relating to other plant types). The guidelines and criteria are
tssued to guide the analyst performing an IPE. This guidance is in the form
of plant features, operator actions and the critoria for assessing those fea-
tures and actions found to be helpful in reducing the overall risk for Peach
Bottom and other Mark I plants. Thus, the guidance is given to provide a
resource in examining the subject plant to determine if the sane, or similar,
guidelines will be of value in reducing overall plant risk. These guidelines
and criteria are intended to be used solely as guidance, but they may include

j (as a subset) some requirements generated by the NRC on generic issues.

4.5 References for Section 4

1. R. Barrett, "Status of the Severe Accident Program for Operating Reac-
tors," U.S. Nuclear Regulatory Commission, Of fice of Nuclear Reactor Regu-

j lation Staff Presentation to the ACRS Subcomittee on Class 9 Accidents,
February 24, 1986,

2. SECY-86-76, "Implementation Plan for the Severe Accident Policy Statement
and the Regulatory Use of New Source-Term Information," NRC/EDO, February
28, 1986.
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'
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Table 4.1 Criteria for BWR lurk 1 Containment '

Guideline 1: Maintain Containment
Integrity

Concern: Breach of the containment boundary in the progression of a severe
accident can lead to significant releases of radioactivity.

Functions: Wetwell Venting of Noncondensable Gases - (Guideline 1.A)

Guideline 1. A. Provide Wetwell Venting

Basis: Implementation of wetwell venting will significantly reduce the
potential for loss of containment integrity because of overpres-
surization events.

Caution: Containment venting should not be indiscriminately performed. A
clear understanding of the accident sequence in progress should
have been attained before initiating venting. The effects of
venting should have been assessed and made known to the operators
during the training program. The assessment should include the
ef fects of containment venting on the operation of ECC injection
systems and health consequences.

Criteria:

1.A.I. For accident sequences where wetwell venting has been assessed to be
beneficial, wetwell venting should commence, except for a station,

'

blackout, when containment pressure reaches the predetermined contain-
ment venting pressure setpoint. In selecting the containment venting
pressure setpoint, the following functions should be ensured:

a. The ultimate containment pressure capability would not be xceeded,

b. The backpressure acting on the safety-relief valve assemblies
would not prevent them from perforning their function.

The vent valve assemblies would not be prevented from performingc.
their function.

During a station blackout, wetwell venting should commence in accor-
da.We witn the criteria developed using the BWR Emergency Procedure
Guidelines (RPG), i.e., following the onset of the transient and,

'

before depletion of the station batteries. If station batteries are
not available, manual initiation of wetwell venting should be assessed
(see Criterion 1. A.2).

1.A.2. If manual initiation of wetwell venting is deemed necessary, the time
required to perform this function should be taken into account in the
training and procedures to preclude the potential for exposing person-
nel to the harsh environment. Otherwise, the containment venting
valve (s) should be capable of being remotely actuated during a stationblackout.

28
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Table 4.1 (Continued).

1.A.3.
Operator training and emergency procedures should specify the plant
parameters that will prompt the operators to make preparation, con.
mence and terminate the venting sequence. The training and procedures
should also be consistent with the required actions and timing of
those actions so venting will commence immediately when required (see
Criteria 1. A.1 and 1. A.2). The training and procedures should further
specify the flowpath(s) available for venting, specific components tobe aligned, and the required positions / states for these components.
The training and procedures should specify how to proceed if it is n%
possible to teminate venting.

1.A.4 For each accident sequence where venting is credited (e.g., assumed to
prevent containment failure) the capacity of the vent lines and asso-
ciated vent valves should be assessed to detemine whether the venting
capacity has the capability to decrease containment pressure.

1.A.S. The criteria for filtering are dependent on the potential for bypass-ing the suppression pool. Whether the suppression pool is bypassed or
not, the radiological release should be reduced by an order of magni-tude compared to no tiltering. The venting flowpath should ensure
that all media to be vented pass through the suppression pool thusproviding filtering by the pool. If the potential of a vent path to
bypass the suppression pool is high, a filter should be provict inthis vent path with the ability to reduce radiological releases t,, anorder of magnitude.

1.A.6. Equipnent designated to support wetwell venting should be assessed for
its ability to function reliably for a sufficient period under the
predicted envi ronmental and fluid loads associated with venting con-mencement pressure. If necessary, it should be enhanced to includd
operation during the vaporization release phase of core-concrete in-
teraction.

1.A.7. The ef fects of possible hydrogen burn, radiation, and/or steam on
equipment located in the reactor building outside of the primary con-
tainment should be considered in the venting assessment. If equipment
important to the mitigation of accident aquences is jeopardized by
venting, alternate venting paths, judged not to be detrimental,
should be identified and assessed. Consideration should also be given
to the ef fectiveness of the reactor building blowout panels and fire
sprays to accommodate the discharge through the primary containment
vents, thereby ensuring reactor building structural integrity.

1.A.8. The effects of possible containment depressurization on the NPSH of
the ECC related pumps should be assessed. Alternate injection sources
which are unaffected by venting should be considered.

1.A 9. The capability to teminate venting and the conditions under which
venting would be teminated should be considered in the venting
assessment. Specifically, the level of radioactivity in the wetwell
airspace should be considered with regard to the projected offsite
consequences.
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Table 4.1 (Continued)

1.A.10. Operator training and emergency procedures should specify the possi-
ble actions to preclude deinerting the containmerit by terminating
venting before a negative pressure differential is reached in the
vent path.

.

G

,

|

4
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Table 4.2 Criteria for BWR !! ark I containnent-

Guideline 2: liaintain Suppression ;

Pool Ef fectiveness
Concern: Bypass of the suppression pool in the progression of a severe

;

accident can lead to significant releases of radioactivity that
would otherwise not occur if the fission products were retained in
the contair. ment and/or scrubbed by the suppression pool.

Functions: Suppression Pool Bypass (Guideline 2. A)
.

- Debris Confinement
Drywell Spray (Guideline 2.B)

- Containment Heat Removal
- Fission Product Scrubbing
- Debris Bed Cooling

Guideline 2. A. prevent Suppression Pool Bvoass

Basis: Implementation of the following criteria will significantly reduce
the potential fof bypassing the suppression pool.

Criteria:

. 2.A.1. In view of the uncertainty about the amount and timing of core debris'

leaving the reactor pressure vessel (RPV), an assessment should be
made of the fraction of the core that can be controlled or confined toprevent contact with the steel containment shell.

Guidance: If 100% of the core cannot be controlled or confined, additional
debris control methods should be considered such as a concrete or magnesium
oxide curbing of sufficient height to prevent or delay the debris from reach *-
ing the containment shell and confine the debris in an area that can be
cool ed. The curbing should be anchored in place to resist the hydrostatic
head of the core debris and should have sufficient strength and thickness to
withstand core-debris attack.

2.A.2 Appropriate maintenance, surveillance, and emergency operating proce-
dures and training should specify the actions to be taken (and inter-
vals at which these actions are to be performed) to ensure that thei

containment isolation valves and vacuum breakers are capable of clos.
ing as f-equired and remaining closed during severe-accident condi-tions.

2.A.3. The projected leakage rate through the main steam isolation valves
(MSlys) should be assessed for its source term contribution in the
dominant accident sequences.

2.A.4 The effect of reactor coolant system leakage accumulation and asso-j
ciated radioactivity in the drywell following isolation of equipmerit

i drainlines should be assessed for their source term contribution to
sequences in which drywell venting or failure is anticipated.

i
,

i
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Table 4.2 (Continued) '

Guideline 2.B. Provide Drywell Spray

Basis: Implementation of the following criteria should aid in decontam-
inating the drywell atmosphere of fission products, should help
control the containment pressure rise because of the decay heat
load, and should promote debris cooling.

Criteria:

The following should be assessed to ensure containment heat removal capabil-
ity:

2.B.1. The heat removal provided by the drywell-spray-related components
I should be suf ficient to remove heat loads anticipated during the dom-

inant accident sequences. These loads include but are not limited to
decay heat and the chemical energy released from metallic oxidation.

2.8.2. Drywell spray should commence when the containment pressure exceeds a
predetermined value calculated in accordance with the BWR EPG or
before the drywell temperature reaches the value at which ADS is qual-
i fi ed.

2.B.3. Drywell spray should be terminated when the containment pressure de-
creases below a predetermined value calculated in accordance with the
EPG.

Guidance: Alternate sources of drywell spray such as a diesel-driven fire
pump should be assessed for their capability to provide suf ficient flow and
head for adequate containment heat removal.

.

2.B.4 The ability of equipment designated for drywell spray to function in a
reliable manner under the predicted containment conditions associated
with sequences for which operation of the containment spray is needed
should be assessed.

2.B.5. Operator training and emergency procedures should speci fy the flow-
paths and specific components to be aligned and their required posi-
tions for initiating drywell spray. If a backup system and/or equip-
ment is to be utilized, operator training and pr9cedures should iden-
tify the flowpaths and specific actions required for any temporary
system cross-connections.

2.B.6. Operator training and emergency procedures should specify the plant
parameters that will prompt the operators to initiate and terminate
the drywell spray. Training and procedures should be consinint with
the time required to align the system and components as required.

'

The following should be assessed in order to evaluate the capability of the
drywell spray to reduce fission-product contamination of the drywell atmo-sphere:

.

32

- - - - - - - - - - -- -- - - - - - -- ---]



_ _ _ _ _ _ _ _ _ _ _ _

-
.

.

Table 4.2 (Continued).

2.B.7 The spray system should be assessed for its ability to cover the
entire drywell volume for an adequate time, with spray droplets of an
appropriate size. Such an assessment would include the total amount
of water available for long-term spray operation, as well as the pres-'

_ .sure under which the water could be supplied to the spray headers by
various sources. The elevation of the spray in the drywell, the
nozzle spray pattern, as well as large obstructions in the drywell
below the spray headers, should be considered when assessing volwHr
coverage.

In addition, to promote debris bed cooling the following criteria should be
assessed to ensure flooding of the drywell via sprays before RPV failure:

2.B.8. The spray initiation point (Criterion 2.B.2) should be assessed to
ensure that the sprays will be initiated early enough to flood the
drywell floor before RPV failure for the dominant accident sequences.

2.B.9. The spray termination point (Criterion 2.B.3) should be assessed to
ensure that spray temination will not allow the debris bed to reheat
after it has been quenched.

.
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Table 4.3 Criteria for BWR Mark 1 Containment f'Guideline 3: Interfacing Systems
LOCA

!Concern: Although the interfacing systems LOCA sequences are not considered
:to be leading contributors to core-damage frequency, they represent
!potentially high release sequences and they appear to contribute >

significantly to the overall risk for the plant under review.
|

j Function: Maintain Reactor Coolant System Integrity

Guideline 3. A. Prevent Overpressurization of Low-Pressure Systems
:Basis: Implementation of the following criteria will ensure that the fre- !

quency of an interfacing systems LOCA will remain acceptably low. l
4

lCriteria:
|!Note: Resolution of Generic Issue 105 (GI-105), which deals with interfacing

systems LOCAs for both BWRs and PWRs, may h6ve an impact on this guide-line. :Therefore, the criteria below should be considered as appro-
i priate pending resolution of GI-105
! 3.A.I. All low-pressure lines that potentially could be overpressurized

should be identified and should be provided with alarms to alert the
operator to the symptoms of on overpressure event.

3.A.2. The equipment designated to provide isolation and prevent overpressur-
ization, such as the RHR line isolation valves or the low-pt essure
injection system check valves, should periodically undergo operasility

1 testing and local leak rate testing (LLRT). *

; 3.A.3. The relief capability of the relief valves designated to mitigate low-
pressure system overpressurization should be established, in most if

;

not all cases, these relief valves were not sized with the possibility
|! of an interfacing systems LOCA in mind. However, given that an inter- i

facing systems LOCA occurs in a non-isolatable portion of a low- ;1 pressure system, there may be alternatives available to the operator '
! such as taking advantage of additional relief valves. If such or sim- [; ilar actions are found to be helpful, they should be factored into the

ii appropriate emergency procedures. '

l
1 3.A.4 Operator training and procedures should specify the actions to be

|
f

taken to isolate the low-pressure systems identified above or to de-
l

pressurize the primary system, thereby mitigating the consequences of .

,

[the interfacing systems LOCA.
t.

3.A.5. After each reactor shutdown and cooldown, the isolation function of I
,

the pressure isolation valves should be tested. These valves should inot be tested under reactor operating conditions.

I |
. O

I
:
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Table 4.4 Criteria for BWR Mark 1 Containnent
Guideline 4: Anticipated Transients.

Without Scram ( ATWS)

Concern: ATWS sequences have been shown to be one of the leading classes of
severe-accident sequences both in tems of core-damage frequency
and risk.

Function: Operator Response During ATWS (Guideline 4. A)

Guideline 4. A. provide Operator Response During ATWS

Basis: The criteria developed here are based on the assumption that each
of tha plants is (or will be) in compliance with the ATWS final
rule dated July 26, 1984 PRA studies have shown that the pre-
dicted core-damage frequency because of ATWS is si gni ficantly
lowered based upon modifications which comply with the ATWS rule.
The major thrust of the ATWS rule is on the addition and/or up-
grading of scram rel ated systems and equi pmer;t to prevent an
ATWS. Human reliability studies perfomed in support of NUREG-
1150 point to potential benefits for improved operator training
and procedures to mitigate the effects of an ATWS and prevent core
damage from occurring. For any individual plant which may be
found to be vulnerable to ATW5, the following criteria reflect
added measures that emphasize the operator's role and function in
mitigating an ATWS initiator,

,

During an ATWS sequence, the operator is required to inject borons
I

I into the reactor pressure vessel (RpV) to inhibit initiation of
automatic safety systems and to attempt to manually control and
mitigate the outcome of the event. In contrast, most other acci'-
dent sequences are prevented or mitigated by systems which allow
the operator to monitor automatic system initiation and require
intervention only when a system fails to function adequately.
Thus, an ATWS sequence requires operator responses that are in
opposition to the highly trained responses required for the re-
covery and mitigation of all other off-nomal and accident events.
Therefore, operator training and procedures for the ATWS sequences
should specifically prepare operators to perfom the unique ATWS
actions called for in the BWR EPG as well as in the other measuresbelow.

Criteria:

4.A.I. Operator training and emergency procedures should specify the plant
paraneters that are indicative of ATWS and the actions to be taken to
verify that the reactor coolant recirculating punps have tripped auto-matically. Additionally, they should specify the actions to be taken
if the reactor coolant recirculating pumps do not trip automatically.

.
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Table 4.4 (Continued)
. 4.A.2. Operator training and emergency procedures should ensure that standby !'

liquid control system (SLCS) injection is initiated manually, as re-
|
,

quired, during an ATWS. Operator training and procedures should aise;

! specify the plant parameters that indicate manual SLCS actuation and
l the actions to be taken and verification to be made to ensure that the

'

i SLCS was actuated.

| 4.A.3. Operator training and procedures should ensure operator familiarity
j with reactor water level control during ATWS. ;

!n

i Note: This unique control requires actions that conflict with mitigating !actions for all other accidents that call for flooding the RPV to,

'

ensure the reactor core is covered. .'
'

4.A.4 Since RPV water level indicators may be inaccurate and may provide >

| conflicting indications of the water level, operator training and pro-'

cedures should provide guidance to the operator.
, 4.A.5. The automatic depressurization systen (ADS) should be capable of being
i

;

defeated by the operator during an ATWS before its automatic initf a-
ition. Operator training and procedures should address the possible
!reluctance of operators to defeat a safety system, in particular, the (

| need to inhibit the ADS immediately af ter an SLCS initiation attempt. i

J 4.A.6. Operator training and procedures should specify the responsibilities
4 of operating staf f crew members and clarify how information will be

iexchanged among them. In pa rti cul ar , instrumentation readings may
have to be relayed between the crew menber(s) operating the control !
boards and the senior reactor operator coordinating the crew's re. !
sponse to the accident. *

,
!

2

4.A.7. The capability, of the systeins and equipment required for mitigating f: an ATWS, to function under predicted environmental and fluid loads
i associated with severe-accident sequences should be assessed to deter.
] mine whether the equipment would be available for an appropriate time

sof operation.
I

I

:1 4.A.B. An assessment should be made of the feasibility of establishing theI i

main condenser as a heat sink by reopening the main steam isolation '

| valves and turbine bypass valves, if possible, ,

i
*

f
;

I

i .

: ;
1

i . ,

j '
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j Table 4.5 !
j' Criteria for BWR Mark 1 Containment
' Guideline 5: Station Blackout !

!Concern:
Station blackout sequences have been shown to be one of the lead-j

,

ing classes of severe-accident sequences both in terms of core-: !damage frequency and risk.
i '

2

Functions:
,

Reactor Pressure Vessel Injection (Guideline 5. A)
!Containnent Integrity (Guideline 1)e
)

!
!
!

Guideline 5. A. provide Reactor pressure Yessel Injection
i Basis:

Si gnificant study and research have preceded current work on i
'

severe accidents; in particular, refererce is made to the rulemak-)
| ing activity already under way on station blackout. It is assumed |

that when the station blackout rule is finalized, scne require- !4

ments of the rule may be similar in form to the criteria below.
'

tievertheless, during an individual plant examination (IPE), it is |

{ important to highlignt those areas which previous pRAs found to be ;
;

important contributors to the station blackout core-damage fre. j
quency. For those specific plants which are found to be vulnera- ~;i

ble to station blackout events, the criteria below will assist in; identifying potential ;areas for plant improvements as well as-
!

i

identifying operator actions which are key to mitigating a stationj blackout event. ;

! Criteria: !

1
'

5.A.1.
For the BWR-4 design, the high-pressure coolant injection (HPCI) sys- !

i

l
!

ten and the reactor core isolation cooling (RCIC) system, are two sys-'

tems intended for the purpose of RPV injection independent of ac; power.
However, it has been postulated that these systens cannot con-'

tinue operatins in the presence of a prolonged blackout. Therefore,
the HPCI and P.CIC should be assessed with respect to extending their ;

{ capability to function in the presence of a station blackout.
'

{! 5.A.2.
Operator training and procedures should specify the plant parameters ;j
indicative of HPCI and RCIC initiation. Additionally, the trainin1

and procedures should specify the actions required to place in operag i

tion and/or ensure continued operation of these systems under station t
,

i
blackout conditions.

,
~

5.A.3.i

The capability of HPCI and RCIC systems to function under predicted r
! "

environnental conditions and fl uid loads associated with stationi
blackout should be assessed to determine whether they are availablefor an appropriate time of operation. {

!! 5.A.4
Special emphasis should be placed upon the review of the dc power sys- I

tems and other emergency power support systems to ensure that connon:
cause failures have been eliminated to the extent practical from the! design.

i I

! I.

< ,

I

i I
''

! t
!
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Table 4.6 Crizeria for BWR Mark 1 Containnent '!: Guideline 6: Lvss of Containment !Heat Removal
; j

2 Concern:
I Failure to remove the decay heat buildup in the suppression pool

(loss of containment heat removal) following a transient event has
j been shown to create NPSH problems for the pumps taking suction

from the suppression pool and, therefore, can lead to injection,

! failure, subsequent core damage, and containment failure. The RSS
indicated that this was a leading clats of core-damage sequences.

Functions: Long-Term Emergency Core Cooling (ECC) (6uideline 6. A)!

! Maintain Containment Integrity (see Guideline 1)
;

Guideline 6. A. Provide Long-Term Emergency Core Cooling

Basis: Implementation of the following criteria will ensure that the
failure potential of ECC injection because of loss of the contain-
ment heat remova' function (i.e., TW sequences). Maintenance of,

I ccntainment integrity is addressed by Guideline 1.
>

Criteria:
-

6.A.I. Operator training and procedures should specify methods and actions
for heat removal via alternate injection path (s), in conjunction with;

wetwell venting for severe-accident conditions when suppression pool
4

temperature precludes use of primary (ECC) injection paths,
i 6.A.2. For the alternate injection path (s), it should be demonstrated that

the flow would be sufficient to preclude core damage.

6.A.3. If local operation of any- equipment is required, the time required to,

perform these functions should be consistent with the time available:

i to help prevent core damage and account for personnel exposure to the
predicted severe-accident environment,1

j 6.A.4 The capability of equipment used for alternate injection to function
4 under the predicted environmental and fluid loads associated with
I severe-accident sequences should be assessed to determine whether the
f equipment would be a/ailable for an appropriate time of operation.
-

.

4

1
i

i

[

|
1

.
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Table 4.7 Criteria for BWR Mark 1 Containmen**

Guideline 7: Reactor Pressure
Vessel (RPV) Depressurization
Performance

Concern: Sequences in which failure to depressurize the reactor pressure
vessel (RPV) after failure of the high-pressure injection systems
have been shown to be a leading contributor to the core-damage
frequency. Many of these sequences do not create the condition
necessary to actuate the ADS.

Function: RPV Depressurization (Guideline 7. A)

Guideline 7.A. Provide RPV Depressurization

Basis: Implementation of the following criteria will significantly im-
prove the response of the ADS to facilitate depressurization of
the RPV in order that low-pressure systems may be used to provide
ECC injection.

Criteria:

7.A.1. The RPV should be capable of being automatically depressurized as may
be required for all dominant accident sequences.

Guidance; An example of an acceptable modification to BWR-4 designs is the
design change at Peach Rotton wherein the high drywell pressure signal was
removed from the coincidence logic for automatic ADS actuation and the time
delay for actuation has been lengthened. ASEP results for Peach Bottom indi-
cated a high likelihood of concurrent ac and de power failure. Plants with
similar vulnerabilities may consider a dedicated backup de supply to ensure
depressurization capability under station blackout conditions.

7.A.2. The ADS should be capable of initiation and operation under the envir-
onmental conditions ass 3ciated with the dominant accident sequences.
In particular, the ADS should be capable of operating under the maxi-
num pressure anticipated before venting (see Criterion 1. A.1).

7.A.3. Operator training and procedures must ensure reliable manual control
of RPV depressurization.

7,A.4 The capability of the systems required to provide RPV depressurization
(e.g., batteries and air supplies) to function under the predicted
environmental conditions and fluid loads associated with severe acci-
dent sequences should be assessed to determine whether the equipment
would be available for an appropriate time of operation.

.
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Table 4.8 Criteria for BWR Mark 1 Containnent -

Guideline 8: Support System
Interdependencies

Concern: When conducting a PRA, IPE or similar analysis, it is imperative
that the support system interdependencies be fully developed, un-
derstood, and reflected in the final results. Otherwise there is
no assurance that the dominant core-damage / risk sequences have
been identified.

Function: Support Systen Interdependencies (Guideline 8.A)

Guideline 8. A. Examine Support System Interdependencies

| Basis: Implementation of the following criteria will ensure that the full
set of support system interdependencies have been identified and f
have been reflected in the results.

Note: The following criteria are easily outlined but are not. easily imple-
mented. The conplex nature of a nuclear power plant makes it impera-
tive that this area of analysis be fully examined. However, since no

i two plants have identical support systems this analysis can only be
done on a plant-specific basis.

Criteria:
|
'

18.A.1. All systems that provide any direct support to either a frontline or
support system should be identified along with its supported system.

8.A.2. Each dependency should be conditioned as appropriate as to what se-
quences or under what (if not all) circumstances it appliei. In view |of its importance, a separate station blackout dependency table should '

be provided which gives the available systems, their anticipated sur-
vival period, and the ultimate cause (e.g., no room cooling) of their
failure.

8 A.3. The dependencies should then be linked together (preferably by comput-
er) within the analysis in order that the extent to which their in-
fluence reaches through the systems to a consequence will be dis-
covered. This will help identify secondary dependencies to ensure
that no one f ailure in a support system has any unknown critical out-
come on other support or front line systems,

,
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Table 4.9 Criteria for BWR Mark 1 Containment-

Guideline 9: Flooding Within the
Reactor Building

Concern:
An excessive water release into a portion of the reactor building
(RB) outside the primary containment which houses a concentration
of safety-related equipment raises the possibility of a comen-
mode event disabling all the equipment in %Ae compartment. Atleast one plant with a Mark 11 containment has been identified
in which the location of safety equipment, including all ECC5
pumps, in the lowest RB level makes the flooding initiator a sut>-
stantial contributor to C0F.

Function: Prevent or Mitigate RB Flooding (Guideline 9 A)

Guideline 9. A. prevent or Mitigate Reactor Building Flooding
Basis: Implementation of the following criteria may reduce the potentiel

of a common-mode failure of safety equipment because of RB flood-
ing in Mark I containments where RB layout combines important
safety equipment in low-lying portions of the RB with exposure topossible inundation.

Criteria:

9 A.I. Operator training and procedures should ensure that the operator will
diagnose and isolate any floooing of the RB that occurs.

9.A.2. Operator training and procedures should ensure that the operator is
prepared to use alternate injection sources still available if flood-
ing causes a common-mode failure of ECCS equipment.

9.A.3. The electrical systems should be assessed for the possibility of cas-
cading failures because of flood-induced electrical shorts. Addt-tional isol ation devices (e.g., circuit breakers) should be con-sidered, if needed.

9.A.4 Water-tight doors in the lower levels of the RB should be alarmed to
notify tha operator when they have been left open.

.
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APPENDIX / '
,,r

-

SEVERE-ACCIDENT O SK' INSIGHTS4g ,.
n' t t'.

,

}'i In this appendix the IDC0fi s , i

and SARP analyses for a BWR-4 with a Mark I
costair. ment are reviewed. Differences between the studies are identified andv'
insights are identified which helfee in the develcpment of the plant-type soe-Y

,/. cific g2idelinen for the reduction,'Ir) the frequency of occurrence and mitiga-
tis of severe accidents which are d scussed Jn Section 4 of this report. Ing addition to the DCOR and SARP analyses, otter stWies relevant to a BWR-4
with a Mark I contd1'rcent were ai.so evaluated. ~he insights gained from these

t

S( studies also contributed to the development of the guidelines and detailed4

] criteria in Section 4 / ,

. A.1 jusbr)b[s the chviqw of the various estimates of the core-See lt.7,a

damage proqle. ' Co?e-meltdown pnenomera and containment response areaddressed W Sectimi A.2. fd fferences bdtween 'UCOR and SARP estimates of
fi ssion-pro' duct relesse (and o'ffsite consequences are discussed in Sectionbp$ A.3.

1 i uccidents, dich werg foand to De important.Secti tr< A.4 addres<as th'.y[dential offsite consequences of the severe1

$, ;# , Finally, Section A.5 indicates
' tO I.jsights"Jained 'fo|n the reviiw of these,stufies.)

/ d Core-Damage Prot'.ie4 ,

'.

)({ '. i .
.,

The main objrgtfie of this section is 'to present, within the scope of1 this study, the Peach Bottc19 cordamage profiles emerging from the RSS,137P IDCOR,' 6nd ASEP/SARP3 analyn o.
M arify 6 so in thd section, an attempt is made tokj'

, studes, not only the most '/dortant dif ferojes .in the three Peach Bottom< but
also the diffrences between de Peach Bottc.a studies and the

iothm PRAs considered in thR study (Limarick PRA Review," Browns Ferry IREPPRA,5 and the Shorelar PRA Review ),s

A.1.[ Peach Bottom Co e. Damage Profiles .= rSS; JDCOR, and ASEP/SARP
i it'\ '

-'
The first PRA (namely tN RS9) perforated for Peach Bottom did not assem-

' ) ble' its results for the, ; ore-d}amase frequency (CDF), but allowed the analyst
,

'?
/ /w do so by usic.9 results p esented in the RSS appendices. In t6e RSS, se-

hudeds iattiate? oy e ' transient event and folleved by failure to scram the
'

re' actor ( ATWS v6uenun ?- 41% of the CM) or by failure to provide long-termi decay heat removal
(DHR)|.from thvcontaininent (TW sequences - 53'/ of CDF) were

found to be the most fcportantfcontributon to the core-damage frequency. A
total .yDF of '3.2x10-5/yr has' obtained in the XSS and the breakdown by

,
".

) sguence-type is rrovi&d in Table A.1.
Note that the RSS used median valuesj'foi ,all system fr.ilures and rdan values for the transient initiators

!' The IDCOR study presebed wo core-dar>3de profiles
.

2

for Peach Bottom,
namelt, lysis, only the IDCOR committed core-damage profile will be discus

/
the IDCOR ba9We and the IDCOR conmitted core-damage profiles. Inthis isnas.

e sed.,
'

'.bc IDCOR committed core-damage profile vras obtained by updating the RSS
,t

an al y91 ;, . This updating process incorporatea recent values for initiator fre-
quencies, more realistic success criteria, phpt modifications, and changes in'

the emergency procedures; all these changes at a snown in Table A.2. It is im-
, p portant to note that for ATWS, TW and st{cier' M ackout sequences new event
j '

,-
,

j ,l v
')

, , ,i
| |
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trees were developed in the 10COR study; these new event trees were necessary *

to better characterize the progression of the sequences and the operator ac-
tions during the course of the accident.

The IDCOR committed core-damage profile is also presented in Table A.I.
From this table, it can be seen that the total C0F is equal to 8.1x10-6/yr and
the most important contributors wers determined to be transients with failure
to scram (TC sequences - 90%) and station blackout sequences (TB sequences -
6%).

The results of the ASEP/SARP analysis for Peach Bottom (Table A.1) foundthat station blackout contributes 86% to the calculated core-damage fre-
quency. The second leading contributor was ATWS with a 12% contribution. All
other sequences combine to contribute to the remaining 2%.

In summary, the following can be stated about the relative contributions
of the calculated accident sequences within each study:

(1) ATWS (TC sequences) were found to be important contributors in all three
studies; they were the major contributors to the core damage in the 10COR
study.

(2) Station blackout sequences were the major contributors in the ASEP/SARP
study; but were less important in the 10COR study and negligible in the
RSS.

(3) The TW sequences were only dominant in the RSS. The main reason for this
dif ference comes from the inclusion of alternate methods for containment
heat removal (containment venting with alternative injection sources such
as the control rod drive pumps) in the IDCOR and ASEP/SARP analysis. The
extended time frame (about 30 hours before core melt) and associated low
decay heat level (about 0.5% of full power) imply a high likelihood of ,

successful containment heat removal for these sequences.

The major differences in the dominant accident sequences are discussed in
the next subsection.

A.1.2 Peach Bottom Dominant Sequences: Differences in RSS, IDCOR, and SARP
Anal ysis

This section discusses the mein differences present in the RSS,10COR,
and SARP analyses for the following sequences:

TC.

TB.

TW.

TQUV and TQUX.

A.1.2.1 TC (ATWS) Sequences

Before discussing the differences in the CDFs for the various studies,
the similarities and differences in the basic assumptions used in the studies
have to be clearly identified:

.
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(1) Scran failure was defined
. -

insert in all studies. as failure of all of the 185 control rods to

(2)
A manually actuated standby liquid control system (SLCS) with a capacityof 43 gpm was assumed in the RSS. The 10COR analysis and the ASEP/SARP
analysis assumed an 86-gpm manually actuated SLCS, an alternate rod in-
sertion ( ARI), and RPV Level 1 MSIV closure.

(3) The current BWR emergency procedure guidelines were used only in IDCORand SARP analyses.

The most important contributors to the core-damage frequency from TC se-
quences are discussed below for all of the three studies considered (RSS,
IDCOR and SARP).

RSS: TC = 1.3x10-sfyr

in the RSS, a very simple analysis was performed, and only one sequence
was found to contribute, namely, any transient event (T = 10/y. ) with failure
of the reactor protection system (RPS) (1.3x10-s) and failure of the operators
to actuate the SLCS or to manually insert the control rods (probability =0.1).

IDCOR: TC = 7.3x10-6/yr

The IDCOR study presented a more detailed analysis of the TC se
In this analysis, the current BWR emergency procedure guidelines (e.g.quences.tain level at top of active fuel , main-

low-pressure systems, avoid depressurization), as well as more recent results(TAF), control RPV injection with high- or
from ATHS deterministic analysis were used.
injection with low-pressure systems was successful, credit was given for con-Also, in the 10COR analysis, if
tainment heat removal by venting the containment.

Even when the containmentwas assumed not to successfully vent
low-pressure injection was assumed (i.e., even if the containment fails),
0.5. to continue with a probability equal to

In the IDCOR analysis, the transients were basically divided into two
groups; namely, transients with the power conversion system (PCS)(turbine availabletrips

T) and transients with the PCS unavailable (isolationT
-

events - T ). In addition, a distinction was made between transients at lowI
power (<25%) and at high power (>25%).

Isolation transients (T ; which incl ude HSly closure,i
open relief valve (10RV), loss of FW, loss of condenser vacuum, and transfersinadvertently

:

l
from turbine trip events with early closure of HSIV) contributed about 58% to
the ATWS CDF, and turbine trips (T ) contributed the other 42%. The most

;

T'

important sequences were identified as:
!

T'g25%(1.03)*C (1.0x10-5)*C (0.515)*VC (0.5)g 2 3 2.65 x10- 6
(36%)

! T' %(4.19)*C (1.0x10-5)*C (0.115)*VC (0.5)2.41 x10- 6T 3 2 3 (33g)
.
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25%(1.03)*C (1.0x10-s)*Q(0.485)*U(0.23)*VC (0.5)5.74x10-7 (8%)

.

T
3 3

T{25%(0.222)*C(1.0x10-5)*C(0.215)*VC(0.5)2.39x10-7 (3%)i 2 3

T{25%(1,03)*C (1.0x10-s)*c (0.515)*VC (0.5)* VERT (0.9)*E(0.1) 2.39x10-7 (3%)i 2 3

A sensitivity analysis was performed by BNL to calculate the ATWS CDF
with no credit given for containment venting and assuming that if containment
fails, core damage would result. With those two assumptions the calculated
C0F increased from 7.3x10-6/yr to about 1.2x10-5/yr.

ASEP/SARP: TC = 1x10-6/yr

The Peach Bottom ASEP/SARP study presented a more detailed quantification
of the ATUS sequences (than either the RSS or the 10COR studies). The ASEP/
SARP study analyzed all the operator actions required during the progression
of ATWS sequences. The Peach Bottom Transient Response Implementation Plan
procedures were used in the ASEP/SARP quantification of the failure probabili-ties of the operator actions. Five operator actions, namely, SLCS actuation,
inhibit ADS, high-pressure RPV level control, controlled depressurization, and
low-pressure RPV level control, were analyzed in detail 7

The ASEP/SARP analysis obtained an ATUS core-damage frequency equal to
1.0x10-6/yr, and the dominant sequences were found to be:

T (4.2)*C (1.0x10-5)*3TC( .96)*RADT( .86)*7(.99)*HPLC(6.7x10-2).i 3

COEP( 2.13x10- 1) 4. 8 x10- 7

T (4.9)*C (1.0x10-5)*SLC( .044)*tiADS( .14)*C0r4T( .224) 5.8 x10- 8i 3

Tg(4.2)*C (1.0x10-5)*SLC(.044)*RADI(8.6x10-1)*CDEP(2.13x10-1)*?(.5) 1.7x10-7g

T (4.2)*C (1.0x10-s)*SLC( .044)*RADT(8.6x10-1)* VENT (0.9)* CONT (.224)3.1 x10- 7I g

Summary

From the discussion of the most important sequences in the previous sec-
tions, it can be seen that the differences between the IDCOR and SARP analyses
are principally in the following areas:

(1) Human Actions - In all the three studies, the CDF was mainly determined
by the values used for the various probabilities of operator errors. A
better perspective of where those values lie is presented in Table A.3,
where the conditional probabilities of core damage given a turbine trip
or an isolation ATWS are given for the two Peach Bottom studies (in Table
A.3 the results of the Shoreham PRA8 and its reviews are also pre-
sented). From Table A.3, it can be seen that:

,
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For a turbine trip ATWS, the conditional probabilities of core damage
.

'

vary from "negli gibl e"
(ASEP/SARP) to 0.586 (Shoreham PRA review).The 10COR value is 0.053

For an isolation ATWS, the conditional probabilities of core damage
.

vary from 0.024 ( ASEP/SARP) to 0.957 (Shoreham PRA Review). The IDCOR
value is 0.261.

Most of the differences in these CDFs for both ATWS initiators were
.

because of differences in the success criteria which result in sub-
stantial differences in human error estimates.

The conditional probabilities of core damage calculated from the Shoreham
PRA and its review are also presented in Table A.3 (they will be dis-
cussed in Section A.1.3). -

(2) Venting - The 10COR and ASEP/SARP studies gave credit for containment
venting and also assumed that even with a failed containment RPV injec-
tion with low-pressure systems was possible. If these two "assumptions"
are not made, then the ATWS CDF in the IDCOR and ASEP/SARP studies would
increase to about 1.2x10-5/yr and 2.3x10-6/yr, respectively.

A.1.2.2 TB (Station Blackout) Seauences

The contribution to core-damage frequency from TB sequences as presented
in Tables A.1 and A.4 is:

RSS: 1.0 x10 7/yr
IDCOR: 4. 5 x10 - 7/yr

ASEP/SARP: 7.0 x10 - 6/yr

Since the RSS analysis assumed that RCIC/HPCI can operate for 27 hours
given a blackout, the only contribution to CDF comes from a blackout for more
than 30 minutes with independent failure of RCIC and HPCI. Because of this
assumption, the RSS analysis was very simplified, and comparisons with 10COR
and ASEP/SARP are not meaningful.

From Table A.4 it can be seen that the main differences between IDCOR andASEP/SARP come from:

(1) The loss of offsite power (LOOP) initiator frequency used in the ASEP/
SARP study was larger than that used in IDCOR by a factor of about 2.6.

(2) A common-mode failure of the de power system postulated in the ASEP/SARP
analysis was responsible for about 70% of the station blackout, core-
damage frequency. The IDCOR analysis did not postulate this failure.

(3) About 15% of the station blackout CDF in the ASEP study results from in-
dependent failures of two diesel generators (Numbers 2 and 3) because of
failures of the diesel generators (DGs) themselves or failures of the
emergency service water (ESW). The IDCOR study did not account for these

,

failures because it assumed failure of 3 out of 4 of the DGs compared
with the ASEP/SARP assumption of failure of DGs #2 and #3. This

.
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difference in success criteria in the two studies was related to the ESW '

system dependency on power from DGs #2 or #3

(4) The IDCOR analysis used a probability equal to 1.7 x10 3/ demand Sr
common-mode failure of 3 out of 4 DGs, whereas the ASEP/SARP study useo a
probability equal to 2.35x10-4/denand for common-mode failures of two DGs
(#2 and #3).

A.1.2.3 TW Sequences

The contribution to core-damage frequency from TW sequences as presented
in Tables A.1 and A.5 is:

RSS: 1.7 x10- sfyr
IDCOR: 1.5 x10 -7/yr

ASEP/SARP: -1.0 x10- g/yr

The main differences in the three studies are:

(1) Containnent Venting and Core Damage Given Containment Failure: The 10COR
and ASEP/SARP analyses, gave cr. edit for containment venting. Venting
procedures did not exist at the time of the RSS and thus venting was not
accounted fo r. Human error probabilities (HEPs) equal to 1.0 x10-2 and
1.0 x10 - 3 were used in IDCOR and ASEP/SARP analyses, respectively. The
10COR analyses also assumed that even if the containment failed there
would only be a 107. chance that injection would also be lost and the core
would be damaged. If the RSS assumptions (i.e., no containment venting
and core damage with containment failure) had been used in all three
analyses, the CDF from TW sequences would be given by:

RSS: 1. 7 x10- 5/yr
10COR: 2.0 x10 - 5/yr

ASEP/SARP: -7.0 x10 - 6fyp

(2) PCS Recovery: The values used for PCS recovery were different in all
three studies, as shown in Table A.S. The values used in the 10COR
analysis for failure to recover PCS for DHR (QpQ2 in Table A.5) were, in
general, higher than, those used in the other two Peach Bottom analyses.

(3) Human Action: IDCOR was the only analysis that explicitly considered the
operator failure to recognize the need for DHR in about 30 hours; a cog-
nitive human error probability equal to 1.0x10-6 was used. Note that
this was the leading contribution to CDF from TW sequences using 10COR
assumptions.

A.1.2.4 TQUV and TOUX Sequences

The contr% ution to core-damage frequency from TQUV and TQUX sequences as
presented in Tables A.1 and A.6, is:

RSS: 8.4 x10- 7/yr
IDCCR: 4.1x10-8/yr -

ASEP/SARP: 6.8 x10 - 8/yr
.
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The RSS resulted in the higher core-damage frequency because of the suc-
' cess criteria used for the low-pressure injection systems and because at the

*

time of the RSS the RPV required manual depressurization for all transients
with failed high-pressure injection (see item 2 below).

The main differences in the three aralyses (as given in Table A.6) are:
(1) Control Rod Drive (CRD) System injection: The SARP analysis was the only

one in which credit was given for CRD system pump injection.

(2) ADS: In the IDCOR and ASEP/SARP analysis, the ADS was actuated on a
"low-low" level signal alone for 8 minutes. In the RSS, a manual depres-
surization was required because the actuation of ADS was assumed t)
require "low" level and "high" drywell pressure signals for 2 minutes.

(3) Low-Pressure Injection: The ASEP/SARP analysis gave credit for injec-
tion, after depressurization, with the high-pressure service water (HPSW)
system and the IDCOR inalysis gave credit for injection with the conden-
sate system.

(4) Loss of dc Bus initiator: The SARP analysis was the only study thattreated this initiator.
A.1.3 Dominant Seauences Comparisons: Peach Bottom and Other BWR Analyses

In this section, an attempt to explain differences in the dominant acci-
dent sequences in several Peach Bottom analyses and other BWR PRAs and PRA re-
views is made. The most complete BWR analyses that have characteristics
similar to Peach Bottom were chosen for this exercise. They are: Limerick
PRA Review," Browns Ferry PRA (IREP),5 and Shoreham PRA Review.6

The following sequences for these studies were:

TC.

TW.

TQUV and TQUX.

TB :.
'

TPQI.

SI.

TPQE.

A.1.3.1 TC Sequences

(1) Limerick PRA Review (CDF = 3.7x10-6fyp) l

The Limerick plant has an automatic SLCS with 86-gpm capacity and an
ARI. With these substantial improvements in the protection system, Lim-
erick would be expected to have a lower TC frequency. But, in that ,

study, the current BWR emergency procedure guidelines were not used.

(2) _ Browns Ferry - IREP (CDF = 5.5x10-5/yr)

This study does not have a detailed anlaysis of the TC sequences; only
the fail,ure of RPS was considered. The dominant TC sequences is:
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T g (1. 7 )*R PS( 3.0 x10- 5) = 5.1 x10- 5/yr '

A comparison with the IDCOR and SARP work for Peach Bottom is also not
warranted because of the simplified treatment in the BF-IREP.

(3) Shoreham PRA Review (CDF = 4.5x10-s/yr).

The major difference in the ATWS CDF between the two Peach Bottom analy-
ses (IDCOR and ASEP/SARP) and the Shoreham PRA review (and also the
Shoreham PRA) comes from the HEPs; both the Shoreham PRA review and the
Shoreham PRA used higher HEPs than those used in the Peach Bottom stud-
ies.

Other important differences were caused by assumptions in the different
analyses , i .e. :

Shoreham PRA and the Shoreham PRA review did not give credit for con-.

trolled low-pressure injection; both the SARP analysis and the 10COR
analysis for Peach Bottom did give credit for controlled low-pressure
injection.

Shoreham PRA and the Shoreham PRA Review did not give credit for con-.

tainment venting.

The effects of these differences can be appreciated by referring to Table
A.3 where the conditional probabilities of core damage given an ATWS are
presented.

Another difference, of less importance, is that the Shoreham PRA review
used higher initiator frequencies and did not account for the power level
at the time of the transient.

A.1.3.2 TU Seauences

The contribution to CDF from TW sequences in the Peach Bottom and all
other BWR analyses used in this report is presented in Table A.1, and the most
important contributions are give:1 in Table A.S.

The most important difference was found to be because of containment !venting. Only the IDCOR and SARP analyses for Peach Bottom ave credit for
containment venting with f ailure probabilities equal to 1.0x10- and 1.0 x10- 3,respectively. As discussed in Section A.1.2.3, if no credit were given to
containment venting, all the results would be between 7.0x10-6 (ASEP/SARP) and
1. 3 x10-4 (Browns Ferry [BF]-IREP). There were two reasons for the high core
damage frequency in the BF-IREP: (1) no credit was given to recovery of the
PCS for the DHR function and (2) a very high unavailability of the residual
heat removal (RHR) system was calculated given no offsite power (2.9x10-2),

A.1.3.3 TOUV and TOUX Sequences

The contribution to CDF from these sequences is presented in Tables A.1
and A.6; in Table A.6, the most important sequences are presented. The maindifferences are:

.
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(1) Limerick PRA Review (CDF = 6.0x10-s/yr).
.

The n)ost important differences come from the fact that at the time of the
Limerick PRA review, manual depressurization was necessary and a proba-bility of 6.0x10-3/d was used (conpared to auto-depressurization in 10COR
and ASEP/SARP and
8.1x10-3, (com)p,ared to 2.0x10-3the unavailability of the high-pressure injection,

in IDCOR, and about 4.0x10-4 in SARP).
(2) Browns Ferry - IREP (CDF = 5.5x10-7/yr).

The most important difference was the need for manual depressurization
(vs. auto-depressurization in IDCOR and ASEP/SARP analysis).

(3) Shoreham PRA Review (CDF = 6.8x10-5/yr).

In the Shoreham PRA review, about 70% of the CDF for these sequences
(4.7x10-5/yr) was because of transients not analyzed in the other PRAs
(see Table A.6). Some of these sequences were because of particularcharacteristics of the plant.

For the other 30% of the CDF because of these sequences, the main differ-
ences are:

A hi gher unavailability of the high-pressure injection system
.

(1.0 x10- 2 vs. 2.0x10-3 in IDCOR and about 4.0x10-4 in SARP).
,

A failure probability of 0.13 was assumed for the high-pressure injec-.

tion and depressurization functions if offsite power and DGs #1 and #2
were not recovered between 4 and 10 hours. The reason given for this
assumption was depletion of batteries.

A.1.3.4 TB Secuences

The contribution to CDF from these sequences is presented in Tables A.1
and A.4. In Table A.4 the most important sequences are shown.

The main differences among the various PRAs are:

(1) Limerick PRA Review (CDF = 3.1x10-5/yr).

The Limerick PRA review used a LOOP initiator frequency and probabil-.

ity of failure to recover offsite power higher than those used in the
10COR and ASEP/SARP analyses for Pe6ch Bottom (see Table A.4).

The Limerick PRA review (and the Limerick PRA) assumed that given a.

station blackout, HPCI/RCIC can only work for 4 hours (time of battery
depletion) if alternate room cooling (ARC) was made available by oper-
ator actions, and for 2 hours otherwise. In the IDCOR and SARP analy-
ses, HPC1/RCIC are assumed to work (given a station blackout) for at
least 6 hours without any operator action (time of battery depletion).

The common-mode failure probability of 3 out of 4 DGs used in the Lim-.

erick PRA review was about the same as that used in the IDCOR analysis
.
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for Peach Botton; however, it was much lower than the value used in *

the ASEP/SARP analysis for two DGs.

(2) Browns Ferry /IREP (CDF = 2.9x10-5/yr).

The major difference between BF-IREP,10COR, and SARP analyses for Peach
Bottom, comes from the probability of failure of the DGs, which was equalto 2.9x10- 2 in the BF-IREP. The IREP report did not specify how this
value (2.9x10-2) was obtained.

(3) Shoreham PRA Review (CDF = 1.3x10-s/yr).

The Shoreham PRA review (and the PRA itself) presented the most detailed
analysis for these sequences. In the review, RCIC/HPCI were assumed to
fail at 10 hours after the onset of the transient because of battery de-pletion. However, for the different time phases used in the analysis (0
to 2 hours, 2 to 4 hours, 4 to 10 hours, and 10 to 24 hours) the failure
probability of RCIC/HPCI increased monotonically until 10 hours, beyond
which time the probability of failure is unity.

The most important difference between this study and the Peach Bottom
analysis was the LOOP initiator frequency together with the failure to
recover offsite power.

A.1.3.5 TP01 Sequences

The contributions to CDF from these sequences are presented in Table
A.1. The main differences are:

(1) Containment Venting: The SARP and IDCOR analyses for Peach Bottom took
credit for containment venting, whereas the others did not; this was the
reason why this sequence type did not appear in the IDCOR and SARP analy-
ses for Peach Bottom.

(2) Stuck-0 pen Safety Relief Valve (50RV): The SARP analysis used a proba-
bility of 5.0x10-2 for an S0RV following a transient. By contrast, the
BF PRA used a value of 5.7x10-2 for a LOOP initiator and a value of
3.9 x10- 2 for all the other transients. The Shoreham PRA review used a
value of 2.0x10-2 (for two or more 50RVs).

A.1.3.6 TPQE Sequences

The contribution to CDF from these sequences is presented in Table A.1.
The only studies that present some contribution from these sequences are:

RSS: 6. 0 x10- 8/yr (inferred from App. V, page V-42, of the RSS)
SARP: 1. 8x10- 7/yr

BF-IREP: 1.0 x10- 7/yr

The main reason for this difference came from the probabilities used for
50RV (see previous section item 2).

.
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A.1.3.7 Interfacing Systems LOCA,

In all the PRAs and the PRA reviews considered in this study, the core
damage frequency because of interfacing systems LOCA varied from negligible to
2. 0 x10- 7/yr. The highest interfacing systems LOCA CDF, i .e. , 2.0x10-7/yr,
which was obtained in the Shoreham PRA review, was mainly because of the fact
that the automatic actuation of the ECCS after an interf acing system LOCA
would cause flooding of the reactor building. This in turn had the potential
to flood the ECCS pumps in a very short time (in some cases less than 10
minutes). Therefore, in the Shorehan PRA and its review, credit was only
given to injection with the condensate pumps with makeup to the hotwell. How-
ever, other generic studies *10 have obtained CDFs that were much hi gherS

than those obtained in the PRAs analyzed in this report. Reference 12 has
developed the following recommendations, which are intended to "significantly
reduce the reactor accident risks" associated with interfacing systems LOCA:

(1) Disable the non-safety-related air operator of the testable isolation
check valve on the injection line in the safety systems involved.

(2) Consider the need for leakage testing of the testable isolation check
valve before plant startup af ter each refueling outage or af ter mainte-
nance, repair, or replacement work on the valve, as an alternative to
recommendation 1.

(3) Improve human reliability in maintenance and surveillance testing ties to
reduce errors.

(4) Study reducing the frequency of surveillance testing of the isolation
barriers of the emergency core cooling systems during power operation.

it should be noted that BHL is currently performing a study on inter-
facing systems LOCA to provide technical support to the NRC, Reactor and Plant
Safety Issues Branch, for the meaningful resolution of this generic issue
(G1 104).

A.2 Core-fieltdown Phenomena and Containment Response

In the previous section, important core-meltdown accident sequences were
identified in terms of the overall core-melt frequency. In this section, a
review of the core-meltdown phenomena and containment response appropriate to
these accident sequences is presented. in addition, accident sequences are
examined which, although they do not appear to be important to the overall
core-melt frequency, may pose a unique or very severe threat to containment
integrity. The review will again rely heavily on the 10COR and SARP analyses
which were specifically carried out for the Peach Bottom plant. The review
also will take into account other studios pertinent to a BWR-4 with a Mark I
containment and, in particular, the results of the Containment Loads Working
Group (CLWG) (NUREG-1079)ll and the Containment Performance Working Group
(CPWG) (NUREG-1037).12

A typical Mark I containment building is shown in Figure A.1. The Mark I
containment volumes are relatively small and rely on water to condense any
steam that might be released from the primary system during an accident. Con-
tainments of this design are called pressure-suppression containments. Mark 1
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containments are very ef fective at condensing steam, but their small volume
makes them vulnerable to any combustible and noncondensable gases that would
be generated during a severe core-meltdown accident. In fact, the NRC con-
siders Mark I containments to be so vulnerable to combustion that the NRC
requires all Mark I containment atmospheres to be continuously inerted with
nitrogen during plant operation.

The aim of this section is to identify severe-accident containment loads
(pressure / temperature histories) appropriate to the accident sequences identi-
fied in Section A.I. These loads are then used to determine the most probable
modes of containment failure. These, in turn, identify the potential release
paths for fission products to reach the environment. This section, therefore,
provides the link between the identification of core-meltdown accident se-
quences and the determination of fission-produc. release paths. The results
of an assessment of core-meltdown phenomena and containment response is
usually expressed in terms of a containment matrix. A containment matrix pro-
vides the conditional probabilities of a particu?ar accident sequence result-
ing in a variety of containment f ailure modes (or fission-product release
paths).

The IDCOR and SARP containment matrices are given in Table A.7. From an
inspection of Table A.7, it is clear that the SARP approach included a higher
potential for early containment than the IDCOR approach. IDC0R predicted
ear'/ containment failure only for sequences with loss of CHR. For these
sequences, containment failure resulted in loss-of-coolant injection and,
hence, core damage. For sequences with core meltdown in an intact contain-
ment, IDCOR predicted either no containment failure or failure many hours
af ter reactor vessel failure. In contrast, the SARP analysis yielded a rela-
tively high likelihood of early containment failure for most sequences. In
addition, the SARP analysis indicated a higher potential for suppression pool
bypass af ter containment failure and gave less credit for wetwell venting than
the IDCOR analysis. Differences in the probabilities in Table A.7 are becaush
of differences in modeling assumptions for core meltdown and containment re-
sponse in the IDCOR and SARP studies. These differences are discussed indetail in the following sections.

The review of the IDCOR and SARP analyses of core-meltdown phenomena and
containment response was, greatly assisted by the IDCOR/NRC meetings that were
held specifically to identify differences between the approaches adopted by
the two groups and to develop a way of resolving these differences. These
meetings identified 18 broad NRC/IDCOR issues that highlighted si gni ficant
differences between the approaches of the two groups. These issues are listed
in Table A.8, but they do not all apply to a BUR and some are not related to
core-meltdown phenomena and containment response. Out of the 18 issues, 8
have been identified that are appropriate to the subject of this section.
Each issue is discussed, in turn, in the following sections. Di f ferences
between IDCOR and SARP will be identified and their significance will be indi-
cated.

A.2.1 In-Vessel Hydrogen Generation (NRC/IDCOR Issue 5)

There were (and still are) significant differences between the IDCOR and
SARP predictions of hydrogen generation during in-vessel core melting. During
the early stages of core heatup and degradation (while the fuel rods are still
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in place in the core region), both IDCOR and SARP predicted similar hydrogen; generation. However, after the fuel rods and cladding began to melt and relo-
.

cate into the bottom of the reactor vessel, the SARP analysis indicated more
hydrogen generation than the IDCOR analysis.

Hydrogen (H ) is important to containment loading because it is a combus-2
tible and noncondensable gas.

The Mark I containments are inerted with nitro-
gen during plant operation and, consequently, hydrogen combustion (Issue 17)
is not a threat to the Mark I containments unless their integrity is lost and
oxygen is introduced, thus deinerting the atmosphere. However, Mark I con-
tainments are small and, therefore, any significant buildup of noncondensable
gases (such as H ) could threaten containment integrity by overpressure.2

Thelarger amount of H generated in-vessel in the SARP analysis resulted in a2

higher predicted containment pressure before vessel failure than in the 10CORanalysis. BHL staff performed an extensive assessment l3 of in-vessel H2 gen-
eration, particularly with regard to accidents that resulted in core damage
but which were terminated by subsequent coolant injection. The results ofthese calculations indicated the potential for more H2 generation than pre-dicted by IDCOR.

However, both studies allocated a very low probability foroverpressure failure of the Mark I containment from in-vessel H
The authors concur that there is a low probability of containment failure2 generation.

because of H accumulation before RPV failure and, therefore, the issue does2not appear to significantly affect the potential for large fission-product
release in Mark I containments. However, this issue is of more importance to
other containment designs that are not inerted and is discussed in more detail
in other volumes of this report where these other containment designs areaddressed.

A.2.2 Core Slump, Core Collapse, and Reactor Vessel Failure (NRC/IDCOR
Issue 6)

This is another area in which there were significant differences betweenthe IDCOR and SARP analyses.
risk again depended on plant specifics.The importance of these differences to overallSection A.2.1 indicated that the pre-
dicted hydrogen generation during core slump was quite different in the IDCOR
and SARP analyses but that the irspact was not great for the Mark I containmentbecause the atmosphere was inert.

The importance of the core 11 ump and reactor vessel failure models is on
how they influence the initial conditions for ex-vessel interactions of thecore debris with water or concrete. The IDCOR care slump model assumed that
af ter 207, of the core had melted, it relocated into the bottom of the reactor
vessel, which, in turn, rapidly failed because of local penetration failure.
Thus, only a relatively small fraction of the core was initially released fromthe reactor vessel. The remainder of the core melted down over a much longertime period. A similar philosophy has been adopted in the draft NRC staffissue paper on direct heating.14 This work states that the BWR core support
design (which provides individual support for each group of four fuel bundles
from the vessel bottom head) is judged to minimize the probability of high-pressure ejection of core debris into the containment. Slumping of relatively
small quantities of core debris (because of localized failure of the supports)
is anticipated to result in depressurization of the vessel (because of local
melt-through) before large quantities of molte, core material have collectedin the bottom, head.
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On the other hand, the SARP analysis (with the STCP) assumed total col-
lapse of the core into the bottom of the reactor vessel af ter 75% of the core
was predicted to melt. Thus, all of the core debris was available to be re-
leased when the vessel was predicted to fail in the SARP model . The muchlarger quantity of core materials released from the vessel at the time of
vessel failure in the SARP model aas important implications for the Mark I
containment. If the primary system was at high pressure during core meltdown,
then the molten core materiais would be ejected under pressure from the reac-
tor vessel when it failed. In Section A.2.4, the phenomenon that could occur
when molten core debris is ejected from the reactor vessel under pressure is
discussed. Since more core debris was predicted to be ejected (SARP model),
the resulting pressure / temperature loads in containment were correspondinglyhigher. In support of NUREG-1150, SARP has also performed an uncertainty
study which examines the range of possible core slump behavior and attaches a
low likelihood to the high core-melt fraction slump model.

If the primary system was depressurized during core meltdown, then the
core debris would fall under gravity into the region below the reactor vessel '

after it failed. Obviously, if more core debris was predicted to fall into
the pedestal region, then the resulting molten pool would be deeper and there
would be a greater potential for the core materials to flow across the drywell
floor and reach and fail the steel containment liner. This was identified as
a mechanism for early loss of drywell integrity shortly af ter vessel failure.
This potential f ailure mode was allowed for in the SARP containment event
trees but not in the IDCOR analysis (refer to Table A.7). IDCOR has recently
submitted an analysis 15 whicn indicates that the steel liner can survive for
several minutes even without drywell sprays. But the key questions are
whether the debris is coolable and what is the ultimate depth of debris which
contacts the liner.

From the above discussion, it is clear that differences between the IDCOR
and SARP models for core slump and vessel failure are significant and do have'
an important influence on the potential for early containment failure. These
differences contribute to the differences in probabilities of early contain-
ment failure allocated in the IDCOR and SARP containment event trees (refer to
Table A.7).

This is an area of very great phenomenological uncertainty with very
little experimental evidence to support either the 10COR or SARP models. Both
models are credible and seem to indicate the range of possible outcomes of a
core-meltdown accident. Therefore, given the uncertainty, the possibility of
early containment failure should not be ruled out as was done in the IDCOR
analysis.

A.2.3 Containment Failure Because of In-Vessel Steam Explosions (Issue 7)

The potential for an in-vessel steam explosion to occur and generate a
missile capable of failing containment was investigated by a group of experts
and the results were published in NUREG-1116.16 The conclusion of this expert
group was that the occurrence of such an event has a relatively low probabil-
ity. These results are reflected in the SARP containment event trees. The
10COR event trees allocate zero probability to an in-vessel steam explosion
resulting in containment failure. A very low conditional probability (10-")
of occurrence,to this event is supported by the authors.
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.A.2.4 Direct Heating of Containment (Issue 8),

This was identified in the SARP analysis as an area of significant phe-
nomenological uncertainty related specifically to core meltdown with the pri-nary system at high pressure. If molten core materials were to be ejected
from the reactor vessel under pressure, experiments" at Sandia National Lab-
oratory (SNL) have indicated that they could form fine aerosols, which might
be dispersed into the containment atmosphere and directly heat it. An addi-
tional concern was the oxidation of the metallic content of the core debris.These reactions are very exothermic and would add an additional heat load to
the containment. Exothermic chemical reactions were less of a concern in Mark
I containments because they are inerted (low oxygen content). However, the
zirconium-steam reaction could still contribute to containment loading.

The pressure rise in containment because of direct heating is directly
proportional to the quantity of core debris dispersed from the reactor vessel.
Section A.2.2 noted that the SARP analysis predicted significantly more debris
release at vessel failure than the IDCOR analyses predicted. Thus, the poten-
tial for early containment failure because of direct heating was considered in
the SARP analysis, but it was not considered credible in the 10COR analysis.The assumtion that all the core debris is released at vessel failure (SARPanalysis) is clearly conservative (SARP assumption) with respect to contain-
ment loading. However, the 10COR results may be too optimistic consideringthe lack of supporting large-scale experiments. In addition to the pressure
loads imposed by the dispersed core materials, there is the concern that the
hot core debris could contact the steel containment shell and rapidly fail it.

Therefore, given the present state of phenomenological uncertainty asso-
ciated with this issue and the existence of relatively simple mitigative solu-
tions, the following points are offered.
mitigating the effects of a high-pressure meltdown.There are two ways of potentiallyThe first is to convert a
high-pressure sequence into a low-pressure sequence by ensuring that the auto '
matic depressurizt. tion system ( ADS) is activated. Note that venting may also
be required for some sequences (e.g., station blackout) to ensure that the
containment pressure does not increase beyond the relief valve capability.
The second way to mitigate a high-pressure meltdown is by drywell sprays.
Drywell spray operation may reduce the pressure pulse associated with direct
heating, and flooding the drywell floor may impede the dispersal of the core
debris and reduce the potential for the core to attack the containment wall.
In addition to reducing pressure and cooling the core debris, the drywell
sprays will aid in decontaminating the drywell atmosphere and may substan-
tially reduce the released fission products aven for cases with drywell fail-ure.

A.2.5
Ex-Vessel Heat Transfer Model From liolten Core to Concrete (Issue 10)

This issue was of concern to Mark I containments because heat transfer
from the top of molten core materials (on the drywell floor) directly heatsthe drywell atmosphere. Thus, differences in heat transfer from the top of
the core debris resulted in significant differences in the predicted drywell
atmospheric pressures and temperatures. The IDCOR model transf arred nore heatfrom the top of the core debris than the SARP model. Thus,10COR predicted
much higher drywell temperatures than the SARP analyses. However, because
10COR predicted high heat transfer from the top of the core debris, the
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concrete erosion velocities were much lower than the SARP predictions. Lower
erosion results in less gases and aerosol s released fron core-concrete

concrete attack and thus lower pressures in containment. Therefore 10COR pre-
dicted containment failure because of high drywell temperatures, whereas SARP
predicted containment failure because of high pressure, in addition, IDCOR
predicted much longer times to fail the containment because of overtemperature
than the times predicted by SARP to fail the containment because of over-pressure.

Differences in the predicted drywell pressure / temperature histories in-
fluenced the potential for suppression pool bypass (Issue 13A) and containment
performance (Issue 15).

A.2.6 Suppression Pool Bypass (Issue 13A)

If the fission products pass through the suppression pool, both IDCOR and
SARP predicted significant retention of fission product aerosols in the water.
The amount of retention depended on several factors such as submergence, water
temperature, aerosol particle size, carrier gas composition, and others. Theability of the Mark I suppression pool to trap aerosol fission products was
found to be an important mitigative feature. Thus, any pathways that might
open, which would allow the fission products to bypass the pool are very un-desirable. The following are possible ways in which the suppression pool maybe bypassed:

loss of drywell isolation.
'

f ailure of vacuun breakers between the drywell &nd wetwell.

failure of drywell penetrations because of high temperature.

structural failure of the drywell because of high pressure.

failure of the drywell wall as a result of contact with nciten core.

materials
.

Because of the importance of the suppression pool as a mitigative fea-
ture, the vulnerability of a tiark I containment to any of the above bypasspathways was carefully assessed. The authors support the low probabilities
given in the SARP analysis for loss of drywell isolation and failure of the
vacuum breakers. The degradation of the drywell penetrations because of high
temoeratures in the SARP analysis was based on the work of the CPWG, which hadsignificant BNL input. Failure of the containment steel wall 'as a result of
contact with molten core materials has been identified as a potential failure ,

mode by Greene, Perkins, and Hodge and the revised SARP event trees gave itts

about a 50% likelihood for station blackout sequences. Given the lack of rel-
evant experiments, the authors were unable to rule out liner melt-through as apotential cause of early containment failure. Thus, Section 4.1 develops cri-
teria to reduce the likelihood of liner melt-through as well as other sup-pression pool bypass modes.

A.2.7 Containment Performance (Issue 15)

The response of a Mark I containment to severe-accident loads is uncer-tain. In Section A.2.5, it was noted that IDCOR predicted very high drywelltemperatures and thus predicted containment failure because of over-temperature. 10COR assumed that a relatively small opening would occur which
would allow gradual leakage of the drywell atmosphere to the reactor building. |

r
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-By comparison, the SARP analysis also allowed for the possibility of primary*

containment failure because of overpressure and assumed an opening large
enough to rapidly depressurize the primary containnent. In addition, the SARP
analysis allowed for degradation of drywell seals because of high temperatures
(but lower than the temperature used by IDCOR as its failure criterion). Seal
degradation was assumed to result in a gradual leakage from the drywell in the
SARP analysis. This was again based on the work of the CPWG.12

Differences in containment performance can influence the timing and quan-
tities of fission products released to the reactor building (refer to SectionA.3). However, these dif ferences do not lead to najor differences in the pre-
dicted overall risk as discussed in Section A.4

A.2.8 Secondary Containment Performance (Issue 16)

The secondary containment (reactor building) surrounds the primary con-tainnent and has the potential to trap fission products released during asevere accident.
with regard to hydrogen combustion in the secondary containment.There were differences between the 10COR and SARP analysesThese dif-
ferences resulted in significant differences in the amount of fission productspredicted to be retained in the secondary containment. This issue is dis-cussed in more detail in Section A.3.6.

A.3 Fission-Product Release

Section A.2 identified potential containunt failure modes or fission-i

product release paths appropriate to the important core-mel tdown accident
sequences identifiea in Section A.I. The aim of this section is to determine
the timing and amount of fission products released from the damaged fuel and
predict the subsequent reduction of these fission products along the releasepaths identified in Section A.2. The IDCOR and SARP analyses for the Peach
Bottom plant were used as the basis for these calculations. '

In order to review differences in approach, the 10COR and NRC contractor
analyses (performed for SARP) are compared in Tables A.9 and A.10 for ATUS and
station blackout sequences respectively. The 10COR methods predicted slightly
higher releases of the more vol atile fission-product groups (iodine and
cesium) whereas the SARP methods predicted much higher releases of the less-
volatile fission-product groups (strontium, lanthanum, etc.). The reasons for
the different predictions in Tables A.9 and A.10 are complex but were clearly
identified during the numerous IDCOR/NRC meetings and they are included in the
list of 18 NRC/IDCOR issues in Table A.8. Out of the 18 issues, 6 are per-tinent to fission-product release and transport. However, nct all of the 6
are major contributors to the differences in Tables A.9 and A.10. Each of the6 issues is discussed in the following subsections.

A.3.1
Fission-Product Release Before Vessel Failure (Issue 1)

This is one issue that does not contribute significantly to the dif fer-
ences between the 10COR and SARP analyses in Tables A.9 and A.10 Both stud-
in-vessel core degradation with the exception of tellurium (Te).ies predicted similar releases of the more volatile fission products during

.

'

However, a
in-vessel Te releases to the SARP analyses.recent report by IDCOR assessed the impact of Te treatment and modeled similarDif ferences in the predicted

,
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environmental releases of Te in Tables A.9 and A.10 are, therefore, not be-
cause of differences in the in-vessel Te release and retention models, but are
due to differences in the amount of retention predicted to occur in the sec-
ondary containment (also refer to Section A.3.6).

A.3.2 Fission-Product and Aerosol Retention in the Primary System (Issue 4)

Differences in the initial primary system retention predicted by 10COR
and SARP were again not too significant and differ by less than a factor of
two. The important difference between the 10COR and SARP models was that in
the SARP analysis, fission products retained in the primary system at the
point of vessel failure were permanently retained, whereas in the IDCOR analy-
sis, revaporization of these fission products after vessel failure was mod-
eled. This is discussed in more detail in Section A.3.4
A.3.3 Ex-Vessel Fission-Product Release (Issue 9)

There were significant differences between the IDCOR and SARP analyses
for fission-product release as a result of core-concrete interactions. The
higher releases of the strontium, lanthanum, and cesium groups in Tables A.9
and A.10 in the SARP analyses were because of the modeling of ex-vessel
fission-product release. The pctential for fission-prcJuct release and inert
aerosol generation during core-concrete interactions was not modeled in the
IDCOR analysis of Peach Bottom.l* IDCOR argued that by modeling the aerosol
generation during core-concrete interactions, the increased aerosol density in
containment would increase aerosol agglomeration and settling, thus reducing
the predicted environmental release fractions relative to those predicted
without this additional aerosol source. This IDCOR position is clearly inde-
fensible.

In addition, the IDCOR predicted core debris temperatures during core-
concrete interactions were high and, based on experimental evidence, one would
expect the release of sone of the refractory fission-product groups at these
temperatures. Therefore, the authors believe that IDCOR should calculate the
release of the refractory fission products and the associated inert aerosols,
The SAR? analysis modeled the release of the refractory fission products and
the inert aerosols and the environmental release fractions were not calculated
to be low (refer to Tables A.9 and A.10).
A.3.4 Revaporization of Fission Products From the Primary System (Issue 11)

Section A.3.2 indicated that revaporization was an area of major differ-
ence between the 10COR and SARP analyses. Recall that SARP does not model re-
vaporization of fission products from the primary system after reactor vessel
failure, whereas IDCOR does model this effect. To observe the influence of
the different approaches, the distribution of cesium-iodide (Csi) is tracked
at various stages of a station blackout sequence in Table A.11.

At the point of vessel failure, both 10COR and the NRC contractors' anal-
yses perfonned for SARP indicated significant primary system retention of Cs!
(100% retention for 10COR and 85% retention for SARP). Immediately before
containment failure, the NRC contractor analysis has 85% of the Cs! perma-
nently retained in the primary system, whereas the IDCOR model has revaporized

.
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24% of the Csl from the primary system. At the end of the calculation, the,

IDCOR model has revaporized 91% of the Cs!.

The IDCOR revaporization model means that significantly more of the vola-
tile fission products were predicted to be released to the reactor building
than in the NRC contractor approach in which revaporization was not modeled.
For the sequence under consideration in Table A.11, the environmental releases
were similar despite the major differences discussed above. The reason for
the similar environmental releases was because of the much greater retention
of fission products in the reactor building predicted in the IDCOR model vs.
the SARP model. This is discussed in more detail in Section A.3.6.

A.3.5 Fission-Product Deposition Model in Containment (Issue 12)

This was another issue that does not contribute significantly to the dif-
ferences between the IDCOR and SARP analyses in Tables A.9 and A.10. Issues
9,11, 'and 16 really drive the differences in these two analyses. However,
this issue may be of more importance to other containment designs.

A.3.6 Secondary Containment Performance (Issue 16)

Section A.3.4 indicated that secondary containment (reactor building)
performance was an area of major difference between the IDCOR and SARP analy-
ses. The extent of the difference can be seen from Table A.11, which shows
that IDCOR predicts that only 6% of the Cs! entering the reactor building
would be released to the environment compared with 40% released in the NRC
contractor analysis.

The above differences were significant and were found to be because of
several factors. For example, the gas flowrate through the secondary contain-
ment was higher in the SARP analysis, which allows less time for aerosol set-
tl i n g. In addition, IDCOR models natural circulation paths in the secondary-
containment, which further increased the residence times. Such paths were not
modeled in the SARP analysis. Finally, SARP calculated several hydrogen burns
to occur in the secondary containment, which rapidly blew out the atmosphere
of the building. IDCOR calculated more gradual combustion phenomena, which
did not result in rapid blowout of the secondary containment atmosphere.

There was uncertainty with regard to how much retention of aerosol fis-
sion products would occur in the secondary containment. Even in the SARP
analysis, there was the potential for significant retention. However, given
the uncertainty, the secondary containment should not be relied on as the only
means of mitigating fission-product releases.

A.4 Offsite Consequences

In this section, the potential offsite consequences of the severe acci-
dents described in the previous sections are examined. There is one NRC/IDCOR
issue related to offsite consequences, which concerned differences in the
assumed evacuation models. Differences in the evacuation model influence the
predicted early health ef fects. The issue was largely resolved and was re-
lated to the fraction of the population assumed not to participate in the
evacuation.

.
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Table A.12 gives the person-rem calculations performed by IDCOR 20 and in14NUREG-1150 for several accident sequences and failure modes. This table
indicates that if the containment is predicted to fail (either early or late)
and the suppression pool is bypassed, then the offsite person-rem predictions
are similar (within the range 0.1 to 3x10 ) for the accidents considered. The

7

only time that a significant reduction (to 4x10 ) in person-rem was calcu-5

lated, was with successful wetwell venting and no pool bypass. These results
clearly show that wetwell venting and the prevention of pool bypass are the
keys to mitigating the fission-product releases for a Mark I containment.

.

A.5 Summary and Risk Insights

A.S.1 Core-Damage Profile

As has been observed by others for BWRs, transients rather than LOCAs
dominated the core-damage risk profile for the studies examined in Section
A.1. Otherwise, there was no consistent pattern of relative ranking of tran-
sient sequences among the studies, it is also important to observe that for a
given accident sequence in Table A.1, the major contributor to differe. ices in
quantitative results between the studies was because of subjective modeling
assumptions rather than plant differences or data differences.

For the four BWR plants considered in the six PRAs, the same handful of
accident sequences figured prominently in all of the respective core-damagefrequency profiles. This suggests that if the probability of this relatively
small subset of accident sequences can be minimized, then there is a reason-
able expectation that the overall core-damage frequency will be minimized.
This principle is used to develop guidelines and criteria to reduce the over-
all core-damage frequency (Goal 3).

For the RSS Peach Bottom study and the Browns Ferry IREP study, loss of
containment heat removal sequences (e.g., TW and TPQl) were important contribt
utors to core melt (about 50%). Although the more recent ASEP and 10COR stud-

{ies have reduced these sequences based on operating procedures for venting and
alternative injection, criteria have been developed in Sectior. 4.3.2 to ensure
that these sequences are not dominant for other BWR Mark I plantt.

For the Limerick review, Browns Ferry IREP, and Shoreham review, TQUV/
TQUX sequences were important contributors to core melt. Most of this con-
tribttion was because of a high failure rate for primary system depressuriza-tion. Improved ADS reliability is addressed in Section 4.3.3.

It is important to recognize that the qualitative accident sequence de-
scriptors are rather general and broad and that different hardware and/or
operational failures in the various BWR-4, Mark I plants could load to the
same gene /al accident sequence, in order to identify the plant-specific (and
often unique) vulnerabilities that contribute to a given gene ral sequence
descriptor (e.g., station blackout) in a given plant, a plant-specific exami-
nation (such as a failure mode and effects analysis coupled with a fault tree /
event tree analysis or an equivalent method) would be needed.

.
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-A.5.2 Consequence Analysis,

The assessment of core-meltdown phenomena and containment response indi-
cated that the Mark I containment is vulnerable to severe-accident containmentloads. Unless mitigative actions are taken, a Mark I containment has the po-
tential to fail a short time (a few hours) after the reactor vessel fails. If
containment failure occurs in the drywell, any fission products in the drywell
atmosphere could pass to the reactor building without the benefit of suppres-
sion pool scrubbing. Because of this vulnerabil1ty, the predicted of fsite
consequences were relatively insensitive to the accident sequence definition.
In addition, differences in the IDCOR and SARP assessments of containment re-
sponse and fission-product release also did not result in major differences in

ithe predicted of fsite consequences. The only time that a major reduction in
offsite consequences was predicted was with successful wetwell venting and no
pool bypass. For station blackout sequences, the dominant failure modes were
failure of the drywell shell via contact with core debris or overpressure
because of the buildup of noncondensable gases. Thus, both of these failure
mechanisms must be reduced suostantially to ensure mitigation of fission prod-
ucts (Goal 1).

|
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Table A.1 BWR Comparisons: Core-Damage Frequencies *

IDCOR
RSS ASEP Task 21.1 Limerick Browns ShorehamSequence Peach Peach Peach PRA Ferry PRA

Type Botton Bottom Bottom Review 1 REP Review

TW 1.7x10-5 -1. 0 x10- 8 1.5x10-7 3.2x10-5 1.0x10-" 9.0 x10- 6
(1.1 x10- 5)

TC 1. 3 x10- 5 1.0x10- 6 7. 3 x10- 6 3.7x10-6 5.5x10-" 4. 5 x10- 5

TQUV 8. 4 x10- 7 6.8x10-8 4.1 x10- 8 6.0x10-5 5.5x10-7 5.0x10-5
and

(6.8x10-5)TQUX

TB 1.0x10-7 7.0x10-6 4.5x10-7 3.1x10-5 2.9x10-5 1.3x10-5

TPQI 9.0x10-7 1.1x10-5 1.7 x10- 7
--- --- ---

TPQE 6. 0 x10- 8 -1.0 x10- 7--- --- --- ---

AE 1.5 x10- 7 3. 2 x10- 8 1. 6 x10- 8 2. 4 x10- 9 3.0x10-7---

At --. --- --- --- .-- ---

SE 2.s 0 x10" ? 7.5x10-8 1. 2 x10- 7 2.5x10-73 --- ---

5E 5. 2 x10- 8 4. 2 x10- 92 --- --- --- ---

- S1 1. 2 x10- 72
--- --- --- --- --- -

S0 1.1 x10- 72 --- --- --- --- ---

Total 3.?x10*5 8. 2x10- 6 3.1 x10- 6 g,9xin-5 2.0x10 '' 1.4 x10 ''1

i

!

i
i

!
-
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Table A.2 Summary of Changes Included in the IDCOR'

Committed Core-Damage Profile for Peach Bottom

Plant thdifications

. Symptom-based ecergency procedures including venting, alternate injec-
tion sources, ATWS procedures, and using drywell sprays in certain cir-
cumstances

. Alternate rod insertion (ARI)
86 gpm equivalent manual SLCS

. Level 1 MSIV closure setpoint

. Elimination of "high" drywell pressure permissive for ADS actuation
System Analysis

. New initiating event frequencies
t

. Increase in operator error contribution to achieve subcriticality

. Lower scram system reliability

. Operator error of cognition considered
!

. More realistic RSS Case II success criteria
1

. RHR-HOSV f rtertie, concensate, and CRD pumps included in some sequences

. Revised treatment of PCS availability and alternative methods of heat *

removal;

. Containment failure not assumed to always result in core danage,

. New values for recovery of offsite power and diesel generator reliabil-
.

'

ity and recovery

. Battery depletion considered in station blackout sequence

1

(

'

i

,

a
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Table A.3 Conditional Probabilities of Core Damage
0iven an ATWS in Peach Bottom n. Shoreham

Analysis Turbine Trip ATWS Isolation ATWS
a b

10COR Committed

. Hi gh Power 0.067 0.317. Low Power 0.015 0.160. Combined 0.053 0.261

ASEP/SARP Negli gible 0.032

Shoreham PRA

. High Power 0.248 0.893. Low Power 0.038 0.620. Combined 0.121 0.831
'

Shoreham PRA. Review
!

. All Power Levels 0.586 0.957 i

aTransients in which PCS remains available.b
includes transfers from turbine trip with early closure of I4SIVs.

I
I

;

I
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Table A.7 Comparison of the 10COR and SARP Containment liatrices *

Station
Blackout ATils

Containment Failure !! ode 10COR SARP IDCOR SARP

No Contairment Failure .72 .06 .00Wetwell Venting or Overpressure
-

.17 .78 .38-

Late Temperature-Induced Leak in Drywell .28 .02 .00Drywell Breach from Helt-Structure Attack -

.40 .03DW Overpressure Failure
- -

.20 .01 .44-

Late Pressure-Induced Drywell Failure
with Core Quenched .12- -

Containment Venting with Loss of -

Drywell Integrity .15 .09 .15-

i

i

4
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Table A.8 NRC/10COR Issues.

Issue Subject

1
Fission-Product Release Before Vessel Failure

2 Recirculation of Coolant in Reactor Vessel
3 Release Model of Control Rod liaterials
4

Fission-Product and Aerosol Retention in the Primary System
5 In-Vessel H Generation2
6 Core Slump, Core Collapse, and Reactor Vessel Failure
? Containment Failure Because of In-Vessel Steam Explosions
8 Direct Heating of Containment
9 Ex-Vessel Fission-Product Release

10
Ex-Vessel Heat Transfer Model From Holten Core to Concrete11 Revaporization of Fission Products From the Primary System

12 Fission-Product Deposition Model in Containment
13A Suppression Pool Bypass (Pool Scrubbing)
13B Retention of Fission Products in Ice Beds
14 Modeling of Emergency Response
15 Containment Performance
16 Secondary Containment Performance
17 Hydrogen Ignition and Burning
18 Essential Equipment Performance

.

0

.I

$

73

_



s
.

.

Table A.9 Comparison of IDCOR and SARP Predictions of Fission- '

Product Release for in ATWS Sequence With No Operator
Actions Taken

Event 10COR* NRC Contractors **

Containment Failure (br) 1.4 1.4
Start of Core fielt (br) 3.0 2.2
Vessel Failure (hr) 3.9 3.8

Fission-Product
Release Fractions ***:
Xe-Kr 1.0 1.0
1-Br 0.1 0.03
Cs-Rb 0.1 0.03
Te-Sb 0.1 0.26
Sr 0.0004 0.49
R u-flo 0.001 Neg.
La 0.01--

Ce 0.02--

Ba 0.39--

*IDCOR Technical Report 23.1PB, March 1985.
**NUREG/CR-4624, Vol. 1.

*** Fraction of Initial Core Inventory.

.

.
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Table A.10 Comparison of IDCOR and SARP Predictions of Fission-'

Product Release for an SB0 Sequence

'

Event 10COR* NRC Contractors **
,

'

-Loss of Injection (br) 6.0 6.0
Start of Core Melt (hr) 11.4 10.7

!

|Vessel Failure (hr) 12.0 12.2
Containment Failure (br) 18.0 15.2

t

Fission-Product 1

Release Fractions ***:
Xe-Kr,

1.0 1.0I-Br 0.05 0.012Cs-Rb 0.05 0.014 t

Te-Sb 0.06 0.22 !

,

'
Sr Ne g. 0.37

! Ru-Ho 0.0001 Ne g.
i La

'

0.03--'
Ce

0.05--

Ba
'

0.28--
i

*1DCOR Technical Report 23.1P8, March 1985.
**NUREG/CR-4624 Vol. 1. j

*** Fraction of Initial Core Inventory. '

i
'
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Table A.11 Comparison of IDCOR and SARP Predictions of Cs! e

Distribution for an S80 Sequence (Fraction of
Initial Core Inventory)

Events

Containment End ofVessel Failure Failure Calculation
10COR* NRC** 10COR NRC IDCOR NRCLocation (12 hr) (12 hr) (18 hr) (15 hr) (60 hr) (22hr)

Reactor Pressure
Vessel 1.0 0.74 0.76 0.74 0.09 0.74

Drywell 0.12 0.20 ***--

0.09--

tielt
Suppression Pool *** 0.04 ***--

0.04 0.14
Reactor Building -- --

0.82 0.009
-- --

En vi ronnent -- --

0.05 0.014
-- --

*1DCOR Technical Report 23.1P8, liarch 1985.
-

**NUREGCR-4624, Vol .1.

***The location of the remaining fraction of Csl was not reported in the
Battelle Columbus Laboratory's report.

.
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!Table A.12 Comparison of 10COR and NUREG-1150 Consequence*

Results (Person-Rem)- '

; Accident !
Sequence Containment Failure Mode 10COR NUREG-1150 t:

ATWS Wetwell venting no pool bypass 3.5x10 5 I--

!ATMS Wetwell venting with late pool bypass 1.0x107
-

'--

Station Containment failure at RPV failure 0.2 to 3.3x107Blackout --

,

.

Station Containment failure after a few hours 1.3x10 0.1 to 1.2x107
7

Blackout

i i
.

L

I
'

;

k

i |

| t

! |

| |
1 t
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Appendix B,

PLANT FEATURES RESULTING IN LOW PROBABILITIES FOR ACCIDENT SEQUENCr5
This appendix examines those BWR-4

nificant probabilities for many severe plant features which result in insig-accident sequences. The purpose of
this examination is to identify the plant features that produce these low,

probabilities, and attempt to provide some means, if necessary, to screen
other BWR-4 plants to ensure that these same features exist.

In a typical probabilistic risk assessment for a BWR, several thousand
severe-accident sequences are examined. Typically, only a few (on the order
of 5 to 10) of these sequences are found to contribute significantly (more
than a few percent) to the total probability of core damage or risk. The
reasons that all other sequences are generally found to be of such low proba-bility are: (1) the frequency of the event that initiates the accident is
very low or (2) the protection provided by existing plant systems is highlyreliable. In many cases, the low sequence probabilities are the result of
both of these reasons acting simultaneously.

All accident sequences examined in a PRA are initiated by one of two gen-
eral types of events, transient or loss-of-coolant accidents. These two ini-tiators are generally subdivided into several specific classes, it should be
noted that there is a special class of transients which can lead to a LOCA byvirtue of a stuck-open safety or relief valve. However, this sequence isstill initiated by a transient,
(component) failure rather than an initiating event.and the stuck-open valve represents a systemq

As indicated in Appendix A of this report, all PRAs examined consistentlyshowed
that transient-initiated sequences dominate core-mel t probability.

Although the TB and TC sequences are important contributors for the Peach
Bottom and Browns Ferry studies, various other transients also show up as sig.

,

nificant contributors in some of these studies.
;

i
Fron the preceding discussion, it can be concluded that BWR-4 plants as!

represented by Browns Ferry and Peach Bottom appear to have reliable
protection against loss-of-coolant-initiated accidents. In all cases, LOCA

,

sequences contribute less than 3% to the total CDF, and the maximum proba-
bility for any LOCA-initiated core-damage sequence from the four independent

'

studies for Browns Ferry and Peach Bottom is 1.1x10-7 (S E sequence for thei ASEP Peach Botton study). t

j
The BWR-4 design includes numerous systems for providing emerg:ncy core

i cooling during loss-of-coolant accidents. These systems are shown in Table! B.1 (taken from Ref. 1) which illustrates the systems capable of providing1 adequate cooling as a function of the assumed break size. The table alsoshows (last column) the decay heat removal success criteria, which are inde-I

pendent of assumed break size or locstion. As indicated in the second column,
the BWR-4 design includes at least three separate systems or combinations of;

systems capable of providing adequate coolant injection following a LOCA for'

all break configurations with the exception of the large liquid line break
(which, as wili be noted later, has a lower estimated probability than other,

break sizes). Thus, the BWR-4 design includes considerable redundancy and:

diversity (rasulting in high functional reliability) in protection against

79
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LOCA initiators. This design feature has come about as a result of NRC regu- '

lations and criteria emphasizing the need for adequate emergency core cooling
i following LOCAs.

With respect to decay heat removal, Table B.1 indicates that either one
or two of four pumps, depending on cooling mode, are required and no diverse
system exists to provide this function. However, the system is not required

i for some time after the LOCA, and failure does not lead immediately to core
d ana ge. Tnus, opportunity exists for repair to the system, and this is3

i accounted for in some of the PRA studies. For these reasons, loss of decay
heat removal following LOCA initiators has not been found to be a significant;

; CDF contributor.

Table B.2 provides an estimate of primary system LOCA break size frequen-
cies as used in the Browns Ferry PRA.I Similar values were used in the other

i BWR assessments. As can be seen from Table B.2, the larger sizes have lower
estimated frequencies. The relatively low LOCA frequencies coupled with ECCS
and decay heat removal reliability produce insignificant core-damage frequen-
cies from LOCA initiators compared to transient-initiated sequences.,

The general ECC system arrangement depicted in Table B.1 for Browns Ferry
is expected to exist for all BWR-4 plants since this design is in response to-

! prescriptive NRC requirements for emergency core cooling capability. Docunen-
tation by the General Electric Company 2 confirms the design similarity among;

BWR-4 plants. Thus, it is not expected that any BWR-4 plant exists which
would have ECCS design features that would result in a significant estimated

. core-damage frequency from LOCA initiators, it is, therefore, not considered
{ necessary to require any screening criteria to ensure that BWR-4 plants have
i adequate ECCS capability for preventing core damage from LOCA initiators.

B.1 References

1. "Additional Information Required for NRC Staf f Generic Report on Boiling1

j Water Reactors " NE00-24708, General Electric Co., August 1979.

2. "Interim Reliability Evaluation Program: Analysis of the Browns Ferry
Unit 1, Nuclear Plant," NUREG/CR-2802, EG&G Idaho, Inc. , July 1982.

.
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:t Table B.1 LOCA Hitigation Success Criteria (BUR-4)
'* Break Size, Type Emergency Coolant

& Location Injection Decay Heat Removal

large, Liquid Two core spray loops and Two of four RHR pumps with(0.3 to 4.3 ft2 two of four LPCI pumps associated heat exchangerspump suction) or in torus cooling mode
T6ur of four LPCI pumps or
or Une of four RHR pumps with
Une of two core spray associated heat exchangersloops and two of four in shutdown cooling mode
LPCI pumps (one LPCI pump
per injection loop)

Large, Liquid Two core spray loops Two of four RHR pumps with(0.3 to 4.3 ft2 or
pumpdischarge) Ee of two core spray associated heat exchangers

in torus cooling mode
loops and one of two LPCI or
pumps on unaffected side Une of four RHR pumps with

associated heat exchangers
in shutdown cooling mode

large, Steam Two core spray loops Two of four RHR pumps with(1.4 to 4.1 ft ) or2

associated heat exchangers
Tour of four LPC1 pumps in torus cooling modeor or
Ee of two core spray Ee of four RHR pumps withloops and one of four associated heat exchangers
LPCI pumps in shutdown cooling mode

Intermedt ate , One of one HPCI pump Two of four RHR pumps withLiquid or
(0.12 to 0.3 ft ) T6ur of six ADS relief associated heat exchangers2

in torus cooling node
valves or
or
Ee of four LPCI pumps

Ee of four RHR pumps with
associated heat exchangersor in shutdown cooling modeEe of two core spray

loops
Intermediate, One of one HPCI pump Two of four RHR pumps withSteam or associated heat exchangers(pumpdischarge) Ee of four LPCI pumps in torus cooling modeor or

E e of two core spray We of four RHR pumps withloops associated heat exchangers
in shutdown cooling mode

Small, Liquid One of one HPCI pump Two of four RHR pumps withor Steam or
(up to 0.12 ft ) T6ur of six ADS relief associatej heat exchangers2

in torus cooling mode
valves and one of four or
LPCI pumps W e of four RHR pumps withor
T6ur of six ADS relief associated heat exchangers

in shutdown cooling mode
valves and one of two* * spray loops
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Table B.2 Primary System LOCA Frequencies
.

'

FrequencyType Size Location (Per Reactor Year)

Liquid large Suction side 9.9 x 10-6
Discharge side 3.9 x 10-5

Steam Large 5.2 x 10-5--

Liquid Intermediate 9.0 ' x 10-5--

Steam In*.ermediate 2.1 x 10 "---

Liquid or steam Small 1.0 x 10 3--

.
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ABSTRACT I

Guidelines and criteria have been developed for preventing and mitigating
severe accidents in a BWR which has a Mark !! containment (BWR Mark II). .The
guidelines were developed from insights derived from reviews of in-depth risk
assessments performed specifically for the Limerick and Shoreham plants and ;
from other relevant studies. Accident sequences that dominate the core-damage
frequency and those accident sequences that are of potentially high conse- |

,

quence were identified. Vulnerabilities of the BWR Mark !! to severe-accident
|containment loads were also noted. In addition, those features of a BWR Mark
:II, which are important for preventing core damage and are available for miti-

gating fission-product release to the environment were also identified. These
guidelines and criteria are issued to provide direction to an analyst examin- !ing an individual plant. This direction calls attention to plant features and '

operator actions and provides deterministic performance measures for assessing '

those features and actions found to be helpful in reducing the overall risk !for Limerick and Shoreham and other Mark !! plants. Thus, the guidance is !
offered as a resource in examining the seject plant to determine if the same,
or similar, guidelines will be of valus in reducing overall plant risk. These '

guidelines and criteria are intended to serve solely as guidance.
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1. EXECUTIVE SUMMARY

The U.S. Nuclear Regulatory Conmission (NRC) has formulated an approach
for a systematic safety examination of existing plants to determine whether
particular severe accident vulnerabilities are present and what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core Rulemaking Program (10COR) selected four ref-
erence plants for detailed analysis: Peach Botton, Grand Gulf Sequoyah, and
Zion. The 10COR analyses performed for the reference plants have been docu-
nented together with the nethodology used for the analyses and the technical
basis supporting the nethodology.

Parallel with the 10COR work, the NRC under the Severe Accident Research
Program (SARP), performed risk assessments, audit calculations, sensitivity
studies, and uncertainty analyses for five plants. The five plants considered
by SARP were Peach Bottom, Grand Gulf Sequoyah, Zion and Surry.

The purpose of this effort is to review all of the 10COR and SARP analy-
ses perforned for the reference plants, understand the reasons for the differ-
ences, and then use the experience gained from these reviews for developing
guidelines and criterla that ident1fy plant features and operator actions that
were found to be important for either preventing or mitigating severe acci-
dents in each plant type. In turn, these guldelines should prove helpful in
the systematic safety exanination of individual plants.

Three basic objectives or goals for this severe accident program apply
equally to all plant types:

Goal 1: Mitigate fission-product releases..

Goal 2: Control the frequency of high-consequence sequences..

Goal 3: Reduce high core-damage frequency..

The aim was, therefore, to develop detailed guidelines and criteria that
could be used to achieve these goals during the examination of Individual
plants.

"Guidelines," as used in this report, identify those plant features and
operator actions that were found to be important to either preventing or miti-
gating severe accidents in the reference plant studies. These guidelines pro-
vide a list of plant features and operator actions that the utilitics can use
as part of each individual plant examination (IPE). It is not the intent of
this report to specify a set of improvements for either the reference plant or
for any other plant which would be sufficient to achieve a certain level of
safety. Instead, the guidelines indicate potential inprovements in various
areas of plant design and operation of which each utility should be aware when
conducting its IPE and naking decisions on plant improvements. The intent is
to provide guidance to the analyst performing an IPE, as to the plant features
and operator actions which were found to reduce overall risk. It is prudent
to check whether potential inprovements 1dentified in studies of other similar
plants can be of help in improving overall plant perfornance. The guidelines
contained in this report, therefore, complement the IPEs.

1

-
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"Criteria," as used in this report, are the attributes which have been -

! identified as important to assess the perfomance of plant features and oper-
ator actions identified in the guidelines. The criteria provide deterministic

^

(as opposed to probabilistic) perfomance measures which are judged to be I

helpful to implement the concepts contained in the guidelines. When a deci- !

sion is made to provide an item or an action specified in a guideline, the
utility should address a set of questions relating to the design, operation
and availability of the needed equipment and the training of operators. For
the example of containment-venting guidance, the capacity of the venting sys- t,

tem, the selection of setpoints to initiate venting, the availability of
,

applicable procedures and the accessibility of certain valves by operators i

should be addressed. The criteria on containment venting provide helpful in-
' formation in assessing venting capability in each individual plant.

Based on an extensive review of prior severe acciEent investigations, the,

authors have provided a set of guidelines and associated criteria which can be
used to assess the capability of individual boiling water reactor (BWR), Mark

i 11 plants to cope with severe accidents. Although much of the sk is based
i on probabilistic risk assessments (PRAs), the guidelines and criteria are de-

teministic in nature. That is the criteria describe specific features of key
systems and operational procedures which have been found helpful in reducing

| the likelihood of severe accidents. The guidelines and criteria take into
account detailed severe accident experiments and analyses performed by the
NRC/RES, the nuclear industry and foreign govenments.

,

The following sections present the insights gained from reviewing the
PRAs. None of the four IDCOR reference plants or the five plants considered
by SARP have a Mark 11 containment. However, PRAs have been performed for two

'

BWRs with Mark 11 containments, namely, Limerickl and Shoreham2 and these PRAs
i have been reviewed in detail by Brookhaven National Laboratory (BNL)3: and4

the NRC staff.sI

v

1.1 Core-Damage Profile

Transients rather than loss-of-coolant accidents (LOCAs) dominated the
core-damage risk profile for the BWR Mark 11 PRAs reviewed. In addition there

f appeared to be no consistent pattern of relative ranking of transient se-
quences among the studies. It is also important to observe that for a given
accident sequence, the major contributor to differences in quantitative re-
suits between the studies was because of subjective modeling assumptions
rather than to plant dif ferences or data differences. For the two Mark 11
plants considered in the five studies, several of the accident sequences fig-
ured prominently in all of the respective core-damage frequency (CDF) pro-
files.

For the Limerick Generating Station (LGS) and the Shoreham Nuclear Power
Station (SNPS) PRA reviews, accident sequences with failure of high pressure
injection were found to be important contributors to CDF. Most of this con-
tribution was attributable to a high failure rate for primary system depres-
surization. Therefore, criteria for inproved automatic depressurization sys-
tem (ADS) operability have been developed.

The Peach Bottom studies done by SARP and IDCOR indicated that station
blackout (SBO) and antici pated transients without scram ( ATWS) are the

2
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dominant core-damage sequences for Peach Bottom. Both studies calculated a |total CDF approaching 10-5 per reactor year. Both the LGS and the SNPS stud-
'

ies confirmed that SB0 and ATWS sequences were major contributors to the
Shoreham C0F. Thus, guidelines have also been developed for 580 and ATWS se-
quences.

For the Reactor Safety Study (RSS)' of a BWR Mark I ,(Peach Bottom} andInterim Reliability Evaluation Program (IREP) study (which used thethe '

i Browns Ferry plant) loss of containment heat removal sequences were important
contributors to C0F (about 50%). The more recent studies for Peach Bottom as
well as Limerick and Shoreham have reduced the C0F because of these sequences
based on operating procedures that include venting and alternate injection.
Criteria have been developed to ensure that these sequences are not dominant
for other RWR Mark 11 plants.

1.2 Consequence Analysis

The assest.nent of core-meltdown phenomena and containment response in
PRAs reviewed indicate that the Mark !! containment is vulnerable to severe
accident containment loads. Unless mitigative actions are taken a Mark 11
containn6nt has the potential to fail shortly (in a few hours) after the core
debris melts through the reactor pressure vessel. If containment failure
occurs in the drywell, any fission products in the drywell atmosphere could i

pass to the reactor building without the benefit of suppression pool scrub-
bing. If the containnent failure occurs in the wetwell below the level of the
suppression pool, there is potential for loss of the pool and resulting loss

,

; '

j of scrubbing.

!1.3 Guidelines and Criteria t

^

|Each guideline is provided with a detailed list of criteria which provide '

helpful information to assess the performance of plant features and operator
actions identified in the guidelines. ,

.

{! 1.3.1 Mitigate Fission-Product Releases
,

i

The assessment of core-meltdown phenomena and containment response indi- f
cates that Mark Il containments are vulnerable to severe accident containment iloads because of the relatively small volune. Unless mitigative actions are' ;taken, a Mark 11 containment has the potential to fail shortly after reactor' pressure vessel f ailure. For this reason the authors developed Guidelines 1 i

, and 2. given in Table 1.1, which have the potential to mitigate the conse.
{ quences of a severe a:cident. [

'
.
'

Guideline 1 - Maintain Containment Integrity
;

Mark 11 containments are very ef fective at condensing steam, t,ut their
i small volume makes them vulnerable to any combustible and noncondensable gases

,

!

that would be generated during a severe core-meltdown accident. The inpact of
hydrogen burning was not significant for the Mark !! containment because the
atmosphere is inerted. However, all of the PRAs reviewed predicted that the
accumulation, of noncondensable gases, released from core-concrete inter- i

;

action, will rapidly overpressurM the Mark !! containnent. In addition, the
studies predicted high temperaturW in the drywell wnich could cause drywell

(
!

3 f
1
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seal degradation. The authors therefore developed Guideline 1. A on contain-
ment venting (relating to preventing overpressure failure) and Guideline 2.B
(see Table 1.1) on containment spray (relating to preventing failure because
of high temperature).

Guideline 2 - Maintain Suppression Pool Effectiveness

iThe ability of the Mark 11 suppression pool to trap aarosol fission! prod-
ucts is an important mitigative feature since it has the potential to signifi-
cantly reduce offsite consequences. Thus, any pathways that might open, which
would allow the fission products to bypass the pool, are undesirable. There-
fore, Guideline 2 and the associated criteria are provided to help prevent
fission products from bypassing the suppression pool.

1.3.2 Control the Frequency of High-Consequence Sequences
.

For some types of severe accidents it is difficult to ensure that large-
fission-product releases do not occur. Therefore guidelines and criteria have
been develped to ensure control of the frequency of high-consequence sequences
(Goal 2).

,

Guideline 3 - Interfacing Systens LOCA

In general, BWR Mark !! PRAs have found the interfacing systems LOCA to
be extremely unlikely. However, the possibility of high releases nake it
important to ensure that the frequency of these events is kept very low at ell ;

Mark !! plants.

Guideline 4 - Anticipated Transients Without Scram

Anticipated transients without se am ( ATWS) have been found to be impor-
tant contributors to risk for many URs. The NRC promulgated the ATWS rule to
reduce the frequency of ATWS ' .cs. The criteria developed for this guide-
line enphasize recent insi*' , s to the importance of correct emergency pro-
cedures and operator ter. aing in recovering from an ATWS event.

1.3.3 Reduce High Core-Damage Frequency Sequent.es

The review of BWR Mark !! pRAs has identified a number of rotentially i

important contributors to the CDF. Therefore guidelines and criteria have
been developed to reduce the potential for high C0F (Goal 3).

|

Guideline 5 - Station Blackout
,

For accidents involving the loss of offsite power and onsite emergency 6

power, the NRC recommends examining the proposed station blackout (580) rule '

for applicability. Tne criteria associated with Guideline 5 are intended to i

emphasize the need to search for plant specific features and potential comon ,

cause failures which could disable systens required to work during an S80. ,

For individual plants which are found to have a vulnerability to SBO. the cri-
teria h1ghlight the importance of proper emergency procedures and operator
training in recovering from an SB0 event. ,

|
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Guideline 6 - Loss of Containment Heat Removal
! i

/ Accident sequences involving loss of containment heat removal (CHR) were '
,

.
'1 found to be quite important in the earlier PRA studies. In WASH-1400, loss of !

| T CHR sequences accounted for 53% of the calculated C0F. In the Browns Ferry 7

i IREP study, these sequences similarly accounted for 50% of the calculated C0F. L

; However, the most recent BWR studies by 10COR and ASEP/SARP (as well as' the |: LGS and SNPS PRAs), show a two-and-three-order-of-magnitude reduction, respec. ' L
i tively, in the quantification of these sequences. Therefore, Guideline 6 and '

f the associated criteria have been developed to generically address tne mecha-
tj nisms already effectively employed at the LGS and SNPS to reduce the frequency |

| of loss of CHR sequences,
a- ;

j Guideline 7 - Reactor Pressure Vessel (RPV) Depressurization Performance
i :

i One of the insights gained from the existing BWR PRAs is the importance :
L of the ADS in mitigating loss of high pressure injection sequences by allowing f

[ the lospressure injection (LPIS) systems to operate effectively. Speci fic !
criteria have been developed to ensure that the likelihood of loss of injec. !

. tion accident sequences occurring is Icw.
|

1 '

(Guideline 8 - Support System Interdependencies -

! Although the importance is difficult to quantify, one of the insights de-
.

!
! veloped in most risk assessment studies is the importance of support system -

| interdependencies. For exanple, a draft of the Severe Accident Risk Reduction
j Program (SARRP) Peach Botton study indicated that loss of all service water

.

3 was a dominant contributor to core damage. The recent revision to the se- (
! quence studies has reduced it to one percent of the overall core damage. in
1 order to ensure that support system vulnerabilities do not cause unacceptably
) high C0F for other BWR Mark Il plants, the authors have developed this 90ide-

line and associated criteria to help assess any weaknesses of the support sys-
1 tens.
,

i Guideline 9 - Flooding Within Reactor Building (
i

i

Flooding of the reactor building has been found to be a significant con. '

j tributor to core dantse ir. only one Mark 11 plant. This guideline and associ. ,

ated criteria were developed for. all Mark 11 plants to assess the potentiali

j for flooding of safety related equipnent.
i
'

| 1.4 Using the Guidelines and Critelia

Numerous investigations, ine'teding PRAs, have been performed for the
', reference plants and similar plants by both the NRC and the nuclear power !industry. The insights gained from many of the studies have been used in i

l developing the guidelines and criteria contained in this report (including the !j other volumes of this report). These guidelines and criteria are issued to !
! provide guidance to the analyst performing an IPE. This guidance is in the !
j form of plant features, operator actions and the criteria for assessing those !
j features and actions found to be helpful in reducing the overall risk for Lim- !

| erick and Shorehan and other Mark !! plants. Thus, the guidance is given to t
j provide a resource in exanining the subject plant to detennine if the same, or j.
8
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M 'j p,. similar, guidel4nes wil/be of value in reducing overall plant risk..f / These
i guidelines and criteria are intended to be used solely as guidance.
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Table 1.1 Guidelines for Preventing and Mitigating Severe
Accidents in a BWR with a Mark II Containment

Guideline Description

Mitigate Fission-Product Releases:

1 Maintain Containment Integrity

1.A. Provide Wetwell Venting

2 Maintain Suppression Pool Ef fectiveness

2.A. Prevent Suppression Pool Bypass
2.B. Provide Drywell Spray

Control the Frequency of High-Consequence' Sequences:

3 Interfacing Systens LOCA

3.A. Prevent Overpressurization of Low Pressure Systems

4 Anticipated Transients Without Scram (ATWS)

4.A. Provide Operator Response During ATWS

Reduce High Core-Damage Frequency Sequences:

5 Station Blackout

5.A. Provide Reactor Pressure Vessel Inj ection

6 Loss of Containment Heat Removal

6.A. Provide Long-Tem Emergency Core Cooling

7 Reactor Pressure Vessel (RPV) Depressurization Perfomence

7.A. Provide RPV Depressurization

8 Support System Interdependencies
!

i 8.A. Examine Support System Interdependencies

9 Flooding Within Reactor Building
,

9. A. Prevent and Mitigate Reactor Building Flooding

|
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2. INTRODUCTION

2.1 Background

The U.S. Nuclear Regulatory Commission (NRC) has formulated an approach
for a systematic safety examination of existing plants to determine whe.ther
particular severe accident vulnerabilities are present and what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core Rulemaking Program (IOCOR) selected four ref-
erence plants for detailed analysis, namely:

Peach Bottom (a BWR with a liark I containment)
.

Grand Gulf (a BWR with a Mark III containment)
.

Zion (a PWR with a large dry containment).

Sequoyah.(a PWR with an ice condenser containment).

The IDCOR analyses performed for the above reference plants have been
documented together with the methodology used for the analyses and the techni-
cal basis supporting the methodology.

Parallel with the 10COR work, the NRC under the Severe Accident Research
Program (SARP), performed risk as:essments, audit calculations, sens'.tivity
studies, and uncertainty analyses for five plants. The five plants considered
include the above four IDCOR reference plants, and, in addition

Surry (a PWR with a subatmospheric containment).

The purpose of this effort is to review all of the 10COR and SARP analy-
ses performed for the reference plants, understand the reasons for the differ-
ences, and then use the experience gained from these reviews for developing
guidelines and criteria that identi fy plant features and operator actions
found to be important for either preventing or mitigating severe accidents in
each plant type. In turn, these guidelines should be helpful in the system-
atic safety exanination of individual plants.

The first BWR plant reviewed was Peach Bottom,l which is a BWR-4 with aMark I containment. The 10COR Peach Bottom analysis was documented in March
1985 and was supplemented by additional sensitivity studies in July 1985. The2SARP Peach Bottom reports ," were reviewed in draft form during 1986. These
reports were published early in 1987 and were swamarized in the "Reactor Risk
Reference Document" (NUREG-1150),5 which was published for comment in February
1987. The experience gained from the review of these Peach Bottom studies
along with other BWR PRA studies (namely, Limerick, Shoreha.. and Browns Ferry)
was used to generate the guidelines and criteria which are the subject of
Volume 1 of this report.

This volume builds on the experience gained during our Peach Bottom work
and deals with severe accidents in a BWR-4 or BWR-5 plant with a Mark 11 con-
tainment (BWR Mark II). BWR-4 or BWR-5 plants with a Mark Il containment have
many similarities to BWR plants with liark I containments, although significant
dif ferences also exist. None of the four 10COR reference plants or the five
plants considered by SARp have a Mark II containment. However, PRAs .7 have6

been performed for two plants with a Mark Il containment namely the: Limerick

9
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Generating Station (LGS) and Shoreham Nuclear Power Station (SNPS). The ex-
perience gained from the reviews ,9 of these studies as well as the insightss

gained from the Mark I studies was used to generate the guidelines and crite-
ria, which are the subject of this draft report.

2.2 Objectives
.

' Three basic objectives or goals for this severe accident program apply
equally to all plant types:

Goal 1: Mitigate fission-product releases..

Goal 2: Control the frequency of high-consequence sequences..

Goal 3: Reduce high core-damage frequency..

The aim was, therefore, to develop detailed guidelines and criteria that
could be used to achieve these goals during the examination of individual
pl ants. The guidelines and criteria are given in the sections that follow.

2.2.1 Guidelines

"Guidelines," as used in this report, identify those plant features and
operator actions that were found to be important to either preventing or miti-
gating severe accidents in the reference plant studies. These guidelines pro-
vide a list of plant features and operator actions that the utilities can use
as part of each individual plant examination (IPE). It is not the intent of
this report to specify a set of improvements for either the reference plant or
for any other plant which would be sufficient to achieve a certain level of
safety. Instead, the guidelines indicate potential improvements in various
areas of plant design and operation of which each utility should be aware when
conducting its IPE and making decisions on plant improvements. The intent is
to provide guidance to the analyst perfonning an IPE, as to the plant features
and operator actions which were found to reduce overall risk. It is prudent
to check whether potential improvements identified in studies of other similar
plants can be of help in improving overall plant performance. The guidelines
contained in this report, therefore, complement the IPEs.

The three objectives or goals were noted as applying equally to all plant
types. Although the goals are independent of plant type, the guidelines that
are needed to achieve the goals are plant dependent. In general terms, Goal 1
implies that there should be effective means of mitigating the fission product
releases for the broad classes of accident sequences which dominate the core-
damage frequency. Therefore, these dominant accident sequences have to be
determined and those plant features and operator actions that are available to
mitigate the release of fission products have to be identified. Only then can
detail ed guidelines be developed to ensure that these dominant accident
sequences can be mitigated.

There may be accident sequences for which a specific plant will have sub-
stantial fission-product releases (e.g., containment bypass sequences). Thus,
for such sequences Goal 1 may be difficult to achieve. Therefore, all reason-

able steps are identified which could reduce the frequency of these poten-
tially high consequence sequences (namely Goal 2). Again, the accident se-
quences have to be identified and plant vulnerabilities and/or operator ac-
tions that lead to core damage for these sequences also have to be identified.

10
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Detailed guidelines can then be developed which will aid in assessing an
individual plant's capability to prevent these sequences from occurring,

it is also desirable to ensure that the overall core-damage frequency is
low (namely Goal 3). Again, the dominant accident sequences have to be found
so that detailed guidelines can be developed to reduce the frequency of these
sequences, if necessary. -

In general, the following screening process was used to determine whether
or not to develop a particular guideline:

any accident sequence with a core-damage frequency greater than 10 6. per
reactor year

any sequence that contributed to more than 5% of the total core-damage.

frequency

any event that caused a conditional probability of early containment.

failure greater than 0.1

any sequence that resulted in containment bypass with a frequency greater.

than 10-7 per reactor year

any sequence that was judged to be uniquely important (example, very severe.

consequences)

This screening process led to the development of guidelines that can be
used in the systematic safety examination of other BWRs with Mark II contain-
ments. For example, the guideline for venting of the wetwell was identified
as an item that would help to achieve Goal 1 (nanely, to mitigate fission-
product rel ease) for the BWR Mark Il reference plant. Therefore, in the
safety examination of other BWRs with Mark 11 containments, the need for wet-
well venting would have to be carefully assessed.

The development of a particular guideline for the BWR Mark II reference
plant does not imply that this plant or any of the other plants in this cate-
gory need to conform to this guideline, it simply means that analyses have
indicated that this particular guideline has the potential to significantly
reduce risk. Thus, the guidance is given to provide a resource in examining
the subject plant to determine whether the same or similar guidelines will be
of value in reducing overall pl ant risk. Whether or not the guideline is
useful or needed in a particular BWR with a Mark !! containment depends on
plant-specific details and is beyond the scope of this report and is therefore
not addressed here.

2.2.2 Criteria

"Criteria," as used in this report, are the attributes which have been
identified as important to assess the performance of plant features and oper-
ator actions identified in the guidelines. The criteria provide deterministic
(as opposed to probabilistic) performance measures which are judged to be
helpful to implement the concepts contained in the guidelines. When a deci-
sion is made to provide an item or an action specified in a guideline, the
utility should address a set of questions relating to the design, operation

.
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and availability of the needed equipment and the training of operators. For
the example of containment-venting guidance, the capacity of the venting sys-
tem, the selection of setpoints to i nitiate venting, the availability of
applicable procedures and the accessibility of certain valves by operators
should be addressed. The criteria on containment venting provide helpful in-
formation in assessing venting capability in each individual plant.

,

The criteria address the general issues of (1) survivability of equipment '

(i.e., whenever credit is given for a system or a component to mitigate the
accident, the ability of the equipment to function under environmental and
fluid dynamic loads associated with severe accident sequences must be taken
into account), (2) equipment capabilities, capacities, and duration of opera-
bility, (3) accessibility of equipment, (4) availability of support systems,
(5) identification of necessary components, (6) identification of important
operator actions, and (7) identification of parameters for initiation of miti-
gating systems and operator actions.

2.3 Organization of the Report

This report describes detailed guidelines and criteria for preventing and
mitigating severe accidents in BWRs that have a liark II containment. It is
one of a series o five volumes that deal with guidelines and criteria for
several different teactor and containment types. Other volumes in the series
are given below:

Volume 1: BWRs with Mark 1 Containments
Volume 3: BWRs with liark III Containments
Volume 4: PWRs with large Volume Containments '

Volume 5: PWRs with Ice Condenser Containments.

Appendix A of this volume contains a review of the PRAs that were per-
formed for BWRs with Mark 11 containments along with other pertinent studies.
The insights gained from these studies lead to the identification of the
strengths and vulnerabilities of a BWR with a liark 11 containment. In Section
3, the three basic goals of ;he program are related to the relevant design
features and operating characteristics of a BWR with a Mark 11 containment.
The guidelines necessary to achieve the three goals are therefore initially
developed in Section 3. In Section 4, the guidelines are restated and de-
tailed criteria are developed for each guideline.

2.4 References for Section 2

1. "Peach Bottom Atomic Power Station-Integrated Containment Analyses " 10COR
Technical Report T23.1PB, March 1985.

2. A. M. Kolaczkowski et al., "Analysis of Core Damage Frequency from Inter-
nal Events: Peach Bottom, Unit 2," Sandia National Laboratories, NUREG/
CR-4550, Volume 4, October 1986.

3. C. N. Amos et al., "Containment Event Analysis for Postulated Severe Acci-
dents: Peach Bottom Atomic Power Station, Unit 2," Sandia National Labor-
atories, NUREG/CR-4700, Volume 3, Draf t Report for Comment, May 1987,
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4. C. " .enn et al., "Evaluation of Severe Accident Risks and the Potential*

for J w'uction: Peach Bottom, Unit 2," Sandia National Laboratories,
NUREo,s 4551, Volume 3, Draft for Comment, April 1987.

5. "Reactor Risk Reference Document," U.S. Nuclear Regulatory Commission,
NUREG-1150, Draft for Comment, February 1987.

,

6. "Probabilistic Risk Assessment - Limerick Generating Station," Philadel-
phia Electric Co. ,1982.

7. "Probabilistic Risk Assessment - Shoreham Nuclear Power Station," Long
Island Lighting Company, June 1983.

8. I. A. Papazoglou et al., "A Review of the Limerick Generating Station
'P~robabilistic Risk Assessment," Brookhaven National Laboratory, NUREG/CR-
3028, February 1983.

9. D. Ilberg et al., "A Review of the Shoreham Nuclear Power Station Proba-
bilistic Risk Assessment (Internal Events and Core Damage Frequency),"
Brookhaven National Laboratory, NUREG/CR-4050, June 1985.
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3. OEFINITION OF G0ALS AND RELEVANT BWR MARK 11 FEATURES

In Section 2 of this report, the concept of three basic objectives or
goals for this severe accident program was introduced. The concept applied
equally to all plant types. In this section, the.three goals are related to
the relevant design features and operating characteristics of a BWR with a
Mark Il containment for the accident sequences and containment failure modes

~found to be important in Appendix A. This includes consideration of both
favorable and unfavorable severe accident attributes.

Screening criteria have been used to identify those sequences that need
to be addressed by severe accident guidelines for each goal. Specifically;

For Goal 1 (Mitigate fission-product releases), all sequences have been.

exanined which represent 5% of the core-melt frequency or are estimated to
occur more often than 10 6 per reactor year and result in a conditional
probability of early containment failure greater than 0.1.

For Goal 2 (Control the frequency of high-consequence sequences), all.

sequences have been examined which result in pool bypass and are estimated
to occur more often than 10-7 per reactor year.

For Goal 3 (Reduce high core-damage frequency sequences), all sequences.

have been examined which "have the potential to occur" more f requently than
10-6 per reactor year. Note that this screening criterion has been used to
identify potential vulnerabilities from risk assessment insights which do
not necessarily apply to the LGS and ShPS, but may apply to other Mark 11
plants.

This section provides the link between the goals (developed in Section 2)
and the guidelines (developed in Section 4) that may be used to assess the
capability of specific plants to meet these goals. This section is organized
into three subsections, which correspond to the three goals.

3.1 Mitigate Fission-Product Releases

Goal 1 requires that there shall be effective means of mitigating the
fission-product releases for the broad classes of accident sequences that may

| lead to core damage in a BUR with a Mark 11 containment. In Appendi x A the
| most important contributors to the core-damage frequency (C0F) were found to
| be SB0 and ATWS sequence-;. Several studies indicate that transients with loss
i of injection into the reactor pressure vessel (RPV) are also potentially
! important contributors. Other transients and l oss-of-cool ant accidents

(LOCAs) may also contribute to CDF. Two specific accident sequences for which
mitigation by a Mark I containment is ineffective (refer to Volume 1) are also
applicable to Mark II's. These specific sequences are discussed further in
Section 3.2, which attempts to determine how the frequency of these unmiti-
gated sequences can be reduced. This section concentrates on the broad
classes of accident sequences for which plant features provide significant
mitigating fission-product release. In the following sections both the favor-
able and unfavorable severe accident attributes of the Mark 11 containment are
identified. This discussion in turn leads to the development in Section 3.1.3
of two guidelines that are related to Goal 1.

14
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3.1.1 Plant Vulnerabilities

The Mark 11 containment is a small-volume, pressure-suppression design.
The suppression pool is available to condense steam released from the primarysystem during an accident. However, the small volume of the Mark II ccatain-
ment makes it vulnerable to pressure and/or temperature increases because of
the noncondensable gases and heat released during a core-meltdown accident.
There are differences among Mark 11 containment analyses regarding the esti-
mates of how long it will take to pressurize a liark II containment to its
ultimate capacity after the core debris has failed the reactor vessel (and is
interacting with concrete); but most studies concluded that the containmentwill eventually fail. Therefore, unless mitigative actions are taken, a liark
11 containment will fail because of overpressure or overtemperature within a
few hours of RPV failure. If containment failure occurs in the drywell, any
fission products in the drywell atmosphere could pass to the reactor building
(and ultimately to the environment) without the benefit of suppression poolscrubbing. Note that suppression pool scrubbing is an important mitigative
feature of a Mark 11 containment (refer to Section 3.1.2).

An inspection of the liark II containment configuration (see Figure A.1)
shows that the pedestal below the RPV would tend to confine the core debris
after a core-meltdown accident. Extensive core-concrete interactions would beexpected to occur. There are differences between the IDCOR and SARP analyses
related to how high the core debris temperature will remain during these in-
teractions and to the quantities of the less volatile fission products that
will be released. However, at this time the possibility of the core debris
remaining hot and releasing significant quantities of fission products has not
been ruled out. In addition, some Mark II designs have downcomers within the
pedestal which would allow much of the core debris to be channeled into the
0001 The pedestal designs differ so much among different Mark II plants that
the progress of the core debris, once it reaches the pedestal region, cannot
be predicted in a generic manner (see Figure A.2). For some Mark II's thedebris will flow out of the pedestal region onto the drywell fl oor. Unlike
the Mark I situation, penetratinn of the drywell shell by core debris in this
scenario can be virtually ruled out, since the drywell floor of liark II's is
significantly larger, downcomers allow the debris to fall into the wetwell
before reaching the shell, and the shell itsel f is usually concrete not steel.
However, debris accumulation on the drywell floor, and the resulting transport
into the suppression pool, could attack and fail parts of the drywell to wet-
well gas space boundary. Therefore the wetwell pool scrubbing potential could
be lost for accident sequences where the wetwell air space is vented or
f ail ed. For some Mark II designs the debris will remain in the pedestal cav-
ity between drywell and wetwell out of reach of drywell sprays or the suppres-sion pool. Suf ficient core-concrete interaction may open a path from the
debris to the wetwell airspace via the pedestal wall again allowing some fis-
sion products to bypass suppression pool filtering.

In the sections that follow, suppression pool s: rubbing is noted as an
ef fective mitigative feature for the Mark Il containment provided all of the
fission products pass through the pool. It is, therefore, important to ensure
that paths do not open which would allow the fission products to bypass the
suppression pool. The vacuum breakers between the wetwell and drywell would
create a path that bypasses the suppression pool if they fail open, in ad-
dition, the various drywell penetration seals could be degraded at high
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temperatures and pressures. Failure of these seals would also open up paths
which would bypass the suppression pool. If the main steam isolation valves
(MSIVs) fail to close, another suppression pool bypass path would exist.

Although the Mark II containments appear to be vulnerable to severe acci-
dent containment loads, they have several very important mitigative features,
which are discussed in the section that follows.

3.1.2 Mitigating Features

The suppression pool in a Mark II containment is a very effective mecha-
nism for trapping any fission-product aerosols that might pass through it.
Thus, to a large extent the suppression pool has the potential to compensate
for the vulnerabilities identified above (in Section 3.1.1). For example,
overpressure failure of the containment (and perhaps loss of drywell integ-
rity) can be prevented by venting the wetwell. With venting of the wetwell
atmosphere, containment integrity is lost but the containment function (reten-
tion of the fission products in the pool) is maintained.

High drywell temperatures and resultant penetration seal degradation can
be prevented by drywell spray. The potential for molten core debris to spread
across the drywell floor and fail the diaphragm between drywell and wetwell,
or the containment liner, may also be reduced by spray operation. Drywell
spray will also contribute to decontamination of the drywell atmosphere even
for sequences with substantial suppression pool bypass.

The atmosphere in a Mark II primary containment is continuously inerted
(by introducing nitrogen and thereby lowering the oxygen concentration) during
operation, which prevents hydrogen combustion. This is a very significant
mitigative feature, which is important to maintain during a severe accident.
For example, wetwell venting and drywell spray operation could result in a I
vacuum in the containment, which could introduce additf or,a1 oxygen and thus
deinert the containment atmosphere.

An area of significant phenomenological uncertainty (refer to Section
A.2) relates to core meltdown with the primary system at high pressure. If
molten core materials are ejected from the RPV under pressure, it has been
suggested in the Sandia National Laboratories (3NL) analyses that the mater-
ials form fine aerosols, which could be dispersed into the containment atmo-
sphere and directly heat it. This could result in a large pressure pulse,
which could threaten containment integrity at the time of RPV failure. BWRs

,

have an automatic depressurization system (ADS) which can prevent high-
pressure core-meltdown (on RPV low water level after a time delay or manually
by the operator). The ADS has a dual role as a core-melt prevention system as
well. For those sequences in which the high-pressure injection systems fail
(TOU), the ADS can depressurize the reactor vessel and allow the low-pressure
systems to inject water into the RPV.

Finally, the BWR Mark Il primary containment is completely enclosed in a
reactor building. This building is, therefore, available as a secondary con-
tainment to trap any fission products that might be released from the primary
containment during a severe accident. The amount of fission products that
might be trapped in the reactor building is uncertain, but both IDCOR and

.
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SARRP analyses for the Peach Bottom reactor building indicated that it is a
potentially important mitigating feature.

3.1.3 Haintain Containment Integrity and Suppression Pool Effectiveness

The above discussion has identified several plant features of a BWR with
a Mark 11 containment that have the potential to help achieve Goal 1, nariely,mitigating fission-product releases. From the above discussion, two guide-
lines have been developed and rel ated to these features that will aid in
assessing whether specific plants meet Goal 1. The guidelines address con-
tainment integrity, the ef#ectiveness of the suppression pool, and the various
mechanisms for possible po.1 bypass. As long as the dominant release path is
through the suppression pool, the consequences of core-melt accidents were
shown (refer to Table A.19) to be reduced by at least a factor of 10 relative
to sequences that bypassed the
dominant pool bypass sequences (pool. Guideline 2 also addresses one of the

e.g. , mel t-through of the drywell to wetwell
barrier) to ensure that the release is substantially reduced or that the fre-quency is kept low.

The Limerick Generating Station (LGS)1 and Shoreham Nuclear Power Station
(SNPS)2 PRAs and the BNL reviews :34 of these PRAs confirm the importance of
station blackout (SBO) sequences to the core-melt frequency. The SNPS PRA
also indicates that anticipated transients without scram (ATWS) is an impor-
tant contributor to core-damage frequency. The LGS PRA indicates a very small
contribution from ATWS because of several ATWS related enhancements (alternaterod insertion and automatic, two train stand-by liquid control) but this does
not appear typical of most Mark 11 plants. Thus , it is believed that the
effectiveness of the suppression pool must be maintained for both ATWS and
SB0.

For sequences that threaten the containment by overpressure, wetwell
venting has the potential to preserve the containment function by relieving
noncondensable gases and/or saturated steam, thus preventing further pressure
buildup while forcing fission products to be scrubbed by the pool . However ,
for some dominant sequences (SB0 and ATWS), existing venting procedures willbe difficult to perform. For SB0 sequences, power dependencies may preclude
actuation of venting from the control room, and high radiation levels may ham-per local manual valve actuation. For ATWS sequences, the large venting
capacity requirements, short time frame for operator action and possible prob-
lems with normal isolation systems make successful venting under such condi-tions operationally dif ficult. Detailed criteria are developed for this
guideline in Section 4.1.1 to help evaluate venting capability for ATWS se-
quences.

The SARRP event trees for Peach Bottom (refer to Volume 1) indicated that
core debris melting through the steel containment shell was a dominant sup-pression pool bypass mechanism. As discussed above, while containment shell
penetration seems unlikely for Mark ll's, some present Mark Il pedestal de-
signs would allow core debris to remain out of reach of drywell sprays and
eventually open paths to the wetwell airspace. Therefore it appears prudent
to extend spray capability to the pedestal region and fill some vulnerd.ie
portions of pedestal cavities with concrete and steel. Other possible
locations where core debris may contact and fail the drywell to wetwell bar-
rier are the steel downcomer pipes and the outer diaphragm seal. If both
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overpressure failure and drywell to wetwell melt-through can be prevented, the
likelihood of pool bypass can be reduced substaatially.

For sequences that still result in suppression pool bypass, the contain-
ment sprays will tend to wash out aerosols from the containment atmosphere and
thus reduce the airborne fission product concentrati; ; during core-concrete
interaction. In some sequences such as SBO, drywell and wetwell sprays would
not be available because of ac power requirements. For some other dominant
sequence class (ATWS), these sprays may not be available because of suppres-
sion pool heatup and its effects on the net positive suction head (NPSH) of
the spray pumps. The guidelines and criteria developed in Section 4.1.1
address alternative power supplies and suction sources to ensure that drywell
sprays will be available for the two dominant sequences.

3.2 Control the Frequency of High-Consequence Sequences

The plant features identified in Section 3.1 can effectively mitigate
fission-product releases for the broad classes of accident sequences that were
found to be important for the core-damage frequency (C0F). However, two acci-
dent sequences were identified in the Mark I study (refer to Volume 1) which
also apply to BWRs with Mark Il containments and for which substantial reduc-
ing fission-product release cannot be ensured.

The first accident sequence that may defeat the plant containment fea-
tures identified in Section 3.1 is the interfacing LOCA sequence. Although
none of the Mark 11 PRAs reviewed in Appendix A indicate that it is a signifi-
cant contributor to core-melt frequency, the BNL review" of the SNPS PRA has
identi fied it as a significant contributor to risk. It has also been
identi fied as a generic issue (GI-105) by the NRC. Thus, Guideline 3 and
associated criteria are developed in Section 4.2.1 to ensure that other Mark
II plants review the potential contribution of interfacing systems LOCA to
risk. This guideline and criteria should be considered appropriate pending
resolution of GI-105.

The second accident sequence that may defeat several of the plant fea-
tures identified in Section 3.1 is an ATWS with a power transient. In this
sequence, the operator fails to control the RPV injection at low pressure dur-
ing an ATWS event. The rising water level in the reactor vessel produces a
power transient that cannot be controlled by the normal containment heat re-
moval systems. The containment will pressurize rapidly and may fail with the
resultant loss of coolant injection and eventual core melt into a failed con-

i tainment. The ability to control this rapidly progressing sequence by wetwell
I venting is difficult, and thus mitigating this sequence appears to be un-

likely. Therefore, the risk of this subset of the ATWS sequences must be con-
trolled by ensuring that its frequency is low. In Section 4.2.2, a guideline
and criteria are developed related to operator actions during an ATUS event.

3.3 Reduce High Core-Damage Frequency Sequences

In Section A.1 it was found that only a few accident
prcainently in the core-damage profiles of the LGS PRAl and the BNL reviewsequences figureof
the LGS PRA. In contrast the core-damage profile developed from the SNPS
PRA,2 the BHL review 4 of the SNPS PRA and the SNPS 10COR-IPCS methodology ap-
plication revealed that the profile is made up of a large number of sequences,
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each making a small contribution. However, grouping the accident sequences
into various sequence types enables one to determine which types are the domi-
nant contributors to the overall C0F. Therefore, if the frequencies of the
relatively small subset of dominant accident sequences in the LGS profile or
the safety function failures characterized by the few dominant sequence typesof the SNPS profile can be controlled, then the overall CDF can also becontrolled in these and other liark II plants.,

For the LGS PRA, the dominant sequences are the TQUX sequence and thestation blackout sequence, TB, ( speci fically, T UV). Contributions to theE
total C0F by the TW sequence (failure of containment heat removal) and the TC
sequence (ATWS) are relatively minor, partly because of improved plant design
and the implementation of two accident mitigating systems (alternative rod
insertion (ARI) and alternate-3A) assumed in the LGS PRA.

.The TQUX sequence and the TB (station blackout) sequence are also impor-
tant in all three SNPS PRA studies outlined in Section A.1. In contrast to
the LGS studies, however, the ATWS sequence and the 1W sequence were identi-
fied as significant contributors to the total C0F by both the SNPS PRA and the
BNL review of the SNPS PRA. These SNPS PRA studies also found potential sig-
nificant contribution from accident sequences initiated by internal flooding,
failure of water-level instrumentation, and the loss of reactor building ser-vice water. Some of these accident sequences, however, are plant specific to
Shoreham, and were not analyzed in the LGS PRA or the BNL review of the LGS
PRA.

3.3.1 Reactor Pressure Vessel Depressurization Performance

As nentioned in Section 3.1.2, the ADS is an important system for miti-
gating loss of high-pressure injection sequences. For both LGS and SNPS,
failure to actuate the ADS in a timely manner was determined to be one of the
most important contributors to total C0F. According to an estimate made by
the NRC staff (NUREG-1068),6 implementing an improved ADS initiation logic
alone can reduce the CDF for the LGS by at least a factur of two. Guidelinesand criteria are provid ed in Section 4.3 which will help ensure that other
Mark 11 plants have a low TQUX frequency. Additionally, the ability to de-
pressurize the RPV is an important mitigative feature that helps maintain sup-
pression pool effectiveness (Guideline 7).

3.3.2 Station Blackout

In both the LGS PRA and the BNL review of the LGS PRA, station blackout
(SBO) was identifled as one of the primary contributors (40% and 32% respec-
tively for the LGS PRA and the BNL review) to total CDF. As semmarized in
Table A.4 of Section A.1, loss of off-site power occupies a dominant position
among the various sequence initiators contributing to the total CDF in all
three SNPS PRA studies. A thorough examination of the relevant event trees
further reveals that large fractions (72% for the SNPS PRA, 90% for the BHL
review, and 66% for the Shoreham 10COR-IPE methodology application) of the C0F

! contributions listed under loss of of f-site power in Table A.4 can be attrib-
uted to SBO. Therefore, a severe accident guideline with specific criteria
has been developed in Section 4 related to these accident sequences. SB0 iscurrently the subject of an unresolved safety issue (USI A-44).
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Station blackout (SB0) refers to a loss of the offsite power supply with
concurrent failure of the two emergency ac power divisions. Reducing SB0
sequences is addressed by the proposed NRC SB0 rule. The guideline and asso-
ciated criteria developed by the present study emphasize the need to search
for plant specific features and potential common cause failures which could
disable systems required to work during an SBO. For individual plants which
are found to have a vulnerability to SB0, the criteria highlight the inipor-
tance of proper emergency procedures and operator training in recovering from
an SB0 event.

For the BWR-4/5 design, the two systems designed to operate in the pres-
ence of a station blackout are the high-pressure coolant inj ection (HPCI in
BWR-4's) or high-pressure core spray (HPCS in BWR-5's) and the reactor core
isolation cooling (RCIC) systems. By removing the long-term SB0 sequence re-
lated to ac dependent failure modes of either system, the SB0 CDF can be sig-
nificantly reduced.

3.3.3 Loss of Containment Heat Removal

Accident sequences involving loss of containment heat removal (e.g., TW)
were found to be quite important in the earlier PRA studies such as the Reac-
tor Safety Study (RSS)7 and the Browns Ferry IREP.8 In those studies, the TW
sequences accounted for 53% and 50% respectively of the total C0F. Owing
partly to differences in the PRA methodology employed, as well as to differ-
ences in the plant design and operation of safety systems, the TW sequences
were determined to be less important in the LGS PRA (about 6%) C0F. For the
SNPS PRA, however, the TW sequences still contribute significantly (about
15.5%) to the C0F. Therefore guidelines have been developed in Section 4 to
control the frequency of TW sequences.

There are a number of factors contributing to the reduction in the rela-
tive importance of the TW sequences for the Limerick station. The containment
heat removal system in Limerick is more reliable than that of the BWR plant
considered by the RSS. Furthermore, the methodology employed in the LGS PRA
is more detailed and realistic, particularly because it takes into account the
possibility of recovering from a failed state in the containment heat removal
(CHR) system. Al so, when the RSS was performed, it was assumed that overheat-
ing of the suppression pool failed emergency core cooling (ECC) injection and
therefore the containment failed with a conditional probability of unity. ECC
injection failure came about either by failure to maintain NPSH conditions for
the ECC pumps because of the heated pool or, surviving that, loss of their
suction source by some overpressure failure of the containment itself. Since
that early study, investigations into ECC pump survivability have demonstrated
that the pumps have a substantial likelihood of successful operation given a
heated suppression pool . In particular, the emergency pumps in the Limerick
station have improved NPSH capability.

The concern over containment failure can further be mitigated by install-
ing a containment (wetwell) venting system (refer to Table 4.1). As discussed
in the BNL review of the LGS PRA, the availability of such a system can exert
considerable influence on reducing the C0Fs associated with the TW sequences.
Establisning alternate sources of injection capability can also avoid reliance
upon an overheated suppression pool (refer to Table 4.6).
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3.3.4 Support System Interdependencies

Most PRAs have stressed the importance of unrecognized interdependencies
having the potential to compromise the performance of many critical safetysystems. In many cases, risk assessment studies have identified such vulnera-
bilities very early in the study and "fixes" have been made which substan-
tially reduce risk. The vulnerability of ECC equipment to flooding has 'been
identified for the SNPS and "engineering judgement" indicates that it may be
useful to search for the existance of such interdependencies in other Mark IIplants.

3.3.5 Flooding Within the Reactor Building

One of the accident sequences, whose potential for contributing to the
C0F was specifically evaluated in the SNPS PRA, is the release of excessive
water into the reactor building (RB), Both the SNPS PRA and the BNL review of
the SNPS PRA revealed that accident sequences induced by such an initiator
contribute substantially to the CDF (3.9x10-6 and 2.0x10-5, respectively).

At the SNPS, the majority of safety-related equipment is located through-
out the RB, which surrounds the liark 11 containment structure. The largest
concentration of safety-related equipment, including all of the emergency core
cooling system (ECCS) pumps, is located in the elevation 8 compartment (the
lowest level of the RB). Although such an arrangement has the advantage of
easy maintenance, good personnel access and the capability for compartment
ventilation by natural circulation, there is also a remote possibility of a
common-mode event disabling all the equipment in the compartment. Large water
leakage from equipment in the reactor building, for example, will drain to the
elevation 8 compartment via openings or stairwells, causing a high water level
which may disable the ECCS equipment.

In view of the potentially significant impact, the SNPS PRA's evaluation
of the CDF because of RB flooding was accorded a special review by BNL. Three
flooding depths (1 ft. 3 in.,1 ft.10 in., and 3 ft.10 in.) were determined
to be crucial to the unavailability of various ECCS equipment. The initiator
event trees were, therefore, revised accordingly.

To help ensure that other Mark 11 plants with a similar safety-related
equipment layout have low sequence frequencies because of RB flooding, guide-
lines and criteria are provided in Section 4.3. In particular, two issues
identified by the BNL study are addressed: The random failure of an equipment
protection circuit breaker and the failure of Shoreham Plant Frocedure Guides
to require a systematic check of system parameter indicators in the control
room following a RB flooding alarm annunciation.

3.4 References for Section 3

1. "Probabilistic Risk Assessment - Limerick Generating Station,"Philadel-
phia Electric Co. ,1982.

2. "Probabilistic Risk Assessment - Shoreham Nuclear Power Station," Long
Island Lighting Company, June 1983.
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4.
GUIDELINES AND CRITERIA FOR A BWR WITH A MARK II CONTAINMENT

In Section 3, those accident sequences and sequence-types that dominate
the core-damage frequency (CDF) were identified as were those that are poten-tially of h'gh consequence. Vulnerabilities of the Mark II containment to
severe accident containment loads were discussed and those features of a BWR
with a Mark 11 containment (BWR Mark II), which are important for preventing
core damage and available for mitigating fission-product releases to the en-
vironnent were identified.

Based on the "insights" from previous PRA studies and other severe acci-
dent sequences, the following sections provide guidelines defining "determin-
istic, plant-specific guidance on the design features and operating character-
istics which are to be examined by the utilities,"I and
"deterministic standards for judging the acceptability of plantcriteria definingfeatures."From SECY-86-76,2 further guidance is provided in defining guidelines and cri-
teria. These guidelines "will specify the plant features and operator actions
which are considered important to ensuring acceptable risk for the referenceplant =2 Further acceptance criteria (for the various guidelines
ify the attributes necessary to ensure acceptable performance.a 2 ) "will spec-

Based on this work, nine guidelines were developed which reflect the
importance of these features to plant risk. As discussed in Section 2 21
these guidelines indicate areas of potential improvements for various areas of

..

plant design and operation of which utilities should be aware when conductingassessments. It is further noted that a number of the guidelines appear to
overlap various generic issues as defined by the NRC. Final resolution and
disposition of these generic issues may encompass NRC-imposed requirements.
However, the guidelines and criteria presented herein are intended only forthe purposes noted above. The guidelines are summarized in Table 1.1.

Guidelines 1 and 2 were developed to ensure the capability to mitigatefission-product releases (Goal 1) with reference to maintaining containment
integrity and maintaining suppression pool effectiveness.

Guidelines 3 and 4 were developed for controlling the frequency of high-
consequence sequences (Goal 2) with r9ference to minimizing interfacing sys-

! tems LOCA frequency and mitigating anticipated transients without scram (ATWS)sequences.

Finally, Guidelines 5 through 9 were developed for reducing high core-
damage frequency sequences (Goal 3) with reference to mitigating station
blackout (SBO) sequences, mitigating loss of containment heat removal se-
quences, enhancing reactor pressure vessel (RPV) depressurization performance,
examining support system interdependencies, and mitigating floods within theI reactor building.

;
The remainder of this section is organized into three subsections corre-

| sponding to the three basic goals. In each subsection, the corresponding|

guidelines are discussed from which detailed criteria are developed in order
to provide standards by which each plant could be measured for compliance withthe guidelines. The criteria address (see Section 2.2.2), under severe acci-
dent conditions, the general issues of (1) survivability of equipment (i.e.,
whenever credit is given for a systen or a component to mitigate the accident,,

1
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the ability of the equipment to function under the environmental conditions
and fluid dynamic loads associated with severe accident sequences must be
taken into account), (2) equipment capabilities, capacities, and duration of
operability, (3) accessibility of equipment, (4) availability of support sys-
tems, (5) identification of necessary components, (6) identification of impor-
tant operator actions, and (7) identification of parameters for initiation of
mitigating systems and operator actions.

4.1 Mitigate Fission-Product Releases

In order to minimize off-site consequences for the dominant core damage
sequences, the BWR Mark 11 containment systems (both primary and secondary)
should be able to retain a substantial fraction of fission products released
even under severe accident conditions.

4.1.1 Maintain Containment Integrity and Suppression Pool Effectiveness
(Guidelines 1 and 2)

As discussed in Section 3, the most important systems for mitigating
high-consequence sequences are the containment and its suppression pool. In
addition to condensing the steam generated in an accident, the suppression
pool also acts to remove fission products from the containment atmosphere. As
long as any release path is forced through the pool (e.g. , during wetwell
venting), the pool will act to reduce the environmental release fractions by a
factor of 10 or more. Thus, these mitigative guidelines deal with maintaining
containment integrity, ensuring the effectiveness of the pool as a fission
product mitigation system.

Tables 4.1 and 4.2 provide criteria which may be used to evaluate each
plant's capability to avoid breach of the containment and suppression pool
bypass and possible suppression pool bypass mechanisms that were identified in
Section 3.

4.2 Control the Frequency of High-Consequence Sequences

In Section 4.1, guidelines and criteria were developed that should effec-
tively ensure containment integrity and mitigate fission-product releases for
the broad classes of accident sequences that were found in Appendix A to be
important to the core-damage frequency. However, two accident sequences were
identified for which the BWR Mark 11 containment has limited means of mitigat-
ing fission-product releases; namely an interfacing systems LOCA and an ATWS
with a power transient. In this section, guidelines and criteria for control-
ling the frequency of occurrence of these patentially high-consequence se-
quences are developed.

4.2.1 Interfacing Systems LOCA (Guideline 3)

In general, BWR PRAs have found the interfacing systems LOCA (ISL) to be
a highly unlikely event (less than 10-7/ reactor year). However there are some
BWRs (e.g. , Shoreham) for which the ISL is risk significant because of the
potentially high releases. The objective of this guideline and associated
criteria is to ensure that the frequency of ISL events is kept at an accept-ably 1ow 1evel . BNL is presentiy performing a study to provide technical
support to the NRC for the meaningful resolution of the generic issue related
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to ISL (GI-105). Therefore, the criteria for this guideline should be con-
sidered appropriate pending resolution of the generic issue.

In order to control the frequency of ISL sequences, specific perfornance
criteria have been developed to assess the performance of equipment, systemsand operators.

The criteria rel ate to equipment (low-pressure systemsinterfacing with high-pressure systems) and
and relief valve maintenance and surveillance). operator performance (isolation

-

Detailed criteria developed for this guideline are given in Table 4.3.
4.2.2 Anticipated Transients Without Scram (Guideline 4)

The important attributes of the ATWS sequence with respect to operatoractions were found 3 to be the likelihood of misleading instrumentation, theneed to inhibit automatic safety systems, the use of required mitigating
actions 7hich conflict with operator response'to' other accident conditions,and the need for coordinated
crew nenbers under highly stressful conditions. actions and communications among controlroom

For the ATWS guideline, the perfomance of equipment, systems, and opera-
tors should be assessed against specific perfomance criteria to ensure suc-cessful use of this guideline. The criteria relate to the equipment, systems,
and operator perfomance by emphasizing operator familiarization, aids, and
understanding of potentially conflicting signals.

Detailed criteria developed for this guideline are given in Table 4.4 aM
ars 'oased upon the assumption that each of the plants is (or will be) in com-
pliance with the NRC rule on "Reduction of Risk from Anticipated TransientsWithout Scram for Light-Water-Cooled Nuclear Power Plants.""

4.3 Reduce High Core-Damage Freauency Sequences

The major contributors to the core-damage frequency (CDF) for both theLGS and SNPS were presented in Section 3.3. The PRA analyses perfomed for
these plants indicate that the TQUX sequences (failure to depressurize the RPV
for injection with low pressure systems) and the SB0 sequences are prominentcontributors to the CDF.

The results of the SNPS PRA and the BNL review of
the SNPS PRA further suggest that besides these two types of sequences, other
sequences, namely, the ATUS sequences and the loss of containment beat removal
(CHR) sequences (i.e., TW sequences) can also be the major contributors to theCDF. The potentially significant contribution to the CDF from sequencesinitiated by release of excessive water into the reactor building was alsoid enti fied ,

i

4.3.1 Station Blackout (Guideline 5)

In most PRAs for light-water-reactors (LURs), station blackout (SBO) se-
quences have been major or prominent contributors to the CDF.|

As part of the'

effort to resolve the unresolved safety issue (USI A-44), the NRC is proposingto amend its regulations "to provide further assurance that an SB0 (loss of
both of fsite power and onsite emergency ac power systems) will not adverselyaf fect the public health and safety."
an individual plant examination (IPE), which involve thr. loss of offsite powerFor accident sequences, developed by

,

'
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and onsite emergency power, the proposed SB0 rule should be examined for
applicability. The criteria associated wit.h Guideline 5 are intended to es-
phasize the need to search for plant specific features and potential common
cause failures which could disable systems required to work during an SBO.
For individual plants which are found to have a vulnerabili y to SB0, the cri-
teria given in Table 4.5 highlight the importanc? of proper emergency proce-
dures and operator training in recovering from ar SB0 event.

4.3.2 Loss of Containment Heat Removal (Guideline 6)

For some of the PRAs and the PRA reviews examined in this study, se-
quences with successful coolant injection but with subsequent loss of contain-
ment heat removal (CHR) (i.e., TW sequences) can be important contributors to
the CDF; in those PRAs it is assumed that containment failure causes loss of
ECC injection. As discussed in Section 3.3.3, in the PRAs wehre those se-
quences are not important, the main factor for the low contribution to CDF is
because of credit given for containment venting and alternative sources of
injection. Therefore it appears to be important to have alternate injection
sources available in addition to wetwell venting to provide adequate CHR dur-
ing accident sequences with successful ECC injection but with subsequent loss
of CHR.

Detailed criteria developed for this guideline are given in Table 4.6.

4.3.3 Reactor Pressure Vessel Depressurization Performance (Guideline 7)

In the LGS PRA and the BNL review of the LGS PRA, sequences with failure
to depressurize the reactor pressure vessel (RPV) af ter failure of the high-
pressure injection systems (TQUX sequences) are important contributors to the
CDF. A similar trend was also found in the SNPS IDCOR-IPE methodology appli-
cation and, less obviously, in the SNPS PRA and the BNL review of the SNPS
PRA. In the LGS PRA, the automatic actuation of the ADS only occurs on coin-
cident signals of "hi gh" drywell pressure and " l ow" reactor vessel water
l evel . For a large number of transients with loss of high-pressure injection,

'

these coincident signals will not occur. Therefore, the contribution of these
sequences to CDF is dependent upon the intervention by the operator to man-
ually depressurize the reactor. The failure probability for the safety func-
tion X (e.g., timely actuation of ADS) was assigned a value of 2.0x10-3/ demand
and 6.0x10-3/ demand respectively in the LGS PRA and the BNL review of the LGS
PRA. As pointed out in Sect'.on A.1, the CDF can be substantially reduced by
changing the ADS auto-actuation logic to eliminate the need for the "high"
drywell pressure signal. SNPS has already adopted this improved logic so that

the ADS will be automatically initiated if "low water" level (Level 1[/ demand)occurs.
To reflect this change, a smaller failure probability for X (8.4x10-
was employed in the SNPS PRA. The predominance of the TQUX sequences in the
core-damage profile of SNPS IDCOR-IPE methodology application is partly be-
cause of the higher failure probability (2.4x10-3/ demand) assigned to X de-
spite the logic improvement.

Detailed criteria developed for this guideline are given in Table 4.7.
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4.3.4 Support System Interdependencies (Guideline 8)

One of the primary benefits of performing a rigorous PRA is that the sys-
tem interdependencies are modeled and are reflected in the results. However,
not all PRA studies have performed ri gorous interdependence analyses and
therefore have not ferreted out all of the possible subtle interdependencies.
This may have profound effects upon their results. A dependency is defined as
the failure of one system leading directly or indirectly to the failure of
another system.

An in-depth application of basic PRA methodology with respect to interde-
pendencies yielded significant findings on a previously heavily studied PWR.
To illustrate this point, reference is made to the BNL study of system inter-
actions (support system interdependencies) at Indian Point Unit 3. The major
finding of that study was that a specific single station emergency battery
could f ail .and among other things, negate the entire low-pressure injectionfunction. The point to be emphasized aere is that none of the numerous other
studies and reviews of the Indian Point 3 design were able to detect this
important single failure nor did the BNL study until all the support systemswere explicitly modeled, linked together (the fault tree linking approach )7

and solved using the SETS computer code.8

NUREG-11509 has provided a thorough application of the latest PRA methods
to five reference plants and the results point out numerous insights into the
importance of specific design differences among the studied plants. However,
the NUREG-1150 authors emphasize the importance of support system differences
and the difficulty of extrapolating the result from one plant to another,

it is not sufficient to make a single overall dependency table of the
front-line and support systems for a given plant and simply compare that tothe reference plant. No two plants will have the same set of system interde-pendencies. Support systems vary widely from plant to plant even though the
plants may be of a similar class and have the same set of front-line systems.

It is recognized that following the steps outlined in Table 4.8, in a
rigorous f ashion, is a major undertaking. This fact, however, does not dimin-ish its importance.

Based upon the dominance of the SB0 sequences to the BWR designs, it is
also recommended that a detailed interdependency table be constructed for this
sequence with all dependencies conditioned upon the existence of an SB0 forvarious lengths of time. This table should also explicitly identify all ofthe expected failure mechanics (e.g., identify whether battery failure is
because of loss of room cooling or charge depletion).

4.3.5 Flooding Within the Reactor Building (Guideline 9)

Although medium or small leakages can be adequately mitigated by the
existing sumps or pumpback systems, large water leakages are of primary con-
cern in reactor building (RB) flooding. Potential water sources for excessive
water release into the lowest RB level include the suppression pool, the con-
densate storage tank, the reactor coolant system, the service water system and
the fire protection system storage tank. Some of the major equipment located
in the lowest RB level compartmer*, may include emergency core cooling (ECC)
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pumps and their electrical control panels for high-pressure coolant injection
(HPCI), RCIC, core spray and low-pressure coolant injection (LPCI).

RB flooding can be initiated by (1) a major maintenance which requires
exposing a safety system to the RB atmosphere, and (2) breaks in the pressur-
ized or the non-pressurized part of piping or compoaents. In item 1, "major
maintenance" refers to those actions which would require dismantling of sistem
components thus eliminating a barrier between larse sources of water and the
RB. RB flooding can partly be prevented and/or mitigated through proper
training and procedures. For example, once the RB is flooded, the operator
should be able to follow the instructions for responding to the alarm to iden-
tify the source of the flood and isolate it before the water level in the low-
est compartment reaches the critical level. The operator should also know
about alternative devices or equipment which can be utilized to provide cool-
ant injection to the reactor vessel in case of emergency core cooling (ECCS)
systems equipment failures in the flooded compartment.

l0The BNL study of SNPS revealed that although the SNPS Alann Response
Procedures give general guidelines for monitoring system parameters to deter-
mine the leakage location and initiate the leskage isolation, specific re-
quirenents for operators to systematically check the operation parameters of
relevant systems are not included. BNL also identified that the random fail-
ure of an- equipment protection electric circuit breaker coinciding with RB
flooding may result in the propagation of failures to the upstream motor con-
trol center (MCC), other MCCs, and the associated load centers. It is impor-
tant that this potential common-mode failure be avoided.

Detailed criteria developed for this guideline are given in Table 4.9.

4.4 Using the Guidelines and Criteria

Numerous investigations, including PRAs, have been performed for the
reference plants and for similar plants by both the NRC and the nuclear power
industry. The insights gained from many of the studies have been used in
developing the guidelines and criteria contained in this report (including the
other volumes relating to other plant types). The guidelines and criteria are
issued to guide the analyst performing an IPE. fhis guidance is in the form
of plant features, operator actions and the criteria for assessing those fea-
tures and actions found to be helpful in reducing the overall risk for Limer-
ick and Shoreham and other Mark II plants. Thus, the guidance is given to
provide a resource in examining the subject plant to determine if the same, or
similar, guidelines will be of value in reducing overall plant risk. These
guidelines and criteria are intended to be used solely as guidance, but they
may include (as a subset) some requirements generated by the NRC on generic
issues.

4.5 References for Section 4

1. R. Barrett, "Status of the Severe Accident Progran for Operating Reac-
tors," NRR Staff presentation to the ACRS Subcommittee Class 9 Accidents,
February 24, 1986,
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2. SECY-86-76, "Implementation Plant for the Severe Accident Policy State-
ment and the Regulatory Use of the New Source-Term Information," NRC/E00,February 28, 1986

3. W. Luckas et al., "A Human Reliability Analysis for the ATWS Accident Se-
quence With MSIV Closure at the Peach Botton Atomic Power Station, Brook-
haven National Laboratory, Technical Report A-3272, April 1986. '

.

4. ATWS Final Rule - Code of Federal Regulations, Title 10, Section 50.62,
"Requirements for Reduction of Risk from Anticipated Transients Without
Scram Events for Light-Water Cooled Nuclear Power Plants," June 1984

5. NRC Station Blackout Proposed Rul e , Federal Register, Volume 51, No.
55/ March 21,1986, pgs. 9829-9835.

6. R. Youngblood et al., "Fault Tree Application to the Study of Systems In-
teractions at Indian Point 3," Brookhaven National Laboratory, NUREG/CR-4207, January 1986

7. American Nuclear Society and Institute of Electrical and Electronics
Engineers, "A PRA Procedures Guides," NUREG/CR-2300, January 1983.

.~ 8 . R. B. Worrell and D. W. Stack, "A SETS User's Manual for the Fault Tree
'

Analyst," Sandia National Laboratori es , NUREG/CR-0465, S AND77-2051,November 1978.

9. "Reactor Risk Reference Document," U.S. Nuclear Regulatory Commision,!

NUREG-1150, Draft for Comment, February 1987.

10. K. Shiu et al., "A Review of the Accident Sequences Following an Exces-
sive Release of Water at Elevation 8' of the Reactor Building tn the
Shoreham Nuclear Power Station," Draft Report, NUREG/CR-4049, BNL-NUREG-
51835,11 arch 1985.
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Table 4.1 Criteria for BWR Mark II Containment
Guideline 1: thintain Containtment
Integrity

Concern: Breach of the containment boundary in the progression of a severe
accident can lead to significant releases of radioactivity.

' Functions: Wetwell Venting of Noncondensable Gases - (Guideline 1. A)

Guideline 1. A. Provide Wetwell Venting

Basis: Implementation of wetwell venting will significantly reduce the
potential for loss of containment integrity because of overpres-
surization events.

Caution: Containment venting should not be indiscriminately performed. A
clear understand'ing of the accident sequence in progress should
have been attained before initiating venting. The effects of
venting should have been assessed and made known to the operators
during the training program. The assessment should include the
effects of containment venting on the operation of ECC injection
systems and nealth consequences.

Criteria:

1.A.1. For accident sequences where wetwell venting has been assessed to be
.

beneficial, wetwell venting should commence, except for a station
blackout, when containment pressure reaches the predetermined contain-
ment venting pressure setpoint. In selecting the containment venting
pressure setpoint, the following functions should be ensured:

a. The ul timate containment pressure capabil i ty would not be
exceeded,

b. The backpressure acting on the safety relief valve assemblies
would not prevent them from performing their function,

c. The vent valve assemblies would not be prevented from performing
their function.

During a station blackout, wetwell venting should commence in accor-
dance with the criteria developed using the BWR Emergency Procedure
Guidelines (EPG), i.e., following the onset of the transient and
before depletion of the station batteries. If station batteries are
not available, the capability of manual initiation of wetwell venting
should be assessed (see Criterion 1. A.2).

1.A.2. If manual initiation of wetwell venting is deemed necessary, the time
required to perform this function should be taken into account in the
training and procedures to preclude the potential for exposing person-
nel to harsh (nvironment. Otherwise, the containment venting valve (s)
should be capable of being renotely actuated during a station black-
out.

30

.

O



.
.

e

Table 4.1 (Continued)
1.A.3. Operator training and emergency procedures should specify the plant

parameters that will prompt the operators to make preparation, com-
mence and terminate the venting sequence. The training and procedures
should also be consistent with the required actions and timing of
those actions so venting will commence immediately when required (see
Criteria 1. A.1 and 1. A.2). The training and procedures should further
specify the flowpath(s) available for venting, specific components to~

be aligned , and the required positions / states for these components.
The training and procedures should specify how to proceed if it is not
possible to terminate venting.

1.A.4 For each accident sequence where venting is credited (e.g., assumed to
prevent containment failure) the capacity of the vent lines and asso-
ciated vent valves should be assessed to determine whether the venting
rate has the capability to decrease containment pressure.

1.A.5. The criteria for filtering are dependent on the potential for bypass-
ing the suppression pool . Whether the suppression pool is bypassed or
not, the radiological release should be reduced by an order of magni-tude compared to no filtering. The venting flowpath should ensure
that all media to be vented pass through the suppression pool thus
providing filteMng by the pool. If the potential of a vent path to
bypass the suppression pool is high, a filter should be provided in
this vent path with the ability to reduce radiological releases by anorder of magnitude.

1.A.6. Equipment designated to support wetwell venting should be assessed for
its ability to function reliably for a sufficient period under the
predicted environmental and fl uid loads associated with venting com-mencement pressure. If necessary, it should be enhanced to include
operation during the vaporization release phase of core-concrete in-
teraction.

1.A.7. The effects of possible hydrogen burn, radiation, and/or steam on
equipment located in the reactor building oJtside of the primary con-
tainment should be considered in the venting assessment. If equipment
important to the mitigation of accident sequences is jeopardized by
venting, al ternate venting paths, j ud ged not to be de trimental ,
should be identified and assessed. Consideration should also be given
to the ef fectiveness of the reactor building blowout panels and fire
sprays to accommodate the discharge through the primtry containment
vents, thereby ensuring raactor building structural integrity.

1.A.8. The effects of possible containment depressurization on the NPSH of
the ECC related pumps should be assessed. Alternate injection sources
which are unaffected by venting should be considered.

1.A.9. The capability to terminate venting and the conditions under which
venting would be terminated should be considered in the venting

Specifically, the level of radioactivity in the wetwellassessment.
airspace should be considered with regard to the projected offsiteconsequences.

.
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Table 4.1 (Continued) ,

1.A.10. Operator training and emergency procedures sho 1 specify the possi-
ble actions to preclede deinerting the containment by terminating
venting before a negative pressure differential is reached in the
vent path.

,
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Table 4.2 Criteria for BWR Mark II Containment
Guideline 2: Maintain Suppression
Pool Ef fectiveness

.

Concern: Bypass of the suppression pool in the progression of a severe acci-
dent can lead to significant releases of radioactivity that would

I otherwise not occur if the fission products were retained in' the#
containment and/or scrubbed by the suppression pool,

s

i Functions: Suppression Pool Bypass - (Guideline 2. A)
Drywell Spray - (Guideline 2.B)

Containment Heat Removal, Fission product Scrubbing, and-

Debris Bed Ccoling

Guideline 2.A. Prevent Suppression Pool Bypass

Basis: Implementation of the following criteria will significantly reduce
the potential for bypassing the suppression pool.

Criteria:

2.A.1. The folicwing should be considered to assess whether core debris leav-
. ing the RPV can fail the drywell to wetwell gas space barrier. Some
t Mark 11 pedestal configurations allow the accumulation of core debris

in dead-end cavities, out of reach of the drywell sprays. Extensive
core-concrete interaction may subsequently open a path from the drywell
to the wetwell gas space. In other designs, the drywell downcaners
provide a path to channel debris to the suppression pool, where it is
quenched. The floor penetrations such as the downcomers, the equipment
drains and the SRV lines provide potential paths to bypass the suppres-
sion pool if they fail under direct core debris attack. Downconers are
usually anchored in the drywell to wetwell diaphragm in such a way that
their complete failure is less likely than the failure of equipment
drains and SRV lines which are generally supported by steel flanges.
Failure of such penetrations would create a direct path from the dry-
well to the wetwell gas space. Measures should be taken to prevent
suppression pool bypass because of the failure by core debris in
uncooled pedestal cavities, the failure of steel drywell floor penetra-
tions or the failure of the seals between the floor and the wall.

Guidance: Suitable ways of avoiding the accumulation of uncooled core debris
in pedestal dead-end cavities, should be considered such as to extend spray
capability to such cavities or to fill them with an appropriate mass of con-
crete and steel. The vulnerability of drywell floor penetrations should be
asses 3ed and if necessary the penetrations should be strengthened to better

iresist core debris attack.

Note: It is recognized that this is an area of phenomenological uncertainty.
If operation of the drywell spray can be demonstrated (refer to Section 2.B.),
then the potential for molten core debris to breach the drywell to wetwell gas
space barrier may be reduced and the aerosols in the drywell atmosphere will be
scrubbed, However, since drywell spray operation cannot ensure protection of
the drywell floor for all dominant accident sequences, alternative means of
meeting this criterion should be considered.,
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Table 4.2 (Continued)

2.A.2. Appropriate maintenance, surveillance and emergency operating proce- 7

dures and training should specify the actions to be taken (and inter-
vals at which these actions are to be performed) te ensure that the
containment isolation valves and vacuum breakers are capable of clos- s

ing as required and remaining closed during severe accident condi-.

tions.
.

!

2.A.3. The projected leakage rate through the main steam isolation valves
(MSIVs) should be assessed for its source term. contribution in the
dominant accident sequences.

1

2.A 4. The effect of reactor coolant system leakage accumulation and asso-
ciated radioactivity in the drywell following isolation of equipment
drainlines should be assessed for their source term contribution to
sequences where drywell venting or failure is anticipated.

>
'

Guideline 2.B. Provide Drywell Spray _

Basis: !aplementation of the following criteria should aid in decontami-
nating the drywell atmosphere of fission products, should help
control the containment pressure rise because of the decay heat

.'Inad, and should promote debris cooling.

Criteria:
,
.

'

The following should be assessed to ensure containment heat removal capabil- ;

j ity:

; 2.B.1. The heat removal provided by the drywell-spray-rel ated components !
should be sufficient to renove heat loads anticipated during the dom- '

inant accident sequences. These loads include but are not limited to
decay heat and the chemical energy released from metalic oxidation.

2.B.2. Drywell spray should commence when the containment pressure exceeds a [
predetermined value calculated in accordance with the BWR EpG or '

'

before the drywell temperature reaches the value at which ADS is qual- ;

4 a ified.
t,

2.B.3. Drywell spray should be terminated when the containment pressure de-
: creases below a predetermined value calculated in accordance with the

EPG.

Guidance: Alternate sources of drywell spray such as a diesel-driven fire
pump should be assessed for their capability to provide sufficient flow and,,'

head for adequate containment heat removal.f
!

2.B.4 The ability of equipment designated for drywell spray to function in a>

reliable manner under the predicted containment conditions associated
with sequences for which operation of the containmer.t spray is needed

,

should be assessed. t

i
,

j.
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Table 4.2 (Continued)

2.B.5. Operator training and emergency procedures should specify the flow
paths and specific components to be aligned and their required posi-
tions for initiating drywell spray. If a backup system and/or equip-
ment is to be utilized, operator training and procedures should iden-
tify the flowpaths and specific actions required for any temporary
system cross-connections.

2.B.6. Operator training and emergency procedures should specify the plant
parameters that will prompt the operators to initiate and terminate
the drywell spray. Training and procedures should be consistent with
the time required to align the system and components as required.

The following should be assessed in order to evaluate the capability of the
drywell spray to reducs fission-product contamination of the drywell atmo-
sphere:

2.B.7. The spray system should be assessed for its ability to cover the
entire drywell volume for an adequate time, with spray droplets of ani

appropriate size. Such an assessment would include the total anount
of water available for long-term spray operation, as well as the pres-
sure under which the water could be supplied to the spray headers by
various sources. The elevation of the spray in the drywell , the
nozzle spray pattern, as well as large obstructions in the drywelI
below the spray headers, should be considered when assessing volume
coverage,

in addition, to promote debris bed cooling the following criteria should be
assessed to ensure flooding of the drywell via sprays oefore RPV failure:

2.B.8. The spray initiation point (Criterion 2.B.2) should be assessed to
ensure that the sprays will be initiated early enough to flood the,

'

drywell floor before RPV failure for the dominant accident sequences.

2.B.9. The spray termination point (Criterion 2.B.3) should be assessed to
ensure that spray termination will not allow the debris bed to reheat
after it is quenched.

|
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Table 4.3 Criteria for BWR Mark 11 Containment
Guideline 3: Interfacing Systems LOCA

Concern: Although the interfacing systems LOCA sequences are not considered
to be leading contributors to core-damage frequency, they represent
potentially high release sequences and they appear to contri,bute
significantly to the overall risk for some Mark Il plants.

!
Function: Maintain Reactor Coolant System Integrity

Guideline 3. A. Prevent Overpressurization of Low-Pressure Systems

Basis: Implementation of the following criteria will ensure that the fre-
quency of an interfacing systems LOCA will remain acceptably low.

Criteria:

Note: Resolution of Generic issue 105 (GI-105), which deals with interfacing
systems LOCAs for both BWRs and PWRs, may have an impact on this guide-
line. Therefore, the criteria below should be considered as appro-
priate pending resolution of GI-105

3.A.1. All low-pressure lines that potentially could be overpressurized
should be identified and should be provided with alarms to alert the
operator to the symptoms of an overpressure event.

.

3.A.2. The equipment designated to provide isolation and prevent overpressur-
ization, such as the RHR line isolation valves or the low-pressure
injection system check valves, should periodically undergo operability
testing and local leak rate testing (LLRT).

3.A.3. The relief capability of the relief valves designated to mitigate low-
pressure system overpressurization should be established. In most if
not all cases, these relief valves were not sized with the possibility

.

'

of an interfacing systems LOCA in mind. However, given that an inter- '

facing systems LOCA occurs in a non-isolatable portion of a low-
pressure system, there may be alternatives available to the operator
such as taking advantage of additional relief valves. If such or sim-
ilar actions are found to be helpful, they should be factored into the
appropriate emergency procedures.

3. A.4. Operator training and procedures should specify the actions to be
taken to isolate the low pressure systems identified above or to de-
pressurize the primary system, thereby mitigating the consequences of'

the interfacing systems LOCA.

! 3.A.S. Af ter each r6 actor shutdown and cooldown, the isolation function of
i the pressure isolation valves should be tested. These valves should
; not be tested under reactor operating conditions,

i

,

4
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Tabl e 4.4 Criteria for BWR Mark 11 Containment
Guideline 4: Anticipated Transients
Without Scram ( ATWS)

Concern: ATWS sequences have been shown to be one of the leading classes of
severe-accident sequences both in terms of core-damage frequency
and risk.,

Function: Operator Response During ATWS (Guideline 4. A)

Guideline 4. A. Provide Operator Response During ATWS

Basis: The criteria developed here are based on the assumption that each
of the plants is (or will be) in compliance with the ATWS final
rule dated July 26, 1984 PRA studies have shown that the pre-
dicted core-damage frequency because of ATWS is si gni ficantly
lowered based upon modifications which comply with the ATWS rule.
The major thrust of the ATWS rule is on the addition and/or up-
grading of scram rel ated systems and equipment to prevent an
ATWS. Human reliability studies performed in support of NUREG-
1150 point to potential beriefits for improved operator training
and procedures to mitigate the effects of an ATWS and prevent core
damage f rom occurring. For any individual plant which may be
found to be vulnerable to ATWS, the following criteria reflect
added measures that emphasize the operator's role and function in
mitigating an ATWS initiator.

During an ATWS sequence, the operator is required to inject boron
into the reactor pressure vessel (RPV) to inhibit initiation of
automatic safety systems and to attempt to manually control and
mitigate the outcome of the event, in contrast, most other acci-
dent sequences are prevented or mitigated by systems which allow
the operator to monitor automatic system initiation and require
intervention only when a system fails to function adequately.
Thus, an ATWS sequence requires operator responses that are in
opposition to the highly trained responses required for the re-
covery and mitigation of all other off-normal and accident events.
Therefore, operator training and procedures for the ATWS sequences
should specifically prepare operators to perform the unique ATWS
actions called for in the BWR EPG as well as in the other measuresbelow.

Criteria:

4.A.1. Operator training and emergency procedures should specify the plant
paraneters that are indicative of ATWS and the actions to be taken to
verify that the reactor coolant recirculating pumps have tripped auto-matically. Additionally, they should specify the actions to be taken
if the reactor coolant recirculating pumps do not trip automatically.

37

-

I



. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

..

*

.

Table 4.4 (Continued)

4.A.2. Operator training and emergency procedures should ensure that standby
liquid control system (SLCS) injection is initiated manually, as re-
quired, during an ATWS. Operator training and procedures should also
specify the plant parameters that indicate manual SLCS actuation and
the actions to be taken and verification to be made to ensure that' the
SLCS was actuated. '

4.A.3. Operator training and procedures should ensure operator familiarity
with reactor water level control during ATWS.

Note: This unique control requires actions that conflict with nitigating
actions for all other accidents that call for flooding the RPV to
ensure the reactor core is covered.

4.A.4 Since RPV water level indicators may be inaccurate and may provide
conflicting indications of the water level, operator training and pro-
cedures should provide guidance to the operator.

4.A.5. The automatic depressurization system (ADS) should be capable of being
defeated by the operator during an ATWS before its automatic initia-
tion. Operator training and procedures should address the possible
reluctance of operators to defeat a safety system, in particular, the
need to inhibit the ADS immediately af ter an SLCS initiation attempt.

4.A.6. Operator training and procedures should specify the responsibilities
of operating staff crew members and clarify how information will be
exchanged among them. In particular, instrumentation readings may
have to be relayed between the crew member (s) operating the control
boards and the senior reactor operator coordinating the crew's re-
sponse to the accident.

4.A.7. The capability, of the systems and equipment required for mitigating
an ATWS, to function under predicted environmental and fluid loads
associated with severe-accident sequences should be assessed and to
determine whether the equipment woulf be available for an appropriate
time of operation.

4.A.8. An assessment should be made of the feasibility of establishing the
main condenser as a heat sink by reopening the main steam isolation
valves and turbine bypass valves, if possible.

,
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Table 4.5 Criteria for BWR Mark 11 Containment
Guideline 5: Station Blackout

Concern: Station blackout sequences have been shown to be one of the lead-
ing classes of severe-accident sequences both in terms of core-
damage frequency and risk.

<

.

' Functions: Reactor Pressure Vessel Injection (Guideline S. A)
Containment Integrity (Guideline 1)

Guideline 5. A. Provide Reactor Pressure Vessel Injection

Basis: Signi ficant study and research have preceded current work on
severe accidents; in particular, reference is made to the rulemak-
ing activity already under way on station blackout. It is assumed
that when the station blackout rule is finalized, some require-
ments of the rule may be similar in form to the criteria below.
Nevertheless, during an individual plant examination (!PE), it is
important to highlight those areas which previous PRAs found to be
important contributors to the station blackout core-damage fre-
quency. For those specific plants which are found to be vulnera-
ble to station blackout events, the criteria below will assist in
identifying potential areas for pl ant improvements as well as

!identifying operator actions which are key to mitigating a station
blackout event.

Criteria:
,

S.A.1. The high pressure coolant injection (HPCI) system in BWR-4's or the
high pressure core spray (HPCS) system in BWR-5's and the reactor core
isolation cooling (RCIC) system, are two systems intended for the pur-
pose of RPV injection independent of ac power. However, it has been '

postulated that these systems cannot continue operating in the pres-
ence of a prolonged blackout. The re fo re , the HPCI/HPCS and RCIC
snould be assessed with respect to extending their capability to func-

r

!tion in the presence of a station blackout.

5.A.2. Operator training and procedures should specify the plant parameters
indicative of HPCI/HPCS and RCIC initiation. Additionally, the train-
ing and procedures should specify the actions required to place in
operation and/or ensure continued operation of these systens under
station blackout conditions. ;

5.A.3. The capability of HPC1/HPCS and RCIC systems to function under pre-
dicted environmental and fluid loads associated with station blackout
should be assessed to determine whether they are available for an
appropriate time of operation.

5.A.4 Special emphasis should be placed upon the review of the ac and de
power systems to ensure that common cause failures have been elimi-
nated to the extent practical from the design.
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Table 4.6 Criteria for BWR Mark 11 Containment
Guideline 6: Loss of Containment Heat
Removal

Concern: Failure to remove the decay heat buildup in the suppression pool
floss of containment heat removal) following a transient event has
been shown to create NPSH problems for the pumps taking suction
fran the suppression pool and therefore, can lead to injection
failure, subsequent core damage, and containment failure. The RSS
indicated that this was a leading class of core-damage sequences.

Functions: Long-Term Emergency Core Cooling (ECC) (Guideline 6. A)
Maintain Containment Integrity (Guideline 1)

Guideline 6. A. provide Long-Term Emergency Core Cooling

Basis: Implementation of the following criteria will significantly reduce
the failure potential of ECC injection because of loss of the con-
tainment heat removal function (i.e., TW sequence). Maintenance
of containment integrity is addressed by Guideline 1.

Criteria:

6.A.1. Operator training and procedures should specify methods and actions
for heat removal via alternate injection path (s), in conjunction with
wetwell venting for severe accident conditions when suppression pool
temperature precludes use of primary ECC injection paths.

6.A.2. For the alternate injection path (s), it should be demonstrated that
the flow would be sufficient to preclude core damage.

6.A.3. If local operation of any equipment is required, the time required to
perform these functions should be consistent with the time available
to help prevent core damage and account for personnel exposure to the
predicted severe-accident environment.

6.a.4 The capability of equipment used for alternate injection to function
under the predicted environmental and fl uid loads associated with
severe accident sequences should be assessed to determine whether the
equipment would be available for an appropriate time of operation.
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Table 4.7 Criteria for BWR Mark II Containment
Guideline 7: Reactor Pressure Vessel
(RPV) Depressurization Performance

,

Concern:
Sequences in which failure to depressurize the reactor pressure
vessel (RPV) after failure of the high-pressure injection systems
(HPIS) have been shown to be a leading contributor to the core- ,

damage frequency. Many of these sequences do not create the con-dition necessary to actuate the A05.
'

iFunction: RPV Depressurization (Guideline 7. A)

Guideline 7. A. Provide RPV Depressurization >

Basis: Ir, 'ementation of the following criteria will significantly im-
prove the response of the ADS to facilitate depressurization of
the RPV in order that low-pressure systems may be used to provideECC injection. !

'

Criteria:
!

.

7.A.1.
The RPV should be capable of being automatically depressurized as may
be required for all dominant accident sequences.

.

Guidance:
An example of an acceptable modification to BWR-4/5 designs is the

design change at Shoreham wherein the high drywell pressure signal was removed
from the coincidence logic for automatic ADS actuation and the time delay foractuation has been lengthened.

'

likelihood of concurrent ac and de power failure.ASEP results for Peach Bottom indicated a high
,

Plants with similar vulner-abilities may consider a dedicated backup de supply to ensure depressurization
capability under station blackout conditions.

7.A.2. The ADS should be capable of initiation and operation under the envir-
onmental conditions associated with the dominant;

accident sequences.
In particular, the ADS should be capable of operating under the maxi-
mun pressure anticipated before venting (see Criteria 1. A.1).

7.A.3. Operator training and procedures must ensure reliable manual controlof RPV depressurization.
'

. 7.A.4. The capability of the systems required to provide RPV depressurization! (e.g., batteries and air supplies) to function under the predicted en-
vironmental conditions and fluid loads assocated with severe accident3

sequences should be assessed to determine whether the equipment would! be available for an appropriate time of operation.
|
4

l
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Table 4.8 Criteria for BWR Mark 11 Containment
Guideline 8: Support System
Interdependencies

Concern: When conducting a pRA, IpE or similar analysis, it is imperative
that the support system interdependencies be fully developed, un-
derstood and reflected in the final results. Otherwise there is

'

no assurance that the dominant core-damage / risk sequences have
been identified.

Function: Support System Interdependencies (Guideline 8. A)

Guideline 8. A. Examine Support System Interdependencies

Basis: Implementation of the following criteria will ensure that the full
set of support system interdependencies have been identified and
have been reflected in the results.

Note: The following criteria are easily outlined but are not easily imple-
mented. The complex nature of a nuclear power plant makes it impera-
tive that this area of analysis be fully examined. However, since no
two plants have identical support systems this analysis can only be
done on a plant-specific basis.

Criteria:
'

8.A.1. All systems that provide any direct support to either a frontline or
support system should be identified along with its supported system.

8.A.2. Each dependency should be conditioned as appropriate as to what se-
quences or under what (if not all) circumstances it applies. In view
of its importance, a separate station blackout dependency table should
be provided which gives the available systems, their anticipated sur-
vival period and the ultimate cause (e.g., no room cooling) of their
failure.

8.A.3. The dependencies should then be linked together (preferably by comput-
er) within the analysis in order that the extent to which their in-
fluence reaches through the systems to a consequence will be dis-

! covered. This will help identify secondary dependencies to ensure
that no one failure in a support system has any unknown critical out-
come on other support or front line systems.

|

|
1
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Table 4.9 Criteria for BWR Mark II Containment
Guideline 9: Flooding Within the
Reactor Building

Concern: An excessive water release into a portion of the reactor building
(RB) outside the primary containment which houses a concentration
of safety-related equipment raises the possibility of a comon-,

mode event disabling all the equipment in the compartment. At
.

least one plant with a Mark 11 containment has been identi fied
in which the location of safety equipment, including all ECCS
pumps, in the lowest RB level makes the flooding initiator a sub-
stantial contributor to CDF.

Function: Prevent or Jiitigate RB Flooding (Guideline 9. A)

Guideline 9. A. Prevent or Mitigate Reactor Building Flooding
Basis: Implementation of the following criteria may reduce the potential

of a common-mode failure of safety equipment because of R9 flood-
ing in Mark 11 containments where RB 1ayout combines important
safety equipment in low-lying portions of the RB with exposure topossible inundation.

Criteria:

9.A.1. Operator training and procedures should ensure that the operator will
diagnose and isolate any flooding of the RB that occurs.

9.A.2. Operator training and procedures should ensure that the operator is
aware of alternate injection sources still available if flooding
causes a common-mode failure of ECCS equipment.

9.A.3. The electrical system should be assessed for the possibility of cas-
cading failures because of flood-ind uced electrical shorts. Add i-tional isolation devices (e.g., ci rcui t breakers) should be con-sidered, if needed.

9.A.4. Water-tight doors in the lower levels of the RB should be alarmed to
notify the operator when they have been left open.

,_
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APPENDIX A

SEVERE ACCIDENT RISK INSIGHTS

A.1 Core-Damage Profiles

The principal objective of this appendix is to present a survey, within
the scope of this study, of the core-damage profiles emerging from 'she Proba-
bilistic Risk Assessment (PRA) of both the Liperick Generating Statvon (LGS)I
and the Shoreham Nuclear Power Station (SNPS) (BNL),and from theti PRA reviews per-formed by Brookhaven National Laboratory @ich were reported in
NUREG/CR-3028 3 (for LGS PRA) and NUREG/CR-4050'' (for SNFS PR*).Reference is
also made to the Review Insights on the Probabilistk R)sk Assessment for the
Limerick Generating Station (NUREG-1068)s published oy the U.S. Nuclear Rggu-
latory Commission. The core-damage profile developed in the recent repo,t by
the Long Island Lighting Company (LILCO) entitled, "IDCOR Individual Plant
Evaluation Method Applied to Shoreham Nuclear Power Station" is also briefly
reviewed and cited for comparison. Discuss 1Ms on the core-damcqa pmfiles
for the LGS and SNPS are presented separately in Sectioa A.1.1 ana Section
A.1.2. Emphasis is placed upon describing the jenerai characteristics of the
core-damage profiles and identifying the safety functftn f ailures pertaining
to dominant core-damage sequences to establish the basis f;r tda guidelines
and criteria presented in this report. The major differences between the
core-damage profiles obtained from the ori,inal PRAs ind from the Bri revf ews
and the Industry Degraded Core Rulemaking Program (IPcG) Individua.1 Plant
Examination (IPE) methodology application a b G. scribed, d!ang with the
reasons behind them.

A.1.1 Core-Damage Profiles for Limerick Genera ing Sta ion

A.1.1.1 LGS PRA Core-Damage Profile

in the LGS PRA study, the Reactor Safety Study (RS3) tyne avent tree
techniques were utilized to develop the poten* |11 sequances v/ cuN-damage
accidents. Accident sequences were deri..ed in terms of combinatio% of safety
function failures, such as loss of high-pressure i Ajection, loss of Sontun-
ment heat removal (CHR), or failure of reactor scram, given the ocbrrer a oi
an accident initiator. For each of the accident initiators, these comb 4na-
tions were generated by constructing the functional event treM, The branch
point split fractions of the event tree top events were calcul/ted as prQa>

.

bilities of function failures with the aid of functional fault trees or 9nc-tion level event trees, etc. The frequency of each core-darr.hge sequence was
computed by multiplying together the failure probabilities of the functions
involved in the sequence along with the frequency of the corresponding initia
ator.

Twelve functional event trees were constructed to modal the plant re-
sponses to the various accident initiators, which were grouped into thiee gen-'

eral categories, namely, transients with successful scram, losno'-co tlani, ac-
cidents (LOCAs), and anticipated transients without scram (AlWS). A total of
86 core-damage sequences
quencies larger than 10 pere identified, 35 of which were (Ond to Mye fre-per reactor year. All the core-dainage saquendes
were divided into the following classes according to the scenarin and charac-
teristic of core damage.

9
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Class 1: Core-damage sequences characterized by loss of coolant makeup and.

core damage prior to containment failure, d

Class 11: Core-damage sequences which involve loss-of-long-tern CHR with.

subsequent core damage.

Class !!!: ATWS sequences with rapid core damage before containment fail-.

ure.

Class IV: ATWS sequences with containment failure before core damage..

Containment failure expedites the loss of coolant makeup capability, re-
sulting in core damage.

In Table A.1, the top 20 core-damage sequences obtained in the LGS PRh
study are ranked in descending order according to frequency. They account for
approximately 95% of the total core-damage frequency (CDF). Several pertinent
observations from this table with respect to core-damage classes and individ-
ual core-damage sequences follow:

(1) The class that contributes most significantly to core damage is the loss-
of-core-cool ant inventory makeup class (Cl ass I), which contributes
roughly 82% of the total CDF. Classes 11 and Ill each contributes about
6%, while Class IV contributes only 2%.

(2) When the accident sequences originating from the same initiator are
grouped together, he most dominant group belonging to Class I is the sum

T UV andof T UX, which contributes roughly 44% of the total CDF.E E
Dese sequences are initiated by the loss of offsite power (T ) f0I-E
lowed by loss of high- and low-pressure injection systems (UV), or fail-
ure of high-pressure injection along with failure to perform timely man-
ual depressurization of the reactor vessel (UX).

(3) The most dominant sequence in Class 11 is T PW, a turbine trip withT
failure of safety / relief valves to close (P), followed by a loss-of-long-
term CHR (W).

(4) tiechanical failures of the reactor scram system following a turbine trip
or loss of feedwater dominate Classes III and IV, respectively.

(5) 90% of the total CDF is attributable to the top 13 accident sequences,
with 88% of these sequences categorized as Class 1.

(6) Overall, the most dominant sequences are T UV anu TpQUX, contributingE
40% and 24%, respectively, of the total CDF.

(7) The top f''e r:cident sequences, all belonging to Class I, involve fail-
ure of the high-pressure injection system (U). The most dominant se-
uue6ce, / UV. elso involves f ailure of low-pressure injection.E

(a) 'r'ot. of thc top five accident sequences involve f ailure of timely manual
ar,tuation of the automatic depressurization systen ( ADS).

(9) Accident sequer.ces initiated by loss-of-offsite power (T ) contributeE
more thtq W, of the total CDF.
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It is worthwhile to make a few remarks on the relative importance of
safety function failures displayed by these dominant core-damage sequences
compared to those revealed in the RSS. In contrast to the findings made in
the RSS, sequences involving transients coupled with a loss of CHR function,
i.e., TW sequences, make relatively minor contributions to the total C0F. In
the RSS, such accidents were found to have the highest frequency, followed in
order by ATWS sequences and transient sequences involving failures of high and
low pressure injection systems. The opposite trend found in the LGS PRAI
study can be attributed to the difference in the PRA methodology employed as
well as the difference in the plant design. The CHR system in the Limerick
station has a higher reliability compared to that of the BWR plant considered
in the RSS. After the inception of the transients, there is a period of 20
hours, during which CHR can be recovered. Unlike the RSS, the methodology
employed in the LGS PRA takes into cecount the possibility of recovering theCHR system after initial failure. A similar explanation can be offered with
regard to the relatively insignificant contribution by the ATWS sequences to
the total C0F in the LGS PRA. Following the suggestion made by the NRC staff,
the LGS design incorporates the alternate-3A modi fication in the ATWSprevention and mitigation system. Also, the modeling and quantification of
the ATWS sequences in the LGS PRA attempt to be more accurate than the
conservative quantification used in the RSS.

.

A.1.1.2 BNL Review of LGS PRA
1

The primary purpose of the BNL review was to examine the risk profilesIpresented in the LGS PRA report and compare them to those identified in the
RSS.7 The review included technical assessment of the assumptions and methods
used in the LGS PRA as well as reevaluation of the results and general method-
ological framework of the LGS FRA study. This was achieved by carrying out
both qualitative and quantitative analyses of accident initiators, data bases,,

accident sequences l eading to core damage, core-mel t phenomena, ftssion-
product behavior, and offsite consequences. The BNL reassessment of the LGS
core-damage profile and revisions to the quantifications, focused upon thefollowing areas:*

(1) Addition to the system modeling of the failures of support systems (such
as ac power, dc power, and service water), and estimation of the impact
of support system dependencies at the accident sequence level.

(2) Modification of the various event trees and faul t trees to account for
common mode failures such as failures of shared hardware and process
coupling between frontline systems perfonning the same or dif ferent
safety functions.

(3) Partial modifications of the ATWS event trees and system fault trees.

(4) Reassessment of the frequencies of the transient initiators and system
unavailabilities.

Within the modifications and changes mentioned above, the total CDF was
fond to be 1.0x10-'' per reactor year, almost a factor of seven increase from
the results of the LGS PRA. If the BNL reassessed frequencies of transient
initiators are not used, the total C0F becones 8.0x10-5 per reactor year.
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This latter value is cited as the estimated LGS C0F because of internal events
in the NRC staff review (NUREG-1068).

The BNL reassessment identified a total of 53 sequences. 43 of which were
1 found to have a frequency greater than 10-8 per reactor year. The top 20

sequences identified in the BNL revised core-damage calculations (incorporat-
ing all the above changes) are tabulated and ranked in Table A.2, along with
their rarking in the LGS PRA. As a result of including support systems depen- ,

dencies, six new sequences were identified in the BNL reassessment, four of
which appear in Table A.2, (T (OC), T (AC). T (WSW), and Tr(DC)).T T T

In the BNL revised calculations, the top six sequences were found to con-
tribute 90% of the total CDF. In the LGS PRA, the same percentage was attrib-
uted to the top 13 sequences. The top nine sequences in the BNL review con-
tribute 95% of the total CDF, with all but one sequence (TpQW, ranked 7th)
categorized as C1 ass 1. C1 ass I core-damage sequences contribute 96% of the
total CDF, with the remainder being made up by Class II and III sequences.
Since the BNL review reclassified the sequence T CgW12E from Cl ass III/IV
to C1 ass III there is virtually no contribution to C0F from C1 ass IV.

The top five sequences identified in both the LGS PRA and the BNL review
! are identical, except for a minor reordering of the ranking. In both studies,
i the first two sequences TpQUX and T UV, dominate the core-damage profiles,E

contributing 69% in the BNL review and 64% in the LGS PRA. The sequences,
Tp0W (loss of feedwater with failure of long term CHR) and Tp0VV (loss of

'

feedwater with failure of high- and low-pressure injection systems), which
ranked 12th and 15th, respectively, in the LGS PRA, are ranked 7th and 9th in
the BNL review because of the significant dependencies existing between the

.

initiators and the availability of the feedwater/ power conversion systems
(FW/PCS). The significance of the loss of support systems, such as dc
electric power and service water, is refl ected in sequences T (DC) andiT (WSW), both of which are among the ten most dominant sequences in the BNL7
reassessment.

A concise description of the top five accident sequences, estimated to
contribute 78% and 89% of the total CDF by the LGS PRA and the BNL review is
given below, along with an explanation for the quantitative discrepancy be-
tween the two assessments. The frequency shown inside parenthesis corresponds
to that of LGS PRA.

(1) Sequence T QUX, 3.7E-5* (3.63E-6)/ry.F

This sequence is initiated by reactor isolation (nain steam isolation
valve (MSIV) closure, loss of condenser vacuum and loss of feedwater), fol-
lowed by failure to restore the feedwater and condensate system, loss of high>

pressure injection and failure of timely manual actuation of the ADS. The
larger f requency obtained by the BNL review can be ascribed to high T Q

F(loss-of-feedwater and power conversion system) dependency as well as the use.

of high high-pressure coolant injection (HPCI) unvailability and higher human!

! error probability (HEP) for depressurizing the reactor (X). The higher HEP
| was determined prior to the the implementation of Three Mile Island (TMI)
| Action Plan Item II.K 3.18 regarding modifications to the actuation logic for
l

*3.75E-5 = 3.7x10-s,
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ADS and so may not be fully representative of the current plant design. The
improved ADS initiation logic involves bypassing of the high drywell pressure,

trip and the addition of a manual inhibit switch. Implementation of this
logic modification eliminates the need for manual depressurization of the
reactor vessel for certain transients such as a stuck open safety relief valve

I or a steamline break outside containment with HPCI failure. The failure prob-
ability for depressurization of the reactor vessel, X, can thus be signifi-
cantly reduced. The corresponding sequence frequency reduction is estimated
to be about a factor of six for the Tp0VX sequence, according to the NRC
(NUREG-1068) report.s The C0F can be reduced by a factor of 2.3. These com-
ments also apply to sequence discussions 3, 4, and 5 given below, all of which' involve safety function failure X.

(2) Sequence T UV, 3.2E-5 (5.9E-6)/yr.E

This sequence, ranked first in the LGS PRA, is initiated by loss of off-
site power, with concurrent loss of onsite power because of a common cause
failure of all diesel generators. There is no timely recovery of ac power and
the inventory makeup (high- and low-pressure injection) systems al so fail.
Higher initiator frequency and higher HPCI unavailability used in the ONL cal-
culation are mainly responsible for the large increase in the frequency. As
stated previously, BNL has quantified the effect of support system dependen-
cies (ac, de, and service water) at the accident sequence level, and this has
led to a significant increase in sequence frequency. It should be mentioned
that an improved design to achieve an Titernate method of HPCI and reactor
core isolation cooling (RCIC) room cW .ng during the loss of of fsite power
events is currently being inplemented at Limerick. The NRC (NUREG-1068)sreport estimates that it will reduce the sequence frequencies for T UV and

ET UX by roughly a factor of 1.2.E

(3) Sequence T UX, 8.6E-6 (6.9E-7)/yr.E

This sequence is initiated by loss-of-offsite power and involves loss-of-
high-pressure injection either because of failure to recover ac pnwer or be.
cause of random failures, followed by failure to manually actuate ADS. Higher
values used for the initiator frequency, the HPCI unavailability ar.d the HEP
(to initiate the ADS) contribute to the large increase in the BNL estimated
frequency.

(4) Sequence T QUX, 8.0E-6 (7.73E-7)/yr.T

This sequence is initiated by a turbine trip, followed by loss of feed.
water, failure of high-pressure injection and failure to perform timely actua-
tion of ADS. The nearly tenfold increase in the frequency can be attributed
to a higher turbine trip frequency, a larger HPCI unavailability and a higher
HEP (for manual depressurization) used in the BNL reassessment.

(5) Sequence TguX, 4.0E-6 (6.8E-7)/yr.

The initiator of this sequence is an inadvertent opening of a relief
valve. A failure of high-pressure injection and failure to manually initiate
ADS follow. The sixfold increase in the frequency can be ascribed to a higher
initiator frequency, higher HPCI unavailability and HEP (for manual ADS actua-
tion) employed in the BNL calculation.
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A.1.1.3 Summary of LGS Core-Damage Profile

The relative contributions to the total C0F by the dominant sequences
identified in both the LGS PRA and the BNL review can be summarized as fol-
lows:

(1) The LGS core-damage profile is essentially dominated by the sequence
types, TQUX and TQUV (specifically, Tp00X, T QUX, T UX, T UX,T E ITp0VV) and the station blackout (SB0) sequence, (specificaTly T UV).E
The contributions from these sequences amount to roughly 90% of the total
C0F. All of them belong to Class I. The most dominant sequences gre-T UV, contributing 37% and 32% (in the BNL reassessment ),Tp00X and E
respectively. The major safety function failures pertaining to these
sequences are loss of feedwater, loss of high- and low-pressure injection
systems and failure to perform timely ADS actuation. As pointed out
earlier, however, if the improved ADS initiation logic and procedures to
achieve an alternate method of HPCI/RCIC room cooling are implemented,
the contribution to C0F by TQUX and T UV sequences can be significantlyE
reduced.

(2) Contributions from sequences involving failure of the CHR (TW), and fail-
ure of reactor protection systems (ATWS) are relatively insignificant,
each contributing approximately 3 to 4%.

(3) The BNL reassessment 3 identifled six new sequences involving failures of
support systems such as de power, ac power, and service water. Their
combined contribution to the total C0F, however, is only about 4%.

(4) Accident sequences induced by loss of offsite power contribute more than
40% of the total CDF.

A.1.2 Core-Damage Profiles for the Shoreham Nuclear Power Station

A.1.2.1 SNPS PRA Core-Damage Profile

2The methodology employed in the SNPS PRA for def'.ning accident sequences
and quantifying the frequency of core damage is essentially identical to that
described in the previous section for the LGS PRA. The major difference frm
the RSS method is that, in addition to functional and systemic event trees and
system fault trees, three variations of these logic trees, namely, time phased
systemic event trees, functional fault trees, and functional level event trees
were utilized. Twenty-one functional event trees were developed for the var-
ious accident initiators, which were divided into four general categories
(transients. LOCAs, ATWS, and low frequency transients). More than 380 acci-
dent sequences were identified,164 of which had a frequency larger than 10-8
(per reactor year). Of these, 71 sequences had a frequancy larger than 10-7,
and 15 of these sequences had a frequency larger than 10-6 All the core-
damage sequences were grnuped into the following five classes, the definitions
of which differ somewhat from those described earlier for the LGS PRA.

Class I: Core-damage sequences characterized by the loss of core inventory.

makeup and core damage before containment failure. Class I is further sub-
divided into Classes IA, IB, IC,10, and IE. The definition of these sub-
classes is shown in Table A.3
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Class II: Core-damage sequences involving loss-of-long-term CHR function,

.

resulting in containment failure, which may be followed by core damage.
. Since only part of this class will result in core damage, the SNPS PRA'

defines this to be a core vulnerable state. In the BNL review, it is
considered a core damage state, although core damage will not always occurfollowing containment failure.

.

Class Ill: Core-damage sequences characterized by a LOCA in the drywell.
.

'

This class is further subdivided into Classes I!!A,1118, IllC, and 1110,
the definition of which is also given in Table A.3.

Class IV: ATWS sequences with containment failure prior to core damage.
.

Class V: Sequences involving a LOCA outside containment, bypassing the
.

suppression pool and drywell.

The SNPS PRA estimated the total CDF to be 5.5x10-5 per reactor year.
The respective contributions to the total frequency from the different core
damage classes are summarized in Table A.4, for the various sequence initi-ators. (Table A.4 also shows the results of the BNL review" as well as
results recently obtained by LILC0's applying the 10COR-IPE methodology to the
SNPS. Discussion of these latter two results and their comparison with the
SNPS PRA core-damage profile will be presented in subsequent sections.)

The largest contribution to the CDF comes from Class I, loss-of-coolant
makeup, with 58% of the total C0F. The top 30 dominant sequences are listed
in Table A.5 in order of descending frequency. As this table shows, a strik-
ing feature of the SHPS PRA core-damage profile is the lack of dominant se-
evences. The profile consists of a large nunber of sequences, each with a
snali contribution to the total C0F. This is in sharp contrast with the pro-
file of the LGS PRA where a small number of accident sequences dominate. It
should also be noted that the 30 top SNPS PRA sequences only account for 731

,

i of the total C0F.

To aid in identifying important safety function failures, the sequences
listed in Table A.5 are examined according to their core-damage sequence clas-

-

sification rather than individually. The sequences belonging to the same
class or subclass are further divided into sequence types defined by certain!

sequential failures of safety functions, given an initiator. C0F contribu-
tions from various sequence types are presented in Table A.6 for all the per-tinent sequence classes. Though they are based only on the top 30 sequences,
the relative contributions among the classes show similarity with those dis-
played in Table A.4, which wer derived from all the accident sequences. For
example, Table A.6 shows that contributions from Classes I and IV are 62% and
27%, respectively. Table A.4 shows their contributions to ba 58% and 25%, re-spectively.

Two sequences, T QUX and T CgC , are seen to have relatively large con-I 9 2tributions (about 22% each) to the C0F, The former is characterized by a loss
of both feedwater system and high-pressure injection functions (RCIC and HPCI)
as well as failure to manually initiate timely depressurization of the reactor
using ADS. The latter comprises various ATWS sequences caused by a mechanicalfailure of the scram system, followed by failure of adequate reactivity con-trol through poison injection. The TsW sequence, which involves failure of
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the CHR system, and sequence types such as TcVX, T 00X', and T DIQ, areO2
also seen to be relatively important.

Distribution of C0F according to accident initiators is shown in Table
A.7 for each of the classes. Note that the results are based on all of the
accident sequences identified in the SNPS PRA.2 For Class I, accident, se-
quences initiated by loss of offsite power (LOOP) are the largest contributor
to CDF. This is followed consecutively by sequences originated from level
instrumentation, internal flooding, and loss of condenser vacuum. For Class
IV ( ATWS sequences), scram failure following MSIV closure is the foremost con-
tributor (about 55%). ATWS sequences initiated by loss of feedwater and tur ' j
bine trip contribute 21% and 17%, respectively.

Table A.4 indicates that LOCA sequences are minor contributors (less than
4%) to the CDF. This is further substantiated by the fact that none of the
top 30 sequences shown in Table A.5 belongs to the LOCA sequences.

A.1.2.2 BNL Review of SNPS PRA

Most of the BNL coments and modifications of the SNPS PRA pertained to
accident sequence quantification. Some, however, related to the specific mod-
eling of certain sequences. In general, BNL concurred with the overall
approach taken in the SNPS PRA to develop the functional event trees. The BNL
review" of the SNPS PRA2 functional event trees focused on a case-by-case re-
view of ooth the functional event tree accident sequence modeling and the
functional event tree quantification. For the majority of the sequences, the
functional event trees developed in the SNPS PRA were adopted in BNL's reas-
sessment, with only minor modification. In the course of quantifying the
accident sequences, however, some of these trees were significantly revised by
BNL, including ATWS event trees and those related to the loss of reference
leg, loss of service water and release of water at level 8 Details on model-
ing changes and the reasoning behind them are presented in Section 3.2 and the
Appendices to Section 5 of the BNL review.

The quantified results of the BNL review are included in Table A.4 The
total C0F estimated by the BNL review is 1.4x10-4 per reactor year, roughly a
factor of 2.5 increase over tne SNPS PRA. This increase can be attributed
mainly to the increased contributions from ATWS, LOOP, transients with suc-
cessful scram, and internal flooding initiators. The interfacing LOCA fre-
quency was found to be roughly half an order of magnitude higher than the SNPS
PRA estimate.

Factors contributing to the difference between the SNPS PRA and BNL CDF
estimates are briefly discussed below:

(1) Some of the transient initiator frequencies in the BNL review were in-
creased based on an updated source of experimental data. Affected by
these increases were the ATWS sequences as well as the tiSIV closure and
turbine trip transients. For example, the contribution from transient
initiators was increased by a factor of 1.7 (from 1.3E-5 to 2.2E-5)
largely because of revised initiator frequencies.

(2) In the BNL review," the frequency for LOOP was reevaluated to be 0.15 per
year for the Shoreham site, as compared to 0.08 per year used in the
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| SNPS PRA. 2 This increase, however, was partly offset by the higher LOOP
recovery probabilities used in the BNL calculation, which were derived!

f from a more recent evaluation of the Licensee Event Reports (LERs).

(3) The increase in the BNL assessed LOOP initiated CDF is partly attributa-
ble to the inclusion of loss of instrumentation indications in the con-trol room.

(4) The ATWS functional event trees were revised by taking into consideration
Shoreham plant specific information. The factor of 2.5 increase in the
ATWS CDF (from 1.8E-5 to 4.5E-5) can be largely ascribed to the higher
initiator frequency enployed in the BNL reassessment. The event tree
modifications and changes in the assumptions caused only a small in-
crease.

(5) The factor of five increase in the frequency (from 3.9E-6 to 2.0E-5) for
the "excessive release of water in the reactor building" obtained by BNL
is caused by (1) a higher initiator frequency used by BNL based on a more
up-to-date and elaborate model, (ii) an increase in the condensate injec-
tion failure probability (0.1 instead of 0.01), and (iii) a more elabor-
ate time-phased model for considering the early f ailure of HPCI and RCIC.

(6) Contributions from loss of reference leg and drywell cooling increased by
roughly a factor of three (from 3.9E-6 to 1.2E-5) prinarily because of
two additions made by BNL: (i) the comon-mode f ailure caused by main-
tenanae of the second reference leg, and (ii) the miscalibration of the
two sensors on the other leg. These more refined models led to the iden-
tification of several new sequences, not included in the SNPS PRA, which
increased the total CDF contribution from this initiator.

(7) The CDF contribution because of a LOCA outside the drywell is about five
times higher in the BNL review (2.0E-7 vs 3.7E-8), partly because of a
change in the initiator frequency estimate. Although this contribution
to total CDF from this sequence is very small (less than 0.2%), it may
represent an 1mportant contribution to risk.

(8) The increase in the Class 11 contribution occurs because of additional
sequences considered under loss of service water and LOOP transients.
The loss of condenser vacuum also contributed to the increase.

To clarify the contribution to the total CDF from individual accident
.

sequences, the top 31 sequences obtained in the BNL reassessnent are listed in
Table A.8 in order of their rankings. These sequences account for about 77%
of the total CDF. It can be seen that there are no dominant sequences con-
tributing a large fraction of the total CDF - a pattern observed in the
SNPS PRA. The core-damage profile is nade up of a large number of small con-
tributors. it is worth noting that only one-third of the sequences listed in,

! Table A.8, the BNL top 31, appear among the top 30 sequences ident1fied by the
j SNPS PRA (Table 5).

The top five sequences contain three ATWS sequences identified from the
BNL revision of the ATWS functional event trees. The T CgKQ sequence,T
ranked first in the list, involves nechanical failure of the scran system fol-
lowing a turbine trip, f ailure of alternate rod insertion ( ARI), and failure

.
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of feedwater to run back in a timely manner. The other two ATWS sequences.
TgCgKUg and T C KUg, are initiated either by MSIV cl osure or by aTM
turbine trip, followed by failure to scram and the operator's failure to main-
tain water level above level 1. The second ranked sequence, T IOGL, is ini-Etiated by LOOP, with no diesel generators available. Failure to recover both
offsite power and diesel generators within 30 minutes, and subsequent failure
in water level instrumentation lead eventually to core melt. The FS
quence, ranked third in the BNL review (sixth in the the SNPS PRA)oQUX se-is the

'

accident sequence involving a postulated release of excessive water at eleva-
tion 8 of the reactor building. Its frequency has been estimated by a separ-
ate study carried out at BNL

Contributions to C0F from sequences grouped together according to core-
damage sequence types and accident initiators are presented in Tables A.9 and
A.10, respectively. Note that Table A.9 is based on the 31 sequences appear-
ing in Table A.8, whereas Table A.10 is based on all of the accident sequences
identified in the BNL review.

The following observations can be made by comparing BNL sequerces of
Table A.9 with the SNPS PRA sequences of Table A.6:

(1) The T QUX sequence is the leading contributor to C0F in the BNL review.t
T QUX and the ATWS sequence. T important in the SNPS
PRA, contributing equally to COF. ,CgC , are mostt 2 ,

'

(2) Contributions from the three sequence types. T CgKU , T CgKQ,T H T
and T IDGL, represent a significant fraction of C0F in the BNL review,E

but not in the SNPS PRA.
,

(3) The TsW sequence becomes a relatively insignificant contributor in the
BNL review, although its frequency has increased slightly from that in
the SNPS PRA.

(4) The ATWS sequence. T
PRA, becomes a relativ,CgC , one of the leading contributors in the SNPS2

ely minor contributor in the BNL review.

(5) There are no counterparts to contributions from sequence types,
T l QuH and T CgKUUg, in the SNPS PRA.RR g

Some remarks can also be made with regard to contributions from dif ferent
initiators in the BNL study" and the SNPS PRA2 based on comparisons between
Table A.10 and Table A.7.

,

(1) For Class I, the dominant initiator is LOOP, both in the BNL review and
the SNPS PRA. Loss of condenser vacuum initiator becomes less important,
while loss of service water initiator assumes greater prominence in the
BNL review. Accident sequences initiated by de bus failure also become
relatively insignificant contributors in the BNL review.

(2) For Class 11, the loss-of-condenser vacuum initiator is the leading '

contributor in both studies. Loss of service water emerged as a
significant contributor in the BNL review to replace manual shutdown and
loss of of fsite power in the SNPS PRA as next in importance for Class !!.

i
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(3) For the ATWS sequence (Class IV), there is a very large increase in the
'NL study of contributions from the sequences initiated by turbine trip.
MSIV closure, which was the predominant contributor in the SNPS PRA,
becomes less dominant in the BNL review. Also, contribution from the
loss-of-feedwater ATWS becomes relatively insignificant in the BNL
review.

A.1.2.3 Application of IDCOR-IPE Methodology to SNPS Core-Damage Profile ~

LILCO' has recently applied the IDCOR-IPE methodology to the SNPS result-
ing in a third core-damage profile. A detailed review of the relevant LILCO
report is beyond the scope of this study, but the core-damage profile pre-
sented in that report is compared with that developed by the SNPS PRA and the
BNL review.

The IDCOR-IPE methodology application identified a total of nore than 360
core damage sequences, 61 of which have frequencies larger than 10-7 per reac-tor year. As shown in Table A.4, the total CDF was estimated to be 8.5x10 s
per reactor year, which lies roughly halfway between the values obtained by
the SNPS PRA (5.5x10-5) and the BNL review (1.4x10-").

The top 30 dominant sequences of the IDCOR-IPE methodology are listed in
Table A.11 in order of their importance. These sequences have a combined
total frequency of 7.2x10-5/ reactor year, roughly 84% of the total CDF. With
the exception of the top two sequences, no single sequence contributes a large
fraction of the total CDF. Five out of the top seven sequences are of the
sequence type. TQVX, contributing as much as 51% of the total CDF. No such
distinctive feature was found in the core-damage profile developed by either
the SNPS PRA or the BNL review, although the TQUX sequence was found to be asignificant contributor in both. Close examination of Tables A.5 (SNPS PRA),
A.8 (BNL review), and A.11 (IDCOR-IPE) discloses that five accident sequencesappear in all those of these tables. No other sequence is seen to be comon
to Table A.8 and Table A.11. Five additional sequences, however, are common
to Table A.5 and Table A.11.

Distribution of the IPE top 30 sequences into core-damage classes and
sequence-types is presenMd in Table A.12, which, when compared with Table A.6
(for the SNPS PRA) and Table A.9 (the BNL review), shows the following:

(1) In the IDCOR-IPE methodology application, the contribution to core damage
from Cl ass I sequences amounts to almost 90% of the combined total
frequencies of the top 30 sequences, whereas Class I contributes about
62% and 64% respectively for the SNPS PRA and the BNL review.

j (2) Although the most dominant sequence type in both the IDCOR-IPE and the
i BNL review is the T 0VX sequence, the relative contribution is much1

higher in the IDCOR-IPE (66%) than in the BNL review (20%). For the
4

!

SNPS PRA, the T QVX sequence and the ATWS sequence, T C
| tributes about 22%, as mentioned in the previous section.3 gC , each con-

I
2

;

j (3) In contrast with the SNPS PRA and the BNL review, the contribution from
Class IV (ATWS) sequences is insignificant in the IDCOR-IPE.

I

{

|
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(4) Unlike the SNPS PRA or the BNL review, sequences initiated by a small
LOCA (S ) appear in both Class 11 and Class III in the 10COR-IPE,2

although their overall contribution to C0F is insignificant.

CDF contributions categorized according to accident initiators and
classes are presented in Table A.13 for the IDCOR-IPE methodology applica-
tion. Note that these results are based on all of the accident sequences
identified in the 10COR-IPE event tree analysis, not just on the top 30 se-
quences listed in Table A.11. For each of the core-damage classes Table A.14
provides an overview of the relative importance of each contributor. The fol-
lowing remarks can be made by comparing Table A.14 with Table A.7 (for the '

SNPS PRA) and Table A.10 (for the BNL review):

(1) For Class I, there is a large increase with the 10COR-IPE in the sequence
frequency contributions associated with a turbine trip compared to the
SNPS PRA or the BNL review. This makes turbine trip the top initiator of '

the IDCOR-IPE list, replacing loss of offsite power which was the fore-
most contributor in both the SNPS PRA and the BNL review. A similar com-
ment can be made with regard to the loss of condenser vacuum initiator, |which is ranked second in the IDCOR-!PE list.

(2) The accident sequences iqitiated by internal flooding or failures in '

level instrumentation and drywell cooling do not appear as a significant
contributor in the 10COR-IPE list, although they both rank near the top ,

in the SNPS PRA and the BNL review.

(3) For Class II, accident sequences initiated by a small LOCA emerge as the
top contributors in the 10COR-IPE list instead of loss-of-condenser vac- ;
uum for SNPS PRA and BNL review. The internal flooding initiator becomes

tthe second leading contributor, although its frequency is identical to
that of the SNPS PRA. As a whole, Class !! sequences make relatively
insignificant contributions to the total CDF (about 6%) in Table A.14,
compared to 15.5% in the SNPS PRA and 9.3% in the BNL review.

(4) The small LOCA initiator also replaces the medium LOCA initiator of SNPS
PRA and BNL review to become the top contributor for Class 111 in thei

IDCOR-IPE, although its overall contribution is insignificant (about 21).

(5) There is a significant decrease in the contribution from Class IV ( ATWS)
5

sequences in the IGCOR-IPE (61), as compared to the SNPS PRA (24%) or the
BNL review (32%). However, itSIV closure and loss-of-condenser vacutan

. with loss of feedwater or turbine trip initiators remain the three lead-
| ing contributors for Class IV, as was the case with the SNPS PRA.

A.1.2.4 Explanations of Discrepancies in Dominant Sequence Quantifications
1

As noted previously, five accident sequences appeared among the top 30
dominant sequences in all of the three lists (i.e., Tables A.5, A.8. and

| A.11). In addition, two distinct subsets (each containing five sequences) of
Table A.5 appear in Table A.8 and Table A.11 separately, in most cases, the
sequence frequency estimated by the ilNL reassessment or by tne IDCOR-IPE meth-,

| odolagy application differ from that obtained by the SNPS PRA. The reasons
; behind these quantitative dif ferer.ces are very briefly discussed in the fol-
.

lowing, for each of these sequences. The sequence frequencies shown without +

1
,
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parenthesis correspond to those evaluated by the BNL review. Those enclosedin single parenthesis are from the SNPS PRA. Those shown with double paren-
theses are the results of 10COR-IPE methodology application.

(1) T QUX 5.5E-6 (2.4E-6) ((2.1E-5))T

This sequence, one of the five sequences appearing in all three top 30
dominant sequence lists, is initiated by a turbine trip, followei by failures .

of feedwater and high-pressure injection (HPCI & RCIC), and the operator's
failure to initiate timely reactor depressurization. The discrepancies in the
sequence frequencies can be attributed to the different initiator frequencies
and unavailability data used in the quantifications, as smwnarized in the fol-lowing:

1

T(/ry) QU XT
3

BNL Review 8.0 8.2E-4 8.4E-4
SNPS PRA 4.49 6.3E-4 8.4E-4
10COR-!PE 6.7 1.3E-3 2.4E-3

(2) TgQUX 2.5E-6 (7.2E-7) ((3.4E-6))

This sequence, initiated by MSly closure, is also common to Tables A.5,A.8, and A.11. The following table shows the differences in sequence frequen-
cy quantifications.

Tg(/ry) QU X

BNL Review 0.67 4.5E-3 8.4E-4
SNPS PRA 0.32 2.7E-3 8.4E-4
10COR-IPE 0.36 3.9E-3 2.4E-3

(3) MsQUX 1.6E-6 (1.3E-6) ((6.2E-7))
"

For this sequence initiated by manual shutdown, the same initiator fre-
quency (4.3/ry) was used in all of the three analyses. The differences in

,

sequence frequencies stem mainly from the following unavailability data used.

00
! _ X

BNL Review 4.5E-4 8.4E-4
SNPS PRA 3.5E-4 8.4E-4

| 10COR-IPE 6.0E-5 2.4E-3

| (4) T IOUV 1.4E-6 (9.9E-7) ((6.4E-7))E

'

The initiator frequencies and unavailability data used in quantifyingi

this LOOP sequence are sunmarized as follows:

T (/ry) ! O U VE

BNL Review 0.15 0.37 3.6E-3 1.1E-2 0.63
,

! SNPS PRA 0.082 0.52 3.3E-3 1.1E-2 0.63
; 10COR-!PE 0.062 0.37 3.6E-3 . 4E-2 0.63

!
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For the 10COR-IPE, the support state contribution of 6.2E-5 is added to
T 10, which is then multiplied by the complement of G (0.5), the failure |E
probability of drywell temperature control and UV.

|

(5) FSoQUX 1.0E-5 (1.7E-6) ((1.7E-6)) :
'

For this sequence which involves MSly closure with an accumulation of
greater than 3'-10" of water in the reactor buildi.1g (source = other than con- *

;

densate storage tank (CST)), the event tree analysis and sequence quantifica- '

'

tion performed in the 10COR-IPE are completely identical to those in the SNPS3
i

PRA. The result of the BNL review is an estimate based on an independent
study carried out at BNL.s4

(6) T UX 4.2E-6 (3.1E-6) \C
'

This is one of the five accident sequence which are commen only to Table
A.5 (SNPS PRA) and Table A.8 (BNL review). The slightly larger sequence fre-

;

quency obtained in the BNL review is essentially because of the larger ini- |

tiator frequency used (0.41/ry vs 0.5/ry). The unavailability of the high
pressure injection system (U) is also slightly higher (0.009 vs 0.01) in the
BNL review.

;

(7) T 4.2E-6 (9.9E-7)T CgKC2

For this ATWS sequence, initiated by a turbine trip with bypass availa- *

ble, separate initiator frequencies are used depending on the reactor power
;

level at the time of accident in the SNPS PPA. The high power and 10w power
initiator frequencies are taken to be 0.85/ry and 1.3/ry, respectively. The -

failure probability for adequate reactivity control, C , is 0.11 for the high |2power initiator and 1.5E-2 for the low power initiator. In the BNL review, ;

the initiator frequency is taken to be 5.3/ry, which corresponds to a high tpower level . Al so , C 2 is estimated to be 0.15. [

I (8) T DIQ 2.2E-6 (2.2E-6)O

For this sequence involving the loss of the de bus, no change was made in I
the BNL reassessment.

(9) T IIIOV 1.7E-6 (1.5E-6)E,

: For this sequence, initiated by loss of offsite power, there is a factor {
) of two increase in the i nitiator frequency for the BNL review (8.0E-6 vs

F4.3E-6). This increase, however, is offset by a smaller value (0.63 vs 0.82) !assigned to III, the failure probability to recover offsite power at four l

3 hours. Also, the complement of the failure probability to maintain long tenn
depressurization which does not appear explicitly in the accident sequence ex- i

pression is lower (0.7 vs 0.95) in the BNL review. I.
i.

T ll!OUV 1.1E-6 (1.2E-6)(10) E

For this loss of offsite power sequence, the initiator frequency used in
the BNL review is slight'y higher. This is balanced, however, by the lower
value (0.63 vs. 0.82) used for !!! (failure probability to recover offsite
pwer at four hours). The complement of the failure probability to naintain

|

1 !

! !
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long term depressurization, which does not appear explicitly in the sequence
expression, is also lower (0.8 vs 0.95). The net effect is a slight decreasein the BNL quantification.

(11) TQUX(6.7E-7)((4.7E-6))1

This sequence, initiated by the inadvertent opening of a relief valve, is
one of the five sequences appearing only in Table A.5 (SNPS PRA) and Table
A.11 (IOCOR-IPE). The sequence frequency estimated by the 10COR-IPE methodol-
ogy application is almost a factor of seven larger due mostly to the larger
initiator frequency (0.15/ry vs 0.09/ry) and the larger values of X (2.4E-3 vs
8.4E-4) and QU (1.3E-2 vs 8.91E-3) used.

(12) T IVOUX' (2.2E-6) ((2.3E-6))E

Although the sequence frequency estimated by 10COR-IPE for this LOOP ini-
tiated sequence is very close to that obtained in the SNPS PRA, there are sig-
nificant differences in the initiator frequency (2.7E-5 for the SNPS PRA vsi

1.7E-5) and the failure probability of IV (0.26 for the SNPS PRA vs 0.58).
The unavailability of the high-pressure injection system is also different
(0.75 for the SNPS PRA vs 0.58). These differences compensate one another.

.

(13) ToQUX (5.3E-7) ((6.7E-7))

The initiator of this accident sequence is the failure of the 125V de bus
(Division !!), the frequency of which is taken to be 4.4E-3/ry in both the

SNPS PRA and the 10COR-fPE methodology (failures of both high-pressure injec
application. The unavailability offeedwater, Q, and the probability of VX

tion and timely reactor depressurization) are estimated to be 0.19 and
-

6.4E-4 respectively in the SNPS PRA. In the 10COR-IPE methodolo0y applica-
tion, the failure probability of X is given a value of 6.6E-3, while- QU is
taken to be 2.3E-2.

(14) T luV (7.7E-7) ((6.4E-7))E

For this sequence, initiated by loss of offsite power, the slightly lower
frequency obtained by the 10COR-IPE methodology application can be explainedby the following data:

1 (/fY) I U VE

SNPS-PRA 0.082 0.52 9.0E-3 2.E-3
10COR-IPE 0.062 0.37 1.4E-2 2.E-3

(15) T RQUX (1.1E-6) ((1.1E-6))R

This sequence involves a reactor water level instrument line leak outside
of containment. The relevant event tree analyses and sequence fr equency quan-
tifications perfomed in the two studies are completely identical.

A.1.2.5 Summary of SNPS Core-Damage Profiles

The following sumary can be made regarding the core-damage profiles de-
cation.6 y the SNPS PRA,2 the BNL review" and the 10COR-!PE methodology appli-
veloped b
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(1) For the SNPS PRA and the BNL review, no single sequence was found to '

contribute a large fraction of the total C0F. The core-damage profile
consists of a large number of accident sequences, each making a small
contribution. A similar trend was found in the 10COR-!PE methodology
application, except for the top two sequences, T QUX and T QUX,T Cwhich contribute about 25% and 14%, respectively,

e ,

(2) The top 30 sequences of both the SNPS PRA and the 10COR-IPE methodology
l appitcation contribute about 73% and 84% respectively to the total C0F, i

.

'
t o

whereas, ir, the BNL review, the top 31 sequences account for about 771
! of the total C0F. ' '

(3) The following sequences are dominant both in the SNPS PRA and the LNL
review: (1) loss-of-offsite power sequences, (ii) ATWS sequences
because of MSly closure, and (iii) internal flooding and level instru-

: mentation. For the 10COR-IPE methodology application, the dominant se-
'

quences are initiated by turbine trip, loss-of-condenser vacuum, and,

loss-of-of fsite power.

(4) In the 10COR-IPE methodology application, the Class I sequences contrib-
ute approximately 86% to the total C0F, and only about 58% in both the
SNPS PRA and the BNL review.

,

(5) Contribution to the total C0F from Class IV ( ATWS) sequences is signifi-
i cantly lower in the 10COR-IPE methodology application (6%), than in the

SNPS PRA (24%) and the BNL review (32%).
.

(6) The following five accident sequences were among the top 30 dominant
sequences in all of the three studies: T QUX, TgQUX, T IDUV.T EM QUX, and FSoQUX.S,

| (7) Contributions from loss of condenser vacuun and loss of a de bus rank
.

! much higher in the SNPS PRA than in the BNL review, although their abso-
; lute frequency is of the same order of magnitude. For the 10COR-IPE
j methodology application, the frequency for loss-of-condenser vacuum ini-
. tiator is about two to four times higher than that in the SNPS PRA or
{ the BNL review.

|

(8) The ATWS sequences initiated by a turbine trip rank high in the BNL !

review, but relatively low in the SNPS PRA and the 10COR IPE lists.
!

(9) The contribution from sequences induced by loss of service water ranks
higher on the BNL review list, than in the SNPS PRA and the 10COR-!PE
lists,

f
1

1

j (10) The sequence type. TgQUX, is the foremost contributor to C0F in all of i' the three studies. T VX and T,W sequences also make relatively large2 '

i contributions in both the SNPS PRA and the BNL review, but not in the
| 10COR-!PE methodology application.
4

j (11) The ATWS sequence T,CgC is a dominant contributor in the SNPS PRA.
i Its dominant posi tion , 2however, is superseded by the ,

T CgKUq and
j 7T CgKQ sequences in the BNL review.T

;
',

',i
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A.2 Core-Meltdown Phenomena and Containment Response
.

In the previous section important core-meltdown accident sequences were '

identified in tems of the overall core-melt frequency. In this section, a ;
review of the core-meltdown phenomena and containment response appropriate to

i these accident sequences is presented. In addition, accident sequences. are! examined which, although tney do not appear to be important to the overall.

''

core-melt frequency, may pose a unique or very severe threat.to containment .

integrity. Neither IDCOR nor SARRP has performed detailed severe-accident
sequence evaluations for Mstk !! plants. Thus much of the core-meltdown phe-

inomenology will be based on analyses of Mark I plants. Other studies specific ;

to a BWR with a Mark 11 containment arg assessed including the results of the
Containment loadsjorking Group (CLWG) and the Containment Performance Work-ing Group (CPWG)

A typical Mark Il containment building is shown in Figure A.1. The Mark
11 containment volumes are relatively small and rely on water to condense ax
steam that might be released from the prinary systen during an accident. Con.
tainments of this design are called pressure-suppression containnents. Mark
11 containments are very ef fective at condensing steam, but their small volume
makes them vulnerable to any combustible and noncondensable gases that would
be generated during a severe core-meltdown accident. In order to reduce their ivulnerability to combustion all Mark !! containment atmospheres are continu-
ously inerted with nitrogen during plant operation.

,

The aim of this section is to identify severe-accident conta* ment loads
(pressure / temperature histories) appropriate to the accident sequences identi- '

fied in Section A.1. These loads are then used to determine the most probable
mode of containment failure. This, in turn, identifies the potential release
paths for fission products to reach the environment. This section, therefore,
provides the link between the identification of core-meltdown accident se-
quences and the determination of fission-product release paths.

The review of the IDCOR and SARP analyses of core meltdown phenomena and
containment response was greatly assisted by the 10COR/NRC meetings that were
held specifically to identify differences between the approaches adopted by
the two groups and to develop a way of resolving these differences. These
meetings identified 18 broad, NRC/IDCOR issues that highlighted signi ficant
dif ferences between the approaches of the two groups. These issues are listed
in Table A.15, but they do not all apply to a BWR and some are not related to
core-meltdown phenomena and containment response. Out of the 18 issues, 8
have been identified that are appropriate to the subject of this section.
Each issue is discussed, in turn, in the following sections. Di f ferences
between IDCOR and SARP will be identified and their significance indicated.

A.2.1 Jn-Vessel Hydrogen Generation (NRC/10COR !ssue 5)

There were (and still are) Si
SARP predictions of hydrogen (H )gnificant differences between the IDCOR andgeneration during in-vessel core nelting.2

During the early stages of core heatup and degradation (while the fuel rods
are still in place in the core region), both 10COR and SARP predicted similar
H2 generation. However, after the fuel rods and claqing began to melt and
relocate into the bottom of the reactor vessel, the SARP analysis indicated
more H2 generation than the IDCOR analysis.
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Hydrogen is important to containment loading because it is a combustible'

and noncondensable gas. The Mark 11 containments are inerted with nitrogen
during plant operation and consequently, H combustion (Issue 17) is not a2
threat to the Mark II containments unless their integrity is lost and oxygen
is introduced, thus deinerting the atmosphere. However, Mark II centainments
are small and, therefore, any significant ' buildup of noncondensabl e gases
(such as H ) could threaten containment integrity by overpressure. The larger2
amount of H generated in-vessel in the SARP analysis resulted in a higher2

predicted containment pressure before vessel failure than in the IOCOR analy-
sis. The BNL staff performed an extensive assessment il of in-vessel H2 gener-
6 tion, particularly, with regard to accidents that resulted in core damage but~
which were terminated by subsequent cociant injection. The results of these
calculations indicated the potential for more H2 generation than predicted by
IDCOR. However, both studies allocated a very low probability for overpres-
sure failure of the Mark II containment from in-vessel H generation. The2authors concur that there is a low probability of containment failure because
of H accumulation before RPV failure and, therefore, tho' issue does not2

appear to significantly affect the potential for large fission-product release
in Hark II containments. However, this issue is of more importance to other
containment designs that are not inerted.

.

A.2.2 Core Slump, Core Collapse, and Reactor Vessel Failure (NRC/IOCOR
Issue 6)

This is another area in which there were significant differences between
the 10COR and SARP analyses. The importance of these differences to overall
risk depended on a plant specific capability to mitigate a core-melt acci-o

dent. Section A.2.1 indicated that tn predicted hydrogen generation during
core slunp was quite different in the IDCOR and SARP analyses but that the
impact is not expected tc be important icr the Mark II containment because the
atmosphere was ire W.

The impvtance of the core slump and reactor vessel failure models is on
how they influence the initial conditions for ex-vessel interactions of the
cora debris with watd or concrete. The 10COR core slump model assumed that
after 20% of the core had melted, it relocated into the bottom of the reactor
vessel, which, in turn, rapidly failed because of local penetration failure.
Thus only a relatnely small fraction of the core was initially released fron

;3 the reactor vessel . The remainder of the core melted down over a much longer
time period. A similar in tM NRC staff issuepaper on direct heating.1 philosophy has been adoptedThis work states that the BWR core support design
(which provides individual support for each group of four fuel bundles from
the vessel bottom head) is judged to minimize the probability o' high-pressure
ejection of core debris into the containment. Slumping of relative small
quantities of core debris (because of localized failure of the supports) is
anticipated to result in depressurization of the vessel (because of local'

melt-through) before large quantities of molten core material have collected1
"

in the bottom head.

On the other hand, the Battelle Columbus Laboratories (BCL) analysis of
13Peach M ttom with the Source Term Code Package (STCP) assumed total collapse

of the core into the bottom of the reactor vessel after 75% of the core waspredicted to melt. Thus, all of the core debris was available to be released
when the vessel was predicted to fail in the BCL model . The much larger

/ s
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quantity of core materials released from the vessel at the time of vessel
failure in the BCL model has important implications for the Mark I contain-

If the primary system was at high pressure during core meltdown, thenment.
the molten core materials would be ejected under pressure from the reactorvessel when it failed, in Section A.2.4, the phenomena that could occur when
molten core debris is ejected from the reactor vessel under pressure are. dis-cussed. Since more core debris was predicted to be ejected (BCL model), theresulting pressure / temperature loads in containment were correspondingly
hi gher. The Severe Accident Risk Reduction Program (SARRP) has also performed
an uncertainty study, in support of NUREG-1150,12 which examines the range of
possible core slunp behavior and attaches a low likelihood to the high core-melt fraction slump model.

If the primary system was depressurized during core meltdown, then the
core debris would fall under gravity into the region below the reactor vesselafter it failed. Some Mark 11 containments have downcomers in the pedestal
region whicn would channel the molten debris into the suppressinn pool with a
potential for severe fuel-coolant interactions. Other Mark 11 plants would
tend to confine the core debris in the pedestal region. Thus there would be a
potential for vigorous core-concrete interaction and significant fission prod-uct vaporization.

From the above discussion, it is clear that differences between the 10COR
and SARP models for core slump and vessel failure are significant and do have
an important influence on the potential for early containment failure.

This is an area of signi ficant uncertt.inty with very little experimental
evidence to support either the IDCOR or SARP models. Both models are credible
and seem to indicate the range of possible outcomes of a core-meltdown acci-
dent.

1

A.2.3 Containment Failure Because of In-Vessel Steam Explosions (Issue 7)

The potential for an in-vessel steam explosion to occur and generate a
missile capable of failing containment was investigated by a group of experts
and the results were published in NUREG-1116.14 The conclusion of this expert

.

'

group was that the occurrence of such an event has a relatively low probabil-
ity. The allocation of a very low conditional probability (10 ") of occur-
rence to this event appears to be well supported by the existiag data base.

A.2.4 Direct Heating of Containment (Issue 8)

This was identified in the SARP analysis as an area of significant phe-
nomenological uncertainty related specifically to core meltdown with the pri-
mary system at high pressure. If molten core materials were to be ejected
from the reactor vessel under pressure, experiments at Sandia National Lab-1s,

| oratories (SNL) have indicated that they could form fine aerosols, which mightI

be dispersed into the containment atmosphere and directly heat it. An addi-
tional concern was the oxidation of the metallic content of the core debris.
These reactions are very exothermic and would add an additional heat load to
the containment. Exothermic chemical reactions were less of a concern in Mark
11 containments because they are inerted (low oxygen content). However, the
zirconium-steam reaction could still contribute to containment loading.
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The pressure rise in containment because of direct heating is directly
proportional to the quantity of core debris dispersed from the reactor vessel .
Section A.2.2 noted that the BCL analysis predicted significantly more debris
release at vessel failure than the IDCOR analyses predicted. Thus, the poten-
tial for early containment failure because of direct heating was considered in
the SARP analysis, but it was not considered credible in the IDCOR analysis.
The assumption that all the core debris is released at vessel failure (SARP
analysis) is clearly conservative (SARP assumption) with respect to contain-
ment loading. However, the IDCOR results may be too optimistic considering
the lack of supporting larg2-scale experiments.

Therefore, given the present state of phenomenological uncertainty asso-
ciated with this issue and the existence of relatively simple mitigative solu-
tions, the following points are offered. There are two ways of potentially
mitigating the effects of a high-pressure meltdown. The first is to convert a
high-pressure sequence into a low-pressure sequence by ensuring that the ADS
is activated. Note that venting may also be required for some sequences
(e.g., station blackout) to ensure that the containment pressure does not
increase beyond the relief valve capability. The second way to mitigate a
high-pressure meltdown is by drywell sprays. The drywell spray, flooding the
drywell floor, may cool the core debris and reduce the potential for the core
to attack the diaphragn floor and downcomers. In addition to cooling the core
debris, the drywell sprays will aid in decontaminating the drywell atmosphere
and may substantially reduce the released fission products even for cases with
drywell failure.

A . P. 5 Ex-Vessel Heat Transfer Model from Molten Core to Concrete (Issue 10)

This issue is of concern to Mark Il containments because heat transfer
from the top of molten core materials (on the drywell floor) directly heats
the drywell atmosphere. Differences in heat transfer from the top of the core
debris resulted in significant differences in the predicted drywell atmospher-
ic pressures and temperatures for Peach Bottom and these differences are ex-
pected to persist for Mark 11 plants. The IDCOR model transferred more heat
from the top of the core debris than the SARP model. Thus , IDCOR predicted
much higher drywell temperatures than the SARP analyses.

Differences in the predicted drywell pressure / temperature histories in-
fluenced the potential for suppression pool bypass (Issue 13A) and containment
perfomance (Issue 15).

A.2.6 Suppression Pool Bypass (Issue 13A)

If the fission products pass through thi, suppression pool, both IDCOR and
SARP predicted significant retention of fission product aerosols in the water.
The amount of retention depended on several factors such as submergence, water
temperature, aerosol particle size, carrier gas composition, and others. The
ability of the Mark 11 suppression pool to trap aerosol fission products was
found to be an important nitigative feature. Thus , any pathways that might
open, which would allow the fission products to bypass the pool are very unde-
sirable. The following are possible ways in which the suppression pool may be
bypassed:
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loss of drywell isolation.

failure of vacuum breakers between the drywell and wetwell.

failure of drywell penetrations because of high temperature.

structural failure of the drywell because of high pressure.

failure of the drywell floor or downcomers as a result of contact with.

molten core materials

Because of the importance of the suppression pool as a mitigative fea-
ture, the vulnerability of a Mark II containment to any of the above bypasspathways was carefully assessed. The authors support the low probabilities
given in the SARP analysis for loss of drywell isolation and failure of the'
vacuum breakers. The degradation of the drywell penetrations because <.? high
temperatures in the SARP analysis was based on the work of the CPWG, which hadsigni ficant BNI. input.

A.2.7 Containment Performance (Issue 15)

The response of a Mark II containment to severe accident loads is uncer-tain. It was noted in Section A.2.5 that 10COR predicted relatively high dry-well temperatures. Seal degradation was assumed to result in a gradual leak-
age from the drywell in the SARP analysis. This was again based on the workby the CPWG.IO

Differences in containment performance can influence the timing and quan-
tities of fission products released to the reactor building (refer to Section
A.3). However, for the Mark II containment both models tend to predict late
failure and gradual leakage.

A.2.8 Secondary Containment Performance (Issue 16)

The secondary contair, ment (reactor building) surrounds the primary con-
tainment and has the potential to trap fission products released auring a
severe accident. For the liark I containment, there were differences between
the IDCOR and SARP analyses with regard to hydrogen combustion in the second-
ary containment. These differences are expected to result sn significant dif-
ferences in the amount of fission products predicted to be retained in the
secondary containment for the fiark II containment as well.

| A.3 Fission-Product Release

! Section A.2 identified potential containment failure modes or fission-
product release paths appropriate to the important core-mel tdown accident
sequeaces identified in Section A.1. The aim of this section is to determine
the timing and amount of fission products released from the damaged fuel and
predict the subsequent reduction of these fission products along the release
paths identified in Section A.2. Since current calculations for a Mark Il
plant were not available, the IDCOR and SARP analyses for the Peach Bottom
plant were used as the basis for these assessments.

In order to review dif ferences in approach the IDCOR and NRC contractor
analyses (performed for SARP) are compared in Tables A.16 and A.17 for ATWS

I and station blackout sequences in a Mark I containment. The 10COR methods
l predicted slightly higher releases of the more volatile fission-product groups

(iodine and cesium) whereas the SARP methods predicted much higher releases of
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the less-volatile fission-product groups (strontium, lanthanum, etc.). The
reasons for the different predictions in Tables A.16 and A.17 are complex but
were identified during the numerous 10COR/NRC meetings and they are included
in the list of 18 NRC/IOCOR issues in Table A.15, Out of the 18 issues, 6 are
pertinent to fission-product release and transport. However, not all of the 6
are major contributors to the differences in Tables A.16 and A.17. Each of
the 6 issues are discussed in the following subsections. '

A.3.1 Fission-Product Release Before Vessel Failure (Issue 1)

This is one issue that does not contribute significantly to the differ -
ences between the 10COR and SARP analyses in Tables A.16 and A.17. Both stud-
ies predicted similar releases of the more volatile fission products during
in-vessel core degradation with the exception of tellurium (Te). However, a
recent report by 10COR assessed the impact of Te treatment and modeled similar
i n-vessel Te releases to the SARP analyses. Differences in the predicted
environmental releases of"Te in Tables A.16 and A.17 are, therefore, not
because of differences in the in-vessel Te release and retention models, but
are due to differences in the amount of retention predicted to occur in the
secondary containment (refer to Section A.3.6).

A.3.2 Fission-Product and Aerosol Retention in the Primary System (Issue 4)

Differences in the initial primary system retention predicted by 10COR
and SARP were again not too significant and differ by less than a factor of
t wo. The important difference between the IDCOR and SARP models was that in
the SARP analysis, fi ssion products retained in the primary system at the
point of vessel failure were permanently retained, whereas in the 10COR analy-
sis revaporization of these fission products after vessel failure was modeled.
This is discussed in more detail in Section A.3.4

A.3.3 Ex-Vessel Fission-Product Release (Issue 9)

There were significant differences between the 10COR and SARP analyses
for fission-product release as a result of core-concrete interactions. The
higher releases of the strontium, lanthanum and cesium groups in Tables A.16
and A.17 in the SARP analyses were because of the modeling of ex-vessel
fission-product release. The potential for fission-product release and inert
aerosol generation during core-concrete interactions was not modeled in the
IDCOR analysis of Peach Bottom.16 10COR argued that by modeling the aerosol
generation during core-concrete interactions, the increased aerosol density in
containment would increase aerosol agglomeration and settling, thus reducing,

| the predicted environmental rel ease fractions rel ative to those predicted
| without this additional aerosol source. This IOCOR position is clearly inde-
! fensible.
l
; In addition, the IDCOR predicted core debris temperatures during core-
i concrete interactions were high and, based on experimental evidence, one would

expect the relrase of some of the refractory fission-product groups at these
temperatures. Therefore, the authors believe that IDCOR should calculate the
release of the refractory fission products and the associated inert aerosols,

i
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A.3.4 Revaporizction of Fission Products from the Primary System (Issue 11)

Section A.3.2 indicated that revaporization was an area of major differ-
ence between the 10COR and SARP analyses. Recall that SARP does not model re-
vaporization of fission products from the primary system after reactor vessel
failure whereas IDCOR does model this effect. To observe the influence of the
di f ferent approaches the distribution of cesium-iodide (Cst) is tracked at
various stages of a station blackout sequence in Peach Bottom (Table A.18).

,

At the point of vessel failure, both IOCOR and the NRC contractors' anal-
yses performed for SARP indicated significant primary system retention of Csl
(100% retention for IDCOR and 85% retention for SARP). Immediately before
containment failure, the NRC contractor analysis has 85% of the Csl perma-nentl 3 retained in the primary system, whereas the IDCOR model has revaporized
24% of the Csl from the primary system. At the end of the calculation, the
IDCOR model has revaporized 91% of the Csl.

The IDCOR revaporization model means that significantly more of the vola-
tile fission products were predicted to be released to the reactor building
than in the NRC contractor approach in which revaporization was not modeled.
For the sequence under consideration in Table A.18, the environmental releases
were similar despite the major dif ferences discussed above. The reason for
the similar environmental releases was because of the much greater retention
of fission products in the reactor building predicted in the 10COR model vs.
the SARP model . This is discussed in more detail in Section A.3.6.
A.3.5 Fission-Product Deposition Model in Containment (Issue 12)

This was another issue that does not contribute significantly to the dif-
ferences between the IDCOR and SARP analyses in Tables A.16 and A.17. Issues
9,11, and 16 appear to drive the dif ferences in these two analyses. However,
this issue may be of more importance to other containment designs.

A.3.6 Secondary Containment Performance (Issue 16)

Section A.2.8 indicated that secondary containment (reactor building)
performance sas an area of major dif ference between the 10COR and SARP analy-
ses. The extent of the difference can be seen from Table A.18, which shows
that IDCOR predicts that enly 6% of the Csl entering the reactor building
would be released to the environment compared with 40% released in the NRC
contractor analysis.

The above differences were significant and were found to be because of
several f actors. For example, the gas flowrate through the secondary contain-
ment was higher in the SARP analysis, which allows less time for aerosol set-
tling. In addition, IDCOR models natural circulation paths in the secondary
containment, which further increased the residence times. Such paths were not
modeled in the SARP analysis. Finally, SARP calculated several hydrogen burns
to occur in the secondary containment, which rapidly blew out the atmosphereof the buildirig. 10COR calculated more gradual combustion phenomena, which
did not result in rapid blowout of the secondary containment atmosphere.

There was uncertainty with regard to how much retention of aerosol fis-
sion products would occur in the secondary containment. Even in the SARP
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analysis, there was the potential for significant retention. However, given
the uncertainty, the secondary containment should not be relied on as the only
means of mitigating fission-product releases.

A.4 Offsite Consequences

In this section, the potential offsite consequences of the severe 5cci-
dents described in the previous sections are examined. There is one NRC/10CORissue rel ated to offsite consequences, which concerned differences in the
assumed evacuation models. Differences in the evacuation model influence thepredicted early health effects. The issue was largely resolved and was re-
lated to the fraction of the population assumed not to participate in the
evacuation. Neither IDCOR nor SARP have performed consequence analyses forthe Mark 11 containment. So the Peach Bottom results are used to obtain
"insights" as to the effects of the new source term methods on suppressionpool containments. The containment loads 8 and perfomance 10 analysis and theBNL review of Limerick 3 are used to obtain containment performance and release
path insights specific to the Mark 11 containment.

Table A.19 gives the person-rem calculations from 10COR and NUREG-1150
17

for several accident sequences and failure modes in Peach Bottom. This table
indicates that if the containment is predicted to fail (either early or late)
and the suppression pool is bypassed, then the offsite person-rem predictions
are similar (within the range 0.1 to 3x10 ) for the accidents considered. The

7

only time that a significant reduction (to 4x105) in person-rem was calcu-
lated, was with successful wetwell venting and no pool bypass. These results
clearly show that wetwell venting and the prevention of pool bypass are the
keys to mitigating the fission product releases for a Mark I containment.

The estimated releases for the various accident classes are given inTable A.20 for the Limerick plant. Note that the release calculations are
based on RSS methodology and are inconsistent with the present 10COR and SARP
methods. The main point of the comparison is that the most severe releases
are expected to occur for early containment failure (Class IV) with pool
bypass. The y" failure mode (wetwell failure below the pool level) is assumed
to drain the pool with no fission-product scrubbing. The Class IV y failure
also results in substantial releases because of the fission product release
during core-concrete interaction (since this release is unscrubbed). Even.thevery late containment failure events (e.g., Class II y) result in substantial
release fractions for the volatile fission products. The net result is shownin Figures A.3 and A.4. BNL predicted substantially higher risk for Limerick
(on a point estimate basis) than the RSS predicted for Peach Bottom. It is
concluded that even though containment failure is generally delayed (see CLWGS

report ) for the Mark II containment because of its larger volume compared to
the Mark I containment, the delay does not have a major ef fect on the re-
leases. Thus, as with the Mark I containment, it remains true for the Mark Il
containment, that pool bypass conditions should be avoided.

A.5 Summary and Risk Insights

A.S.1 Core-Damage Profile

As has been observed by others for BWRs, transients rather than LOCAs,

dominated the core-damage risk profile for the studies examined in Section

68

.



, _ _ _ _ _ _
_ _ _ _ _ _ _ _ _ _

..

*
.

A.1. Otherwise, there was no consistent pattern of relative ranking of tran-
sient sequences among the studies. For the two Mark II plants examined in
Section A.1, there appeared to be many more sequences which contributed a r% ,

nificant fraction to core melt. However, the accident classes still exhibits '

the same general trends found for the Mark I plant. Specifically transient:
and LOCAs with make-up failure (including blackout related) appear to dominatt
the CDF but loss of CHR heat removal and ATWS sequences also contribute. '

For the Limerick and Shoreham review, TQUV/TQUX sequences were important
contributors to core melt. Most of this contribution was because of a high
failure rate for primary system depressurization. Improved ADS reliability is-
addressed in Section 4.3.3.

It is important to recognize that the qualitative accident sequence de-
scriptors are rather general and that different hardware and/or operational
failures in the various Mark 11 plants could lead to the same general accident
sequence. In order to identify the plant-speci fic (and often unique) vulnera-
bilities that contribute to a given general sequence descriptor (e.g., station
blackout) in a given plant, a plant-specific examination (such as a failure
mode and effects analysis coupled with a fault tree / event tree analysis or an
equivalent method) would be needed.

A.S.2 Consequence Analysis

The assessment of core meltdown phenomena and containment response indi-
cated that the Mark II containment is somewhat less vulnerable to severe-accident containment loads than the Mark I plant. However, unless mitigative
actions are taken, a Mark 11 containment has the potential to fail a few hours
af ter the reactor vessel fails. If containment failure occurs in the drywell,
any fission products in the drywell atmosphere could pass to the reactor
building without the cenefit of suppression pool scrubbing. Because of this
vulnerability, the predicted offsite consequences appeared to be relatively
insensitive to the accident sequence definition. For Class I and II accidents
the containment failure is expected in the drywell and a large release of non-
volatile fission products is expected. For Class IV accidents there is a pos-
sibility of failing below the pool and draining it with essentially no scrub-bing.
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Glossary for Table A.1, A.2, A.5, A.8 and A.11
A large LOCA
AC Loss of ac power
C' Timely scram initiation
CM Mechanical failure to scram
C Adequate ' reactivity control through poison injection2
D Recovety of Division I.or II diesel generator (at different times),

or ADS not inadvertently. actuated for ATWS sequences (Table A.5)DC Loss of de power
DI 125 V de bus failure, Division I
FSo MSIV closure with accum'lation of water in reactor buildingu
G Drywell heat removal
H Operator recognizes need for injection
I Recovery of offsite power at 30 minutes (time phase I)
II Recovery of offsite power at two hours (time phase II)
III or

Rec' overy"of o'Usiteiower at four hours (time phase III A)
~ ~

IIIA
IIIB Recovery of offsite power at four hours (time phase III B)
IIIC Recovery of offsite power at four hours (time phase III C)IV Recovery of of fsite power at ten hours (time phase IV)
J Containment heat removal failure
K ARI (Alternate rod insertion)
L Level control and stable cooling established
LR1 Opposite division low level trip electronic
LR2 Opposite division low level trip electronic
M3 Hanual shutdown
0 F1 ashing detected
Og Operator error caused leak in alternate reference leg
P Safety relief valve recloses
Q Feedwater system
R Continued power operation
S MSIVs open, PCS available
So MSIV closure and flood from source other than CST
S Small LOCA2

SC MSIV closure and flood from CST via HPCI or RCIC
; T Successful crosstie of turbine building service water for reactor
| building

TC Loss of condenser vacuum
TD Loss of 125V dc bus (Division II)
TD2 Loss of multiple de buses
T ,orE

TE3 Loss of offsite power
Ty Loss of feedwater
TI Inadvertent opening of relief valve transient
Tg MSIV closure transient
THC MSIV closure / loss of condenser vacuum
TN2 MSIV closure transient (ATWS)
TR Reactor water level instrument line leak outside containmentTg loss of reactor building service water3

T7 Turbine trip
TT1 Turbine trip with bypass and with feedwater

| U High pressure injection function
O'

I

RCIC (reactor core isolation cooling) system
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Glossary for Table A.1, A.2, A.5, A.8 and A.11 (Cont'd)

U" HPCI (nigh pressure core injection) system
UH Operator failure to control level 1

UR Failure of RCIC
y Low pressure injection function
W or Containment heat removal function (includes residual heat removal

_

q system and_ power _ conversion syst.em)
W RHR or RCIC in steam condensing mode
W" Power conversion system
W Failure of one RHR12
WSW Loss of service water
X Depressurization (via automatic depressurization system or manual)
X' tiaintain depressurization (long term)
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Table A.1 Ranking of Limerick Dominant Core-Damage Sequences by LGS PRA
(Total Core-Damage Frequency = 1.5x10-5/reactoryear)

Frequency % of TotalCore-Damage (per reactor Core-DamageRank Sequence year) Class Frequency **
.

1 T UV 5.97E-6t I 39.8E

2 T QUX 3.63E-6 I 24.2p

3 T QUX 7.73E-7 I 5.2T
4 T UX 6.9E-7 I 4.6E

5 T uX 6.8E-7 I 4.5g

6 T PW 3.87E-7 II 2.6T
7 T C PU 2.70E-7 III 1.8T1 g

8 T C uU 2.36E-7 III 1.6pg g
9 T QUX 2.20E-7 I 1.5g

10 TCW 1.85E-7 "IV 1.2p g 12
11 T C PU 1.64E-7 III 1.1pg
12 T QW 1.55E-7 II 1.0p

13 TCW 1.43E-7 III/IV* 0.95E g 12

------- 90%14 T CUX 1.40E-7 I 0.93g

15 T QUV 1.40E-7 I 0.93p

16 T PW 1.40E-7 II 0.93p

17 TCC 1.01E-7 III/IV* 0.67Tg2
18 TW 6.93E-8 Il 0.46g

19 AJ 6.40E-8 II 0.4320 TCU 6.37E-8 III 0.42gg

*80% Class III and 20% Class IV.
** Class I 81.66%, C1 ass II 5.42%, C1 ass III 5.68%, C1 ass IV 2.06%.
t5.97E-6 = 5.97 x10 6

.
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Table A.2 , Ranking of Limerick Dominant Core-Damag/ reactor year)
,

e Sequences by BNL Review
(Total Core-Damage Frequency = 1.0x10-

Rank Frequency
Core- (per reactor year) % of Total

BNL LGS Damage Core-Damage
Review PRA Frequency OtlL Review LGS PRA Class Frequency

.
,

I 2 T QUX 3.7E-5 3.63E-6 1 37.p

2 1 T UV 3.2E-5 5.97E-6 I 32. .E

3 4 T UX 8.6E-6 6.9E-7 I 8.6E

4 3 T QUX 8.0E-6 7.73E-7 I 8.0T
5 5 T UX 4.0E-6 6.8E-7 I 4.0g

T(DC) 2.0E-66 I 2.0
-

T
---

,

-------90%
7 12 T 0W 1.3E-6 1.55E-7 II 1.3p

T (WSW) 1.2E-68 I 1.2-

T
---

9 15 T 0VV 1.1E-6 1.4E-7 I 1.1p

-------95%
10 7 T C PU 8.7E-7 2.7E-7 III 0.87T1 g

11 6 T PW 7.7E-7 3.87E-7 II 0.77T
12 25 TW 6.4E-7 3.51E-8 II 0.64E

T(AC) 6.1E-713 1 0.61-

T
---

~

14 8 T C UU 5.3E-7 2.36E-7 III 0.53pg R
,

15 14 T C'UX 5.0E-7 1.4E-7 1 0.50g

16 18 TW 4.3E-7 6.83E-8 II 0.43g
,

17 13 T CN 4.3E-7 1.43E-7 III 0.43E3 M 12
18 23 T UV 3.6E-7 2.6E-8 I 0.36g

19 9 T QUX 3.6E-7 2.2E-7 I 0.36 Ig

T (DC) 3.1E-720 I 0.31
.

-
p ---

I * Class I 96%, Class II 3.1%, Class III 1.8%, Class IV 0%.
|

.

i

|
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Table A.3 Definition of Accident Sequence Subclasses

Core-Damage
Class Subclass Definition

Class I A Accident sequences involving makeup in which,

the reactor pressure remains high
.

B Accident sequences involving a l'oss of offsite
power and loss of coolant inventory makeup

,

C Accident sequences involving a loss of coolant
inventory induced by an ATWS sequence

D Accident sequences involving a loss of coolant
inventory makeup in which' reactor pressure has
been successfully reduced to 200 psi.; accident
sequences initiated by common mode failures
disabling multiple systems (ECCS) leading to
loss of coolant inventory makeup

E Accident sequences caused by common mode fail-
ures which result in multiple frontiine system
failures with the reactor at high pressure

Class III A Accident sequences leading to core vulnerable
conditions initiated by vessel rupture where
the containment integrity is not breached in
the initial time phase of the accident

B Accident sequences initiated or resulting in
small or medium LOCAs for which the reactor
cannot be depressurized

C Accident sequences initiated or resulting in
medium or large LOCAs for which the reactor is
at low pressure

D Accident sequences which are initiai;ed by a
,

LOCA or RPV failure and for which the vapor
suppression system is inadequate, challenging
the containment integrity

,
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Table A.4 Comparison of Core-Damage Frequencies Obtained by SNPS PRA,
BNL Review and 10COR-IPE Methodology Application

Accident Core-Damage (CD) Class Core-Damage % ofSequence Frequency TotalInitiator I II III IV V (per yr) . C0F

Transients SNPS 8.7E-6 4.8E-6 1,3E-5 23.64
'

(turbine BNL 1.5E-5 6.4E-6 2.2E-5 15.7trip, MSIV 10COR 4.3E-5 1.9E-6 1.1E-7 4.5E-5 52.9cl osure ,
manual shut-
down & other)

Loss of off- SNPS 9.9E-6 1.1E-6 1.1E-5 20.0site ac power BNL 2.9E-5 1.4E-6 3.0E-5 21.4
(LOOP) IDCOR 1.1E-5 9.6E-8 1.1E-5 12.9

ATWS ( Antici- SNPS 4.0E-6 2.1E-9 1.4E-5 1.8E-5 32.7pated Tran- BNL * 2.8E-8 4.5E-5 4.5E-5 32.1sient Without 10COR 9.6E-6 5.6E-9 4.9E-6 1.5E-5 17.6
Scram)

LOCA (Loss SNPS 1.0E-6 1.0E-6 2.0E-6 3.6of Coolant BNL 5.3E-7 1.3E-6 1.8E-6 1.3Accidents) 10COR 6.9E-7 1.5E-6 1.5E-6 7.0E-9 3.7E-6 4.4
Level Instru- SNPS 3.8E-6 1.2E-7 5.2E-9 3.9E-6 7.1mentation BNL 1.2E-5 2.5E-8 1.5E-7 1.2E-5 8.6(reference leg 10COR 2.5E-6 1.2E-7 1.9E-7 2.8E-6 3.3& drywell cool-
ing)

Flooding at SNPS 3.1E-6 7.8E-7 3.9E-6 7.1Elevation 8 of BNL 1.8E-5 2.0E-6 2.0E-5 14.3Reactor Bldg. 10COR 3.1E-6 7.8E-7 1.7E-10 3.9E-6 4.6

LOCA Outside SNPS 3.7E-8 3.7E-8 0.67Drywell BNL 2.0E-7 2.0E-7 0.14
10COR 4.5E-9 9.0E-8 9.5E-8 0.11

Loss of Ser- SNPS 3.0E-6 7.7E-7 3.8E-6 6.9vice Water or BNL 7.6E-6 2.4E-6 1.0E-5 7.1OC Bus 10COR 3.0 E-6 5.5E-7 6.9E-8 3.6E-6 4.2
Total SNPS 3.2E-5 8.5E-6 1.0E-6 1.4E-5 3.7E-8 5.5E-5

BNL 8.2E-5 1.3E-5 1.5E-6 4.5E-5 4.2E-7 1.4E-4
10COR 7.3E-5 5.0E-6 1.6E-6 5.2E-6 9.0E-8 8.5E-5

*In the BNL review, all ATUS sequences are assumed to lead to core damage Class IV,
based partly on the judgement that the operator will not be able to inhibit ADS.

.
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Table A.5 Dominant Accident Sequence Frequencies by SNPS PRA

Frequency *
(per reactor

Rank Sequence year) C1 ass % of Total C0F
1 T CC 6.4(-6) IV 11.64H2 g 2
2 T UX 3.1(-6) IA 5.64C
3 T QUX 2.4(-6) IA 4.36T
4 T DIQ 2.2(-6) IA 4.0D
5 T IVDUX' 2.2(-6) IB 4.0E
6 FS 00X 1.7(-6) ID 3.090
7 T III OV 1.5(-6) IB 2.73E C
8 TCu 1.5(-6) IC 2.73pg
9 T C UD 1.5(-6) IV 2.73pg

10 T W'W" 1.5(-6) II 2.73C
11 M QUX 1,3(-6) IA 2.363
12 T III DUV 1.2(-6) IB 2.18E A
13 TW 1.1(-6) II 2.0Ed
14 T RQUX 1.1(-6) IA 2.0R
15 TCC 1.0(-6) IV 1.82pg2
16 T IOUV 9.9(-7) 10 1.8E

17 T CC 9.9(-7) IV 1.8T1 g 2
l 18 T W'W" 8.9(-7) II 1.62T

19 T G0L 8.4(-7) 10 1.53E

20 H W' W" 8.2(-7) I! 1.493
21 T IUV 7.7(-7) 10 1.4E

22 T QUX 7.2(-7) IA 1.31g
23 T quX 6.7(-7) IA 1.22g

24 T IIOU"Y 6.5(-7) 18 1.18E

25 T CC0 6.2(-7) IC 1.13H2 g 2
26 T C C VD 6.2(-7) IV 1.13H2 g 2
27 TCC 6.0(-7) IV 1.09Eg2
28 FS @X 5.5(-7) 10 1.0C
29 T QUX 5.3(-7) IA 0.96D

30 T CU 5.3(-7) IC 0.96T1 g

i

| Total = 4.05 x10-5 Sun = 73.63%
*a(-b) means ax10-6,

[
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Table A.6 Distribution of Core-Damage Frequency Contributions
According to Sequence Types (SNPS PRA)

Core- Sequence Frequency
Damage Type or (per reactor
Class Subcl ass Sequence * year) Percentage

Class I A T QUX 9.0 E-t' 22.15t
TcVX 3.1E-6 7.66
T DIQ 2.2E-6 5.43D

8 T DUX' 2.2E-6 5.432
T DUV 1.85E-6 4.57
T DV 1.5E-6 3.71

C TCU 2.0E-6 5.01Sg
TCCU 6.2E-7 1.536g2

0 T 0V 1.76E-6 4.357
T G0L 8.4E-7 2.08E

2.51E-5 61.92

Class II TW 4.3E-6 10.65g

Ciass IV TCC 9.0E-6 22.23g2

TioVD 2.1E-6 5.24

1.11E-5 27.44

4.05E-5 100.

*T g = T , Ms , T R , FS etc.T R o
T2 = T IVE
T 3 = T II, T IIIAE E
Tg = T IIICE

T5=T,TT1F
T6 = Tg2
T7 = T I, T IDE E

Te=T,T,MgM2,TC T ,TE
T9 = Tp, TTI. E

T o = TpCg, T CM2 gC2i

-
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Table A.7 Distribution of Core-Damage Frequency (CDF) Contributions
According to Initiators (SNPS PRA)

Frequency
(per reactor

Class Accident Initiator year) Percentage

Class I Loss of offsite power 9.9E-6 30.9
-

(58.2% of Level instrumentation and drywell
total cooling failure 3.8E-6 11.9
CDF) Internal flooding 3.1E-6 9.7

~

Loss of condenser vacuum 3.0E-6 9.4DC bus failure 2.7E-6 8.4Turbine trip 2.5E-6 7.8
Loss of feedwater ATWS 1.8E-6 5.6
Manual shutdown 1.4E-6 4.4Turbine trip ATWS 1.2E-6 3.8Others 2.6E-6 8.1

3.2E-5 100.0

Class II Loss of condenser vacuum 2.1E-6 24.7-

(15.45% Manual shutdown 1.2E-6 14.1of total Loss of offsite power 1.1E-6 12.9
CDF) Turbine trip 1.0E-6 11.8Internal flooding 7.8E-7 9.2Others 2.32E-6 27.3

8.5E-6 100.0

Class III Medium LOCA 4.9E-7 49.0(1.8% of RPV LOCA 3.1E-7 31.0total Large LOCA 1.8E-7 18.0
C0F) Small LOCA 1.6E-8 1.6Others 4.0E-9 0.4

.- -.

1.0E-6 100.0

Class IV HSIV closure / loss of condenser vacuum 7.4E-6 55.2(all ATWS, Loss of feedwater 2.8E-6 20.924.4% of Turbine trip 2.3E-6 17.2total Loss of offsite power 6.9E-7 5.2
C0F) Others 2.0E-7 1.5

1.34E-5 100.0

Class V LOCA outside drywell 3.7E-8 100.0(0.067%
of total
CDF)

Total CDF = 5.5E-5
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Table A.8 Dominant Accident Sequence Fraquencies for SNPS by BNL Review

Rank . Sequence Frequency * C1 ass % of Total CDF
1 T C KQ 1.0(-5) IV 7.07Tg
2 T IDGL 1.0(-5) IB 7.07E

-

3 FS 1.0(-5)** IA 7.07O
4 T C KU 8.3(-6) IV 5.87gg g
5 T C KU 6.7(-6) IV 4.73Tg g
6 T IVO 6.7(-6) IB 4.73E

7 T QUX 5.5(-6) IA 3.89T
8 T C KC 4.2(-6) IV 2.97Tg 2
9 T UX 4.2(.6) IA 2.97C

10 T C KUU 3.9(-6) IV 2.76Tg g

11 T IIIOUX' 3.3(-6) IB 2.33E

12 T TSUV 2.6(-6) ID 1.843g
13 T TSUX 2.6(-6) IA 1.843g
14 T QUX 2.5(-6) IA 1,77H
15 TW 2.5(-6) II 1.77C

16 T C KW 2.4(-6) IV 1.70
'

Tg
17 T RL 00H 2.4(-61 IA 1.70R g1
18 T RL QUH 2.2(-6) IA 1.55g R2
19 T D;Q 2.2(-6) IA 1.55O
20 T R0 QUX 2.0(-6) IA 1.41R g
21 T IGL 1.9(-6) IA 1.34E

22 T !!IOV 1.7(-6) IB 1.2E

23 M QUX 1.6(-6) IA 1.133
24 T TSW 1.4(-6) II 0.993y
25 T IOUV 1.4(-6) ID 0.99E

26 T IIVW 1.4(-6) II 0.99E

27 T IIIDX 1.2(-6) IB 0.85E

28 T C KPQ 1.1(-6) IV 0.78Tg
29 T C KU 1.1(-6) IV 0.78E gg g

30 T IIIOUV 1.1(-6) IB 0.78E

31 T C,gKUU 1.0(-6) IV 0.71g g

*a(-5) means ax10-5 Total = 1.09 x10 '' Sum = 77.13%
| ** Estimated by 8NL review.
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Table A.9 Distribution of Core-Damage Frequency Contributions
According to Sequence Types (BNL Review of SNPS PRA)

Core- Sequence FrequencyDamage Type or (per reactorClass Subclass Sequence * year) Percentage
Class I A T QUX 2.16E-5 19.8

'i
T 0X 6.8E-6 6.232

T l QUH 4.6E-6 4.22RR
T DIQ 2.2E-6 2.02O
T IGL 1.9E-6 1.74E

B T DUX' 3.3E-6 3.03T DV 1.7E-6 1.56
T DUV 1.1E-6 1.01Others (T 0X, T IVD, T IDGL) 1.79E-5 16.413

E

C TgC KUU 4.9E-6 4.49g H

0 T UV 4.0E-6 3.675

7.0E-5 64.16
C1 ass 11 TW 5.3E-6 4.86s

C1 ass IV T C KU 1.61E-5 14.767g g
T C KQ,T C KPQ 1.11E-5 10.17Tg Tg
T C KC 4.2E-6 3.85Tg 2
T C KW 2.4E-6 2.2Tg

3.38E-5 30.98

1.09E-4 100.0
._ .

*T 3 = T , Tg, M , FS etc.T 3 o
T T,T3t
2 = T III |TS

C
T3= E
Tg = T , TgT
T 5 = T ID T yTSE 3
Tg = T T yTS, T IIVC 3 E
T7 = Tg, T , TET
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Table A.10 Distribution of Core-Damage Frequency Contributions
According to Initiators (BNL Review of SNPS PRA)

Frequency
Class Accident Initiator (per yr) Percentage

Cl as: I Loss of offsite power 2.9E-5 35.5 ,

(58.3% of Internal flooding 1.8E-5 22.1total Level instrumentation and drywell cooling
CDF) failure 1.2E-5 14.7

Turbine trip 5.2E-6 6.4
Loss of service water 5.2E-6 6.4
Loss of condenser vacuum 4.8E-6 5.9
MSIV closure 2.7E-6 3.3
DC bus failure 2.4E-6 2.9
Manual shutdown 1.8E-6 2.2
Others 5.0E-7 0.6

8.16E-5 100.0

C1 ass II Loss of condenser vacuum 3.4E-6 26.2
(9.3% of Loss of service water 2.4E-6 18.5
total Internal flooding 2.0E-6 15.4
CDF) Turbine trip 1.5E-6 11.5

Loss of offsite power 1.4E-6 10.8
Others 2.3E-6 17.7

1.3E-5 100.0

Class III liedium LOCA 6.1E-7 40.7
(1.07% of Large LOCA 3.7E-7 24.7
total RPV LOCA 3.1E-7 20.7
C0F) Others 2.1E-7 14.0

1.5E-6 100.0

Class IV Turbine trip 2.9E-5 64.9
(all ATWS, MSIV closure / loss of condenser vacuum 1.1E-5 24.6
31.9% of Loss of feedwater 2.6E-6 5.8
total Loss of offsite power 1.4E-6 3.1
C0F) Others 7.0E-7 1.6

4.47E-5 100.0

C1 ass V LOCA outside drywell 2.0E-7 100.0
(0.14% of
total
C.D.F.)

Total CDF = 1.4E-4

!
'
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Table A.11 Dominant Accident Sequence Frequencies for SNPS
by 10COR-IPE Methodology Application

|
Frequency *
(per reactor

Rank Sequence year) Class % of Total CDF
,t

1 T QUX 2.1(-5) IA 24.71T
2 T QUX 1.2(-5) IA 14.12C
3 T QUX 4.7(-6) IA 5.53

~

g

4 T C uV 3.6(-6) IC 4.24
, pg

5 T QUX 3.4(-6) IA 4.0g
6 T IVDUX' 2.3(-6) IB 2.71E

7 T QUX 2.2(-6) IA 2.59D2
8 T III DGUX 1.9(-6) IB 2.24E B

9 FS QUX 1.7(-6) 10 2.00
10 T C 'JV 1.6(-6) IC 1.88Tg
11 T C C WUV 1.6(-6) IV 1.88HC g 2
12 T C C WUV 1.2(-6) IV 1.41pg2
13 T RQUX 1.1(-6) IA 1.29R

14 T IVDX' 1.1(-6) IB 1.29E

15 T lDGUX 1.0(-6) IB 1.18g

16 T C C WUV 1.0(-6) IV 1.18Tg2
17 T C uy 1.0(-6) IC 1.18MC g
18 T C UV 9.4(-7) IC 1.11ig
19 T '.' 9.0(-7) ID 1.06g

20 T IUX 7.7(-7) 1A 0.91E

21 S GQUV 7.2(-7) 11 0.852
22 S WQUV 7.2(-7) 11 0.852 ,

i 23 S 0VX 7.0(-7) !!IB 0.822
24 T WQUV 6.8(-7) 11 0.8C
25 T QUX 6.7(-7) IA 0.79D

i 26 T IUV 6.4(-7) IB 0.75E

27 T IOUV 6.4(-7) '9 0.75E

28 M QUX 6.2(-7) 1A 0.73g

29 M WQUV 6.0 ( -7 ) 11 0.713
30 T C C VV 6.0(-7) IC 0.71MC g 2

*a(-5) means a x 10-5 Total = 7.16x10-5 Sun = 84.27%
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Table A.12 Distribution of Core-Damage Frequency Contributions
-

According to Sequence Types (SNPS IDCOR-IPE Method- '

ology Application)

Core- Seque. ice Frequency
Dama9e Type or (perreactor
Cl ass Subclass Sequence * year) Percentage

.

Class I A T QUX 4.74E-5 66.2
T VX 7.7E-7 1.082

B T 0GUX 2.9E-6 4.053
T DUX' 2.3E-6 3.21g
TgDX' 1.1E-6 1.54
T DUV 6.4E-7 0.89
T UV 6.4E-7 0.892

C T C C UV 7.14E-6 9.97
THC M 20V 6.0E-7 0.84

,

0 TV 9.0E-7 1.26i

6.44E-5 89.93

Class II T WQUV 2.0E-6 2.796

S GQUV 7.2E-7 1.02

2.72E-6 3.79

C1 ass III B S QUX 7.0 E-7 0.982

C1 ass IV
.

T CgC WUV 3.8E-6 5.317 2

7.16E-5 100.0
,

*T i = T , T , FS etc.T C o
T2=TI I,E i
T 3 = T l, T IIIBE E
Tg = T IVE
T3 , Tp, TT etc.
Ts = S , T s MS2 C
T7=THC, T , TTF
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Table A.13 Summary of Core-Damage Frequency Contributions
by Initiators and Classes (SNPS 10COR-IPE
liethodology Application)

Accident Sequence Core-Damage (CD) Class SequenceInitiator I il 111 IV V Total s
, . .

Transients:
Turbine trip 2.1E-5 1.5E-7 ----- ----- ----- ?.1E-5Hanual shutdown 6.2E-7 6.1E-7 ----- ----- 1.2E-6HSIV closure 3.4E-6 1.8E-7

----- '

----- ----- ----- ?.6E-6Loss of feedwater 4.3E-7 1.5E-8 ----- ----- ----- 4.5E-7Loss of condenser
vacuum 1.2E-5 6.9E-7 ----- ----- 1.3E-510RV and SCRV 5.7E-6 2.4E-7 1.1E-7

-----

6.1E-6----- -----

4.3E-5 1.9E-6 1.1E-7 4.5E-5
_

Loss of Offsite
Power 1.1E-5 9.6E-8 ----- ----- ----- 1.1E-5
ATWS:
Turbine trip 2.0E-6 1.3E-9 1.1E-6-----

3.1E-6MSIV closure / loss
-----

of condenser
vacuum 1.6E-6 1.0E-9 1.8E-6-----

3.4E-6Loss of offsite -----

power 1.1E-7 8.6E-8----- -----
2.0E-710RV 1.4E-6

-----

4.3E-7----- -----
1.8E-6Loss of FW 4.5E-6

-----

3.3E-9 1.5E-6-----

6.0E-6-----

9.6E-6 5.6E-9 4.9E-6 1.5E-5
LOCA:

Large LOCA 9.2E-8 1.3E-7 7.0E-9-----

2.3E-7Medium LOCA
-----

3.6E-8 3.9E-7-----

4.3E-7----- -----
Small LOCA 6.9E-7 1.4E-6 7.0E-7Reactor pressure 2.8E-6----- -----

vessel LOCA 3.0E-7----- -----

3.0E-7----- -----
_ _

| 6.9E-7 1.5E-6 1.5E-6 7.0E-9 3.8E-6
Other Transients:
Level instrumenta-

, tion 2.4E-6 1.2E-7 1.9E-7
| Drywell cooling

-----
2.7E-6----

| ' failure 1.4E-7 ----- ----- ----- -----
| Internal flooding 3.1E-6 7.8E-7 1.4E-7

1,7E-10: LOCA outside dry-
-----

3.9E-6-----

| well 4.5E-9-----
9.0E-8 9.5E-8 !

----- -----

j Loss of service
| water 2.1E-8 5.3E-7' ----- ----- ----- 5.5E-7Loss of de bus 3.0E-6 1.6E-8 6.9E-8-----

3.1E-6 '-----

Total 7,3E-5 5.0E-6 1.6E-6 5.2E-6 9.0E-8 8.5E-5

y j 89:>
'
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Table A.14 Distribution of Core-Damage Frequency Contalbutions
According to Initiators (SNPS 10COR-IPE l'etnodology
Application)

a
, ' Frequency

(perreactor
Cl ass AccidcAL Jini tiator year) Percentage

.

Class I Turbine trip 2.1E-5 28.8
__

(85.9% of Loss of condenser vacuum 1.2E-5 16.4total loss of offsite power 1.1E-5 15.1
CDF) 10RV and SORY 5.7 E-6 7.8

Loss of feedwater ATWS 4.5E-6 6.2
MSIV closure 3.4E-6 4.7Internal flooding 3.1E-6 4.2DC bus failure 3.0E-6 4.1Others 9. 3E-6 12.8

___

l7.3t 5 100.0
.

I Class II Small LOCA 1.4E-6 28.
(5.9% of Internal flooding 7.8E-7 15.6total Loss of condenser vacuum 6.9E-7 13.8
CDF) Hanual shutdown 6.1E-7 12.2

10RV and SORY 2.4E-7 4.8
Others, 1.28E-6 25.6

.

5.0E-6 100.0

Class !!! Small LOCA 7.0E-7 43.8,

(1.9% of Medium LOCA 3.95-7 24.4total RPV LOCA 3.05-7 18.8
CDF) Large LOCA 1.?C-7 8.1

Others 8.0E-8 5.0

1.6E-6 100.0

Class IV MSIV closure / loss of condenser vacuum 1.8E-6 34.6 <

(all ATWS, Loss of feedwater 1.5E-6 28.86.1% of Turbine trip 1.1E-6 21.2total 10RV and SORV 4.3E-7 8.3
CDF) Others 3.7E-7 7.1

5.2E-6 100.9

Class V LOCA outside containment 9.0E-8 100.0
(0.106% of
total
C0F) '

; Total CDF = 8.5E 5
,

f
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Tabl e A.15 NRC/IDCOR Issues
.

Issue Subject

1 Fission-Product Release Before Vessel Failure
2 Recirculation of Coolant in Reactor Vessel
3 Release Model of Control Rod liaterials -

.

4 Fission Product and Aerosol Retention in the Primary System
5 In-Vessel H Generation2
6 Core Flump, Core Collapse, and Reactor Vessel Failure ,

7 Containment Failure Because of In-Vessel Steam Explosions
8 Direct Heating of Containment
9 Ex-Vessel Fission Product Release

10
Ex-Vessel Heat Transfer tiodel from Molten Core to Concrete

11 Revaporization of Fission Products from the Primary System
12 Fission Product Deposition Model in Containment
13A Suppression Pool Bypass (Pool Scrubbing)
138 Retention of Fission Products in Ice Beds
14 Modeling of Emergency Response
15 Containment Perfomance
16 Secondary Containment Performance
17 Hydrogen Ignition and Burning
18 Essential Equipment Performance

91
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Table A.16 Comparison of IDCOR and SARP Predictions of Fission-
Product Release for an ATWS Sequence With No Operator
Actions Taken

'

Event 10COR* NRC Contractors **
.

Containment Failure (br) 1.4 1.4
Start of Core Melt (hr 3.0 2.2

3Vessel Failure (hr 3.9 3.8 ~

Fission-Product Release
Fractions ***:
Xe-Kr 1.0 1.0
I-Br 0.1 0.03
Cs-Rb 0,1 0.03
Te-Sb 0.1 0.30
Sr-Ba 0.0004 0.43
Ru-lio 0.001 Neg.
La 0.01--

Ce 0.02---

*IOCOR Technical Report 23.1PB, March 1985.
** Informal BCL Report Dated November 18, 1985.

*** Fraction of Initial Core Inventory.

.

i

|
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Table A.17 Comparison of IDCOR and SARD Predictions of Fission-
Product Release for an SB0 Saquence

Event 10COR* NRC Contractors **
Loss of Injection (hr) 6.0 6.0
Start of Core ikit (hr) 11.4 10.7

.

Vessel Failure (hr) 12.0 12.2
Containment Failure (tr) 18.0 15.2

Fission-Product Release
Fractions ***:
Xe-Kr 1.0 1.0I-Br 0.05 0.012Cs-Rb 0.05 0.014Te-Sb 0.06 0.22Sr te g. 0.37
Ru-Mo 0.0001 Neg.
La 0.03--

Ce 0.05--

Ba 0.28--

*1DCOR Technical Report 23.1PB, March 1985.
**NUREG/CR-4624. Vol . 1.

*** Fraction of Initial Core Inventory.

|
|

|

|

|
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Table A.18 Comparison of 10COR and SARP Predictions of Csl
Distribution for an SB0. Sequence (Fraction of
Initial Core Inventory)

Events
.

Containment End of
. Location Vessel Failure Failure Calculation

-

,.

IDCOR* NR C* * IDCOR NRC IDCOR NRC
(12 hr) (12hr) (18 hr) (15 hr) (60 hr) (E2 hr)'

Reactor Pressure
Vessel 1.0 0.85 0.76 0.85 0.09 0.85

Drywell 0.12 0.20 ***-- 0.09--

Hel t

Suppression Pool *** 0.04 *** 0.04 0.03--

Reactor Building 0.82 0.009
-- -- -- --

Environment 0.05 0.014
-- -- -- --

*IDCOR Technical Report 23.1PB, tiarch 1985.
**NUREG/CR-4624. Vol .1.

***The location of the remaining fraction of Cs! was not reported in the
Battelle Columbus Laboratories (BCL) report.

,
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Table A.19 Comparison of IDCOR and SARP Consequence Results
(Person-Rem)

Accident
Sequence Containment Failure Mode IDCOR NUREG-1150

ATWS Wetwell venting no pool bypass 3.5x10 5 --
.

ATWS Wetwell venting with late pool bypass 1.0x107 --

Station Containment failure at RPV failure 0.2 to 3.3x107Bl ackout
--

Station Containment failure after a few hours 1.3 x10 7 0.1 to 1.2x107B1ackout

.

4
,
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Table A.20 Comparison of Release Parameters from BNL Review and the Limerick PRA
(Fraction of Initial Core Inventory) |

Class I - y Class II - y Class III - y __ Class IV - y Class IV - y' Class IV - y"W BNL**" PRA BE PRA BE PRA BNL PRA BE PRA BE PRA

te-Kr .939 .939 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

01 0.0 0.0 0.0 0.0 007 .007 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 0.049 .0093 .11 .156 .06 .122 .04 .154 .261 .098 .07 .708 .73

Cs 0.055 .020 .09 .258 023 .0542 .024 749 .202 749 .09 .749 70

Te 0.058 .046 .016 421 4 .185 .073 .747 434 .757 .20 .757 .55
Ba 0.006 .0017 .01 .027 .0063 .00361 .0027 .0859 .029 .0859 .016 .0859 09

Ru 0.004 .0030 .003 .070 .069 .0169 .0086 .110 .095 .11 .088 .11- .12
La 0.00074 .00061 .0003 .0054 .0047 .00238 .00091 .0103 00523 .0103 .006 .0103 .007

*With suppression pool flashing at containment failure.
**Without suppression pool flashing at Containment failure.
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ABSTRACT.

Guidelines and criteria have been developed for preventing and mitigating
severe accidents in a BWR which has a Mark Ill containment (BWR Mark III).
The guidelines were developed from insights derived from reviews of in-depth
risk assessments performed specifically for the Grand Gulf plant and from,

assessments of other relevant studies. Accident sequences that dominate the
core-damage frequency and those accident sequences that are of potentiallyhigh consequence were identified. Vulnerabilities of the BWR Mark 111 tosevere accident containment loads were also identified, in addition, those
features of a BWR Mark III, which are important for preventing core damage and
are available for mitigating fission-product release to the environment werealso identified. These guidelines and criteria are issued to provide direc-
tion to an analyst examining an individual plant. This direction calls atten-tion to plant features and operator actions and provides the standards for
assessing those features and actions found to be helpful in reducing the over-all risk for Grand Gulf and other Mark III plants. Thus, the guidance is
offered as a resource in examining the subject plant to determine if the same,
or similar, guidelines will be of value in reducing overall plant risk. These
guidelines and criteria are intended to serve solely as guidance.
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ac alternating current
ADS automatic depressurization system
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1. EXECUTIVE SUMMARY
,

.

The U.S. Nuclear Regulatory Commission (NRC) has formulated an approach
for a systematic safety examination of existing plants to determine whether
particular severc accident vulnerabilities are present and what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core RJ1emaking Program (IDCOR) selected four ref-
erence plants for detailed analysis: Peach Bottom, Grand Gulf, Sequoyah, and
Zion. The IDCOR analyses performed for the reference plants have been docu-
mented together with the methodology used for the analyses and the technical
basis supporting the methodology.

Parallel with the IDCOR work, the NRC under the Severe Accident Research
Program (SARP), performed risk assessments, audit calculations, sensitivity
studies, and uncertainty analyses for five plants. The five plants considered
by SARP were Peach Bottom, Grand Gulf, Sequoyah, Zion and Surry.

The purpose of this effort is to review all of the IDCOR and SARP analy-
ses performed for the reference plants, understand the reasons for the differ-
ences, and then use the experienc. gained from these reviews for developing
guidelines and criteria that identify plant features and operator actions
that were found to be important for either preventing or mitigating severe
accidents in each plant type, in turn, these guidelines should prove helpful
in the systematic safety examination of individual plants.

Three basic objectives or goals for this severe accident program, apply
equally to all plant types:

Goal 1: Mitigate fission-product releases..

Goal 2: Control the frequency of high-consequence sequences..

Goal 3: Reduce high core-damage frequency..

The aim was, therefore, to develop detailed guidelines and criteria that
could be used to achieve these goals during the examination of individual
plants.

"Guidelines," as used in this report, identify plant features and oper-
ator actions that were found to be important to either preventing or mitigat-
ing severe accidents in the reference plant studies. These guiJelines provide
a list of plant features and operator actions that the utilities can use as
part of the individual plant examinations (IPEs). It is not the intent of
this report to specify a set of improvements for either the reference plant or
for any other plant which would be sufficient to achieve a certain level of
safety. Instead, the guidelines indicate potential improvements in various
areas of plant design and operation of which utilities should be aware when
conducting the IPEs and making decisions on plant improvements. The intent is
to provide guidance to the analyst performing an IPE, as to the plant features
and operator actions which were found to reduce overall risk. It is prudent
to check whether potential improvements identified in studies of other similar
plants can be of help in improving overall plant performance. The 9"idelines
contained in this report, therefore, complement the IPEs.

1

-



-__ - . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.

.

"Criteria " as used in this report, are the attributes which have been -

identified as important to assess the performance of plant features and oper-
ator actions identified in the guidelines. The cr1teria provide deterministic
(as opposed to probabilistic) performance measures which are judged to be
helpful to implement the concepts contained in the guidelines. When a deci-
sion is made to provide an item or an action specified in a guideline, the
utility should address a set of questions relating to the design, operation
and availability of the needed equipment and the training of operators. For
the example of containment-venting guidance, the capacity of the venting sys-
tem, the selection of setpoints to initiate venting, the availability of
applicable procedures and the accessibility of certain valves by operators-
should be addressed. The criteria on containment venting provide helpful in-
formation in assessing venting capability in each individual plant.

Based on an extensive review of prior severe accident investigations, the
authors have provided a set of guidelines and associated criteria which can be
used to assess the capability of individual boiling water reactor (BWR), Mark
III plants to cope with severe accidents. Although much of the work is based
on probabilistic risk assessments (PRAs), the guidelines and criteria are de-
terministic in nature. That is the criteria describe specific features of key

| systems and operational procedures which have been found helpful in reducing
the likelihood of severe accidents. The guidelines and criteria take into,

account detailed severe accident experiments and analyses performed by the
NRC/RES, the nuclear power industry and foreign governments.

The following sections present the insights gained from reviewing the
PRAs. Specifically, the 10COR Grand Gulf Integrated Containment Analysis and
the SARP Grand Gulf reports " were reviewed in detail. In addition, the
results of other relevant BWR PRAs were also taken into account, namely, the
Grand Gulf risk assessment 5 performed as part of the Reactor Safety Study

6 for the General Elec-Methodology Applications Program (RSSMAP) and the PRA
tric Standard Safety Analysis Report (GESSAR).

: 1.1 Core-Damage Profile

Transients rather than loss-of-coolant accidents (LOCAs) dominated the
core-damage risk profile for the PRAs reviewed. In addition, there appeared4

! to be no pattern of relative ranking of transient sequences among the PRAs
i reviewed. However, in the later studies the same few functional accident
i sequences figured prominently in the core-damage frequency (CDF) profiles, it

is also important to observe that for a given accident sequence, the major
contributor to differences in quantitative results between the studies was
because of subjective modeling assumptions rather than because of plant dif-,

' ferences or data differences.

For the Grand Gulf RSSMAP study, loss of containment heat removal se-
quences appeared as important contributors to che C0F (about 50%). Al though
the more recent Accident Sequence Evaluation Program (ASEP) studies have re-i

! duced the C0F, attributable to these sequences, based on operating procedures
for alternate injection, criteria have been developed to ensure that these
sequences are not dominant for other BWR Mark 111 plants.

Both SARP and IDCOR indicated that station blackout (SB0) and anticipated
transients without scram (ATWS) are the dominant core-damage sequences for the

.
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Grand Gulf plant. Both studies calculate a total C0F only slightly higherthan 10-6 per reactor year. Thus, the guidelines for other BWR Mark 111
*

plants will attempt to ensure that the likelihood of these "dominant" se-
quences are also kept at a correspondingly low level.

1.2 Consequence Analysis

The assessment of core-meltdown phenomena and containment response in the
-

'

PRAs indicated that the Mark Ill containment is vulnerable to severe accidentcontainment loads. Unless mitigative actions are taken, a Mark 111 contain-
ment has the potential to fail a short time (in a few hours or less) after the 'core debris melts through the reactor vessel. Therefore, fission products
released into the drywell will still pass through the suppression pool. Thus,even with a containment failure, containment function (reducing the source
term) is preserved for almost all cases. Only direct bypass sequences (inter-
facing systems LOCA) or loss of drywell integrity result in severe releases offission products.

1.3 Guidelines and Criteria

Each guideline is provided with a detailed test of criteria which provide
helpful infornation to assess the performance of plant features and operatoractions identified in the guidelines.

1.3.1 Hitigate Fission-Product Releases

The assessment of core-meltdown phenomena and containment response indi.
cates that the Mark 111 containment provides a vigorous defense against fis-
sion product release even under severe accident loads. The ability of the
Mark 111 suppression pool to trap aerosol fission products is an important
mitigative feature since it leads to a direct reduction in offsite conse-
quences by a factor of 10 or more. Therefore, no guidelines were believed to
be necessary for the Mark 111 design with respect to this goal (Goal 1).
Additional mitigative capability is examined as part of SB0 (Guideline 3),

1.3.2 Control the Frequency of High-Consequence Sequences

Based upon the inherent capability of the Mark !!! design (as noted
above), any pathways that might open, which would allow the fission products
to bypass the pool are undesirable.

Because of the importance of the suppression pool as a mitigative fea-
the vulnerability of a Mark 111 containment to any bypass pathwaysture,

'

should be examined. Guideline 1, as shown in Table 1.1, is provided to ensure
the low frequency of interfacing systems LOCA events based on insights fromPRAs for other plant types.

Guideline 1 - Interfacing Systems LOCA

Interfacing systems LOCAs represent the possibility of high releases andtherefore make it important to ensure that the frequency of these events is
kept very low at all Mark 111 plants. ,

j
f
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1.3.3 Reduce High Core-Damage Frequency Sequences .!
:

The most important contributors to CDF for Grand Gulf were found to be
| SB0 and ATWS sequences. However, other accident sequences that were not |

important contributors to C0F in Pand Gulf could become dominant for other j'

Hark 111 plants because of the unavailability of certain plant features that !

were available in Grand Gulf. Therefore, the guidelines are intended to cover !
'

a large spectrum of accident sequences.

Guideline 2 - Anticipated Transients Without Scram
'

Anticipated transients without scram (ATWS) have been found to be impor-
tant contributors to risk for many BWRs. The NRC promulgated the ATWS Rule to ,

reduce the frequency of ATWS events. The criteria developed for this guide-
line emphasize human reliability insights as to the importance of operator
training and correct emergency procedures to ensure recovery from an ATWS
event.,

Guideline 3 - Station Blackout ;

For accidents involving the loss of offsite power and onsite emergency'

power, the NRC recommends examining the proposed station blackout (SBO) rule1

j for applicability. The criteria associated with Guideline 3 are intended to
emphasize the need to search for plant specific features and potential common
cause failures which could disable systems required to work during an SBO.
For individual plants which are found to have a vulnerability to 5B0, the cri-
teria highlight the importance of a proper emergency procedures and operator
training in recovering from an SB0 event. Note that this guideline is also

,

related to Goal 1 (See Section 1.3.1)."

.

Guideline 4 - 1.oss of Conteinnent Heat Removal Sequences (
Accident sequences involving loss of containment heat removal (CHR) were

; found to be quite important in the earlier PRA studies reviewed. In WASH-1400 i

i loss of CHR sequences accounted for 53% of the calculated C0F. In the Grand !

{ Gulf RSSMAP study, these sequences similarly accounted for about 50% of the
calculated C0F. However, the most recent Grand Gulf studies (IDCOR and ASEP/

iSARRP) show a two-and-three-order-of-magnitude reduction, respectively, in the
quantification of these sequences. Therefore, Guideline 4 has been developed
to generically address the mechanisms already effectively employed at Grand
Gulf to reduce the frequency of loss of CHR sequences,

Guideline 5 - Support System Interdependencies
,

; Although the importance is difficult to quantify, one of the insights :

I.

developed in most risk assessment studies is the importance of support system
I

interdependencies. For example, a preliminary draf t of the ASEP Peach Bottom
j study indicated that loss of all service water was a dominant contributor to
~

core damage. The final version of the accident sequence studies has reduced
it to one percent of the overall C0F. In order to ensure that support systen .

'

vulnerabilities do not cause unacceptably high C0Fs for BWR Mark 111 plants,
the authors have provided Guideline 5 to help assess any weaknesses of the

'

support systems.

*
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Guideline 6 - Maintain Containment Integrity.

2 For sequences that threaten the containment by overpressure, containment'

venting has the potential to preserve the containment structural integrity by
relieving noncondensable gases and/or saturated steam. Both the 10COR and
Severe Accident Risk Reduction Program (SARRP) results indicate that, provided
drywell integrity is maintained, containment venting does not significantly
reduce the fission products released to the environment. However, preserving
the structural integrity of the containment is potentially important to ensur-i

ing operability of essential equipment. For accident sequences resulting in
loss of CHR before core damage, venting may reduce the likelihood of core dam-
age. In addition, the possibility of structural failure of the containment in
the wetwell causing large fission-product releases has not been precluded for
all Mark III plants. Thus, a guideline for containment venting has been de-
veloped.

| Guideline 7 - Flooding Within Reactor Building
.

'

Flooding of the reactor building has been found to be a significant con-
tributor to core damage in only one fiark 11 plant. However, the concerns
appear to be of general applicability to other designs. Thus, this guideline
was developed for Mark III plants to assess the potential for flooding of

J safety related equipment.

1.4 Using the Guidelines and Criteria

i Nunerous investigations, including PRAs, have been performed for the ref-
erence plants and similar plants by both the NRC and the nuclear power indus-i

j try. The insights gained from many of the studies have been used in develop-
ing the guidelines and criteria contained in this report (including the other

'

volumes of this report). These guidelines and criteria are issued to provide
guidance to the analyst performing an IPE. This guidance is in the form of
plant features, operator actions and the criteria for assessing those features

: and actions found to be helpful in reducing the overall risk for Grand Gulf
! and other Mark 111 plants. Thus, the guidance is given to provide a resource

in examining the subject plant to determine if the same, or similar, guide-4

! lines will be of value in reducing overall plant risk. These guidelines and
'

criteria are intended to be used solely as guidance.

1.5 References for Section 1

1. "Grand Gulf Nuclear Stationi Integrated Containment Analysis," 10COR-

Technical Report T23.1GG, March 1985.

, 2. M. T. Drouin et al., "Analysis of Core Danage Frequency from Internal
| Events: Grand Gulf, Unit 1," Sandia National Laboratories, NUREG-4550,

Vol . 6, April 1987.l

|
3. C. N. Amos at al., "Containment Event Analysis for Postulated Severe Acci-

dents: Grand Gulf Nuclear Station, Unit 1," Sandia National Laboratories,
NUREG/CR-4700, Vol . 4. Draf t for Comment, April 1987.
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4 C. N. Anos et al., "Evaluation of Severe Accident Risks and the Potential .

for Risk Reduction: Grand Gulf. Unit 1," Sandia National Laboratories.
NUREG/CR-4551, Vol. 4, Draft for Coment, April 1987

5. S. W. Hatch et al., "Reactor Safety Study Methodology Applications Pro-
gram: Grand Gulf #1 BWR Power Plant," Sandia National Laboratories,
NUREG/CR-1659/4 of 4, October 1981. '

6. GESSAR (General Electric Standard Safety Analysis Report) !! BWR/6 Nuclear
Island, Probabilistic Risk Assessment.

1

6

.

W

in
. . _ . . _ . _ . _ . _ _ . iii-iii-d



_ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _

|
4

.

Table 1.1 Guidelines for Preventing and Hitigating Severe'

Accidents in a BWR with a Mark 111 Containment
.

a

"

Guideline Description

Control the Frequency of High-Consequence Sequences: "

.

1 Interfacing Systems LOCA

1 1.A. Prevent Overpressurization of Low Pressure Systems

Reduce High Core-Damage Frequency Sequences:

2 Anticipated Transients Without Scram (ATWS)

2.A.. Provide Operator Response During ATWS

3 Station Blackout

3.A. provide Reactor Pressure Yessel Injection
3.B. Provide Hydrogen Control

4 Loss of Containment Heat Removal Sequences
||

4.A. Provide Emergency Core Cooling Injection
'

5 Support System Interdependen:ies
2

5.A. Examine Support System Interdependencies

6 Maintain Containment Integrity;

6.A. Provide Containment Venting Capability

7 Flooding Within Reactor Building

; 7.A. Prevent and Mitigate Reactor Building Flooding

!

i

i

e

!
!

|
:
!
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2. INTRODUCTION

!
'

2.1 Background i

i i

The U.S. Nuclear Regulatory Commission (NRC) has formulated an approach
Ifor a systematic safety examination of existing plants- to determine whether:

3 particular severe accident vulnerabilities are present and what changes are'

desirable to ensure that there is no undue risk to public health and safety. ;
'

!
L

The Industry Degraded Core Rulemaking Program (10COR) selected four ref- ,,

; ierence plants for detailed analysis, namely: '

Peach Bottom (a BWR with a Mark I containment)
i.

Grand Gulf (a BWR with a Mark !!! containment) !.

Zion (a PWR with a large dry containment !.

Sequoyah (a PWR with an ice conaenser con)tainment) !.

!

[The 10COR analyses performed for the above reference plants have been
documented together with the methodology used for the analyses and the techni- ,

cal basis supporting the methodology. ;
'

, ;

Parallel with the 10COR work, the NRC under the Severe Accident Research
Program (SARP), performed risk
studies, and uncertainty analyses for five plants. assessments, audit calculations, sensitivityThe five plants considered ,

include the above four 10COR reference plants, and, in addition
t

f''

i

Surr/ (a PWR with a subatmospheric containment).
'

'

The purpose of this effort it to review all of the IDCOR and SARP analy- |) ses performed for the reference plants, understand the reasons for the differ-'

!
ences, and then use the experience gained from these reviews for developing
guidelines and criteria that identify plant features and operator actions

,

,

found.to be important for either preventing or mitigating severe accidents in
,

!each Mant type. In turn, these guidelines should be helpful in the system.
! atic safety examination of individual plants.

!'

t
!

The first plant reviewed was Peach Bottom,t which is a BWR-4 with a Mark I
,

| containment. The IDCOR Peach Bottom analysis was documented in March 1985 '
i

and was supplemented by additional sensitivity studies in July 1985 L.. SARP| 2Peach Bottom reports were reviewed in draf t form during 1986. (hese re- t

| ports were published early in 1987 and were summarized in the "Reactor Risk !

Reference Document" (NUREG-1150),5 which was published for comment in February
i

ii

1987. The experience gained from the review of these Peach Bottom studies
4

along with other BWR PRA studies (namely Limerick, Shoreham and Browns Ferry) !
t

! was used to generate the guidelines and criteria which are the subject of Vol- .

t ume 1 of th.s report.
'

| This volume builds on the experience gained during the Brookhaven
!

.

) National Laboratory (BNL) Peach Bottom review and deals with severe accidents
!;

in a BWR-6 with a Mark III containment (BWR Mark !!!). Both IDCOR and SARPi used the Grand Gulf plant as the reference plant for this class of reactors so
this report is based largely on analyses of severe accidents at Grand Gul! ,

although other relevant PRAs were considered. The 10COR Grand Gulf analysis {
i

was documented in March 1985 .vhereas the SARP Grand Gulf reports -8 were7

| 9
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reviewed in draf t form during 1986 The SARP reports were published in early -

1987 and were summarized in NUREG-1150.5

2.2 Objectives

Three basic objectives or goals for this severe accident program applyequally to all plant types: '

,

Goal 1: Mitigate fission-product releases..

Goal 2: Control the frequency of high-consequence sequences.. ,

Goal 3: Reduce high core-damage frequency..

The aim was, therefore, to develop detailed guidelines and criteria that
could be used to achieve these goals during the examination of individual
plants. The guidelines and criteria are defined in the following Sections.

2.2.1 Guidelines

"Guidelines " as used in this report, identify those plant features and
operator actions that were found to be important to either preventing or miti-
gating severe accidents in the reference plant studies. These guidelines pro-
vide a list of plant features and operator actions that the utilities can use
as part of each individual plant examination (IPE). It is not the intent of
this report to specify a set of improvements for either the reference plant or
for any other plant which would be sufficient to achieve a certain level of
safety. Instead, the guidelines indicate potential improvements in various
areas of plant design and operation of which each utility should be aware when
conducting its IPE and making decisions on plant improvements. The intent is
to provide guidance to the analyst performing an IPE, as to the plant features
and operator actions which were found to reduce overall risk, it is prudent
to check whether potential improvements identified in studies of other similar
plants can be of help in improving overall plant performance. The guidelines
contained in this report, therefore, complement the IPEs.

The three objectives or goals were noted as applying equally to all plant
types. Although the goals are independent of plant type, th- Daidelines that
are needed to achieve the goals are plant dependent, in gens. t terms, Goal 1
implies that there should be ef fective means of mitigating thu fission-product
releases for the broad classes of accident sequences which dominate the core-
damage frequency. Therefore, these dominant accident sequences have to be
determined and those plant features and operator actions that are available to
mitigate the release of fission products have to be identified. Only then can
detailed guidelines be developed to ensure that these dominant accident
sequences can be mitigated.

There may be accident sequences for which a specific plant will have sub-
stantial fission-product releases (e.g., containment bypass sequences). Thus,
for such sequences Goal 1 may be difficult to achieve. Therefore, all reason-
able steps are identified which could reduce the frequency of these poten-
tially high-consequence sequences (namely Goal 2). Again, the accident se-
quences have to be identified and pl ant vulnerabilities and/or operator
actions that lead to core damage for these sequences also have to be iden-
tified. Detailed guidelines can then be developed which will aid in

10
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assessing an individual plant's capability to prevent these sequences fronoccurring,-

it is also desirable to ensure that the overall core-damage frequency d.s ' '
low (namely Goal 3). Again, the dominant accident sequences have to ce found '

so that detailed guidelines can be developed to reduce the frequency of thesesequentes, if necessary. ''

In general, the following screening process was used to determine whether
or net to develop a particular guideline:

/

any accident sequence with a core-damage frequency greater than 10-6.

reactor year par

any sequence that contributed *,o more than 5% of the total core-damage fre-
.

quency

any event that caused a conditional probability of early containment fail-.

ure greater than 0.1
'

any sequence that resulted in containment bypass with a frequency greater
.

than 10-7 per reactor year

any sequence that was judged to be uniquely important (example, very severe
.

consequences)

This screening process has led to the development of guidelines that can
be used in the systematic safety examination of other BWRs with Mark 111 con-
tainnents. For example, the guideline for venting of the wetwell was identi-
fied as an item that would help to achieve Goal 3 (namely, reduce high core-
damage frequency) for the BWR Mark !!! reference plant. Therefore, in the
safety examination of other BWRs with Mark !!! containments, the need for con-
tainment venting may need to be carefully assessed.

The development of a particular guideline for the BWR Mark !!! reference
plant does not imply that this plant or any of the other plants in this cate-
gory need to conform to this guideline. It simply means that analyses have ,

indicated that this particular guideline has the potential to significantlyreduce risk. Thus, the guidance is given to provide a resource in exanining
the subject plant to determine whether the same or sisilar guidelines will be
of value in the reduction of overall plant risk, Whether or not the guideline
is useful or needed in a particular BWR with a Mark 111 containment depends on
plant-specific details and 1s beyond the scope of this report and is therefore
not addressed here.

2.2.2 Criteria

"Criteria," as used in this report, are the attributes which have been
identified as important to assess the performance of plant features and cper-ator cctions identified in the guidelines. The criteria provide deterministic
(as opposed to probabilistic) performance measures which are judged to be
helpful to implement the concepts contained in the guidelines. When a deci-
sion is made to provide an item or an action specified in a guideline, the
utility should address a set of questions relating to the design, operation

11
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and availability of the needed equipment and the training of operators. For .

the example of containment-venting guidance, the capacity of the venting
system, the selection of setpoints to initiate venting, the availability of
applicable procedures and the accessioility of certain valves by operators
should be addressed. The criteria on containment venting provide helpful
infornation in assessing venting capability in each individual plant.

The criteria address the general issues of (1) survivability of equipment,

(i.e., whenever credit is given for a system or a component to mitigate the
accident, the ability of the equipment to function under environmental and
fluio dynamic loads associated with severe accident sequences must be taken ,

into account), (2) equipment capabilities, capacities, and duration of opera-
bility, (3) accessibility of equipment (4) availability of support systems,
(5) identification of necessary components. (5) identification of important
operator actions, and (7) identification of parameters for initiation of miti-
gating systems and operator actions. !

2.3 Organization of the Report ;

This report describes detailed guidelines and criteria for preventing and
mitigating severe accidents in BWRs that have a Mark 111 containment, it is
the third volume in a series of five, that deal with guidelines and criteria
for several different reactor and containment types. Other volumes in the ;

series are:

Volume 1: BWRs with Mark 1 Containments.

Volume 2: BWRs with Mark !! Containments.

Volume 4: PWRs with Large Volume Containments.

Volume 5: PWRs with ice Co,1 denser Containments..

.

Appendix A of this volume contains a review of the 10COR and SARP analy-
ses for a BWR-6 with a Mark 111 containment along with cther pertinent stud-
ies. The insights gained from these studies lead to the identification of the
strengths and vulnerabilities of a BWR with a Mark 111 containment, in Sec-
tion 3, the three basic goals of the program are related to the relevant
design features and operating characteristics of a BWR-6 with a Mark 111 con-
tainment. The guidelines recommended to achieve the three goals are therefore
initially developed in Section 3 In Section 4, the guidelines are restated
and detailed criteria are' developed for each guideline.

2.4 References for Section 2

1. "Peach Bottom Atomic Power Station-Integrated Containment Analyses," 10COR
Technical Report T23.1PB, March 1985.

2. A. M. Kolaczkowski et al., "Analysis of Core Damage Frequency from Inter-
nal Events: Peach Bottem, Unit 2," Sandia National Laboratories NUREG/
CR-4550. Volume 4, Octobce 1986.

3. C. N. Anos et al., "Contai. ment Event Analysis for Postulated Severe
Accidents: Peach Bottom Aton;ic Power Station. Unit 2." Sandia Nctional
Laboratories, NUREG/CR-4700, Vo'. 3, Draf t Report for Comment, May 1987.
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4. C. N. Amos et al., "Evaluation of Severe Accident Risks and the Potential'

for Risk Reduction: Peach Bottom, U: lit 2," Sandia Nationti Laboratories,
-

HUREG/CR-4551, Vol. 3, Draft for Comment, April 1987.

5. "Reactor Risk Referance Doc ument ," U.S. Nuclear Regulatory Commission,
NUREG-1150, Draft for Comment, February 1987

.

6. "Grand Gulf Nuclear Station Integrated Containment Analysis," IDCOR-

Technical Report T23.1GG, March 1985.

7. M. T. Drouin et al . , '' Analysis of Core Damage Frequency from Internal
Events: Grand Gulf, Unit 1" Sandia National Laboratori es , NUREG-4550,Vol . 6, April 1987.

8 C. N. Anos et al. , "Containment Event Analysis for Postulated Severe Acci-
dents: Grand Gulf Nuclear Station, Unit 1," Sandia National Laboratories,
NUREG/CR-4700, Vol . 4, Draf t for Comment, April 1987.

9. C. N. Amos et al. , "Evaluation of Severe Accident Risks and the Potential
for Risk Reduction: Grand Gulf, Unit 1," Sandia National Laboratori es ,
NUREG/CR-4551, Vol. 4, Draf t for Comment, April 1987
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3. DEFINITION OF G0ALS AND RELEVANT BWR ltALC 111 FEATURES.

In Section 2 of this report, the concept of three basic objectives or
goals for this severe accident program was introduced. The concept appliesequally to all plant types. In this section, the three goals are related to
the relevant design features and operating characteristics of a BWR-6 with a
Mark 111 containment for the accident sequences and containnent failure modes
found to be important in Appendix A. This includes consideration of both
favorable and unfavorable severe accident attributes.

Screening criteria have been used to identify those sequences which need
to be addressed by severe accident guidelines fi r each goal. Specifically:

For Goal 1 (Mitigate fission-product releases), all sequences have been.

examined which represent at least 5% of the core-melt frequency or are
estimated to occur more often than 10-6 per reactor year and which result
in a conditional probability of early containment failure greater than 0.1.

For Goal 2 (Control the frequency of high-consequence sequences), all.

se-
quences have been examined which result in pool bypass and are estimated to
occur more of ten than 10-7 per reactor year.

For Goal 3 (Reduce high core-damage frequency sequences), all sequences.

have been examined which "have the potential to occur" more frequently than10-6 per reactor year. Note tnat this screening criterion has been used to
identify potential vulnerabilities from risk assessment insights which do
not necessarily apply to Grand Gulf itself, but may apply to other Mark 111
plants.

This section provide: the link between the goals (developed in Section 2)
and the guidelines (developed in Section 4) that may b: used to assess the
capability of specific plants to meet these goals. This section is organizcd
into three subsections, which correspond to the three goals.

3.1 Mitigate Fission-Product Releases

This goal requires that there shall be effective means of mitigating the
fission-product releases for the broad classes of accident sequcnces that may
lead to core damage in a BWR with a !! ark Ill containment. In Appendix A, the
most important contributors to the core-damage frequency (CDF) were found to
be SB0 and ATWS sequences. Other transients and loss-of-coolant accidents(LOCAs) may also contribute to le C0F, Accident sequences for which mitiga-
tion by the Mark 111 containnent are ineffective are also identified in Appen-di x A. These specific sequences are discussed in Section 3.2, which attempts
to determine how the frequency of these unmitigated sequences can be reduced.
This section concentrates on the broad classes of accident sequences for which
pl ant features provide significant means of mitigating fission-product re-lease, in the following sections both the favorable and unfavorable severe
accident attributes of the Mark 111 containment are identified.
3.1.1 Plant Vulnerabilities

! The Mark 111 containment is a pressure-suppression design. The suppres-! sion pool is available to condense steam released from the primary system

15
|

|

Et
_ , _ _ . _ _ _ _ - _ _ _ - > - - - - - - - - - - - - - - - - - -_



.

during an accident. However, the Mark Ill containment may be vulnerable to
pressure and/or temperature buildup be:ause of the noncondensable gases and
heat released during a core-meltdown accident. There are differences between

Ithe 10COR and Battelle Columbus Laboratories (BCL) 2 (NUREG-1150) analyses
regarding the estimates of how long it will take to pressurize a Mark III con-
tainment to its ultimate capacity after the core debris has failed the reactor
vessel (and is interacting with concrete) but both studies concluded that thes

containment pressure boundary will eventually fail. Therefore, unless mitiga-
tive actions are taken, a Mark !!I containment will fail eventually because of
overpressure or overtemperature. If drywell leakage occurs, a fraction of the
fission products in the drywell atmosphere could pass to the secondary outer
containment pressure boundary (and ultimately to the environment) without the
benefit of suppression pool scrubbing. Note that suppression pool scrubbing
is an important mitigative feature of a Mark III containment (refer to Section
3.1.2).

An inspection of the Mark III containment configuration in Appendix A
(see Figure A.2) will show that the pedestal below the reactor pressure vessel
would tend to confine the core debris after a core meltdown accident. In the
absence of a water supply (no water from a LOCA, upper pool dump or restora-
tion of reactor coolant injection), extensive core-concrete interactions would
be expected to occur. There are differences between the IDCOR and SARP analy-
ses as to how hot the core debris will remain during these interactions and as
to how many of the less volatile fission products will be released. 10COR
assumes that water from the lower plenum and control red drive (CRO) cooling
pumps will be available to quench the core debris and keep it cool as long as
CRD flow is available. However, at this time, the authors do not believe that
the possibility of the core debris remaining hot and releasing significant
quantities of fission products has been ruled out particularly under SB0 con-
ditions.

After the reactor vessel fails there would be sufficient core materials
in a full core-meltdown to fill the cavity. If the core debris remained
molten it could erode the pedestal support and cause the vessel to be dis-
pl aced resulting in failure of the drywell wall. This is a mechanism for
early loss of drywell integrity and is thus another Mark III containment vul-I

( nerability.

; Both IDCORI and BCl2 predict that a substantial quantity of hydrogen will
| be produced during core degradation and core-concrete interaction. The hydro-
| gen provides both a temperature and a pressure threat to containment. If the

| hydrogen burns, the high temperatures and pressures provide a threat to dry-
! well integrity which may lead to pool bypass (as modeled in the SARP analy-

sis). The Grand Gulf containment is equipped with hydrogen igniters which are
intended to ensure that the hydrogen does not accumulate to explosive concen-
trations. However, the igniters depend on ac power. Therefore, they would
not be available during blackout sequences. Even if the igniters perform
their intended function, the resulting high temperatures may contribute to
drywell penetration failure.

In the sections that follow, suppression pool scrubbing is noted as an
effective mitigative feature for the Mark !!! containment provided all of the
fission proaucts pass through the pool. It is, therefore, important to ensure

| that paths do not open which would allow the fission products to bypas the

.
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suppression pool. The vacuum breakers between the wetwell and drywell would,

create a path that bypasses the suppression pool, if they fail open. In addi-
tion, the various drywell penetration seals could be degraded at high tempera-
tuces and pressures. Failure of these seals would also open up paths which
could bypass the suppression pool. If the main steam isolation valves (MSIVs)
fail to close, another suppression pool bypass path would exist.

Although severe accidents in the Mark III containment may cause high tem-
peratures, high pressures and hydrogen combustion, the containments have sev-
eral very important mitigative features, which are described in the section
that fol1ows. -

3.1.2 Mitigating Features

The suppression pooi in a Mark III containment is a very effective mech-
anism for trapping any fission-product aerosols that might pass through it.
Thus, to a large extent, the suppression pool has the potential to compensate
for the vulnerabilities identified above (in Section 3.1.1). For example,
overpressure failure of the containment can be prevented by venting. With
venting containment integrity is lost but the containment function (retention
of the fission products in the pool) is maintained.

High wetwell temperatures and possible seal degradation of penetrations
'' rough the drywell wall can be prevented by containment spray. Containment
spray will also contribute to decontamination even for sequences with substan-
tial pool bypass.

The Mark III containment has hydrogen igniters wMch prevent hydrogen
accumul ation. This is a very significant mitigative feature, which is impor-
tant to maintain during a severe accident. However, the isniters, as current-
ly powered, would not be available during an SB0.

The above discussion has identified several plant feature; of the BWR
plant with a Mark III containment that have the potential to help schieve Goal
1, namely, mitigating fission-product releases. Moreover, both IDCOR and SARP
indicate (see Appendix A) that significant bypass (beyond design leakage) of
the pool is very unlikely. With a low probability (<10%) of early pool by-
pass, additional mitigative guidelines and criteria do not appear to be justi-
fiable and therefore the authors have not developed any guidelines in Section
4 to meet Goal 1. A relatively low likelihood of pool bypass is also indi-
cated in the GESSAR PRA3 and the Safety Evaluation" of GESSAR.

3.2 Control the Frequency of High-Consequence Sequences

The plant features identified in Section 3.1 (the suppression pool, con-
tainment sprays and hydrogen igniters), have been found to effectively miti-
gate fission-product releases for the broad classes of accident sequences that
were found to dominate the core-damage frequency (CDF). However, accident
sequences were identified in Appendix A for which the BWR-6, Mark III plant
may not be effective in mitigating fission-product release.

17
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3.2.1 Interfacing Systens LOCA

The interfacing systems LOCA would open up a path from the primary sys-
tem, bypassing the primary containment and suppression pool completely. The
only pl ant feature pertinent to mitigating this sequence is the auxiliary
building, which is not sufficient on its own to ensure low fission-product re-
lease to the environment. The frequency of these potentially high-conseq0ence
accident sequences must, therefore, be maintained at acceptably low levels
(Goal 2). Neither 10COR nor Sandia National Laboratories (SNL) have identi-
fied the interfacing systems LOCA as a significant contributor to core melt
frequency. However, since the consequences of an interfacing systens LOCA are
potentially high and it is the subject of ongoing research (GI-105), a guide-
line has been developed and should be considered appropriate pending resolu-
tion of the issue. This guideline and associated criteria related to Goal 2
dealing with prevention of high consequence sequences are developed in Section
4.

3.3 Reduce High Core-Damage Frequency Sequences

Ir. Appendix A, only a few accident sequences were found which figure
prominently in the core-damage profiles of all of the PRAs reviewed. This led
to the conclusion that if the frequency of this relatively small subset of
accident sequences could be reduced, then the overall CDF could also be re-
duced. The most important contributors to the C0F were found to be SB0 and
ATWS sequences. Therefore, severe accident guidelines with specific detailed
criteria have been developed in Section 4 related to these accident sequences.
In the following sections, these "dominant" core-damage sequences are identi-
fled and discussed.

3.3.1 Station Blackout

Station blackout (SB0) refers to a loss of the offsite power system with
concurrent failure of the two emergency ac power divisions. SB0 is currently
the subject of an unresolved safety issue (namely USI A-44). Reducing SB0
sequences is also addressed by the proposed NRC SB0 rule. The guidelines and
associated criteria developed by the present study emphasize the need to
search for plant specific features and potentici common cause failures which
could disable systems required to work during an SB0. For individual plants
which are found to have a vulnerability to SB0, the criteria highlight the
importance of proper emergency procedures and operator training in recovering
from an SB0 event.

For the BWR Mark Ill design, the two systems designed to operate in the
presence of an SB0 are the high-pressure core spray (HPCS) and the reactor
core isolation cooling (RCIC) systems. By removing the long-term blackout
sequence related to depender,t failure modes of either system, the blackout
CDF can be significantly reduced.

3.3.2 Anticipated Transients Without Scram ( ATWS)

ATWS has been identified as a potentially significant contributor to the
core-damage f requency in Appendix A. Therefore, a severe accident guideline
has been developed in Section 4 related to these sequences. An ATWS rule has
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been issued and compliance with this rule was assumed in the formulation of
the detailed criteria for this guideline..

The guideline for ATWS and the detailed accompanying criteria do not
address specific hardware / systems modifications as was proposed for the SB0guideline. This is based upon the observations in Appendix A that a fairly
large number of improvements to hardware / systems have already been developed
and implemented in the BWR Mark III design. Plants that have or plan to
incorporate these design features will have acceptably reduced the ATWS core
damage frequency without further hardware or systens modifications. It there-
fora must be stressed that the ATWS guideline and associated criteria in Sec-
tion 4 assume that incorporation of the design features noted in Appendix A
have or will be incorporated into the design (alternative rod insertion (ARI)
and high flow "equivalent" standby liquid control (SLCS) system).

3.3.3 Loss of Containment Heat Removal Sequences

Accidents involving loss of containment heat removal (CHR) were found to
be important in the Grand Gulf RSSMAP report.5 These accidents were found not
to be important in the IDCOR and ASEP analyses for Grand Gulf because of cred-
it given in these studies for containment venting (or other containment leak-
age) and alternative injection capability. Therefore, based upon engineering
judgement, it has been deemed crudent to stablish a guideline on this subject
with associated criteria. The underlying purpose of this guideline is to
ensure that other Mark III plants will have the features and capabilities that
validate the assumptions and credit gi ven in the IDCOR and SARP analyses.
Guidelines and detailed criteria to ensure that loss of CHR sequences do not
lead to core damage are developed in Section 4

3.3.4 Support System Interdependencies

Most PRAs have stressed the importance of unrecognized interdependencies
having the potential to compromise the performance of many critical safetysystems. In many cases, risk assessment studies have identified such vulnera-
bilities very early in the study and "fixes" have been made which substan-
tially reduced risk. Although no such dependency-caused vulnerability has
been identified for Grand Gulf, "engineering judgement" indicates that it may
be useful to search for the existence of such interdependencies in other Mark
III plants.

3.3.5 Flooding Within the Reactor Building

One of the accident sequences, whose potential for contributing to the
core damage f requency was specifically evaluated in the Shoreham Nuclear Power
Station (SNPS) PRA,6 is the release of excessive water into the reac*.or build-
ing. Both the SNPS PRA and the BNL review 7

of the SNPS PRA revealed that
accident sequences induced by such an initiator contribute substantially to,

the core damage frequency (3.9x10-6 and 2.0x10-5/ reactor year, respectively).

To help ensure that Mark III plants which may have a similar safety-
related equipment flooding potential can be identified, a guideline and asso-
ciated criteria are provided in Section 4.3 which may be used to screen for

'

such vulnerabilities.

19

.

_ , , , , , _ , . , . .m ____ . - - - . . - - - ' - - - ' - ~ - - ' - ' - "



.

.

3.4 References for Section 3

1. Grand Gul f Nuclear Station, "10COR Task 23.1 Integrated Containment Anal-
ysis," October 1984

2. R. S. Denning et al. , "Radionuclide Release Calculations for Sel ected
Severe Accident Scenarios: BWR, Mark III Design," Battelle Colunbus ' Lab-
oratories, NUREG/CR-4624 Vol . 4, July 1986.

3. GESSAR (General Electric Standard Safety Analysis Report) 11 BWR/6 Nu-
clear Island, Probabilistic Risk Assessment.

4. GESSAR 11 Safety Evaluation Report, USNRC, NUREG-0979, April 1983.

5. S. W. Hatch et al. , "Reactor Safety Study Methodology Applications Pro-
gram: Grand Gulf. #1 BWR Power Plant ," Sandia National Laboratories,
NUREG/CR-1659/4 of 4, October 1981.

6. "Probabilistic Risk Assessment - Shoreham Nuclear Power Station," Long
Island Lighting Company, June 1983.

7. D. liberg et al. , "A Review of the Shoreham Nuclear Power Station Proba-
bilistic Risk Assessment (Internal Events and Core Damage Frequency),"
Brookhaven National Laboratory, NUREG/CR-4050, June 1985.
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4. GUIDELINES AND CRITERIA FOR A BWR WITH A MARK III CONTAINMENT,

In Section 3 those accident sequences that dominate the core-damage fre-
quency were identified as were those that are potentially of high consequence.
Vulnerabilities of the Mark III containment to severe accident containnent
loads were discussed and those features of a BWR with a Mark III containment,
which are important for preventing core damasc and are available for mitigat-
ing fission-product release to the environment were identified.

Based on the "i nsi ghts" from previous PRAs and other severe accident
research, the following sections provide guidelines defining "deterministic,
plant-specific guidance on the design features and operating characteristics
which are to be examined by the utilities,"1 and criteria defining "determin-
istic standards for judging the acceptability of plant features."1 From SECY-
86-76,2 further guidance is provided in defining guidelines and criteria.
These guidelines "will specify the plant features and operator actions which
are considered important to ensuring acceptable risk for the reference
pl a nt ." 2 Further acceptance criteria (for the various guidelines
cify the attributes necessary to ensure acceptable performance."2 ) "will spe-

Based on this work, seven guidelines were developed which reflect the
importance of' these features to plant risk. As discussed in Section 2.2.1,
these guidelines indicate areas of potential improvements for various areas of
plant design and operation of which utilities should be aware when conductingindividual plant assessments. It is further noted that a number of the guide-
lines appear to overlap various generic issues as defined by the NRC. Final
resolution and disposition of these generic issues may encompass NRC-imposedrequirements. However, the guidelines and criteria presented herein are in-
tended only for the purposes noted above. The guidelines are sunmarized in
Table 1.1.

o

No guidelines were identified as being justified to be developed to
ensure the capability to mitigate fission-product releases (Goal 1) since cur-
rent research indicates that the Mark III containment will provide sufficientmitigation.

Guideline 1 was developed for controlling the frequency of hi gh-
consequence sequences (Goal 2) with reference to minimizing interfacing sys-
tems LOCA frequency.

Guidelines 2 through 7 were developed for reducing high overall core-;

damage frequency sequences (Goal 3) with reference to mitigating anticipatedI

| transients without scram (ATWS) sequences, mitigating station blackout (SB0)
sequences, mitigating loss of containment heat removal (CHR) sequences, exam-
ining support system interdependencies, providing containment venting capabil-
ity, and mitigating floods within the reactor building.

The remainder of this section is organized into three subsections corre-
sponding to the three basic goal s. In each subsection, the corresponding
guidelines are discusscd from which detailed criteria are developed in order
to provide the standards by which each plant could be measured for compliancewith the guidelines. The criteria address (see Section 2.2.2) the general
issues of (1) operability and survivability of equipment and systems (i.e.,
whenever credit is given for a system or component to mitigate the accident,

'
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the ability of the equipment to function under the environmental conditions
and fluid dynamic loads associated with severe accident sequences must be
taken into account), (2) capability and capacity of equipment, (S) reliability
and accessibility of equipment, (4) availability of support systems, (5) iden-
tification of necessary components and operator actions, and (6) parameters
for initiation of mitigating systems and operator actions.

,

4.1 liitigate Fission-Product Releases

The review of the performance of a Mark III containment for the dominant
core damage sequences indicated that pool bypass is unlikely so that no guide-
lines were required to ensure the capability to mitigate fission-product re-
leases.

4.2 Control the Frequency of High-Consequence Sequences

Accident sequences were found in Appendix A for which the Mark III con-
tainment has limited means of mitigating fission-product releases, namely an
interfacing systems LOCA. In this section a guideline and associated criteria
for controlling these potentially high-consequence sequences are developed.
Both IDCOR and SARP estimate these sequences to be small contributors to core
melt for Grand Gulf. This guideline has been providad to ensure that other

.

tkrk III plants keep these high-consequence sequences at a low level.

4.2.1 Interfacing Systems LOCA (Guideline 1)

In general BWR Mark III PRAs have found the interfacing systems LOCA
(ISL) to be a highly unlikely event (less than 10-7/reactoa year). However,
there are some BWRs (e.g., Shoreham) for which the ISL is risk significant
because of the potentially high releases. The objective of this guideline and

.

'

associated criteria is to ensure that the frequency of ISL events is kept at
an acceptably low level. Brookhaven National Laboratory (BNL) is presently
performing a study to provide technical support to the NRC for the meaningful
resolution of the generic issue related to ISL (GI-105). Therefore, the cri-
teria for this guideline should be considered appropriate pending resolution
of the generic issue.

In order to control the frequency of ISL sequences, specific performance '

criteria have been developed to assess the performance of equipment, systems,

and operators. The criteria relate to equipment (low-pressure systems inter-
facing with high-pressure systems) and operator performance (isolation and
relief valve maintenance and surveillance). *

Detailed criteria developed for this guideline are given in Table 4.1.

4.3 Reduce High Core-Damage Frequency Sequences

The major contributors to the core-damage frequency (CDF) are presented
in Section 3.3. The 10COR and ASEP/SARP analyses imply that the SB0 and ATWS
sequences are the dominant contributors to the C0F. The results of other PRAs
and PRA reviews indicate that in addition to those two types of sequences,
other sequences, namely, loss of containment heat removal (CHR) sequences (TW,
SI, TQUV, and TPQI sequences) and sequences with failure to depressurize the

;
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reactor pressure vessel (RPV) for injection with low-pressure systems (TQUX
sequences), can also be major contributors to the CDF.

4.3.1 Anticipated Transients Without Scram ( ATWS) (Guideline 2)

The important attributes of this sequence with respect to operator ac-tions were found3 to be the likelihood of misleading instrumentation, the ~need
to inhibit automatically initiated safety systems, the use of required miti- ~

gating actions which conflict with operator response to other accident condi-
tions, and the need for coordinated actions and communication among control
room crew members under highly stressful conditions.

For the ATWS guideline, the performance of equipment, systems, and oper-
ators should be assessed against specific performance criteria to ensure suc-
cessful use of this guideline. The criteria relate to the equipment, systems,
and operator performance by emphasizing operator familiarization, aids, and

~

understanding of potentially conflicting signals.

Detailed criteria developed for this guideline are given in Table 4.2 and
are based upon the assumption that each of the plants is (or will be) in com-
pliance with the NRC rule on "Reduction of Risk from Anticipated Transients
Without Scram for Light-Water-Cooled Nuclear Power Plants."4

4.3.2 Station Blackout (Guideline 3)

In most PRAs for li ght-water-reactors (LWRs), station blackout (580)
sequences have been prominent contributors to the CDF. As part of the effort
to resolve the unresolved safety issue (USI A-44), the NRC is proposing to
amend its regulations "to provide further assurance that an SB0 (loss of both
offsite power and onsite emergency ac power systems) will not adversely effect
the public health and safety.as For accident sequences, developed by an indi-
vidual plant examination (IPE), which involve the loss of offsite power and
onsite emergency power, the proposed SB0 rule should be examined for applica-
bility. The criteria associated with Guideline 5 are intended to emphasize
the need to search for plant specific features and potential common cause
failures which could disable systems required to work during an SB0. For in-
dividual plants which are found to have a vulnerability to SB0, the criteria
highlight the importance of proper emergency procedures and operator trainingin recovering from an SB0 event.|

|

| The performance of equipment, systems and operators should be assessed'

against specific performance criteria to ensure successful accomplishment of
this guideline. The criteria relate to the equipment, systems, and operatorperformance as follows:

equipment needs with respect to cooling,.

equipment needs for de power, and| .
'

operator understanding of the above equipment needs and their limitations..

The criteria developed for this guideline are given in Table 4.3.
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4.3.3 Loss of Containment Heat Removal (CHR) Sequences (Guideline 4)

In the Grand Gulf RSSitAP6 report, sequences with successful coolant in-
jection but with subsequent loss of containment heat removal (e.g., SI and
TPQI sequences in Table A.1) were important contributors to the CDF. In that
study it was assumed that containment failure caused loss of injection.. As
discussed in Appendix A, in the PRAs where those sequences are not important,
the main factor for the low contribution to CDF is the credit given for con- _

tainment venting and alternative sources of injection. It would therefore
appear that alternative injection sources should be available in addition to
containment venting to provide adequate CHR during accident sequences with
successful coolant injection but with subsequent loss of CHR.

The performance of equipment, systems, and operators should be assessed
against specific performance criteria to ensure successful prevention of core
damage for loss of CHR sequences. The criteria relate to the equipment, sys-
tems, and operator performance as follows:

source of cooling water,.

means of supplying the water,.

instrumentation and controls to monitor and direct the water, and.

operator aids, familiarization and expertise to initiate, control, and ter-.

minate the water.

Previous studies have shown that injection is not lost in TW sequences
for 20 or more hours. Thus, alternative injection injection sources should be
capable of removing decay heat at that time (about 0.5%).

Detailed criteria developed for this guideline are given in Table 4.4.

4.3.4 Support System Interdependencies (Guideline 5)

One of the primary benefits of performing a rigorous PRA is that the sys-
tem interdependencies are modeled and are reflected in the results. However,
not all PRA studies have performed rigorous interdependence analyses and,
therefore may not have ferreted out all of the possible subtle interdependen-
cies. This may have profound effects upon their results. An interdependency
is defined as the failure of one system leading directly or indirectly to the
failure of another system'.

An in-depth application of basic PRA methodology with respect to inter-
depencies yielded significant findings on a previously heavily studied ?WR.
To illustrate this point, reference is made to the BNL study of s4 stem inter-actions (support system interdependencies) at Indian Point Unit 3 The major
finding of that study was that a specific single station emergency battery
could fail and among other things, negate the entire low-pressure injection
function. The point to be emphasized here is that none of the numerous other
studies and reviews of the Indian Point 3 design were able to detect this
important single failure nor did the BNL study until all the support systems
were explicitly modeled, linked together (the fault tree linking approach )8

| and solved using the SETS computer code.9

NUREG-1150 10 has provided a thorough application of the latest PRA
methods to five reference plants and the results point out numerous insights

I
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into the importance of specific design differences among the studied plants.
However, the NUREG-1150 authors emphasize the importance of

-
.

support system
differences and the difficulty of extrapolating the result from one plant toanother.

It is not sufficient to make a single overall interdependency table of
the front-line and support systems for a given plant and simply compare thatto the reference plant. No two plants will have the same set of system inter-dependencies. Support systems vary widely from plant to plant even thougn the
plants may be of a similar class and have the same set of front-line systems.

It is recognized that following the steps outlined in Table 4.5, in a
rigorous fashion, is a major undertaking. This fact, however, does not dimin-ish its importance.

Based upon the dominance of the SB0 sequences to the BWR designs, it is
also recommended that a detailed interdependency table be constructed for this
sequence with all interdependencies conditioned upon the existence of an SB0
for various lengths of time. This table should also explicitly identify all
of the expected failure mechanisms (e.g., identify whether battery failure is
because of loss of room co:. ling or depletion).

4.3.5 Maintain Containment Integrity (Guideline 6)

for sequences that threaten the containment by overpressure, containnent
venting has the potential to preserve the containment structural integrity by
relieving noncondensable gases and/or saturated steam. Both IDCOR and SARRP
results indicate that venting is not important to the release fraction. How-
ever, preserving the structural integrity of the containment is potentially
important to ensuring operability of essential equipment. For accident se-
quences resulting in loss of CHR prior to core damage, venting may reduce the '

likelihood of core damage. In addition, the possibility of failing the con-
tsinment in the wetwell and allowing large fission product releases has not
been precluded for all Mark III plants. Thus, it is recommended that emer-
gency procedures for containment venting be implemented.

For the small subset of ATWS sequences with uncontrolled low pressure in-
jection, the resultant high power level appears to preclude venting and the
containment spray would be isolated. The criteria necessary to control the
ATWS core-damage frequency are discussed in Section 4.3.1.

For the two dominant sequences of SB0 and ATWS, venting procedures will
be difficult to perform. For SB0 sequences, power dependencies may preclude
actuation of venting from the control room, and high radiation levels may ham-
per local manual actuation. For ATWS sequences, the large venting capacity
requirements, short time frame for operator action and possible problems with
normal isolation systems make successful venting under such conditions oper-
ationally dif ficult.

The relevant equipment, system, and human performance should be assessed
t by appropriate criteria to ensure successful accompli shment of containment

venting as required during severe accident conditions. The criteria relate to,

! the venting equipment, systems, and human performance as follows:
!

!
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means to vent the wetwell,.

instrumentation and controls to monitor and direct venting, and.

. operator familiarization and expertise to initiate, control, and terminate
the venting.

Detailed criteria developed for this guideline are given in Table 4.6.
,

4.3.6 Flooding Within the Reactor Building (Guideline 7)

Although medium or small leakages can be adequately mitigated by the
existing sumps or pumpback systems, large water leakages are of primary con-
cern in reactor building (RB) flooding. Potential water sources for excessive
water release into the lowest RB level include the suppression pool, the con-
densate storage tank, the reactor coolant system, the service water system and
the fire protection system storage tank. Some of the major equipment located
in the lowest RB level compartment may include emergency core cooling (ECC)
pumps and their electrical control panels for the high-pressure coolant injec-
tion (HPCI), RCIC, core spray, and low-pressure coolant injection (LPCI) sys-
tems.

RB flooding can be initiated by (1) a major maintenance which requires
exposing a safety system to the RB atmosphere and (2) breaks in the pressur-
ized or the non-pressurized part of piping or components. In item 1, "major
maintenance" refers to those actions which would require dismantling of system
components thus eliminating a barrier between large sources of water and the
RB. RB flooding can partly be prevented and/or mitigated through proper
training and procedures. For example, once the RB is flooded, the operator
should be able to follow the instructions for responding to the alarm to iden-
tify the source of the flood and isolate it before the water level in the
lowest compartment reaches a critical l e vel . The operator should also know
about alternative devices or equipment which can be utilized to provide cool-
ant injection to the RPV in case of emergency core cooling (ECCS) systems
equipment failures in the flooded compartment.

The BNL studyll of the Shoreham Nuclear Power Station (SNPS) revealed
that although the SNPS Alarm Response Procedures specify general guidelines
for monitoring system parameters to determine the leakage location and ini-
tiate the leakage isolation, specific requirements for operators to system-
atically check the operation parameters of relevant systems are not included.
BNL also identified that the random f ailure of an equipment protection elec-
tric circuit breakei coinciding with RB flooding may result in the propagation
of failures to the upstream motor control center (MCC), other MCCs, and the
associated load centers. It is important that this or similar potential
ommon-mode failures be avoided.

Although this type of vulnerability to flooding was identified for a Mark
11 plant, it is believed that the concerns are of general applicability to
other designs. Thus, it is recommended that Mark 111 plants also be screened
for flooding vulnerabilities.

Detailed criteria developed for this guideline are given in Table 4.7.
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4.4 Using the Guidelines and Criteria
.

Numerous investigations, including PRAs, have been performed for the ref-
erence plants and for similar plants by both the NRC and the nuclear power in-
dustry. The insights gained from many of the studies have been used in de-
veloping the guidelines and criteria contained in this report (including the
other volumes relating to other plant types). The guidelines and criteria are
issued to guide the analyst performing an IPE. This guidance is in the form
of plant features, operator actions and the criteria for assessing those fea-
tures and actions found to be helpful in reducing the overall risk for Grand
Gul f and other Mark Ill plants. Thus, the guidance is given to provide a
resource in examining the subject plant to determine if the same, or similar,
guidelines will be of value in reducing overall plant risk. These guidelines
and criteria are intended to be used solely as guidance, but they may include
(as a subset) some requirements generated by the NRC on goneric issues.

4.5 References for Section 4

1. R. Barrett, "Status of the Severe Accident Program for Operating Reac-
tors," NRR Staff Presentation to the ACRS Subcommittee Class 9 Accidents,
February 24, 1986.

2. SECY-86-76," Inplementation Plan for the Severe Accident Policy Statement
and the Regulatory Use of New Source-Term Information," NRC/EDO, Feb-
ruary 28, 1986.

3. W. Luckas et al . , "A Human Reliability Analysis for the ATWS Accident
Sequence With MSIV Closure at the Peach Bottom Atomic Power Station,"
Technical Report A-3272 4/86, Brookhaven National Laboratory, April 1986.

4 ATWS Final Rule - Code of Federal Regulations, Title 10, Section 50.62,
"Requirements for Reduction of Risk from Anticipated Transients Without
Scram Events for Light-Water Cooled Nuclear Power Plants," June 1984

5. NRC Station Blackout Proposed Rul e , Federal Regi ster, Volume 51, No.
55/ March 21, 1986, pgs. 9829-9835.

6. S. W. Hatch et al . , "Reactor Safety Study Methodology Applications Pro-
gram: Grand Gulf #1 BWR Power Plant," Sandia National Laboratori es ,
NUREG/CR-1659/4 of 4, October 1981.

,

7. R. Youngblood et al . , "Fault Tree Application to the Study of Systems
fInteractions at Indian Point 3," NUREG/CR-4207, January 1986.
6

8. American Nuclear Society and Institute of Electrical and Electronics
Engineers, "A PRA Procedures Guide," NUREG/CR-2300, January 1983.

9. R. B. Worrell and D. W. Stack, "A SETS User's Manual for the Fault Tree
Anal y st ," Sandia National Laboratories, NUREG/CR-0465, SAND 77- 2051,
November 1978.

10. "Reactor Risk Reference Document," U.S. Nuclear Regulatory Commission,
NUREG-1150, Draft for Comment, February 1987
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Table 4.1 Criteria for BWR Mark III Containment*

Guideline 1: Interfacing Systems LOCA

Concern: Although the interfacing system LOCA sequences have not shown them-
selves to be leading contributors to core-damage frequency, they
represent potentially high release sequences and they appea.r tocontribute significantly to the overall risk.

Function: Maintain Primary System Integrity (Guideline 1.A)

Guideline 1. A. Prevent Overpressurization of Low-Pressure Systems

Basis: Implementation of the following criteria will ensure that the fre-
quency of an interfacing systems LOCA will remain acceptably low.

Criteria:

Note: Resolution of the Generic Issue 105 (GI-105), which deals with inter-
facing systems LOCAs for both BWRs and PWRs, may have an impact on this
guideline. Therefore, the criteria below should be considered as
appropriate pending resolution of GI-105.

1.A.1. All low pressure lines that potentially could be overpressurized
should be identified and should be provided with alarms to alert the
operator to the symptoms of an overpressure event.

1.A.2. The equipment designated to provide isolation and prevent overpressur-
ization, such as the RHR line isolation valves or the low-pressure
injection system check valves, should periodically undergo operability
testing and local leak rate testing (LLRT).

1.A.3. The relief capability of the relief valves designated to mitigate low
pressure system overpressurization should be established. In most if
not all cases, these relief valves were not sized with the possibility
of an interf acing systems LOCA in mind. However, given that an inter-
facing systems LOCA occurs in a non-isolatable portion of a low-
pressure system, there may be alternatives available to the operator
such as taking advantage of additional relief valves. If such or sim-
ilar actions are found to be helpful, they should be factored into the
appropriate emergency procedures.

1.A.4. Operator training and procedures should specify the actions to be
taken to isolate the low pressure systems identified above or to de-
pressurize the primary system, thereby mitigating the consequences of
the interfacing systems LOCA.

1.A.5. Af ter each reactor shutdown and cooldown, the isolation function of
the pressure isolation valves should be tested. These valves should '

,

| not be performed under reactor operating conditions.
!

!

|

|
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Table 4.2 Criteria for BWR Mark 111 Containment
Guideline 2: Anticipated Transients
Without Scram ( ATWS)

Concern: ATWS sequences have been shown to be one of the leading classes of
severe accident sequences in terms of core-damage frequency for
most BWRs. Although Grand Gul f was found to have a low ATWS'fre-
quency (see Appendix A) other Mark Ill plants may not have all of '

the features which contribute to its low frequency.

Function: Operator Response During ATWS (Guideline 2. A)

Guideline 2.A. Operator Response During ATWS

Basis: The criteria developed here are based on the assumption that each
of the plants is (or will be) in compliance with the ATWS final
rule dated July 26, 1984 PRA studies have shown that the pre-
dicted core-damage frequency because of ATWS is significantly
lowered based upon modifications which comply with the ATWS rule.
The major thrust of the ATWS rule is on the addition and/or up-
grading of scram related systems and equipment to prevent an ATWS.
Human reliability studies performed in support of NUREG-1150 point
to potential benefits for improved operator training and proce-
dures to mitigate the effects of an ATWS and prevent core damage
from occurring. For any individual plant which may be found to be
vulnerable to ATWS, tre following criteria reflect additional
measures that emphasize the operator's role and function in miti-
gating an ATWS initiator.

During an ATWS sequence, the operator is required to inhibit ini-
tiation of automatic safety systems and attempt to manually con-
trol and mitigate the outcome of the event. In contrast, most
other accident sequences are prevented or mitigated by systems
which allow the operator to monitor automatic system initiation
and require intervention only when a system fails to function ade-
quately. Thus, an ATWS sequence requires operator responses that
are in opposition to the highly trained responses required for the
recovery and mitigation of all other of f-no rmal and accident
events. Therefore, operator training and procedures for the ATWS
sequences should specifically prepare operators to perform the
unique actions as well as in the other measures below.

Criteria:

2.A.1. Operator training and emergency procedures should specify the plant
parameters that are indicative of ATWS and the actions to be taken to
verify that the reactor coolant recirculating pumps have tripped auto-
matically. Additionally, they should specify the actions to be taken
if the reactor coolant recirculating pumps do not trip automatically.
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Table 4.2 (Continued),

,

2.A.2. Operator training and emergency procedures should ensure that standby
liquid control system (SLCS) injection is initiated, as required,
during an ATWS. Operator training and procedures should also specify
the plant parameters that indicate SLCS actuation and the actions to
be taken and verification to be made to ensure that the SLCS was
actuated.

Note: PRAs which have investigated plants with automatic initiation of two
train SLCS, alternate rod insertion and high capacity SLC boron injec-
tion systems have found greatly reduced ATWS frequency (less than 10 7
per year).

2.A.3. Operator training and procedures should ensure operator familiarity
with reactor pressure vessel (RPV) water level and flow control during
ATWS.

Note: This unique control requires actions which conflict with mitigating
actions for all other accidents which call for flooding the RPV to
ensure the reactor core is covered.

2.A.4 Since RPV water level indicators may be inaccurate and may provide
conflicting indications of the water level, operator training and pro-
cedures should provide guidance to the operator.

2.A.S. The automatic depressurization system (ADS) should be capable of being
overridden by the operator during an ATWS before its automatic ini-
tiation. Operator training and procedures should address the possible
reluctance of operators to defeat a safety system, in particular, the
need to inhibit the ADS immediately after an SLCS initiation. (If the
SLCS is unavailable, depressurization may be required.)

2.A.6. Operator training and procedures should specify the responsibilities
of operating staff crew members and clarify how information will be
exchanged among them. In particular, instrumentation readings may
have to be relayed between the crew member (s) operating the control
boards and the senior reactor Operator coordinating the crew's re-! sponse to the accident.

2.A.7 The capability of the ATWS response-required systems and equipment to
function under predicted environmental and fluid loads associated with
severe-accident sequences should be assessed to determine whether the
equipment would be available for an appropriate time of operation.

2.A.8. An assessment should be made of the feasibility of establishing the
main condenser as a heat sink by reopening the main steam isolation
valves and turbine bypass valves, if possible.

1
'
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Table 4.3 Criteria for BWR Mark Ill Containment
Guideline 3: Station Blackout

Concern: Station blackout sequences have been shown to be one of the lead-
ing classes of severe-accident sequences both in terms of core-
damage frequency and risk.

.

Functions: Reactor Pressure Vessel (RPV) Injection (Guideline 3. A) '

Hydrogen Control (Guideline 3.B)

Guideline 3. A. Provide Reactor Pressure Vessel Injection

Basis: Si gni ficant study and research have preceded current work on
severe accidents, in particular, reference is made to the rule-
making activity already under way on station blackout. It is
assumed that when the station blackout rule is finalized, some
requirements of the rule may be similar in form to the criteria
below. Neverthel ess , during an individual plant examination
(IPE), it is important to highlight those areas which previous
PRAs found to be important contributors to the station blackout
core-damage frequency. For those specific plants which are found
to be vulnerable to station blackout events, the criteria below
will assist in identifying potential areas for plant imprcvements
as well as identifying operator actions which are key to nitigat-
ing a station blackout event.

Criteria:

3.A.1. For the BWR-6 design, the reactor core isolation cooling (RCIC) System
is intended for the purpose of RPV injection independent of ac power.
However, it has been postulated that this system cannot sustain itself
in the presence of a prolo ged blackout. Therefore, the RCIC should
be assessed with respect to its capability to function in the presence
of station blackout.

3.A.2. Given that the high pressure core spray (HPCS) diesel is not part of
the station blackout, the HPCS system capability of performing its
intended function while under station blackout conditions should be
assessed to determine whether it would be available for an appropriate
time of operation. ,

3.A.3. Operator training and procedures should specify the plant paraneters
indicative of HPCS and RCIC initiation. Additionally, the training

i and procedures should specify the actions required to place and/or
ensure that these systems are in operation under station blackout con-
ditions.

,

f
! 3.A.4 Special emphasis should be placed upon the review of the ac and dc
; power systems to ensure that common cause failures have been elimi-

nated to the extent practical from the design.'

!
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, Table 4.3 (Continued)

Guideline 3.B. Provide Hydrocen Control

Basis: The ASEP stucy for Grand Gulf found the dominant contributor to
core melt to be station blackout. For this type of sequence
NUREG-1150 predicts that sufficient hydrogen will be produced to
threaten the containment integrity because of hydrogen detonation

de fl a grations. The present hydrogen control systen i s acor
dependent and will not be available during these sequences.

Criteria:

3.B.1. Operator training and procedures should specify methods and actions to
prevent initiation of the hydrogen control system under conditions
which may lead to a hydrogen detonations.

3.B.2. The capability of the hydrogen control system to function under pre-
dicted environmental and fluid loads associated with station blackout
should be assessed to determine whether the equipment would be availa-
ble for an appropriate time of operatiori.

Guidance: A suitable hydrogen control system would have a dedicated power
supply system to preserve its function for the anticipated hydro-
gen generation phase of a severe accident resulting from station
blackout.

.

|
i
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Table 4.4 Criteria for BWR Mark III Containment
Gvideline 4: Loss of Containment Heat
Removal Sequences

Concern: Failure to remove the decay heat buildup in the suppression pool
(loss of containment heat removal) following a transient event has
been shown to create net positive suction head (NPSH) problems for
some ECCS pumps taking suction from the suppression pool and ,
therefore, could lead to injection failure, subsequent core dam-
age, and containment failure. The RSS indicated that this was a
leading class of core-damage sequences for a Mark I plant. -

Function: Emergency Core Cooling (Guideline 4. A)

Guideline 4. A. Provide Long-Term Emergency Core Cooling (ECC)

Basis: Impl ementation of the following criteria will ensure that the
failure potential of ECC injection because of loss of the contain-
ment heat removal function remains low for all Mark Ill plants.

Criteria:

4.A.1. If suppression pool temperature precludes the use of primary (ECC) in-
jection paths, operator training and procedures should specify methods
and actions for heat removal via specified alternate injection
path ( s) .

4.A.2. For the alternative injection path (s), it should be demonstrated that
the flow would be sufficient to preclude core damage.

4.A.3. If local operation of any equioment is requirea, the time required to
perform these functions should be consistent with the time available
to help prevent core damage and account for personnel expoSJre to the
predicted severe-accident environment.

4. A.4. The capability of equipment used for alternate injection to function
under the predicted envi ronmental and fluid loads associated with
severe accident sequences should be assessed to determine whether the
equipment would be available for an appropriate time of operation.

.

I
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Table 4.5 Criteria for BWR Mark Ill Containment
Guideline 5: Support System
Interdependencies

Concern: When conducting a PRA, IPE or similar analysis, it is imperative
that the support system interdependencies be fully developed, un-
derstood and reflected in the final results. Otherwise there is
no assurance that the dominant core-damage / risk sequences have
been identified.

Function: Support System Interdependencies (Guideline 5.A)

Guideline S. A. Examine Support System Interdependencies

Basis: Implementation of the following criteria will help to ensure that
the full set of support system interdependencies have been identi-
fled and have been reflected in the results.

Note: The following criteria are easily outlined but are not easily imple-
mented. The complex nature of a nuclear power plant makes it impera-
tive that this area of analysis be fully examined. However, since no
two plants have identical support systems this analysis can only be
done on a plant-specific basis.

Criteria:

5.A.1. All systems that provide any direct support to either a frontline or
support system should be identified along with its supported system.
For each dependency that is identified, the failure mechanism and time
should be estimated.

5.A.2. Each dependency should be conditioned as appropriate as to what
sequences or under what (if not all) circumstances it applies, in
view of its importance, a separate station blackout dependency table
should be provided which gives the available systems, their antici-
pated survival period, and the ultimate cause (e.g. , no room cooling)
of their failure.

5.A 3. The dependencies should then be linked together (preferably by com-
puter) within the analysis in order that the extent to which their
influence reaches through the systems to a consequence will be dis-
covered. This will help to identify secondary dependencies to ensure
that no one failure in a support system has an unknown critical out-
come on other support or front-line systems.
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Table 4.6 Criteria for BWR Mark III Containment
Guideline 6: Maintain Containment
Integrity

Concern: Breach of the containment boundary in the progression of a severe
accident can lead to significant releases of radioactivity.

Functions: Containment Venting of Noncondensable Gases - (Guideline 6. A)

Guideline 6.A. Provide Containment Venting -

Basis: Implementation of containment venting will significantly reduce
the potential for loss of containment integrity because of over-
pressurization events.

Caution: Containment venting should not be indiscriminately performed.
clear understanding of the accident sequence in progress shc..a
have been assessed prior to initiating venting. The effects of
venting should have been assessed and made known to the operators
during the training program. The assessment should include the
effects of containment venting on the operation of ECC injection
systems and health consequences. >

Criteria:

6. A.1. For accident sequences where containment venting has been assessed to
be beneficial, containment venting should commence, except for a
station blackout, when containment pressure reaches the predetermined
containment venting pressure set point. In selecting the . containment
venting pressure setpoint, the following functions should be ensuredt

a. The ul timate containment pressure capability would not be

e xceeded .

b. The backpressure acting on the safety relief valve assemblies
would not prevent then from performing their function,

c. The vent vaIve assemblies would not be prev 6ntea from perfonning
their function.

During a station blackout, containment venting should commence in
accordance witn the criteria developed using the BWR Emergency Proce-
dure Guidelines (EPG), i.e., following the onset of the transient and
before depletion of the station batteries. If station batteries are
not available, the capability of manual initiation of contai nment
venting should be assessed (see Criterion 6. A.2).

6. A.2. If manual initiation of containment venting is deemed necessary, the
time required to perform this function should be taken into account in
the training and procedures to preclude the potential for exposing
personnel to the harsh environment. Otherwise, the containment vent-
ing valve (s) should be capable of being remotely actuated during a
station blackout.

.

36'

-

- - . - - -, , - - - . , - - - - - , . . - - - - , . - - . - . , - - - - , -



-

.

.

4

Table 4.6 (Continued),

6.A.3. Operator trcining and emergency procedures should specify the plant
parameters that will prompt the operators to make preparation, com-
mence and terminate the venting sequence. The training and procedures
should also be e.onsistent with the required actions and timing of
those actions r venting will commence immediately when required '(see
Criteria 6.1 and 6.2). The training and procedures should further
specify the flowpath(s) available for venting, specific components to
be aligned, and the required positions / states for these components.
The training and procedures should specify how to proceed if it is not
possible to terminate venting.

6.A.4. For each acciden_ .aquence where venting is credited (e.g., assumed to
prevent containment failure) the capacity of the vent lines and asso-
ciated vent valves should be assessed to determine whether the venting
capacity has the capability to decrease containmert pressure.

6.A.5. The criteria for filtering are dependent on the potential for bypass-
ing the suppression pool . Whether the suppression pool is bypassed or
not, the radiological release should be reduced by an order of magni-
tude compared to no filtering. The venting flowpath should ensure
that all media to be vented pass through the suppression pool thus
providing filtering by the pool . If the potential of a vent path to
bypass the suppression pool is high, a filter should be provided in'
this vent path with the ability to reduce radiological releases by an
order of magnitude.

6.A.6. Equipment designated to support containment venting should be assessed
for its ability to function reliably for a sufficient period under the
predicted environmental and fluid loads associated with venting com-
menceaeat pressure, if necessary, it should be enhanced to include
operation during the vaporization release phase of core-concrete in-
teraction.

6.A.7. The effects of possible hydrogen burn, radiation and/or steam on
equipment located in the reactor building outside of the primary con-
tainment should be considered in tha venting assessment. If equipment
important to the mitigation of accident sequences is jeopardized by
venting, alternate venting paths, jud ged not to be detrimental,
should be identified and assessed. Consideration should also be given
to the effectiveness of the reactor building blowout panels and fire
sprays to accommodate the discharge through the primary containment
vents, thereby ensuring reactor building structural integrity.

6.A.8. The effects of possible containment depressurization on the NPSH of
the emergency core cooling related penps should be assessed.
Alternate injection sources which are unaffected by venting Ghould be
considered.
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Table 4.6 (Continued)

6.A.9. The capability to terminate venting and the conditions under which
venting would be tenninated should be considered in the venting
assessment. Specifically, the level of radioactivity in the wetwell
airspace should be considered with regard to the projected offsite
Consequences.
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Table 4.7 Criteria for BWR llark III Containment.

Guideline 7: Flooding Within the
Reactor Building

Concern: An excessive water release into a portion of the reactor building
(RB) outside the primary containment which houses a concentratior;
of safety related equipment raises the possibility of a common-
mode event disabling all the equipment in the compartment. At
least one plant with 'a Mark 11 containment has been identi fied
in which the location of safety equipment, incl uding all ECCS
pumps, in the lowest RB level makes the flooding initiator a sub -
stantial contributor to CDF.

Function: Prevent or Mitigate RB Flooding (Guideline 7. A) <

.

Guideline 7.A. Prevent or Hitigate Reactor Buildir.g Flooding

Basis: Implementation of the following criteria may reduce the potential
of a common-mode failure of safety equipment because of RB flood-
ing in Mark III containments where RB layout combines important
safety equipment in low-lying portions of the RB with exposure to -

possible inundation.

Criteria:

7. A.1. Operator training and procedures should ensure that the operator will
diagnose and isolate any flooding of the RB that occurs.

7

7.A.2. Operator training and procedures should ensure that the operator is
prepared to use alternate injection sources still available if flood-
ing causes a common-mode failure of ECCS equipment.

,

7.A.3. The electrical systems should be assessed for the possibility of cas-
cading failures because of fl ood induced electrical shorts. Mdi-
tional isolation devices (e.g., circuit breakers) should be consid- i

ered , if needed.
_
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', APPENDIX A

SEVERE-ACCIDENT RISK INSIGHTS

This appendix considert various studies of BWR-6 reactors with Mark 111
containments (BWR Mark III). The paradigm chosen for the present purposes isthe Grand Gulf design. Insights from selected studies that contributed to the
development of the specific guidelines (Section 3) for the prevention and*

mitigation of severe accidents are identified and discussed.

' The approach useJ here, to characterize the BWR Mark 111 risk profile,
employs the Peach Bottom (BWR-4, Mark 1) analysis as a stepping stone. As

l
Peach Bottom was the first plant analyzed in this severe accident program, an
extensive analysis and comparison of the various studies was performed and
documented not only to identify the important areas of risk for Peach Bottom
but also to form the baseline analysis for the plant analyses that followed.
Af ter comparing the various BWR Mark I related studies, it was concluded in
that analysis that n;ost of the studies pointed to the same ksy features as
being important. Based on this insight, the focus of this effort was to de-
termine the decinant sequence types for BWR Mark !!! plants by applying a set
of screening criteria given in Section 3 and to identify the associated con-
tainment f ailure modes.

A.1 Core-Damage Profile

The core-damage profiles from a number of BWR Mark III plant studies have
been compiled in Table A.1. These studies include the Grand Gulf Reactor
Safety Study Methodology Application Program (RSSMAP)2 and the Grand Gul f
Industry Degraded Core Rulemaking Program (10COR)3 analyses and the results
found in the BNL Review" of the General Electric Standard Safety Assessment
Report (GESSAR) 11 PRA.s Explicit references to the GESSAR !! work itself
have been avoided because of its proprietary natura.

A second set of core-damage profiles relating specifically to Grand Gulf
are found in Table A.2. This table was constructed in the attempt to recon-
cile the presentation of the RSSMAP and 10COR results from Table A.1 w{th the
format and content of the Accident Sequence Evaluation Program (ASEP) studyof Grand Gulf. This reconciliation process was performed for the following

(1) ASEP explicitly presented station blackout sequences and theserea sor,s:

overt neid.1 gly dominate the estimated core-damage frequency (CDF) whereas the
*

two otner studies have station blackout cut sets within other sequences and,
(2) the ASEP results were not grouped by initiator into the two categories of
i (loss of of fsite power) and T (all other transients) as were the otherT

23
two studies.

For the RSSMAP study,2 all of the leading cut sets presented for the T
initiator in the report were examined to identify the contribution of stationi

blackout conditions (i.e., loss of both offsite power and diesel generators 1
and 2). All cut sets displaying these conditions were subtracted from their
original sequences and added together to form a station blackout sequence.
The remaining (non-blackout) sequence contributions (Tg3) were then combined
with the remaining T i contributions and presented in Table A.2.
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Leading sequence cut sets were not provided in the IDCOR analysis. How-
3ever, Figure A-18 does provide the station blackout contribution within the

T 0VV sequence. Therefore, T QUV was reduced by the station blackcut (TB)'

1 i
portion and combined with T 23QUV in Table A.2. As no other station blackout
contributions were identified, the remaining like sequences were combined (T i
+T23) and presented in Table A.2 along with the derived TB contribution.

The following subsections will address the leading CDF sequences includ-
ing appropriate comparisons between the referenced studies.

_S_tation Blackout

From Table A.2 it can be seen that station blackout (SB0) is relatively
significant in all three Grand Gulf studies. SB0 is defined as loss of off-
site power coupled with failure of the Train 1 and Train 2 emergency power
systems. Loss of the Train 3 (HPCS) diesel generator / emergency power system
is not required in order to ensure a core melt assuming no recovery of the
other power systems.

The ASEP study focused directly upon SB0 and modeled SB0 explicitly with-
in the event trees. Figure A.1 presents the five leading blackout sequences
which totally dominate the calculated ASEP C0F. From Figure A.1 it can be
seen that dependent failure of the HPCS (U ) and reactor core isolation cool-i
ing (RCIC) (U ) systems are key contributors to these sequences. Both short-2
term sequences (3 and 5) include the independent failures of both HPCS and
ROIC, and the long-term sequences show RCIC or HPCS as an initial success and
yet all five sequences shown in Figure A.1 result in core damage and contain-
ment failure. This is because of the modeling assumptions applied to the HPCS
and RCIC systems. The HPCS and RCIC systems have been modeled with three
time-dependent failure modes in the blackout sequences. These are failures
because of (1) loss of de control power because of battery dcpletion in 11-12
hours (this only applies to HPCS if its dedicated diesel generator has also
failed), (2) pump seal failure in a 6-8 hour period based upon temperature
rise in the suppression pool, and (3) failure because of loss of room cooling
in about twelve hours. Because of the shorter time to failure, pump seal
failure is dominant.

Table A.3 shows the possible effects of removing these time-dependent
blackout sequence failure modes of HPCS and RCIC. The results of this assump-,

i tion show that short-term failures would then represent the blackout CDF con-
tribution and the overall total CDF contribution would be reduced, in this
example, by almost an order of magnitude.

In the 10COR analysis, the HPCS and RCIC systems are not modeled as guar-
anteed failures in the long term, given failure to recover an ac power source,
as was discussed above. Rather, the 10COR analysis assumes that the batteries
will deplete in about five hours (versus the 11-12 hours in ASEP) and this
failure will therefore occur before the ,eal failure assumed in ASEP. Battery
depletion therefore may be a more benign dependent failure mode as it leaves
the HPCS and RCIC systems (pump seals) undamaged and available for subsequent
r ecovery of ac power, in summary, the assumed time to battery depletion is
the overwhelming driving factor between the difference in quantification

i between 10COR and ASEP. It is clear that no matter which of these two studies
more accurately reflects the present Grand Gulf plant, the key to reducing the

1
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SB0 contribution to CDF is not in simply adding battery capacity, but ratherN i

in providing long term protection to the pump seals,

in addition, the results of both the GESSAR !! PRAS and the BNL review"
of that document are essentially in agreement with the Grand Gulf ASEP study
in that loss of of fsite power (LOOP) (predominantly SBO) events are the domi-
nant contributors to core damage.

.

Anticipated Transients Without Scram (ATWS)
t

The CDF resulting from an ATWS event has been significantly reduced from
the RSSliAP study to the IDCOR "committed" results and even further in the ASEP
results (Table A.2). The contributing factors to this are as follows. Fi rst ,
within the IDCOR analysis, the addition of an alternate rod inser tion (ARI)
system has effectively decreased the scram failure frequency by a factnr of
three. Another factor is the doubling (from 43 to 86 gpm equivalent) of the
boron flow of the standby liquid control (SLCS) system. This has the effectof allowing more time to elapse befcre SLCS must be activated. SLCS failure
in the RSSMAP study was dominated by operator failure to actuate. Therefore
lower operator failure probabilities are used in the IDCOR analysis to reflect
the ' additional time available. Additionally, there now exist emergency proce-
dure guidelines that facilitate the operators dealing with an ATWS event in-
ciuding the possibility of depressurizing and using the low pressure injectionsystems.

The ASEP ATWS analysis does not include any additional hardware upgrades
beyond that of the IDCOR analysis, It does however, appear that a more de-
tailed analysis has been performed of the probability of operator error in-
ciuding an assessment of the likelihood of success for low-pressure injec-tion. These two areas apparently account for the further reduction in ATWS
CDF calculated. Specifically, a more rigorous look at operator actions given
detailed ATWS procedures and training has yielded lower human error probabil-
ities (HEPs) in the ASEP analysis. Also, the resulting lower HEP associated
with actuating both trains of SLCS within ten minutes is assumed to keep the;

suppression pool temperature at or be:ow 180*F. This results in a lower prob-
!

ability of failure of the HPCS punp seals, thus reducing the probability of
one of the f ailure modes for high-pressure injection.

The ATWS rule assumes that BWR-6 designs which incorporate the hardware
features noted above need not make additional significant hardware modifica-.

! tion to keep ATWS core-damage probabilities low. As can be seen from the re-
suits of the ASEP and IDCOR analyses, further reduction in CDF is still possi-ble by upgrading oi trator performance. Based uron this result, operator
actions in response to an ATWS event are addressed in one of the guidelines to
assure that other BWR-6's do not have a high ATWS CDF. It is further noteo,

| that the GESSAR 11 PRA Review had comparable results to the IDCOR analysis
(See Table A.1).

Loss of Containment Heat Removal

in the Grand Gulf RSSMAP study,2 the phenomenon of loss of containment
heat removal dominated the CDF. In the later studies, these types of se-
quences no longer make a si gni ficant contribution. The RSSMAP analysis

t
'

included the assumption that containment failure resulted in loss of injection
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capability. According to the ASEP study: "It has been determined that
'

-

deformation of injection lines does not occur, and since the systems that take
1suction from the suppression pool can pump saturated water, loss of injection '

does not occur as a result of containment failure."

In addition to the change in the assumption of injection failure noted
above, the 10COR and ASEP studies also investigated ways of dclaying or ' pre-
venting containment failure itself which were not accounted for in the RSSMAP
study. These mechanisms include venting the containment and the use of alter-
nate injection paths. When these alternate success criteria are factored into
the Crand Gulf model, as was done in the 10COR and ASEP analyses, the esti-
mated C0F for loss of containment heat removal sequences is reduced to less
than 10-7 per reactor year. In accordance with these insights, a guideline
has been provided in Section 4 to ensure that other BWR Mark 111 designs in-
corporate emergency procedures that will ensure that loss of containment heat
removal sequences are kept at a similarly ow level.

Interfacing Systems LOCA

Traditionally, interfacing system LOCAs have been identified in PRAs as
frequency but high consequence events. The Grand Gulf studies do not

dentify these sequences as high risk events. It a, ..aars that the basis for
.his result stems from the very low to negligible probabilities calculated for
these events. BNL is currently conducting a study of BWR and PWR interfacing
system LOCAs (GI-105), it is recommended that this issue not be dropped from
the severe accident guideline list (as would be suggested by the results of
the Grand Gulf studies) pending resolution of this generic issue.

A.2 Core-Meltdown Phenomena and Containment Response,
.

in the previous section important core-meltdown accident sequences were
identified in terms of the overall core-melt frequency. In this section, a
review of the core-meltdown phenomena and containment response appropriate to

: these accident sequences is presented, in addition, accident sequences are
: examined which, although they do not appear to be important to the overall

'core melt frequency, may pose a unique or very severe threat to containment
6integrity. The review will again rely heavily on the IDCOR and SARP analyses

which were specifically carried out for the Grand Gulf plant. The review also
will take into account other studies pertinent to a BWR-6 with a Mark III con-

and, in particul ar , the Containment Loads Working Gro (CLWG)tainment
and the Con' ainment Performance Working Group (CPWG) report.gp7report

A typical Mark Ill containment building is shown in Figure A.2. The Mark'

III containment relies on water to condense any steam that might be released
from the primary system during an accident. Containments of this design are
called pressure-suppression containnents. Mark III containments are very

| effective at condensing steam but they may be vulnerable to buildup of combus-
tible and noncondensable gases that would be generated during a severe core-'

meltdown accident.

| The aim of this section is to identify severe-accident threats to the

| containment appropriate to the accident sequences identified in Section A.1.
These threats are then used to detennine the most probable nodes of contain-
ment failure. These, in turn, identify the potential release paths for
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fission products to reach the environment. This section, therefore, provides*

the link between the identification of core-neltdown accident sequences and
the determination of fission-product release paths.

Reference 9 is a Battelle Columbus Laboratories (BCL) study of the Mark
111 containment responses to the two leading core-damage sequences, i .e. ,
blac cat and ATWS. The blackout sequences have been divided into two scenar-
ios nd the ATWS sequences are grouped into one scenario.

One blackout scenario assumes that containment failure follows soon aftervessel failure because of a hydrogen explosion. The other blackout scenario
assumes that a hydrogen explosion does not occur either because of a slow
burning rate or the lack of an ignition source. The long term failure of the
containment then occurs as the result of overpressurization because of noncon-
densable gas generation. In both scenarios it is assumed that there is leak-age that bypasses the pool. The amount of this leakage has a direct bearing
on the magnitude of the radioactivity released and is assumed to be much
greater for the short-term hydrogen-explosion scenario,

,

The ATWS sequences are characterized by containment overpressure failure
prior to core damage. The containment is overpressurized because of power
generation greater th'an that which can be removed by the residual heat removal ,

systen. This causes the suppression pool to heat up and pressurize the con-,

' tainment to failure in a rather rapid fashion. The high pool temperatures are
. ;

assumed to cause pump seal failure resulting in loss of the emergency core
cooling systems and thus core damage.

The Grand Gulf studies also point to a possible suppression pool bypass
mechanism in which corium ejected f rom the vessel may erode the pedestal wall
causing displacement of the vessel which in turn may disrupt penetrations
through the drywell wall with the possibility of ptol bypass. The 10COR study
investigated the addition of a drywell spray system to prevent this situa-
tion. The IDCOR analysis stated that a drywell spray system can be used to
reduce drywell pressure, cool the drywell, and quench the melt and reduce
radioactivity in the drywell in case of a core melt accident. It further
stated that the system could preserve containment integrity during an accident
by quenching the corium and reducing the likelihood, size and consequences of'

a potential release. The IDCOR analysis concluded, however, that tb a modifi-
cation was not necessary since the probability of pool-bypass sequences was
estimated to be low even without the drywell spray system.

The results of an assessment of core-meltdown phenomena and containment
response is usually expressee in terms of a containnent matrix. A containnant

: matrix provides the f ramework for estimatiag the conditional probabilicies of
a particular accident sequence resulting in a variety of containment failure
modes (or fission-product release paths). The IDCOR and Severe Accident Risk,

Reduction Program (SARRP) contair. ment matrices are given in Table A.4. Fron
an inspection of Table A.4 it is clear that the SARRP approach includes a
higher potential for drywell leakage and pool bypass than the IDCOR approach.
Differences in the probabilities in Table A.4 are because of differences in
modeling assumptions for core meltdown and containment response in the IDCOR
and SARRP studies. These differences are discussed in detail in the following

j sections.
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The review of the IDCOR and SARRP analyses of core-meltdown phenomena and
containment response was greatly assisted by the IDCOR/NRC meetings that have

.

been held specifically to identify differences between the approaches adopted
by the two groups and to develop a way of resolving these differences. These
meetings identified 18 broo. NRC/IDCOR issues that highlight significant dif-
ferences between the approaches of the two groups. These issues are listed in
Table A.5 but they do not all apply to a BWR liark III and some are not related
to core meltdown phenomena and containment response. Of the 18 issues, 8 have
been identified that are pertinent to the subject of this section. Each
issue, is discussed, in turn in the following sections. Differences between
IDCOR and SARP will be identified and their significance will be indicated. '

A.2.1 In-Vessel Hydrogen Generation (NRC/IDCOR lssue 5)

There are significar,t differences between the IDCOR and SARP predictions
of hydrogen (H ) generation during in-vessel core melting. During the early2

stages of core heatup and degradation (while the fuel rods are still in place
in the core region), both iDCOR and BCL predict similar H 2 generation. How-ever, af ter the fuel rods and cladding begin to melt and relocate into the
bottom of the reactor vessel, the BCL analysis with the Source Term Code Pack-
age (STCP) indicates more H2 generation than the IDCOR analysis.

Hydrogen is important to containment loading because it is a combustible
and noncondensable gas. The Mark III containments are not inerted but are
required to have igniters installed to control burning of any H2 that may be
released. However, H2 combustion (Issue 17) could be a threat to the Mark lli
containments if the igniters fail to burn the hydrogen gradually. For in-
stance, recovery of ac power after an initial blackout could lead to activa-
tion of the igniters with dangerous levels of hydrogen existir g in the con-
tainmen'., cMrding to the SARRP analysis. Mark Ill containmuts are also
susceptible to the long term buildup of noncondensable gases (suen s H2 and
carbon dioxide) which could threaten containment integrity by overpressure. '

The larger amount of H generated in-vessel in the BCL analysis leads to a2
higher predicted containment pressure prior to vessel f ailure than in the
IDCOR analysis. BNL staff have performed an extensive assessment 10 of in-
vessel Hg generation including particularly with regard to accidents that
resulted in core damage but which were terminated by subsequent coolant injec-
tien. The results of these calculations indicate the poUntial for more h
generation than predicted by IDCOR.

; The differences in H generation were found l2 to have very little impact
on risk for the Mark I containment since it is inerted. However, the fiark Ill
containment is not inerted and the difference in hydrogen generation appears

I to have an important effect on risk. This is particularly so since the only
hydrogen control device (igniters) will not function during the doninant core-

{melt sequences (station blackout).

A.2.2 Core Slump. Core Collapse, and Reactor Vessel Failure (NRC/IDCOR
lssue 6)

| This is another area in which there are significant differences between
I the IDCOR and the ASEP/SARRP analyses. The importance of thrse differences to 4

overall risk again depends on plant specific systems. Sectica A.2.1 indicated
that the predicted hydrogen generation during core slump was quite different
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in the IDCOR and BCL analyses. The larger hydrogen generation contributes to'

a larger probability of significant drywell to wetwell leakage (.42) for SARRP
(refer to Table A.4).

The core slump and reactor vessel failure models also significantly in-
fluence the initial conditions for ex-vessel int:ractions of the core debriswith water or concrete. The IDCOR core slump m0 del assumes that after 20% of
the core has melted, it will relocate into the bottom of the reactor vessel,
which will then rapidly fail because of local penetration failure. Thus only
a relatively small fraction of the core will be initially released from the
reactor vessel. The remainder of the core melts down over a much longer timeperiod. A similar philosophy has been adooted in the draft NRC staf f issue
paper on direct heating. This work states that the BWR core support design
(which provides individual support for each group of four fuel bundles from
the vessel bottom head) is judged to minimize the probability of high pressure
ejection of a large fraction of core debris into the containment. Slumping of
relative small quantities of core debris (because of localized failure of the
supports) is anticipated to result in depressurization of the vessel (because
of local melt-through) before large quantities of molten core material have
collected in the bottom head.

On the other hand, the STCP core slump model used in the BCL analysis
assumes total collapse of the core into the bottom of the reactor vessel after
75% of the core is predicted to melt. Thus, a large fraction of the core de-:

bris is available to be released when the vessel is predicted to fail in the<

'

BCL analysis. The much larger quantity of core matericls released from the
vessel at the time of vessel failure in the BCL analysis has important impli- '

cations for the Marx 111 containment, if the primary system 's at high pres- *

sure during core meltdown, then the molten core materials s ill be ejected
under pressure from the reactor vessel when it fails. Section A.2.4 discusses
the phenomena that could occur when molten core debris is ejected from the
reactor vessel under pressure. Since more core debris is pradicted to be

. ejected, the resulting pressure / temperature loads in containment will be cor-'

respondingly higher.

Sandia National Laboratories (SNL) has also performed e~ uncertainty
study in support of NUREG-1150 which examines the range of possible core slump
behavior and attaches a low likelihood to the hit.h core-melt fraction slump
model .

If the primary system is depressurized during core meltdow1, then the
core debris will fall into the region below the reactor vessi, after it
fails. Obviously, if more core debris is predicted to fall into che pedestal
region, then the resulting inolten pool will be deeper and there will be a
greater potential for the core to erode the support pedestal and pu sibly fail
the drywell vall . SNL has identified this as a mechanism for pool bypass
af ter vessel failure with a conditional probability of approximately .02.

From the above discussion, it is clear that differences between the IDCOR
and BCL/SNL analyses for core slump and vessel failure are significant. The
potential for early containment failure depicted in the IDCOR and SNL contain-
ment event trees (refer to Table A 4) is in substantial agr(ement in spite of
these aif ferences. However, the effect of phenomenological uncertainties has
not been addressed yet. The authors concur with IDCOR and SNL in attaching a
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small probability to early failure of the drywell wall because Jf contact with
core debris which would result in large releases.

A.2.3 Containment Failure Because of In-Vessel Steam Explosions (Issue 7)

The potential for an in-vessel steam explosion to occur and generate a
missile capable of failing containment was investigated by a group of experts
and the results were published in NUREG-1116. The conclusion of this expert ~

'

group was that the occurrence of such an event has a relatively low probabil-
ity. These results are reflected in the SNL and 10COR containment event
trees. The allocation of a very low conditional probability (10-4 per reactor
year) of occurrence to this event is supported by the authors.

A.2.4 Direct Heating of Containment (Issue 8)

This is an area of significant phenomenological uncertainty related spe-
cifically to core meltdown with the primary system at high pressure, if molt-
en core materials are ejected from the reactor vessel under pressure, experi-
ments12 at SNL have indicated that they form fine aerosols, which are dis-
persed into the containment atnosphere and directly heat it. An additional
concern is the oxidation of the metallic content of the core debris. These
reactions are very exothermic and would add an additional heat load to the
containnent.

The pressure rise in containment because of direct heating is directly
proportional to the quantity of core debris dispersed from the reacior ves-
sel . Section A.2.2 noted that the BCL analysis predicts significantly more
debris release at vessel failure than the IDCOR analysis. Thus the potential
for early containment failure because of direct heating is higher in the BCL
analysis. However, the SNL event trees attach a high probability to a slow
melt release from the vessel and thus f ailure because of direct heating is
low.

The assumption that all the core debris is released at vessel failure
(BCL analysis) is clearly conservative. The IDCOR and SNL analyses appear to
be too optimistic considering the lack of supporting large scale experiments.
In addition to the pressure loads imposed by the dispersed core materials,
there is the concern that the hot core debris could erode the support pedestal
and fail it (see Section A.2.2).

A.2.5 Ex-Vessel Heat Transfer Model From Holten Lore to Concrete (Issue 10)

This issue is of concern to Mark 111 containments because heat transfer
from the top of molten core materials (on the drywell floor) directly heats

; the drywell atmosphere. Thus, differences in heat transfer from the top of
j the core debris can result in significant differences in the predicted drywell

atmospheric pressures and temperatures. The IDCOR model 13 transfers more heat
from the top of the core debris than the STCP model (CORCON Mod 2).1" Thus,
IDCOR predicts higher drywell temperatures than the BCL analyses. However,
because 10COR predicts high heat transfer from the top of the core debris, thei

; concrete erosion velocities are much lower than the BCL predictions. Lower
l concrete erosion results in less gases and aerosols released from core-
{ concrete attack and thus ower pressures in c utainment.

; 48

i
: .



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . __- .,

.

.

.

Differences in the predicted drywell pressure and tenperature histories.

can influence the potential for suppression pool bypass (Issue 13A) and con-
'

tainment performance (Issue 15).

A.2.6 Suppression Pool Bypass (Issue 13A)

If the fission products pass through the suppression pool both IDCOR and
BCL predict significant retention of fission-product aerosols in the water.
The amount of retention depends on several factors such as submergence, water
temperature, aerosol particle size, carrier gas composition, and others. The
ability of the Hark 111 suppression pool to trap aerosol fission products is
an important mitigative feature. Thus, any pathways that might open, which
would allow the fission products to bypass the pool are very undesirable. The
followi.ng are possible ways in which the suppression pool may be bypassed:

failure of the drywell wall because of hydrogen explosions.

failure of vacuum breakers between the drywell and wetwell.

failure of drywell penetrations because of high temperature.

failure of the pedestal wall as a result of contact with molten core mater-.

ials

Because of the importance of the suppression pool as a mitigative fea-
ture, the -vulnerability of a Mark 111 containment to any of the above bypass
pathways must be carefully assessed. The probability of degradation of the
drywell penetrations because of high temperatures in the SNL analysis reflects'
much of the work of the CPWG, which had significant BNL input. Failure of the
pedestal wall as a result of contact with molten core materials and the re-
suiting displacement of the vessel is an area of great phenonenological uncer-
tainty. Preliminary event trees from SNL indicate that substantial leakage of
approximately 1 square foot through the drywell wall will occur after failure
of the pedestal. The authors are unable to rule out pedestal failure as a
potential cause of pool bypass, but the capability of the upper pool to dump
into the drywell and quench the core appears to be an important mitigative
spability in Grand Gulf.

A.2.7 Containment Performance (!ssue 15)

! The response of a Mark !!! containment to severe-accident loads is uncer-
tain. In Section A.2.5, it was noted that IDCOR predicts very high drywell
temperatures but does not predict drywell failure. IDCOR assumes that a rela-
tively small opening will occur in the outer containment which allows gradual
leakage with no pool bypass. By comparison the BCL analysis with the STCP
allows for primary containment failure because of overpressure and assumes an,

'

opening large enough to rapidly deprc .surize the primary containment. In
addition, the BCL analysis allows for degradation of drywell seals because of
high temperatures. Seal degradation was assumea to result in a gradaal leak-
age from the drywell in the BCL analysis.

Differences in containment performance can influence the timing and quan-
tities of fission products released to the environment (refer to Section

: A.3). However, these differences do not lead to major differences in the pre-
; dicted overall risk for the Mark Ill containment as discussed in Section A.4
1
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A.2.8 Hydrogen Ignition and Burning (Issue 17)
.

Although there are considerable differences in the rates of hydrogen gen-
eration both 100 R and BCL predict that hydrogen burning gives a high proba-
bility of early containnent failure for station blackout. Although Grand Gulf
has installed igniters to prevent hydrogen detonation in compliance with the
interim hydrogen rule, the igniters require ac power and are not available' for
the dominant class of core-melt accidents (station blackout) and may actually '

exacerbate the situation if power is restored later in the accident when det-
onable levels of hydrogen have accumulated.

A.3 Fission-Product Release

Section A.2 identified potential containment failure modes or fission-
product release paths appropriate to the important core-meltdown accident
sequences identified in Section A.1. The aim of this section is to determine
the timing and amount of fission products released from the damaged fuel and
predict the subsequent mitigation of these fission products along the release
paths identified in Section A.2. The 10COR and BCL analyses for the Grand
Gulf plant are used as the basis for these calculations,

i In order to review the differences in approach,10COR and NRC contractor
analyses (performed for SARP) are compared in Tables A.6 and A.7 for ATWS and
SB0 sequences respectively. The 10COR methods predict lower releases of all
fission-product groups than predicted by BCL, The reasons for the different
predictions in Tables A.6 and A.7 are complex but were discussed during the
numerous 10COR/NRC meetings and they are included in the list of 18 NRC/IDCOR
issues in Table A.S. Out of the 18 issues, 6 are pertinent to fission product
release and transport. However, not all of the 6 are major contributors to
the differences in Tables A 6 and A.7. The most prominent differences are
displayed in Table A 7 for SB0. The BCL analysis assumes a large leakage
through the drywell wall thus bypassing the pool while 10COR assumes that
there is no pool bypass. Each of the 6 issues is discussed in the following
subsections.

A.3.1 Fission-Product Release Before Vessel Failure (Issue 11

1 This is one issue that does not contribute significantly to the dif fer-
ences between the 10COR and BCL analyses in Tables A.6 and A.7. Both studies
predict similar releases of the more volatile fission products during in-i

vessel core degradation with the exception of tellurium (Te). However, a
recent report by 10COR assessed the impact of the Te treatment and modeled
similar in-vessel Te releases to the BCL analyses. Dif ferences in the pre-,

dicted environmental releases of Te in Tables A.6 and A.7 are therefore not
because of differences in the in-vessel Te release and retention models but3

i because of dif ferences in the amount of fission products which are assumed to
| bypass the pool (also refer to Section A.3.6).

A.3.2 Fission-Product and Aerosol Retention in the Primary System (Issue 4)

; Dif ferences in the initial primary system retention predicted by 10COR
' and BCL are again not too significant and differ by less than a factor of
i two. The important difference between the 10COR and STCP models is that in

the STCP analysis fission products retained in tne primary system at the point
i

I
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of vessel failure are permanently retained whereas in the IDCOR analysis re-*

vaporization of these fission products after vessel failure is modeled. This
is discussed in vore detail in Section A.3.4.

A.3.3 Ex-Vessel Fission-product Release (Issue 9)

There are significant differences between the IDCOR and BCL analyses for
fission product release as a result of core-concrete interactions. ,

The higher
releases of the strontium, lanthanum, and cesium groups in Tables A.6 and A.7
in the SARP analyses are because of the modeling of ex-vessel fission-product
rel ease. The potential for fission-product release and inert aerosol genera-
tion during core-concrete interactions was not modeled in the IDCOR analysisof Grand Gulf. IDCOR argued that by modeling the aerosol generation during
core-concrete interactions the increased aerosol density in containaent would
increase aerosol agglomeration and settling, thus reducing the pmdicted en-
vironmental release fractions mistive to those pudicted without this addi-
tional aerosol source.

We do mot consider that this 'IDCOR argument has been adequately sup-ported. In addition, the IDCOR predicted core debris temperatures during
i

core-concrete interactions are very high; based on experimental evidence, one
would expect the release of some of the refractory fission-product groups atthese temperatures. We therefore believe that IDCOR should calculate the
release of the refrar; tory -fission products and the associated inert aercsols.
The BCL analysis currently models the release of the refractory 11ssion prod-
utts and the inert aerosols and the environmental release fr. actions .are not
low (refer to Tables A.6 and A.7).

A.3.4 Revaporization of Tission Products from the Primary S.ystem (Issue II)

Section A.3.2 indicated that revapor12ation is an area of wajor differ-
ence between the IDCOR and SARP analyses. SARP does not model revaporization
of fission producta from the primary system after reactor vessel failure
whereas IDC? 1oes model this effect. The IDCOR revapor12ation nodel means
that genes .sy more of the volatile fission products are predicted to be
released from the primary system later in the accident sequence than in the

i NRC contractor approach in which revapori.zation is not nodeled. However, the'

IDCOR model predicts lower primary piping temperatures because of larger heat
losses in a BWR than in a PWR. These lower tenperatures result in substantial
fission-prodact retention in the IDCOR nodel even with revaporization. In
spite of the revaporization in the IDCOR analysis, the IDCOR release fraction
remains small since they assume no bypass of the pool (Issue 13A).

A.3.5 Tissina-Product Deposition Nodel in Containment (Issue 12)

This is another issue that does not contribute significantly to the dif-
ferences tetween the IUCOR and ~5ARP analyses in Tables A.6 and A.7. Issue .13A
(suppressito pool bypass is discussed in Section A.2.6) really drives the
differences in these two analyses. Nwever, this issue nay be of note impor-
tance to other containment designs.

.
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A.3.6 Secondary Containment Performance (Issue 16) -

For the Mark 111 design the reactor building does not surround the pri-
mary containment and neither SARRP nor 10COR has taken credit for decontamina-
tion in the reactor building. Therefore, it is not an area of major differ-
ence between the IDCOR and SARP analyses.

,

A.4 Offsite Consequences*

In this section, the potential offsite consequences of the severe acci-
dents described in the previous sections are exanined. There is one NRC/10COR
issue related to offsite consequences, which concerns differences in the
assumed evacuation models. Differences in the evacuation model influence the
predicted early health effects. The issue is largely resolved and is related
to the fraction of the population assumed not to participate in the evacua-
tion.

Table A.8 gives the consequence calculations for 10COR and SARRP 16 for
several accident sequences and f ailure modes. This table indicates that if
the containment is predicted to fail (either early or late) and the suppres-
sion pool is not bypassed, then the offsite person-rem predictions are similar
(-10s) for the accidents considered. The only time that a si gni ficant

,

'

increase (-10 ) in person-rem is calculated is with complete pool bypass.
These results clearly show that preventing pool bypass is the key to mitigat-
ing the fission-product releases for a Mark 111 containment. For the BWR Mark
!!! results 10COR and SARRP show a low likelihood of pool bypass and substan-
tial scrubbing of the fission products. However, the bypass scenarios tend to
dominate the risk calculated in NUREG-1150 for Grand Gulf. Thus, pool bypass
conditions must be avoided to ensure mitigation of fission products for the
dominant accident sequences.

A.5 Summary and Risk insights

A.5.1 Core-Damage Profile .

Transients dominate the core-damage risk profile for the studies examined
in Section A.1. For all of the BWR plant PRAs considered, a few sequences
figure prominently in all of the respective core-damage frequency profiles.
This suggests that if the probability of this relatively small subset of acci-
dent sequences can be minimized, then there is a reasonable expectation that
the overall core damage frequency will be minimized. This principle is used,

| in Sections 3 and 4 to develop guidelines and criteria to control the overall
' core-damage frequency (Goal 3),

it is, however, important to recognize that the qualitative accident se-
quence descriptors are rather general and that different hardware and/or oper-
ational failures in the various BWR Mark 111 plants could lead to the same
general accident sequence. In order to identify the plant specific (and often
times unique) potential vulnerabilities that contribute to a given general
sequence descriptor (e.g., station blackout) in a given plant, a plant spe-
cific examination (such as a failure mode and effects analysis coupled with a
fault tree / event tree analysis) is needed.
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A.5.2 Consequence Analysis
,

The IDCOR assessment of core-neltdown phenomena and containment response
indicates that the Mark 111 containment can accommodate severe accident con.tainment loads without pool bypass. The SARRP analysis predicts substantial

<

leakage paths from the drywell are unlikely so that any fission products which
are released have the benefit of suppression pool scrubbing. The only ' time
that a major increase in offsite consequences is predicted is if there is pool ,

bypass. This demonstrates the importance of preventing pool bypass to miti-
gating of fission products (Goal 1).
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Table A.1 Selected BWR-6 Core-Damage Profiles
.

Grand Gulf GESSAR 11Sequence Type- RSSMAP 10COR Committed PRA Review

T 230W 1.2x10- 6 1. 9 x' 0 * 7 1.9x10 6
,

T QW. 6.2 x10- 6 8.9 x10- 8t --

T C 5.4 x10-6 1.2x10 6 2.52x10 623

SI 4.6 x10 - 6 5.5 x10- 9 --

T PQI 3. 7 x10- 7 2. 3 x10- 823 --

T PQI 1.6 x10- 6 2. 3 x10- 'g
--

T QUV + T 00X 1.5 x10 6 4.7x10 7g 3 --

T PQE 5. 4 x10 -7 1. 7 x10- 923 --

T PQE '

2."3'xiO27
~

i -- --

Al 2.6 x10 7 1.4 x10- 9 --

AE 5.0 x10- 8 1.1 x10- 8 --

T QUV + T QUX 5.6 x10- 8 1. 3 x10 - 8 5.3 x10 723 23

TC 1. 2 x10- 73 -- --

T QUW 3.4 x10- 8t .. ..

T QUW 7.0 x10- a23 .. ..

TW
1.6x10 63 -- --

T UV + T UXt i 3.0E-5-- --

T 0V+T UX 5.3x10 723 23 -- --
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Table A.2 Grand Gulf Core-Damage Profile f.

Sequence 10COR*
Type RSSMAP* Committed ASEP

TB 1. 32 x10- 6 3. 4 x10- 7 2. 8 x10- 5
,

TC 5.52x10- 6 1. 2x10- 6 1.8x10 7
i

TQW 1.71 x10- 5 2. 0x10- 7 --

i

TPQ1 5.18x10- 6 2.53 x10-8 ..

TQUV 1.4 2 x10- 6 1.43x10 7 <10-s

TPQE 7.61 x10- 7 1.7 x10- 8 --

. TQUW 1.04 x10- 7 -- --
;

*These sequence core damage frequencies were de-
rived by extracting explicit station blackout ;
(TB) cut sets and then combining all initiators '

(i.e.,T 3+T23). TB reflects the summation of
the extracted cut sets.,
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Table A.3 Grand Gulf Station Blackout Sequence Core-Damage'

Frequency Point Estimates With Proposed Enhanced
HPCS/RCIC Capabilities

Remove or Extend
Blackout-Related
Time-Depgnden't 'ASEP Failures

T B T U (long term) 2.1x10-5Seq 1 tt2 t --

T B T U B (long term) 4.9x10-7Seq 2 gi2 t2 --

T B T 0 V (short-term) 1.5 x10- 7 1.5 x10- 7Seq 3 tt2 t2

TgB B 3 (long-term) 2.0x10-6Seq 4 322 --

Seq 5 T B B U (short term) 2. 3 x10- 6 2. 3 x10- 6tt22

Total T B pt.est. 2.8x10- 5 2.45x10 63

T B (long term) 2.35x10-5 (91%) (0%)t c

T B (short term) 2.45x10-6 (9%) 2.45x10-6 (100%)3

Notes:
1. -In this example, removal or extension of the blackout-related time-depen-

dent f ailure anodes of RCIC and HPCS renders sequences 1, 2 and 4 success-
es and removes them from the calculated core damage frequency.

,
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Table A.4 Comparison of the 10COR and SNL Containment Matrices .

Station
Blackcut ATWS

10COR SNL 10COR SNL
Containnent Failure Mode (T QUV) (TB) (T 23 ) (TCSX)C

3

No Containment Failure .2 .08 .6--

Pre-existing Leak or Failure to isolate .005 -- -- --

Overpressure Failure due Primarily to
Hydrogen Burning .6 .59 .2--

Other Overpressure Failure .2 .34 1.0 .2

Orywell to Wetwell Leakage (Station Blackout) SNL 10COR

Design Leakage .58 --

Late Penetration Failure .34 --

Late Drywell Structural Failure .02 --

Early Penetration Failure .05 --

Early Drywell Structural Failure .01 --
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Table A.5 NRC/IDCOR issues,

,

issue Subject

'
1 Fission-Product Release Before Vessel Failure
2 Recirculation of Coolant in Reactor Vessel

.

3 Release Model of Control Rod Haterials
4 Fission-Product and Aerosol Retention in the Primary System;

5 In-Vessel H Generation4

2
6 Core Slump, Core Collapse, and Reactor Vessel Failure
7 Containment Failure Because of in-Vessel Steam Explosions
8 Direct Heating of Containment
9 Ex-Ves,stl Fission-Product Release

10 Ex-Vessel Heat Transfer Model from Kolten Core to Concrete
11 Revaporization of Fission Products from the Primary System
12 Fission Product Deposition Model in Containment
13A Suppression Pool Bypass (Pool Scrubbing)
13B Retention of Fission Products in Ice Beds
14 Modeling of Emergency Response
15 Containment Performance
16 Secondary Containment Performance
17 Hydrogen Ignition and Burning
18 Essential Equipment Perfornance

,
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Table A 6 Comparison of IDCOR and BCL Predictions of Fission- *

Product Release for an ATWS Sequence With No Operator
Actions Taken

Event 10COR* NRC Contractors **

Containment Failure (hr) 1.0 1.3
Start of Core Melt (br) 3.0 2.0
Vessel Failure (hr) 3.8 4.2

Fission-Product Release
Fractions ***:
Xe-Kr 1.0 1.0
1-Br 0.0008 0.003
Cs-Rb 0.0008 0.004
Te-Sb 0.0008 0.002
Sr 0.00001 0.002
Ba 0.00001 0.001
Ru-Mo 0.00001 Nec.
La 0.0001--

Ce 0.0001--

*10COR Technical Report 23.1GG, March 1985.
**NUREG/CR-4624, July 1986.

*** Fraction of Initial Core Inventory.
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Table A.7 Comparison of 10COR and BCL Predictions of Fission-,

j. Product Release for an SB0 Sequence With Hydrogen '

Burn

-

IDCOR* NRC Contractors ** ;

| Event (No Bypass) (With Bypass)
,

t

loss of Injection (hr) 0.0 6.0
Start of Core Melt . (hr) 2.0 9.7 i

,

Vessel Failure (hr) 2.3 11.7 L; Containment Failure (hr) 47.0 11.7 '

\
Fission-Product Release j

,

Fractions ***:
* r

.

. Xe-Kr 1.0 1.0i
1-Br 7x10-5 0.016 ;
Cs-Rb 7 x10- 5 0.013: |Te-Sb 3x10-s o,11 3

Sr 1x10-5 0.3,
-

Ba 1 x10- 5 0.18 *

Ru-Ho 1x10-5 Ne g.
'

; la 0.021 ,i
--

Ce 0.034 '

3
--

'

*!DCOR Technical Report 23.1GG, !! arch 1985.
:

'; **NUREG/CR-4624 July 1986.
*** Fraction of Initial Core Inventory. -
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Table A.8 Comparison of IDCOR and SARRP Consequence Results
. !i
*

(Person-Rem)'

iAccident '

Sequence Containment Failure Mode 10COR SARRP 16
.

ATWS Containment failure after core melt 1.2 x10 5 9x10"' !
4

without significant pool bypass
i (Bin 125 Dry)

Station Containment failure at RPV failure -2 to 8x10--

! Blackout with complete pool bypass (Bin 128) ;

; Station Early containment failure with RPV 2x10 s--

.
Blackout depressurization and drywell flooding

j (TBS limited bypass Bin 33)

! Station Containment failure after a few hours 1.2x105 5 x10"
! Blackout without significant pool bypass

(flooded Bin 9).

: Station Containment failure after a few hours 7 x10" f--

Bl ackout without significant pool bypass (Dry,

Bin 3)
;
'

: !

: Station Containment failure after many hours 2.4 x10 4
-- -' Blackout without significant pool bypass

i
i
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; ABSTRACT i

1

Guidelines and criteria have been developed for preventing and mitigating
severe accidents in PWRs that have large-volure containments. The guidelines
were devolcped from insights derived from reviews of risk assessments per-
forned specifically for the Zion plant and from assessments of other relevant "

studies. Accident sequences that dominate the core-damage frequency and those
,

, accident sequences that are of potentially high consequence were identified. !Vulnerabilities of the large-volune containment to severe accident containment
loads were a'so identified. In addition, those features of a PWR with a '

'

largo-volume containment, which are important for preventing core dama.je and
are available for mitigating fission-product release to the environment werealso identified. These guidelines and criteria are issued to provide direc-'

tion to the analyst examining an individual plant. This direction calls
~ attention to plant features and operator actions and provides the .tardards;

for assessing those features and actions found to be helpful in reducing the
overall risk for Zion and other PWRs with large-volume containments, lbus,

,

*

the guidance is offered as a resource in examining the subject plant to
determine if the same, or similar, guidelines will be of value in reducing
overall plant risk. These guidelines and criteria are intended to servesolely as guidance.
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1. EXf.CUTIVE SUtiMARY

The U.S. Nuclear Regulatory Commission (NRC) has formulated ar. approach
for a systematic safety examination of existing plants to determine whether
particular severe accident vulnerabilities are present 6nd what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core Rulanaking Program (IOCOR) selected four ref-
erence plants for detailed analysis: Peach Bottom, Grand Gul f, Sequoya'1, and
Zion. The 10COR analyses performed for the reference plants have been docu-
mented together with the methodology used for the analyses and the technical-
basis supporting the methodology.

Parallel with the 10COR work, the NRC under the Severe Accident Research
Program (SARP), performed risk assessments, audit calculations, sensitivity
studies, and Lacertainty analyses for five plants. The five plants considered
h/ SARP were Peach Bottom, Grand Gul f, Sequoyah, Zion and Surry.

The purpose of this effort is to review all of the IDCOR and SARP analy-
ses performed for the reference plants, understand the reasons for the differ-
ences, and then use the experience gained from these reviews for developing
guidelines and criteria that identify plant features and operator actions that
were found to be important for either preventing or mitigating severe acci-
dents in each plant type. In turn, these guidelines should prove helpful in
the systematic safety exanination of individual plants.

Three bisic objectives or goals for this severe accident program apply
equally to all plant types:

Goal 1: Mitigate fission-product releases..

Goal 2: Control the frequency of high-consequence sequences..

Goal 3: Reduce high core-damage frequency..

The aim was, therefore, to develop detailed gaidelines and criteria that
could be used to achieve these goals during the examination of individual
pl ants.

"Guidelines," as used in this report, identify those plant features and
operator actions that were found to be important to either preventing or miti-
gating severe accidents in the reference plant studies. These guidelines pro-
vide a list of plant features and operator actions that the utilities can use -

as part of each individual plant examination (IPE). It is not the intent of,.

this report to specify a set of improvements for either the reference plant or
for any other plant which would be sufficient to achieve a certain level of
safety. Instead, the guidelines indicate potential improvements in various
areas of plant design and operation of which each utility should be aware when
conducting its IPE and making decisions on plant improvements. The intent is
to provide guidance to the analyst performing an IPE, as to the plant features
and operator actions which were found to reduce overall risk. It is prudent
to check whether potential improvements identified in studies of other similar
plants can be of help in improving overall plant performance. The guidelines
contained in this report, therefore, complement the IPEs.

.
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"C ri te ri a ," as used in this report, are the attributes which have been
identified as important to assess the performance of plant features and oper-
ator actions identified in the guidelines. The criteria provide deterministic
(as oppcsed to probabilistic) performance measures which are judged to be
helpful to implement the concepts contained in the guidelines. When a deci-
sion is made to provide an item or an action specified in a guideline, the
utility should address a set of questions relating to the design, operation
and availability of the needed equipment and the training of operators. For
the example of containment spray guidance, the capacity of the spray system,
the duration of the water source, the selection of setpoints to initiate
sprays, the availability of applicable procedures and the accessibility of
certain valves by operators should be addressed. The criteria on containment
spray provide helpful information in assessing spray capability in each indi-
vidual plant.

Based on an extensive review of prior severe accident investigations, the
authors have provided a set of guidelines and associated criteria which can be
used to assess the capability of individual pressurized water reactor (PWR)
plants with large-volume containments, to cope with severe accidents. Al -
though much of the work is based on probabilistic risk assessments (PRAs), the
guidelines and criteria are deterministic in nature. That is the criteria
describe specific features of key systems and operational procedures which
have been found helpful in reducing the likelihood of severe accidents. The
guidelines and criteria take into account detailed severe accident experiments
and analyses performed by the NRC/RES, the nuclear power industry and foreign
governments.

The following sections present the insights gained from reviewing the
lPRAs. Specificallg the IDCOR Zion Integrated Containment Analyses and theSARP Zion reports were reviewed in detail. These studies were compared

with the original Surry risk assessment in the Reactor Safety Study
(WASH-1400)5 and relevant PWR PRAs for other plants, including, Oconee,[RSS)and
Surry.7

1.1 Core-Damage Profile

PRAs for PWRs have indicated that loss of component cooling water (CCW),
transients (inciuding station blackout) and small LOCAs tend to dominate the
core-damage f requency (CDF) estimates. There was no consistent pattern of
relative ranking of transient sequences across all of the studies.

For the Accident Sequence Evaluation Program (ASEP) study of Zion, acci-
dents involving loss of CCW appeared as the dominant contributor to the CDF
(about 80%). However, the quantification of this sequence appears to be very

l conservative since it is dominated by low pressure pipe rupture events. These
events were not identified by IDCOR and therefore the CCW failure sequence is
not a significant contributor in the IDCOR study.

In addition to the CCW failures, ASEP indicated that sequences involving
loss of offsite power and small LOCA are the dominant core-damage sequences
for Zion. Other PWR studies indicate pump seal LOCAs, loss of ac or de buses,
transients with loss of feedwater, anticipated transients without scram ( ATWS)
and interfacing systems LOCA (ISL) are all important contributors to PWR CDF.

2
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1.2 Consequence Analysis

The assessment of core-meltdown phenomena and contair .1ent response in
the PRAs indicated that the relatively large Zion containment is not vulner-
able to overpressurization because of buildup of noncondensable gases. Both
IDCOR and the NRC Severe Accident Risk Reduction Program (SARRP) indicate that
early containment failure is unlikely. Thus , containment function (reducing
the source term) is preserved for almost all cases.

Although the frequency of early containment failure is estimcted to be
low for both Zion and Surry (about 57, mean), the fission-product releases may
be large and such sequences are a dominant contributor to risk in the Reactor
Ri sk Reference Document. 8 Other large-volume containments with different
reactor cavities (i.e., less susceptible to quenching of the core debris),
different containment strengths (e.g., steel shell), and different volumes may
be more susceptible to direct heating or hydrogen combustion. Direct contain-
ment bypass sequences (ISL) may also result in large fission-product releases.

1.3 Guidelines and Criteria

The guidelines have been developed to translate the three goals of the
severe accident program into deterministic criteria for assessing each plant's
response for the dominant types of core-damage sequences.

Each guideline is provided with a detailed list of criteria which provide
helpful information to assess the performance of plant features and operator
actions identified in the guidelines.

1.3.1 tiltigate Fission-Product Releases

For a PWR with a large-volume containment, the dominant core damage se-
quences were found to be loss of CCW, loss of service water, small breaks (in-
ciuding pump seal LOCAs and ISLs), and transients (including ATWS and station
blackout (SBO)). In order to minimize off-site consequences, the containment
systems must be able to fulfill their role of restricting fission-product
releases even under severe accident conditions.

Guideline 1 - flaintain Contair. ment Integrity

The most severe consequences of core-damage accidents in Zion are from
accidents which result in early containment failure or bypass. The SARRP -

analyses indicate that direct containment heating and hydrogen combustion may
cause such early failure. In order to assess the importance of such early
failures in other large dry containments one guideline is provided in Table
1.1, pending further resolution of early containment failure issues.

1.3.2 Control the Frequency of High-Consequence Sequences

Guideline 2 - Interfacing Systems LOCA (Including Steam Generator Tube Rup-
ture (SGTR))

Interfacing systems LOCA (ISL) could be a significant risk contributor
because of the potentially high release even though it is usually a highly
unlikely event. Although SGTR with one or more tubes ruptured bears the

3
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characteristic of a small LOCA, it is unique in the sense that it is also a
potential containment bypass LOCA, releasing reactor coolant into the second-
ary side of the steam generators (SGs). Thus the SGTR provides several poten-
tial paths for release of fission product to the ei vironment outside the con-
tainment via the main steamline, turbine, turbine b < pass, condenser, condenser
exhaust, SG atmospheric steam dump valves or safety valves and the SG blowdown
line. Tnus, despite its relatively small CDF (usually a few percent of the
overall CDF from internal events), Guideline 2 has been developed to prevent
the occurrence of SGTR and ISL events and to mitigate the potentially high
fission-product releases if one occurs.

1.3.3 Reduce High Core-Damage Frequency Sequences

The major contributors to the core damage for Zion have been identified
as loss of CCW, small LOCA '(S ), and SB0. Thus, if the frequencies of these2
accident sequences (or a subset of them) can be reduced, then the overall CDF
will be substantially reduced.

Guideline 3 - Component Cooling Water (CCW)

An event initiated by loss of CCW may lead to reactor coolant pump (RCP)
seal LOCA sequences because of loss of RCP seal cooling, under the condition
that high pressure injection fails because pumps in the high pressure injec-
tion systems are also cooled by CCW. The contribution of this initiator to
CDF can be reduced by r :cing the frequency of loss of the CCW system. Spe-
cific criteria have been provided to ensure that loss of CCW does not lead to
an unacceptably high CDF.

Guideline 4 - Operator Response for Recirculation

After CCW failures, the small LOCA initiator (S ) is the largest contrib-2
utor to core damage at Zion. Major contributors to the S2 sequences are oper-
ator failures in the recirculation switchover operation and common cause fail-
ures of the containment sump suction valves and the high pressure injection
pump suction valves. Although the sequences involving loss of containment
heat removal (CHR) were found only marginally important for Zion, the main
contributor to these sequences is also the failure in the reci rcul ation

l switchover.

Guideline 5 - Station Blackout
-

In Zion, station blackout (5B0) sequences are important contributors to
CDF. The accident sequences in SB0 are characterized by two categories of
postulated eveats: First, ac power is not recovered before battery depletion
which, in turn, defeats the turbine-driven auxiliary feedwater system ( AFWS)
pump. Second, SB0 causes a RCP seal LOCA because of failures of seal injec-
tion flow and RCP thermal barriers resulting from loss of the CCW and service
water systems.

The AFWS is the normal means of decey heat removal in small LOCA and
transient events, including a normal plant shutdown. The Zion PRAs indicate
that the core-damage sequences involving failure of the AFWS are related toI

(1) SB0 which is dominated by failure of the AFWS turbine-driven pump because
of dc bus failure or battery depletion, and (2) the loss of a de bus initiator

i
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followed by failures of the AFWS motor-driven pumps and by failure of the RCSfeed & bleed cooling. The criteria under Guideline 5 address the availabilityof an AFWS turbine-driven pump during station bl ackout and the operator
actions required to mitigate a loss-of-AFWS event if it occurs.

For accidents involving the loss-of-offsite power and onsite emergency
power, the NRC recommends examining the proposed SB0 rule for applicability.
The criteria associated with Guideline 5 are intended to emphasize the need to
search for plant specific features and potential common cause failures which
could disable systems required to work during an SB0 For individual plants
which are found to have a vulnerability to S30, the criteria highlight the
importance of proper emergency procedures and operator tr aining in recovering
from an SB0 event.

Guideline 6, - Reactor Coolant System (RCS) Feed & Bleed Cooling

One potentially effective means of making up core inventory in case the
h'gh-pressure injection systems are unavailable, either in injection Or in
recirculation phase, is to depressurize the RCS bv the power operated relief
valves (PORVs). Af ter depressurization, the iow-pressure injection system
(LPIS) can be actuated for the makeup operation. This caergency precedure
appears to have a significant impact on reducing the core-damage frequencies.
To attain success in this procedure, the operator must open the PORVs and have
at least one of the LPIS trains available for RCS makeup.

Guidelines 7 and 8 - Low-Pressure Injection and RCS Depressurization by Sec-
ondary Blowdown

A second potentially effective means of making up core inventory in case
.

the high pressure systems are unavailable, either in injection or in recircu-
lation phase, is via secondary blowdown, that is to depressurize the RCS byheat removal through the SGs. Af ter sufficient heat removal, the LPIS can be
actuated for the RCS makeup operation. This action appears to have a signifi-
cant impact on reducing the core damage frequencies. To attain success, the
operator must open the SG atmospheric steam dump valves, maintain AFW or main
feedwater to the SG and have one of the LPIS trains available for RCS makeup.

Guideline 9 - Anticipated Transients Without Scram

Anticipated transients without scram (ATWS) is not a significant contrib-
utor to core damage at Zion. However, several PWR PHAs have found ATWS to be -

an important event to consider. One factor in the low CDF estimates for ATWT
is the credit given to the manual scram and the emergency boration using the
charging system to deliver borated water to the reactor vessel. Failures of
the manual scram and the emergency boration are dominated by failures of oper-r

| ator actions.

Guideline 10 - Support System Interdependencies

Although the importance is difficult to quantify, one of the insights o'
most risk assessment studies is the importance of support system interdepes-
dencies. For example, a draf t of the SARRP Peach Bottom study indicated thet
loss of all service water was a dominant contributor to core melt. The recent
revision to the sequence studies have reduced it to one percent of the overall

.
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core melt. In order to ensure that support system vulnerabilities do not
cause an unacceptably high CDF for other PWR large-volume containment plants,
the authors have developed this guideline to help assess any weaknesses of the
support systems.

Guideline 11 - Flooding of Emergency Equipment

Internal floods have been found to be a significant contributor to core
damage in only one PWR plant. However, the concerns appear to be of general
applicability to other designs. Thus, this guideline was developed for all
PWR plants to to assess the potential for flooding of safety-related equip-
ment.

1.4 Using the Guidelines and Criteria

~Num'erous investigations, including PRAs, have been performed for the ref-
erence plants and similar plants by both the NRC and the nuclear power indus-
t ry. The insights gained from many of the studies have been used in develop-
ing the guidelines and criteria contained in this report (' including the other
volumes of this report). These guidelines and criteria are issued to provide
guidance to the analyst performing an IPE. This guidance is in the form of
plant features, operator actions and the criteria for assessing those features
and actions found to be helpful in reducing the overall risk for Zion and
other PWR plants. Thus, the guidance is given to provide a resource in exam-
ining the subject plant to determine if the same, or similar, guidelines will
be of value in reducing overall plant risk. These guidelines and criteria are
intended to be used solely as guidanco.

1.5 References for Section 1

1. "Zion Nuclear Generating Station and Integrated Containment Analysis,"
IDCOR Technical Report T.23.1Z, March 1985.

2. T. Wheeler, "Analysis of Core Damage Frequency from Internal Events: Zion
Unit 1," Sandia National Laboratories, NUREG/CR-4550, Volume 7, October
1986.

3. M. L. Corradini et al. , A Review of the Severe Accident Risk Reduction;

Program (SARRP) Containment Event Trees," NUREG/CR-4559 U.S. Nuclear
'

Regulatory Commission, May 1986.
.

4 M. Khatib-Rahbar et al . , "Evaluation of Severe Accident Risks and
Potential for Risk Reduction: Zion Power Plant," Brookhaven National,

| Laboratories, Volume 5 Draft Report fur Comment, February 1987.
!

t 5. "Reactor Safety Study: An Assessment of Accident Risks in U.S. Commercial
Nuclear Power Plants," WASH-1<00, NUREG/75-014, October 1975.

6. W. R. Sugnet et al., "0conee PRA - A Probabilistic Risk Assessment of
Oconee Unit 3," Duke Power Co., NSAC-60, June 1984.

7. R. C. Bertucio et al., "Analysis of Core Damage Frequency from Internal
Events: Surry, Unit 1, " Sandia National Laboratories, NUREG/CR-4550,
November 1986.
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8. "Reactor Risk Reference Document," U.S. Nuclear Regulatory Comission,NUREG-1150, Draft for Comment, February 1987,
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Table 1.1 Guidelines for Preventing and Mitigating Severe
Accidents in a PWR with a Large-Volume Containment

Guideline Description

Mitigate Fission-Product Releases:

1 Maintain Containment Integrity
1.A. Provide Containment Spray and Long Tern Heat Removal
1.B. Provide Filtered Venting
1.C. Assessment of Early Containment Failure

Control the Frequency of High-Consequence Sequences:

2 Interfacing Systems LOCA (Including Steam Generator Tube
Rupture)

2.A. Prevent Overpressurization of Low Pressure Systems
2.B. Prevent Steam Generator Tube Rupture and Minimize Its

Consequences

Reduce High Core-Damage Frequency Sequences:

3 Component Cooling Water
3.A. Provide Adequate Cooling to Engineered Safety Features Systems

4 Operator Response for Recirculation
4.A. Prnvide Adequate Core Recirculation Cooling
4.B. Provide Adequate Containment Heat Removal

5 Station Blackout
5.A. Provide Operator Response During Station Blackout

6 Reactor Coolant System (RCS) Feed & Bleed Cooling
6.A. Provide Operator Response for RCS Feed & Bleed Cooling

7 Low-Pressure Injection
7.A. Improve Availability of Low Pressure Injection

8 Rractor Coolant System (RCS) Depressurization by Secondary
Blowdown

| 8.A. Provide RCS Depressurization Capability

| 9 Anticipated Transients Without Scram ( ATWS)
9.A. Provide Operator Response During ATWS

10 Support System Interdependencies !
10.A. Examine Support System Interdependencies '

I
-

11 Flooding of Emergency Equipment
11.A. Prevent or Mitigate Internal Flooding

i
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2. INTRODUCTION

2.1 Background

The U.S. Nuclear Regulatory Commission (NRC) has formulated an approach
for a systematic safety examination of existing plants to determine whether
particular severe accident vulnerabilities are present and what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core Rulemaking Program (IDCOR) selected four ref-
erence plants for detailed analysis, namely:

Peach Bottom (a BWR with a Mark I containment)
.

Grand Gulf (a BWR with a Mark III containment)
.

Zion (a PWR with a large dry containment).

Sequoyah (a PWR with an ice condenser containment).

The IDCOR analyses performed for the above reference plants have been
documented together with the methodology used for the analyses and the techni-
cal basis supporting the methodology.

Parallel with the IDCOR work, the NRC under the Severe Accident Research
Program (SAR0), performed risk assessments, audit calculations, sensitivity
studies, ano uncertainty analyses for five plants. The five plants considered
include the above four IDCOR reference plants, and, in addition

Surry (a PWR with a subatmospheric containment).

The purpose of this effort is to review all of the IDCOR and SARP analy-
, ses performed for the reference plants, understand the reasons for the differ-
| ences, and then use the experience gained from these reviews for developing

guidelines and criteria that identify plant features and operator actions
| found to be important for either preventing or mitigating severe accidents in'

each plant type. In turn, these guidelines should be helpful in the system-
atic safety examination of individual plants.

The IDCOR Zion analysis l was documented in March 1985 and was supple-
mented by additional sensitivity studies in July 1985. The SARP Zion re-2ports -4 were reviewed in draft form during 1986. These reports were pub-

, lished early in 1987 and were summarizeo in the "Reactor Risk Reference Docu-
! ment" (NUREG-1150),5 which was published for comment in February 1987. The
| experience gained from the review of these Zion studies along with other PWR'

PRA studies (namely, Surry, Oconee and Millstone III) was used to generate the
guidelines and criteria which are the subject of this report.
2.2 Objectives

Three basic objectives or goals for this severe accident program applyequally to all plant types: .

i.
Goal 1: Hitigate fission-product releases..

Goal 2: Control the frequency of high-consequence sequences..

Goal 3: Reduce high core-damage frequency..

!
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The aim was, therefore, to develop detailed guidelines and criteria that
could be - used to achieve these goals during the examination of individual
pl ants. Tne guidelines and criteria are defined in the sections that follow.

2.2.1 Guidelines

"Guidelines," as used in this report, identify those plant features and
operator actions that were found to be important to either preventing or miti-
gating severe accidents in the reference plant studies. These guidelines pro-
Vide a list of piant features and operator actions that the utilities can use
as part of each individual plant examination (IPE). It is not the intent of-
this report to specify a set of improvements for either the reference plant or
for any other plant which would be sufficient to achieve a certain level of
safety. Instead, the guidelines indicate potential improvements in various
areas of plant design and operation of which each utility should be aware when
conducting its IPE and making decisions on plant improvements. The intent is
to provide guidance to the analyst performing an IPE, as to the plant features
and operator actions which were found to reduce overall risk. It is prudent
to check whether potential improvements identified in studies of other similar
plants can be of help in improving overall plant performance. The guidelines
contained in this report, therefore, complement the IPEs.

The three objectives or goals were noted as applying equally to all plant
types. Although the goals are independent of plant type, the guidelines that
are needed to achieve the goals are plant dependent. In general terms, Goal 1
implies that there should be effective means of mitigating the fission-product
releases for the broad classes of accident sequences which cominate the core-
damage frequency. Therefore, these dominant accident sequences have to be
determined and those plant features and operator actions that are available to
mitigate the release of fission products have to be identified. Only then can
detailed guidelines be developed to ensure that these dominant accident
sequences can be mitigated.

There may be accident sequences for whica a specific plant will have sub-
stantial fission-product releases (e.g., containment bypass sequences). Thus,
for such sequences Goal 1 may be difficult to achieve. Therefore, all reason-
able steps are identified which could reduce the frequency of these poten-
tially high consequence sequences (namely Goal 2). Again, the accident
sequences have to be identified and pl ant vulnerabilities and/or operator
actions that lead to core damage for these sequences also have to be identi-
fied. Detailed guidelines can then be developed which will aid in assessing
an individual plant's capability to prevent these sequences from occurring.

It is also desirable to ensure that the overall core-damage frequency is
low (namely Goal 3). Again, the dominant accident sequences have to be found
so that detailed guidelines can be developed to reduce the frequency of these
sequences, if necessary.

In general, the following screening process was used to determine whether
or not to develop a particular guideline:

any accident sequence with a core-damage frequency greater than 10 6 per.

reactor year.

.
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any sequence that contributed to more than 5% of the total core-damage fre-.

quency

any event that caused a conditional probability of early containment fail-.

ure greater than 0.1

any sequence that resulted in containnent bypass with a fre.luency greater.

than 10-7 per reactor year

any sequence that was judged to be uniquely important (example, very severe.

consequences)
-

This screening process led to the development of guidelines that can be
used in the systematic safety examination of other PWRs with large-volume con-
tainments. For example, the guideline for containment spray and l ong-term
heat removal was identified as an item that would help to achieve Goal 1
(namely, to mitigate fission-product releases) for the PWR large-volume refer-
ence plant. Therefore, in the safety examination of other PWRs with large-
volume containments, the capability for containment spray and long-tem heat
removal may need to be carefully assessed.

The development of a particular guideline for the PWR large-volume re f-
erence plant does not imply that this plant or any of the other plants in this
category need to conform to this guideline. It simply means that analyses
have indicated that this particular guideline has the potential to signifi-
cantly reduce risk. Thus, the guidance is given to provide a resource in
examinira the subject plant to determine whether the same or similar guide-
lines will be of value in reducing overall plant risk. Whether or not the
guideline is useful or needed in a particular PWR with a large-volume contain--

ment depends on plant-specific details and is beyond the scope of this report
and is therefore not addressed here.

2.2.2 Criteria

"Criteria ," as used in this report, are the attributes which have been
j iientified as important to assess the perfomance of plcnt features and oper-

stor acticns identified in the guidelines. The criteria provide deterministic|

! (as opposed to probabilistic) performance measures which are judged to be
! helpful to implement tho concepts contained in the guidelines. When a deci-

sion is made to provide an item or an action specified in a guideline, the
utility should address a set of questions relating to the design, operation
and availability of the needed equipment and the training of operators. For

'

the example of containment spray guidance, the capacity of the spray system,
the duration of the water source, the selection of setpoints to initiate
sprays, the availability of applicable procedures and the accessibility of
certain valves by operators should be addressed. 7"e criteria on containment

| sprays provide helpful information in assessing spray capability in each indi-
| vidual plant.

The criteria address the general issues of (1) survivability of equipment
(i.e., whenever credit is given for a system or a component to mitigate the
accident, the ability of the equipment to function under environmental and
fluid dynamic loads asaciated with severe-accident sequences must be taken
into account), (2) equipment capabilities, capacities, and duration of

.
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operability, (3) accessibility of equipment, (4) availability of support sys-
tems, (5) identification of necessary components, (6) identification of ~impor-
tant operator actions, and (7) identification of parameters for initiation of
mitigating systems and operator actions.

2.3 Organization of the Report

This report describes detailed guidelines and criteria for preventing and
mitigating severe accidents in PWRs that have a large-volume containment. It

is the fourth volume in a series of five, that deal with guidelines and cri-
teria for several different reactor and containment types. Other volumes in
the series are:

Volume 1: BWRs with Mark I Containments.

Volume 2: BWRs with Mark II Containments.

Volume 3: BWRs with Mark III Containments.

Vol ume 5: PWRs with Ice Condenser Containments..

Appendix A of this volume contains a review of the IDCOR and SARP analy-
ses for a PWR with a large-volume containment along with other pertinent stLd-
ies. The insights gained from these studies lead to the identification of the
strengths and vulnerabilities of a PWR with 1 large-volume containment. In
Section 3, the three basic goals of the program are related to the relevant
design features and operating charecteristics of a PWR with a large-volume
containment. The guidelines recommended to achieve the three goals are
therefore initially developed in Section 3. In Section 4, the guidelines are
restated and detailed criteria are developed for each guideline.

2.4 References for Section 2

1. "Zion Nucl ear Generating Station and Integrated Containment Analyses,"
IDCOR Technical Report T23.1Z, March 1985.

2. T. Wheel er , " Analysis of Core Damage Frequency from Internal Events:
Zion, Unit 1," Sandia National Laboratories, NUREG/CR-4550, Volume 7, Octo-
ber 1986.

3. M. L. Corradini et al ., "A Review of the Severe Accident Risk Reduction
Program (SARRP) Containment Event Trees," U.S. Nuclear Regulatory Commis-
sion, NUREG/CR-4569,!!ay 1986.

4. M. Khatib-Rahbar et al ., "Ev61uation of Severe Accident Risks and Poten-
tial for Risk Reduction: Zion Power Plant," Brookhaven National Labora-
tories, NUREG/CR-4551, Vol . 5, Draft Report for Comment, February 1987.

5. "Reactor Risk Reference Document ," U.S. Nuclear Regulatory Commission,
NUREG-1150, Draf t for Comment, February 1987
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3. DEFINITION OF GOALS AND RELEVANT FEATURES OF PWRS WITH LARGE-V0LUME CON-
TAINMENTS

In Section 2 of this report, the concept of three basic objectives or
goals for this severe accident program was introduced. The concept applied
equally to all plant types. In this section, the three goals are related to
the relevant desi gn features and operating characteristics of a PWR with a
large-volume containment for accident sequences ano containment failure racdes
found to be important in Appendix A. This includes consideration of both fav-
orable and unfavorable severe accident attributes. Table 3.1 summarizes the
dominant accident sequences identified in the ASEP study for Zion. PRAs for
other PWRs have been reviewed for the possibility of other unique sequences
which could contribute to the core-damage frequency.

Screening criteria have been used to identify those sequences which need
to be addressed by severe accident guidelines for each goal. Specifically:

For' Goal 1 (Mitigate fission-product releases), all sequences have been.

examined which represent 5% of the core-melt frequency or are estimated to
occur more often than 10-6 per reactor year and which result in a condi-
tional probability of early containment failure greater than 0.1.

For Goal 2 (Control the frequency of high-consequence sequences), all. se-
quences have been examined which result in containment bypass and are esti-
mated to occur more often that 10-7 per reactor year.

For Goal 3 (Reduce high core-damage frequency sequences), all sequences.

have been examined which "have the potential to occur" more frequently than
10-6 per reactor year. Note that this screening criterion has been used to
identify potential vulnerabilities from risk assessment insights which do
not necessarily apply to Zion itself, but may apply to other PWR large-vol-
ume plants.

This section provides the link between the goals (developed in Section 2)
and the guidelines (developed in Section 4) that may be used to assess the

| capability of specific plants to meet these goals. This section is organized
; into three subsections, which correspond to the three goals.

3.1 Mitigate Fission-Product Releases

Goal I requires that there shall be effective means of mitigating the
fission-product releases for the broad classes of accident sequences that may

| lead to core damage in a PWR with a large-volume containment, in Appendix A
i the most important contributors to the core-damage frequency (CDF) were found

to be small break loss-of-coolant accidents (LOCAs) (including pump seal LOCAs
and the interfacing systems LOCA sequence), large break LOCA, transients with
feedwater failure (including station blackout and loss of dc or ac buses) and
loss-of-component cooling water or service water. No specific accident se-
quences for which mitigation by the large-volume containment is ineffective
have been identified for either Surry or lion. Rather, three generalized
threats to the containment (direct heating, hydrogen combustion and contain-
ment heat removal (CHR) failure) have been treated in the SARRP uncertainty
assessment. These three phenomena appear to dominate containment failure and
risk for PWRs with large-volume containments. Specifically, the combined

.
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effects of direct heating and hydrogen combustion pose the only significant
threat to early containment failure while CHR failure poses a significant
threat to long term containment integrity. This section concentrates on these
broad threats to containment integrity for which plant features provide sig-
nificant mitigating fission-product release.

3.1.1 Plant Vulnerabilities

The Zion containment is a large-volune containment design. The volume of
the contaimnent makes it effective against pressure buildup because of non-
condensable gas generation and hydrogen combustion during a core-meltdowm
accident. However, even a large-volume containment will fail , eventually,
unless containment heat removal (CHR) is preserved. There are differences
between the IDCORb2 and ASEP/SARRP -5 analyses as to how long it will take3

to pressurize a large-volume containment to its ultimate capacity after the
core debris has failed the reactor pressure vessel (RPV) and the reactor cav-
ity has dried out; but, both studies concluded that for some cases the con-
tainment will eventually fail. Therefore, unless CHR is preserved, the con-
tainment will fail for some accidents because of overpressure. If containment
failure occurs, a significant inventory of fission products in the containment
atmosphere could be released to the environment.

' An inspection of the Zion containment configuration indicates that the
cavity below the RPV would tend to confine the core debris after a core melt-
down accident. For many sequences the water from the emargency core cooling
(ECC) accumulato.s and containment sprays will flood the lower cavity, cooling
the core debris. However, for some sequences the containment sprays may not
be initiated. Without containment sprays the water in the reactor cavity
would be limited. There are differences between the 10COR2 and Battelle Col-
unbus Laboratories (BCL)" analyses as to how hot the core debris will be dur-
ing core-concrete interactions and as to how much of the less volatile fission
products will be released. However, at this time the possibility of the core
debris remaining hot or eventually drying out and releasing significant quan-
tities of fission products has not been ruled out.

The most important vulnerability of the large-volume containment appears
to be the possibility of early containment failure, because of hydrogen defla-
grations or detonations and direct heating. If early containment failure does
not occur there is still a significant probability of late containment failure
(about 6%), because of buildup of noncondensable gases or steam after failure
of CHR.

3.1.2 Mitigating Features

For early containment failure sequences the containment sprays provide
an effective device for removing any fission-product aerosols that might pass
through it. The sprays also help flood the reactor cavity and reduce the
likelihood of direct heating.

Long term overpressure failure of the containment can be prevented by
intensive cooling of ECC water and of recirculating spray water as well as
operation of the fan cooler system.

'
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The most severe consequences of core-melt accidents in Zion are from
accidents with early containment failure. The SARRP uncertainty analysis in-8

dicates that hyd rogen detonations or deflagrations may contribute to such
early f ailure, in order to prevent hydrogen detonations and deflagrations for
some vulnerable plants, hydrogen igniters may be necessary. The NRC has iden-
tified the threat of hydrogen to large-volume containments as a generic issue
(GI-121).

3.1.3 Maintain Containment Integrity

The above discussion has identified several features of the PWR plant-
with a large-volume containment that have the potential to help achieve Goal
1, namely, mitigating fission-product releases. Therefore, a guideline has
been developed and related to those features which will aid in assessing
whether specific plants can meet Goal 1. The guideline addresses the follow-
ing three areas:

containment sprays and long-term heat removal,.

filtered venting, and.

assessment of early containment failure potential..

3.2 Control the Frequency of High-Consequence Sequences

The plant features identified in Section 3.1 can effectively mitigate
fission-product release for the broad classes of accident sequences that were
found to dominate the core-damage frequency (CDF). However, one accident se-
quence was identified in Appendix A for which substantial reducing of fission-
product release for the PWR large-volume containment plant cannot be assured.
The interfacing systems LOCA sequences appear to meet the screening criteria
(>10 7/ reactor year) for Zion, but its iapertance in other PRAs indicate that
guidance should be developed to ensure that specific plant vulnerabilities do
not make them nore important contributors to risk for other PWR large-volume
containment plants.

3.2.1 Interfacing Systems LOCA (Including Steam Generator Tcbe Rupture
(SGTR)) *

| The interfacing systems LOCA (ISL) would open up a direct path from the
reactor coolant system to the auxiliary building thus bypassing the contain-
ment. The only plant feature pertinent to mitigating this event is the auxil-
iary building, which may not be sufficient on its own to ensure low fission-
product releases to the environment. Therefore, the frequencies of accident
sequences resulting from this initiator should be controlled (Goal 2), in

! Section 4.2, a guideline and associated criteria are developed to try to meet
| Goal 2. It is noted that BNL is currently performing a study on ISL to pro-

vide technical support to the Reactor Safety Issues Branch of NRC for a mean-;

ingful resolution of this generic issue.

The steam generator tube rupture (SGTR) event would provide an open path-
way for early radioactive release to the atmosphere if the core damage is not
arrested in a timely fashion and the release paths in the secondary side
(e.g., the main steam isolation valve of the ruptured stean generator (SG)),I

i and the associated SG atmospht.ric steam dump valves are Mt isolated prop-erly. Although this initiator has not been identi fied t.s a dominating
| .
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contributor to the overall CDF for Zion, it has been identified for other PWRs
and it could be important to risk because it can lead to accident sequences
which bypass the containment. Thus, the frequencies of these sequences should
also ,be controlled (Goal 2). In Section 4.2, a guideline and associated cri-
teria are developed to ensure that other PWRs with large-volume containments
do not have high risk because of containment bypass events.

3.3 Reduce High Core-Damage Frequency Sequences

The set of accident sequences which were identified in the 10COR and SARP
studies as dominant contributors to CDF for PWR with large-volume contain-
ments are presented in Section A.1. This provides the basis for the assessing
the general types of sequences which can be expected to be important for other
PWRs with large-volume containments.

,

3.3.1 Component Cooling Water (CCW)

The most important contributors to the core damage at Zion (excluding ex-
ternal events) were found to be loss of CCW, LOCAs and station blackout se-
quences.

Loss of CCW, as an initiator, may cause failures of seal injection flow
and failure of the thermal barrier and may lead to reactor coolant pump (RCP)

: seal LOCA sequences because of loss of RCP seal cooling. Note al so, that ,
depending on the redundancy and heat loads of the CCW system and the essential
service water (ESW) system in a particular plant, the loss of ESW could be
more "critical" than the loss of CCW with regard to RCP seal LOCA, depending
on whether the charging pumps (which provide RCP seal injection water) are
cooled by the CCW or by the ESW system. Even for RCPs which are cooled by
CCW, an RCP seal LOCA may result from the loss of the ESW since the loss of
ESW, if it is not rapidly recovered , would lead to degradation of CCW.
Reliability of the CCW including the piping integrity should be assessed to
determine the likelihood of C0F resulting from this initiator for all PWRs.

3.3.2 Operator Response for Recirculation

Major contributors to the LOCA sequences are related to the high-pressure
I recirculation switchover which iqvolves several operator failures and the com-

mon cause failures of the containment sump suction valves and high-pressure
injection pump suction valves. This type of sequence has been found in other
PWR PRAs even though emergency operating procedures of the plants usually
address this recirculation switchover operation.

3.3.3 Station Blackout

Characteristics of the important accident sequences in station blackout
(580) are battery depletion defeating the turbine-driven AFWS pump, and RCP
seal LOCA because of failures of seal injection flow and RCP thermal barriers
resulting from loss of the CCW and service water systems. SB0 is currently
the subject of an unresolved safety issue (USI A-44). Thus, development of
guidelines and criteria for SB0 are considered to be appropriate pending reso-
lution of USI A-44. For individual plants which are found to have a vulnera-
bility to SB0, the criteria developed in Section 4.3 highlight the importance
of emergency procedures and operator training in recovering from an SB0 event.

.
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3.3.4 Reactor Coolant System Feed and Bleed Cooling

The success of reactor coolant system (RCS) feed and bleed cooling (high-
pressure injection (HPI) and steam relief through the RCS power operated re-
lief valves (PORVs)) has a significant impact on the estimated CDF for many
PWRs. However, the capacity of the PORVs and the HPI varies from plant topl ant . Thus, a guideline and associated criteria are provided to assess RCS
feed and bleed capacity and to ensure that the operator training and emergency
procedures are sufficient to achieve successful feed and bleed cooling. Note
that feed and bleed cooling is a decay heat removal issue (USI A-45).

..

3.3.5 Low-Pressure Injection

Failure of low pressure injection in a large LOCA is a significant con-
tributor to the core damage at Zion. Improving availability of the low pres-
sure injection system (LPIS) would not only reduce the frequency of this se-
quence but al so enhance the RCS depressurization by secondary blowdown.
Depressurization and LPIS operation are potentially effective means of making
up core inventory in case the HPI systems are unavailable.

3.3.6 Reactor Coolant System (RCS) Depressurization

Small break LOCAs with failure of the high-pressure injection system
(HPIS) have been found to be a contributor to CDF for many PWR risk assess-
ments. Changes to emergency procedures to allow RCS depressurization by sec-
ondary blowdown are being reviewed by nuclear industry and the NRC. Al though
the net risk reduction has yet to be assessed it is considered prudent to pro-
vide a guideline to assess this capability at each plant.

.

3.3.7 Anticipated Transients Without Scram (ATWS)

Another set of accident sequences that may defeat several plant safety
features and that contribute to the core damage is rel ated to an ATWS.
Although ATWS does not appear to contribute to the CDF for Zion, it is a dom-
inant contributor for other PWRs including Surry and Millstone-3. The ATWS
initiated by loss of main feedwater was fount to be most severe. Failure of
secondary cooling via the SG and RCS PORY relief in this sequence could lead
to a small LOCA and damage the check valves between the RCS system and the HPI
systems which may lead to core damage. In particular, if the turbine fails to
trip in this sequence, its demand for steam on the SGs will cause them to dry
out rapidly, rendering the secondary cooling by the AFWS ineffective. ,

3.3.8 _Suppcrt System Interdependencies

Most PRAs have stressed the importance of unrecognized interdependencies
having the potential to compromise the performance of many critical safety
systems. In many cases risk assessment studies have identified such vulnera-
bilities very early in the study and fixes have been made which substantially
reduced risk.

The ASEP study of Zion indicated a vulnerability to loss of CCW. PRAs
for other PWRs have also found vulnerabilities to service water and ac and debusses. Thus, it is ex'.remely important that each plant attempt to identify
any unique support system vulnerabilities.

.
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3.3.9 Flcoding of Emergency Equipment

As excessive water release into a portion of the turbine building or aux-
iliary building outside the primary containment which houses a concentration
of safety-related equipment raises the possibility of a common-mode event dis-
abling key equipment. At least one plant with a large-volume containment has
been identified in which the location of safety equipment makes the internal
flooding initiator a substantial contributor to CDF.

To help ensure that other PWR plants which may have a similar safety-
related equipment flooding potential can be identified, a guideline and asso -
ciated criteria are provided in Section 4.3 which may be used to screen for
such vulnerabilities.

3.4 References for Section 3

1. "Risk Reduction Potential ," Energy Incorporated , IDCOR Technical Repnrt
21.1, June 1985.

2. "Zion Nuclear Generating Station - Integrated Containmen". Analysis," IDCOR
Technical Report T23.lZ, Ibrch 1985.

3. J. A. Gieseke et al., "Radionuclide Release Under Specific LWR Accident
Conditions," BM12104, Volume VI, PWR-Large, Dry Containment Design (Zion
Plant), Battelle Columbus Laboratories, July 1984

4 R. S. Denning et al . , "Report on Radionucide Release Calculations for
Selected Severe Accident Scenarios to U.S. NuclearRegulatory Ccamission,"
Battelle Col umbus Laboratories, NUREG/CR-4624, BMI-2139, Vol. 5 Jaly
1986.

5 M. Xhatib-Rahbar et al . , "Evaluation of Severe Accident Risks and Poten-
tial for Risk Reduction: Zion Power Plants," Brookhaven National Labora-
tory, NUREG/CR-4551, Vol . 5, Draft Report for Comment, February 1987.
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Table 3.1 Dominant Accident Sequences for Zion in the ASEP Study
(tiean Values per Reactor Year)*

No. Sequence Core-Damage
Frequency

1 CCW failure, causing failure of all charging and SI pumps,
seal LOCA

5.5 x10 6**
2 Small LOCA, failure of recirculation cooling 1.6 x10 .53 Large LOCA, failure of recirculation cooling 4.9x10 64 Medium LOCA, failure of recirculation cooling 4.9 x10 65 Loss of offsite power, failure of AFWS, failure of feed

and bleed, failure to restore ac power in one hour
(recovery by four hours) 2.1x10 6

6 Large LOCA, failure of low pressure injection 1.4 x10- 6
7 Loss of offsite power, failure of AFWS, failure of feed

and bleed, failure to restore ac power in four hours
(recovery by eight hours) 4.6x10 7

'

8 Loss of offsite power, CCW/SWS loss, failure to restore
ac in one hour (recovery by four hours) 3. 2 x10- 7

9 Same as sequence 8, only this represents the SWS common-
mode portion of the rebaselined Zion Review sequence no.

.

no. 3 of Table A.4 3.0 x10- 7
10 Loss of of fsite power, CCW/SWS loss, failure to restore ;

ac power in eight hours, failure of containment sprays
and fan coolers 2.0 x10- 7

11 Loss of offsite power, CCW/SWS loss, failure to restore
ac power in four hours (recovery by eight hours) 1. 5 x10- 7 .

12 Loss of offsite power, failure of SWS, failure to restore
ac power in eight hours. This sequence represents the
SWS portions of the rebaselined Zion Review sequences no.

|4 and no.6 of Table A.4 1.5 x107 '

13 Same as sequence 12 above, only this is the CCW portion of
the rebaselined Zion Review sequence no. 4 of Table A.4 1.0 x10- 7

14 Interfacing systems LOCA
1.0 x10- 7

15 Failure of de Bus 112, causing loss of one PORV and loss
of ac Bus 148, failure of AFW

5.0 x10- 8

Total
5.5 x10- 5* *

*From information contained in the draft ASEP report, July 1986 (Ref. 5 in
Section 2).

** Revised in NUREG/CR 4551 , February 1987,-

s
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| 4 GUIDELINES AND CRITERIA FOR PWRs WITH LARGE-VOLUME OR SUBATMOSPHERIC CON-
| TAINMENTS

In Section 3, those accident sequences that dominate the core-damage fre-
quency (CDF) were identified as were those that are potentially of high conse-
quence. Vulnerebilities of large-volume containments to severe accident con-
tainment loads were discussed and those features of a PWR with a largovolume
containment which are important for preventing core damage and are ave.ilable
for mitigating fission-product release to the environment were identif/6d.

Based oc the "insights" from the 10COR, Zion review, and SARP studies for
Zion and previous PRA stud'cs, the following sections provide guidelines de-
fining "d etermini sti c , plant-specific guidance on the design features and
operating characteristics which are to be examined by the utilities,"1 and
criteria definin
plant features." g "From SECY-86-76 deterministic standards for judging the acceptability of2 further guidance is provided in defining
guidelines and criteria. These guidelines "will specify the plant features
and operator actions which are considered important to ensuring acceptable
risk for the reference plant."2 Further acceptance criteria (for the various
guidelines} "will specify the attributes necessary to ensure a'cceptable per-
formance."

Based on this work, eleven guidelines were developed which reflect the
importance of these features to plant ri sk. As discussed, in Section 2.2.1
these guidelines indicate areas of potential improvements fo'r variouslareas of

f
plant design and operation of which utilities should be aware when conducting
assessments, it is further noted that a number of the guid<lims appear to -

overlap various generic issues as defined by the NRC. Final resolution and
disposition of these generic issues may encompass NRC-imposed requirements.
However, the guidelines and criteria presented herein are intended only for
the purposes noted above. The guidelines are summarized in Table 1.1.

Guideline 1 was developed to ensure the capability to ritigate fission-
product releases (Goal 1) with reference to maintaining containment integrity.

Guideline 2 was developed for controlling the frequency of high-
consequence sequences (Goal 2) with reference to minimizing interfacing sys-
tems LOCA frequency.

Finally, Guidelines 3 through 11 were developed for reducing high core-
damage frequency sequences (Goal 3) with reference to mitigating station
blackout (SB0) sequences, mitigating anticipated transients without scram
( ATWS) sequences, mitigating loss of containment heat removal sequences,
enhancing reactor coolant system (RCS) depressurization, examining support
system interdependencies, and mitigating internal floods.

The remainder of this section is organized into three subsections corre-
sponding to the three basic goals. In each subsection, the corresponding
guidelines are discussed from which detailed criteria are developed in oder
to provide standards by which each plant will be measured for compliance with
the guidelines. The criteria address (see Section 2.2.2), under severe acci-

{.dent conaitions, the general issues of (1) wrvivability of equipment (i.e., !|whenever credit is given for a system or a companent to mitigate an accident, I

the ability of the equipment to function under the environmental conditions
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and fluid - dynarifc loads associated with severe accident sequences must be
taken intocaccobnt), (2) equipment capabilities, capacities, and duration of
operability', (3) accessibility 'of', equipment, (4) availability of support sys-
tems, (5) ident',fkation of necessa y components, (6) identification of impor-
tant 'operatw actions, and (7) identification of parameters for initiation of
mitigating systems and operator actions.

4.1 M,,itigating Fission-Product Releases

For a PWR with large-volume containment, the dominant core-dahase se ;
quences were found to be loss of component cooling water;: small break?LOCAs

- (including interf acing systems 'LQCA) and transien'.,'(including SB0 and AT16).'

In order to ninimize offsite consequences for the sequences, the containment
4 systems (both primary and secondary) should be able to retain a substantial

fraction of fission products reladsed even under these severe accident condi-,

tions. In this section, one guideline is provided with associated criteria
which should help other PWRs assess the capability of 'their containments and
thereby mitigate the release of fission products during a severe accident.

'

4.1.1 gintain Containment Integrity (Guideline 1)
s

j; The phenomer,a that determine the magnitude of the containment . pressure
f rise because of "direct heating" (transfer of sensible heat and loxidation
( energy from an . aerosolized melt directly to the containment atmosphere) and,

hyd rogen combustion are hi ghly uncertain. However, the SARRP uncertainty
analyses indicate these'ohenorena dominate the likelihood of early conta1nment
failure in the Zior. Land Surry uontainments. The present NRC research results
indicate that direct heating is not risk dominant for Zion but its importance
for other large volume containments has yet to be demonstrated.

Because this issue is not resolved, a guideline and associated criteria
have been provided in Table 4.1 based on the engineering judgement that it may
be important to risk in some PWRs.

4.2 Control the Frg uency of Righ-Consequence Sequences

Accident sequences have been identified for wnich the PkR large-volume
containment has limited means of mitigating fission-product releases. In this
section, a guideline and associated criteria for controlling these potentially
high-consequence sequences have been developed.,

.

4.2.1 Interfacing Systems LOCA (Including Steam Generator Tube Rupture),

(Guideline 2),

As discushed in Section 3.2, although the interfacing systems LOCA (ISL)
is usually a nighly u~nlikely event, it could be a sigrMicant risk contributort

because of the poter.1 ally high fission-product releaves to the environment.
The objective of this guideline and the associated criteria is to _ ensure that

( the frequency of ISL evente, is kept at a low level.

! Brookhaven National Laboratory (BNL) is presently performing a study to
i provide technical support to the NRC for the meaningful resolution of the gen-

eric issue related to ISL (GI-105). The criteria for this guideline shoJ1d be
considered to be appropriate pending resolution of the generic issue.

!
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For tne ISL guideline, the performance of equipment, systems, add oper-
ators should be assessed against ipecific performance criteria to ensure suc-
cessful prevention of interfacing systems LOCA. The criteria relate to equip-
ment (low-pressure systems interfacing with high-pressure systems) and oper-
ator performance (isolation and relief valve maintenance and surveillance).

Although steam generator tube rupture (SGTR) bears the characterie af
a small LOCA, it is unique in the sense that it is also a potential cot,ain-
ment bypass LOCA, releasing primary reactor coolant into the Secondary-side t f
steam generators, which provide several potential paths for release of fission
products to the environment outside the containment via the mrin stean-liner
turbine, turbine bypass, condenser, condenser exhaust, steam generator atmo-
Spheric relief or safety valves, and the steam generato- blowdown line. Thus,
Jespite its small contribution to risk,3 it is important to provide the neces-
sary measures to prevent the occurrence of SGTR and to isolSte it if it
occurs.

,

Prevention of SGTR should be aimed at removing all conceivable causes
that may contribute to dagradation and failure o' steam generator tubes, with
special emphans placed on preventing chemical corrosion of the tubes by im-
proved secondary side water chemistr' , and/or protecting the integrity of
steam generator tubes from the impact of foreign objects through improved sur-
veillance ard inspection. The primary objectives of recovery actions and mit-
ijating the consequences of SGTR should be (1) to stop the p rima ry-t o-
secondary leakage (2) to restore reactor coolant inventory to ensure adequate
core cooling, (3) to minimize the release of fission products to the surround-
ing environment from the ruptured steam generators, and (4) to stabilize the
reactor system to regain plant contrci.

.

53veral inportant operator acticJs are required for successful achieve-
ment of these objectives, ir.cluding early diagnosis of SGTR, identification

| and isolation of the faulty stes, generator (SG), aanual depressurization of
the RCS to stop the leakage flow and prevention of main steam line finoding.
Since some of the key operator scti nis differ substantially 'epending upon
whether offsite power is available or not, the operators should be familiar
with the corr 1ct measures that must be taken to circumvent such adverse situa-
tions.

Detailed criteria developed for these guidelines are presented in Table
4.2. These criteria should be considered as appropriate pending final resolu-
tion of the generic issue related to ISL (G1-105) and the unresolvej safety
issues on SGTR (USI A-3, A-4 and A-5).

4.3 Reduce High Core-Damage Frecuency Sequences

T5a major contributors to the core-damage frequency (CDF) for a PWR with
a'u --volums cantatament are identified in Appendix A. They are accident
re r-:es frn: Je of component cooling water, small 3.1CA (including inter-

'^s., and transients including SB0 and ATWS. Thus, i f the4 ersten- ,

.s % accident sequences (or a subset of them) can be reduced,
~

t. " can be reduced.*
-

.
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4.3.1 Component Cooling Wcter (Guideline 3)

An event initiated by loss of component cooling water (CCW) may lead to
RCP seal LOCA sequences because of loss of RCP seal cooling, under the condi-
tion that his;i-pressure injection (HPI) fails when these pumps are also cooled
by CCW. In some plants the high-pressure injection systems are cooled dir-
ectly by the essential service water (ESW, . RCP seal LOCA may also result
from loss of the ESW since the loss of the ESW, if it is not recovered in
time, would lead to failure of the CCW system. Thus, the criteria should also
apply to the ESW system.

The contribution of this initiator to CDF can be reduced by reducing the
frequency of loss of the CCW and ESW systems. Because of pump seal LOCA the
CDF can also be reduced by making the reactor coolant pump (RCP) Jeal cooling
less susceptible to failure (e.g. , using alternate seal injecti6n systems" or

ssteam-driven and self-cooled charging pumps ) or by improving the seal designs
(e.g., using a pneumatic seal which prevents leakage ).6

Detailed criteria developed for this guideline are presented in Table 4.3
and are considered appropriate pending the resolutica of the generic issue on
RCP seal failure (GI-23).

4.3.2 Operator Response for Recirculation (Guideline 4)

As presented in Section A.1, the small LOCA initiator has been found to
be an important contributer to CDF in PWRs with large-volume containments.
Major contributors to the small LOCA sequeates are operator failures in the
recirculation switchover operation and common cause failures of the contain-
ment sump suction valves and the high pressure pump suction valves. The re-
circulation switchover operation requires several operator actions to realign
flow paths after the low refueling water storage tank (RWST) alarm is given:

,

,

1) changing positions of several valves downstream of the low-pressure
injection pumps,

ii) switchover for containment spray system to recirculation, including
valving in service water to the residual heat removal (RHR) heat ex-
changers,

iii) isolation of ECCS from the RWST suction, and
iv) valving in CCW to the RHR heat exchangers.

Although the sequences involving loss of containment sproy were found not
to be important contributnrs to risk for Zion, a main contributor to such
sequences in other PRAs is often related to operator error similar to the re-
circulation switchover operation.

The operator failure probabilities may be reduced if the operators are '

trained in such a vey that several of these actions during switchover are an
integral operation for a single function,

betailed critaria developed for this guideline are given in Table 4.4
i based on these considerations and on eliminating common cause failures.

!
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4.3.3 Station Blackout (Guideline 5)

In nost PRAs for li ght-water-reactors (LWRs), station bl ackout (SB0)
sequences have been major or prominant contributors to the C0F, The accident
sequences in SB0 are usually characterized by two categories of events: the
failure to recover ac power before battery depletion (defeating the turbine-
driven auxiliary feedwater system (AFWS) pump) and the RCP seal LOCA (because
of failures of seal injection flow and RCP thermal barriers resulting from
loss of the CCW and service water systems).

As part of the effort to resolv9 the unresolved safety issue (USI A-44);-
the NRC is proposing to amend its regulations "to provide further assurance
that a station blackout (loss of both offsite power and onsite emergency ac
power systems) will not adversely affect the public health and safety." For
accident sequences, developed by an individual plant examination (IPE), which
involve the loss-of-offsite power and onsite emergency power, the proposed SB0
rule should be examined for applicability. The criteria associated with
Guideline S are intended to emphasize the need to search for plant specific
features and potential comon cause failures which could disable systems
required to work during an SB0. For individual plants which are found to have
a vulnerability to SB0, the criteria given in Table 4.5 highlight the impor-
tance of proper emergency procedures and operator training in recovering from
an SB0 event.

4.3.4 Reactor Coolant System Feed & Bleed Cooling (Guideline 6)

The success of reactor coolar.t system (RCS) feed & bleed cooling (high-
pressure injection (HPI) and steam relief through the RCS power operated
relief valves (P09.Vs)) has a significant impact on reducing the C0Fs associ-
ated with sequences involving AFWS failures. Successful RCS feed & bleed
cooling hinges on proper operator actions as well as on operability of the HPI
systems, the PORVs, and the PORY block valves. The operator must ensure suf-
ficient injection by charging pumps or HP1 pumps and manually open the re-
quired number of PORVs. Appropriate containment heat removal systams must

j also be available. The use of RCS feed & bleed as a backup to the AFWS is
being addressed as part of the unresolved safety issue on decay heat moval

i (USl A-45).

Detailed criteria for this guideline are given in Table 4.6 and should be
considered as appropriate pending resolution of US! A 45.

4.3.5 Low-Pressure injection (Guideline 7)

Appendix A (Table A 6) indicates that failure of low-pressure injection
in a large LOCA is a significant contributor to the CDF at Zion. The dominant
cause for unavailability of the low-pressure injection system (LPIS) is a
human failure to reopen the two serial motor-operated valves on the suction
side of the LPIS pumps after testing, combined with failures to discover the
wrong position of the valves.

Detailed criteria for this guideline are given in Taale 4.7
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4.3.6 Reactor Coolant System Depressurization by Secondary Blowdown
(Guideline 8)

One potentially effective means of making up core inventory in case the
high-pressure injection systems (HPIS) are unavailable (either in injection or
recirculation) is to depressurize the RCS using the steam generators (SGs).
After the RCS has been depressurized via secondary heat removal, the LPIS can
be actuated for the RCS makeup operation. This emergency procedure could have
si gni ficant impact on reducing the CDFs for the small and medium LOCA se-
quences. To attain success in this procedure, the operator must open the SG
atmospheric steam dump valves, maintain auxiliary feedwater ( AFW) or main
feedwater to the SG and have one of the LPIS trains available. Although the
not risk reduction for these low-pressure injection procedures has not yet
been assessed oy the NRC, the potential looks promising and criteria have been
developed pending further analyses.

Detailed criteria for this guideline are given in Table 4.8.

4.3.7 Anticipated Transients Without Scram (Guideline 9)
_

The guideline for anticipated transients without scram ( ATWS) sequences
assumes compliance with the NRC rule on "reduction of risk from ATWS events
for light-water-cooled nuclear power plants."9 Also, in the NRC rule on ATWS,
"the Commission has concluded that a reduction in the frequency of challenges
to plant safety systems should be a prime goal of each licensee, and the Com-
mission believes that ATWS risk reduction can also be achieved by reducing the
much larger frequency of transients which call for the reactor protection sys-
tem to operate."8 As indicated in Appendix A, ATWS is not a dominant contrib-
utor to CDF for most PWRs. One factor in these results is the credit given to
manual scram and emergency boration using the charging system to deliver bor-
ated water to the reactor pressure vessel. Failures of manual scram and emer-
gency boration are dcminated by operator action failures. These operator
actions are not spEcifically addressed in the ATWS rule.

Detailed criteria developed for this guideline are given in Table 4.9.

4.3.8 Support System Interdependencies (Guideline 10)

One of the primary benefits of performing a rigorous PRA is that the sys-
tem interdependencies are modeled and are reflected in the results. However,
not all PRA studies have performed in-depth interdependence analyses and
therefore have not ferreted out all of the possible subtle interdependencies.
Tais may have profound ef fects upon their results. A dependency is defined as

,

the failure of one system leading directly or indirectly to the failure of
another system.

An in-depth applicatioc of basic PRA methodology with respect to inter-
dependencies yielded si gni( Rant findings on a previously heavily studied
PWR. To illustrate this point, reference is made to the BNL study of system
interactions (support system interdependencies) at InGiu;. Point Unit 3.S The
major finding of that study was that a specific single station emergency bat-
tery could fail and ar.ong other things, negate tne entire low-pressure injec-
tinn function. The point to be emphasized here is that none of the numerous
other studies and reviews of the Indian Point 3 design were able to detect

.

'
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this important single failure nor diJ the BNt. study until all the support sys-
tems were explicitly model ed , linked together f aul t tree linkingl0) and solved using the SETS computer code.(theapproach 1

NUREG-1150 12 has provided a thorough application of the latest PRA meth-
ods to five reference plants and the results point out numerous insights into
the importance of specific design differences among the studied plants. How-
ever, the NUREG-1150 authors emphasize the importance of support system dif-
ferences and the difficulty of extrapolating the result of one plant to
another.

It is not sufficient to make a single overall dependence table of the
front-line and support systems for a given plant and simply compare that to
the reference plant. No two plants will have the same cet of system interde-
pendencies. It is known taat in U.S. nuclear plants support systems vary
widely from plant to plant even though the plants may be of a similar class
and have the same set of front-line systems.

It is recognized that following the interdependency evaluation steps as
outline.d in Table 4.10, in a rigorous fashion, is a major undertaking. This
fact, however, does not dirsinish its importance.

Based upon the dominance of the loss of component cooling water (CCW)
sequences and the SB0 sequences for most PWRs, it is recommended that detailed
interdependency tables be constructed for loss of CCW and SB0 sequences, with
all dependencies conditioned upon the loss of CCW and upon the existence of
SB0 for various lengths of time, respectively. These tables should also ex-
plicitly identify all of the expected failure mechanisms (e.g., identify
whether battery failure is because of loss of room cooling or charge deple-
tion).

4.3.9 Flooding of Emergency Equipment (Guideline 11)

Although medium or small leakages can be adequately mitigated by the
existing sumps or pumpback systems, large water leakages are of primary con-
cern in flooding. Potential water souren for excessive water release into
the turbine building or auxiliary building include the condensate storagei

tank, the reactor coolant system, the service water system, the refueling,

( water storage tank, and the fire protection system storage tank. Sone of the'

major equipment located in the auxiliary building may include emergency core
i cooling (ECC) pumps and their electrical control panels.
i

Flooding can be initiated by (1) a major maintenance and (2) breaks in
the pressurized or non-pressurized part of piping or components. In item 1,
"major maintenance" refers to those actions which would require dismantling of
system components thus eliminating a barrier between large sources of water
and the auxiliary building. Flooding can partly be prevented and/or mitigated
through proper training and procedures. For example, once the fl ooding
occurs, the operator should be able to follow the instructions for responding
to the alarm to identify the source of the flood and isolate it before the
water level in the compartment reaches a critical level. The operator should
also know about alternative devices or equipment which can be utilized to pro-
vide coolant injection to the RPV in case the emergency core cooling (ECCS)
systems equipment fail in the flood compartment.

.
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Although this type of vulnerability tc flooding was identified for only
one PWR, it is believed that the concerns are of general applicability to
other designs. Thus, it is recommended that all PWR plants be screened for
flooding vulnerabilities

Detailed criteria developed for this guideline are given in Table 4.11.

4.4 Using the Guidelines and Criteria

Numerous investigations, including PRAs, have been perfomed for the ref-
erence plants and for similar plants by both the NRC and the nuclear power *
industry. The insights gained from many of the studies have been used in
developing tne guidelines and criteria contair ed in this report (including the
other volumes relating to other plant types). The guidelines and criteria are
issued to guide the analyst performing an IPE. This guidance is in the form
of plant features, operator actions and the criteria for assessing those fea-
tures and actions found to be helpful in reducing the overall risk for Zion
and other PWR plants. Thus, the guidance is given to provide a resource in
exanining the subject plant tc determine if the same, or similar, guidelines
will be of value in reducing ourall plant risk. These guidelines and crite-
ria are intended to be used solely as guidance, but they may include (as a
subset) some requirements gen? rated by the NRC on generic issues.

4.5 References for Section 4

1. R. Barrett, "Status of the Severe Accident Program for Operating Reac-
tors," NRR Staff Presentation to the ACRS Subcommittee Class 9 Accidents,
February 24, 1986.

2. SECY-86-76, "Inplementation Plan for the Severe Accident Policy Statement
and the Regulatory Use of New Source-Term Information," NRC/EDO, February
28, 1986,

3. "NRC Integrated Program ,for the Resolution of Unresolved Safety Issues
A-3, A-4, and A-5 Regarding Steam Generator Tube Integrity," U.S. Nuclear
Regulatory Comission, NUREG-0844, Draft Report for Coment, April 19G5.

4. E. Silvestri et al . , "A Model for the Probability of Core Uncovery in
LOOSP Inducci Accidents, as Applied in the Probabilistic Safety Study for
ENEL PWR Sta.1dard Pcwer Plant," Paper No.109 Proceedings of the Inter-
national ANS/ ENS Topical Meeting on Probabilistic Safety Methods and
Applications, Volume 2, February 1985, San Francisco, CA.

5. G. Edison, "Si zewell-B: Analysis of British Application of U.S. PWR
Technology," NUREG 0999, May 1983

6. H. L. Schnurer and H. G. Seipel, "The Safety Concept of Nuclear Power
Plants in the Faderal Republic of Ge ma ny ," Nuclear Safety, 24, 743
(1983).

7. NRC Station Bl ackout Proposed Rule, Federal Register, Volume 51, No.
55/ March 21, 1986, pgs 9829-9835.
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Table 4.1 Criteria for PWR Large-Volume Containments
Guideline 1: Msintain Containment Integrity

Concern: BreachofthecontainmentboundaryintheprogressionofasevN
accident can lead to significant releases of radioactivity.

Functions: Containment Spray (Guideline 1.A)
- Containment Heat Removal
- Fission-Product Scrubbing
- Debris Bed Cooling

Filtered Venting (Guideline 1.B)
.

Assessment of Early Containment Failure (Guideline 1.C)

Guideline 1. A. Provide Containment Spray and Long-Term Heat Removal

Basis: Early initiation of containment spray will help flood the reactor
cavity, aid in fission-product decontamination and cool the core
debris as it exits from the reactor vessel. Continued operation
of the containment spray or fan coolers will remove heat from the
containment atmosphere and delay containment failure.

Caution: Failure of recirculation has been identified as a dominant con-
tributor to core damage for some PWRs. For small break LOCA
sequences, early initiation of core spray may deplete the RWST and
limit the available RCS injection capability if recirculation is
unsuccessf ully (See Guideline 4. A.).

Criteria:

The following should be assessed to ensure containment heat removal capabil-
ity:

1.A.1. The heat removal provided by the containment spray relatec components
should be sufficient to remove heat loads anticipated during the dom-
inant accident sequences. These loads include but are not limited to
decay heat and the chemical energy released from metallic oxidation.

1.A.2. Containment spray should commence when the containment pressure ex-
ceeds a predetermined value calculated in accordance with the appro-
priate PWR Emergency Response Guidelines (ERGS).

1.A.3. Containment spray should be terminated when the containment pressure
decreases below a predetermined value calculated in accordance with
the ERG.

Guidance: Alternate sources of containment spray such as a diesel-driven fire
; pump should be assessed for their capability to provide sufficient flow and

head for adequate containment heat removal.

1.A.4 The ability of equipment designated for containment spray to function
in a aaliable manner uncer the predicted containment conditions asso-

,

ciated with sequences for which operation of the containment spray is
needed should be assessed.'

'
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Table 4.1 (Continued)

1.A.S. Operator training and energency procedures should specify the fl ow
paths and specific components to be aligned and their required posi-
tions for initiating containment spray. If a backup system and/or
equipment are to be utilized, operator training and procedures should
identify the flow paths and specific actions required for any tempo-
rary system cross connections.

1.A.6 Operator training and emergency procedures should specify the plant
parameters that will prompt the operators to initiate and terminate
the containment spray. Training and procedures should be consistenf
with the time required to align the syf tem and components as required.

The following shouid be assessed in order to evaluate the capability of the
containment spray to reduce fission-product contamination of the containment
atmosphere:

1.A.7. The spray system should be assessed for its ability to cover the
entire containment volune for an adequate time, with spray droplets of
an appropriate size. Such an assessment would include the total
amount of water available for long-term spray operation, as well as
the pressure under which the water could be supplied to the spray
headers by various sources. The elevation of the spray, the nozzle
spray pattern, as well as large obstructions below the spray headers,.
should be considered when assessing volume coverage.

In addition, to promote debris bed cooling the following criteria should be
assessed to ensure flooding of the reactor cavity before reactor pressure
vessel (RPV) failure:

1.A.8. The spray initiation point (Criterion 1. A.2) should be assessed to
ensure that the sprays will be initiated early enough to flood the,

'

reactor cavity before RPV failure for the dominant accident sequences.

1.A.9. The spray termination point (Criterion 1. A.3) should be assessed to
ensure that spray termination will not allow the debris bed to reheat
after it has been successfully cooled.

Guideline 1.B. provide Filtered Venting

Basis: For those plants where ac independent containment sprays and long
.

term containment heat renoval are not available a filtered vent
path should be considered to ensure fission-product mitigation for
late containment failure events.

Caution: Containment venting should not be indiscriminantly performed. A
clear understanding of the accident sequence in progress should
have been attained prior to initiating venting. The effects of

, venting should have been assessed and made known to the operators
i during the training program. The assessment should include the

effects of containment venting on the operation of emergency core
cooling (ECC) injection systems and health consequences.

'
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Table 4.1 (Continued)

Criteria:

The following should be assessed to ensure filtered venting capability:

1.B.1. For accident sequences where filtered venting has been assessed to be
beneficial, filtered venting should conmence when containment pressure
reaches the predetermined containment venting pressure set point. In
selecting the containment venting pressure set point, the following
functions should be ensured:

.

a. The ul timate containment pressure capability would not be
'

exceeded.
4

b. The backpressure acting on the safety relief valve assemblies
would not prevent them from performing their function,

c. The vent valve assemblics would not be prevented from performing
their function.

1.B.2. If local initiation of filtered venting is necessary, the time re-
1quired to perform this function and the potential for exp? sing person-

nel to the harsh environment should be taken into acwount in the
training and procedures,

c

1.B.3. Operator trainir9 and emergency procedures sheuld specify the plant
parameters that will prompt the operators to make preparation, com-
mence and terminate the ventino sequence. The training and procedures,

should also be consistent with the required ictions and timing of
thos] actions so venting will commence immediat ly when required (see
Criteria 1.B.1 and 1.B.2). The training and procedures should further
specify the flow path (s) available for venting, specific components to
be aligned, and the required positions / states for these components.
The training and procedures should specify how to proceed if termina-

1 tion of venting is not possible.

1.B.4. For each accident sequence where venting is credited (e.g., assumed to
prevent containment failure) the capacity of the vent lines and asso-
ciated vent valves should be assessed to determine whether the venting
capacity has the capability to decresse containment pressure.

1.B.S. The filtering media should be capable of reducing the released frac-
tion of the radioactivity of the non-noble gas component by an order
of magnitude.

t

1.B.6. The capability of equipment used to support venting to function under
predicted environmental and fluid loads asscciated with severe acci-,

dent sequences (including station blackout) should be assessed to r
determine whether the equipment would be available for an appropriate,

time of operation including the vaporization release phase of core-
concrete interaction.

,

*
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Table 4.1 (Continued)

1.B.7. The filters should be capable of accepting the aerosol loading fron
core-concrete interactions while remaining functional.

, Guideline 1.C. Assessment of Early Containment Failure

Basis: The SARRP uncertainty analyses for Zion and Surry indicate that
the likelihood of early containment failure for core melt acci-
dents is about 5% (mean value). These early failures are tNause
of the combined effects of direct heating and hydrogen detonation
or deflagration. Even at this low likelihood the predicted re-
leases from early containment failure have been assessed to be a
dominant part of the risk for both plants.

Criteria:

1.C.1. The applicability of the containmant performance for Zion and Surry to
the individual p1 ants should be assessed. Specific structual analysis
for similar containnent desi gn (e.g. , for steel shell l a rge-vol ume
containments) may be necessary to determine the ultimate pressurecapability of each containment.

1.C.2. The likelihood of early containment failure because of direct heating
for the dominant core-damage sequences should be determined.

Guidance: If the likelihood of early containment failure is substantially
larger than at Zion then additional mitigation should be considered (e.g.,
containment sprays will aid in fission-product decontamination and flooding
for sone reactor cavity geometries may reduce d? rect heating).

1.C.3. The likelihood of early contcinment failure because of hydrogen deto-
nation or deflagration for the dominant core-damage sequences (GI-124)
should be determined.

'
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Table 4.2 Criteria for PWR Large-Volume Containments
Guideline 2: Interf acing Systems LOCA
(Including Steam Generator Tube Rupture)

Concern: The interfacing systems LOCA sequences represent potentially nigh
release sequences and were found to contribute significantly to
risk, even though their contribution to core-damage frequency (CDF)
is not significant. The contribution to CDF by the steam generator
tube rupture (SGTR) sequences is also relatively small; however,
the associated risk can be potentially significant because the
leakage of primary reactor coolant to the secondary side of the,
steam generator (SG) will cause release of radioactivity to the
outside of containment via the steamlines, the turbines, the con-
denser and the SG atmospheric steam dump and safety valves.

Function: Maintain Primary System Integrity (Guidelines 2. A and 2.B)

Guideline 2. A. Prevent Overpressurization of Low Pressure Systems

Basis: Implementation of the following criteria will ensure the frequency
of an interfacing systems LOCA will remain acceptably low.

Note: Resolution of the generic issue (GI-105), which deals with interfacinq
systems LOCAs for both BWRs end PWRs, may impact this guideline, inerefore,
the criteria below should be considered as appropriate pending resolution of
the GI-105.

Criteria:

2.A.1. All low-pressure lines that potentially could be overpressurized
should be identified and should be provided with alarms to alert the
operator of an overpressure event.

2.A.2. The equipment designated to provide isolation and prevent overpressur-
ization, such as the residual heat removal (RHR) line isolation valves
or the low pressure injection system check valves, should periodically
undergo operability testing and local leak rate testing (LLRT).

2.A.3. The relief capability of the relief valves designateo to mitigate low-
pressure system overpressurization should be established. In most, if

not all, cases these reliet valves were not sized with the possibility
of an interfacing systems LOCA in mind. However, given that an inter-
facing systems LOCA occurs in a non-isolatable portion of a low-
pressure system, there may be alternatives available to the operator
such as taking advantage of additional relief valves. If such or sim-
ilar actions are found to be helpful, they should be factored into the
appropriate emergency procedures.

2.A.4 Operator training and procedures should specify the actions to be
taken to isolate the low-pressure systems identified above or depres-
surize the primary system, thereby mitigating the consequences of the
interfacing systems LOCA.

34*
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Table 4.2 (Continued)
\

~

2.A.5. After each reactor shutdown and cooldown, testing of the isolation
function of the pressure isolation valves should be performed. Test-
ing of these valves should not be performed under reactor operating
conditions. 1

Guideline 2.B. Prtvent Steam Generator Tuba Rupture (SGTR) and
Minimize Its consequences

,

Basis: The following criteria are previded to ensure that the risk
because of SGTR events at each plant is a small fraction of the
overall risk (See NUREG-0844). These criteria should be consid-
ered as appropriate pending resolution of the unresolved safety
issues related to SGTR (USl A-3, A-4 and A-5).

2.B.1. The structural integrity of steam generator (SG) tubes should be main-
tained by protecting them against all plausible causes leading to
weakening, cracking or burstino of the tubes. As part of the resolu-
tion of the unresolved safety issues related te SGTR (US! A-3, A-4 and
A-5) the NRC staff has :ssued Generic Letter 85-02 to ensure that each

) licensee's SG tube integrity program complies with staff recommenda-
tions.

2.B.2. Operator training and pracedures should specify the means by which the
occurrence of SGTR can be correctly diagnosed, the faulty SG identi-
fled and i sol ated in a timely manner, and the necessary recovery
actions taken. These actions include reactor coolant system (RCS),

cooldown to below the saturation tempersture corresponding to the
faulty SG pressure by dumping steam only from the intact SGS to estab-
lish sufficient subcooling margin, subsequent RCS depressurization to
the faulty SG pressure with establishnent of sufficient RCS inventory
and safety ingsction termination to avoid repressurization and further
primary-to-secondary leakage.

| 2.B.3. If offsite power is unavailable during the recovery actions, the RCS
cooling described under 2.B.2 above should be achieved by using the
atmospheric relief valves on the intact SGs, since neither the turbine
bypass valves nor the main condenser would be available. Also, RCS
pressure should be controlled by using pressurizer PORVs or auxiliary -

spray since normal pressurizer spray will be unavailable because of .'

loss of the reactor coolant pumps.
1

'
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Table 4.3 Criteria for PWR Large-Volune Containnents
Guideline 3: Component Cooling Water

Concern: An event initiated by loss of component cooling water (CCW) or
essential service water (ESW) may lead to Reactor Coolant Pump
(RCP) seal LOCA sequences because of loss of RCP seal cooling and
seal injection, under the condition that high pressure injection
also fails. This is an important contributor to CDF at Zion, as
is also the case at other PWRs. RCP seal failure and CCW cooling
loss are currently designated as generic issues by the NRC (GI-23

|and GI-65, respectively).

Function: Adequate Cooling of Engineered Safety Features Systems (Guideline
3. A)

Guideline 3. A. Provide Adequate Cooling to Engineered Safety
Features Systems

Basis: Implementation of the following criteria on CCW will significantly
reduce the CDF and risk because of RCP seal LOCA sequences. Loss

. of CCW initiated by loss of electric power is addressed by Guide-' line 5: Station Blackout. If, depending on the design configura-
tion of a particular plant, loss of ESW is likely to result in an
RCP seal LOCA, then the criteria should be applied to the ESW sys-
tem.

Criteria:
*

3.A.1. Operator training and procedures should specify cetions to be taken to
shed nonessential loads requiring CCW (or ESW) to increase the length
of time that the plant can cope with partial loss of CCW (or ESW). ,

;

3.A.2. Special emphasis should be placed upon the review of the CCW (or ESW)
system to assure that common cause failures have been eliminated to
the extent practical from the design.

3.A.3. The capability of the CCW (or ESW) system and associated equipment to
function under predicted environmental and fluid loads associated with
severe accident sequences should be assessed 'co determine whether the
equipment would be available for an appropriate time of o.neration.

3.A.A. Alternate injection systems to cool the RCP seals or improved seal
designs which prevent leakage should be considered for those plants,

where RCP seal LOCAs comprise a dominant part of the CDF.,

4
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Table 4.4 Criteria for PWR Large-Volune Containments
Guideline 4: Operator Response for.

Recirculation

Concern: Inadequate recay heat removal because of failure in the recircula-
tion switchover operation has been found to be a leading contrib-
utor to severe accident sequences, in particular, sequences initi-
ated by small LOCAs. Failure in the recirculation switchover of
the high pressure systens leads to core damage becense of insuffi-
cient coolant makeup and thus inadequate decay he. removal from
the core. Failure in the recirculation switchover of the containe
ment spray system and failure to establish a containment spray
path fron RHR lead to inadequate containment heat removal (CHR).
Containment failure because of inadequate CHR could create net
positive suction head (NPSH) problems for the pumps taking suction
from the containment sump, which could in turn lead to recircula-

.

tion failure and subsequent core damage.

Functions: Adequate Core Recirculation Cooling (Guideline 4. A)
Adequate Containment Heat Removal (Guideline 4.B)

Guideline 4. A. Provide Adequate Core Recirculation Coolins

Basis: Implementation of the following criteria will significantly reduce
the CDF and risk because of core damage associated with the recir -
culation cooling phase.,

Criteria:

4.A.1. Operator training and procedures should specify the actions to be per-
formed to realign flow paths, including recovery actions that must be
perfo rmed during reci rcul ation switchover (especially at hign RCS
pressure) and RHR heat exchanger injection cooling. These actions
should be specified in an integrated fashion, so that no single opera-
tor has a designated role whose incorrect action would cause loss of
the switchover or cooling functions.

4.A.2. Training and procedures should attempt to avoid failure of both injec-
tion pumps because of switchover to a sump which does not provide
sufficient NPSH to operate the pumps. Consideration should be given
to providing procedures which will spe:ify refill of the RWST to pro-,

| vide continued primary injection capatility if recirculation switch-
| over fails.
1

Guideline 4.B. Provide Adequate Containment Heat Remavel (CHR)

Basis: Implementation of the following criteria will significantly reduce '

j the CDF and risk associated with containment failure,
,

Criteria:

4.B.1. Operator training and procedures should specify all actions (including
alternatives) required to initiate and maintain CHR under severe 4.ci.

; dent conditions when re:irculating from the containment sump,

!
'
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Table 4.4 (Continued)
Criteria:

4.B.1. Operator training and procedures should specify all actions (including '

alternatives) required to initiate and maintain CHR under severe acci-'

dent conditions when recirculating from the containment sump.
,

4.B.2. When manual-remote operation of equipment is required to initiate CHR,
the operator training and procedures should specify the actions for
performing these functions and provide an understanding of and exper .
ience with the time required to perform them,

4.B.3. The capability of equipment designated for CHR to function under pre-
dicted environmental and fluid loads associated with severe-accident
sequences should be assessed to determine whether the equipment would
be available for an appropriate time of operation. Note that this ;

criterion does not imply that the equipment will be qualified to a new
design envelop. '

t

,

)

| ;

<

.

e

|
'i

|

1 ,

J
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Table 4.5 Criteria for PWR Large-Volume Containments
Guideline 5: Station Blackout

Concern: Station blackout sequences have been shown to be one of the leading
classes of severe-accident sequences in terms of both CDF and risk,

j Function: Reliable Operator Response (Guideline 5.A)
Post Accident Decay Heat Removal Capability (Guideline 6. A)

'

Guideline 5. A. Provide Operator Response During Station Blackout

Basis: Significant study and research have preceded current work on severe
accidents; in particular, reference is made to the rul emaking '

activity already under way on station blackout. It is assumed that t

when the station blackout rule is finalized, some requirements of
the rule may be similar in form to the criteria below. Neverthe-
less, during an individual plant examination (IPE), it is important
to highlignt those areas which previous PRAs found to be imoortant *

. contributors to the station blackout core-damage frequency. In
addition, auxiliary feedwater system ( AFWS) turbine-dri ven pump :

1

reliability is being addressed in GI-124 and the following related
criteria should be considered appropriate pending resolution of
this generic issue.

Criteria:

5.A.I. Operator training and procedures should speci fy the actions that
should be performed to provide core cooling and decay heat removal and
should specify the systems and components to be aligned and thtir re-

' quired positions.

5.A.2. Operator training and procedures should specify the actions required
to restore offsite and onsite energency ac power prior to depletion of
the de power supply during station blackout.

5.A.3. Operator trainirig and procedures should specify the actions that
should be perforned to shed nonessential loads requiring de power to
increase the length of time that the plant can cope with a station
blackout,

e

5.A.4 Operator training and procedures should specify any actions that4

; should be taken prior to the loss of de power given that ac power has
; not been restored.

5.A.5. Operator training and procedures should specify actions required to
initiate operation and/or assure that containment spray is operable
unoer station blackout conditions. If containment spray ic lost under
possible degraded core conditions, specific procedures should address
the conditions under which containment spray can be restored (under
some conditions, restoration of sprays could deinert the containment
and result in a hydrogen burn).

'
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Table 4.5 (ContiNed)

5.A.6. The capability of a turbine-driven auxiliary feedwater train or its
equivalent to function under predicted environmental and fluid loads
associated with severe accident sequences (including station blackout,

i seqJence) should be assessed to determine whether the equipment will
'

be available for an appropriate time of operation.

5.A.7. Special emphasis should be placed upon the review of the AFWS to
assure that comon cause failures have been eliminated to the extent
practical from the design.

.

.
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Table 4.6 Criteria for PWR Large-Volume Containments
Guideline 6: Reactor Coolant System (RCS)
Feed & Bleed Cooling

-

:Concern: For many PWRs, RCS feed & bleed cooling can be employed to remove
the decay heat in case the RCS heat removal via the SGs is insuf-
ficient. If the feed & bleed cooling also is inadequate, core
uncovery would ensue. 1

Functions: Provide Alternate Core Heat Removal Capability (Guideline 6.A)
,

Guideline 6. A. Provide Operator Response for RCS
i

Feed & Bleed Cooling

i Basis: Fulfilling the following criteria will improve the chances for
successful RC!, heat removal subsequent to loss of the main and
auxiliary feedwater systems. Overall decay heat removal capabil- !

ity is being addressed by USI A-45.
-

Criteria:

6.A.1. Assess the capacity of the power operated relief valves (PORVs) or
head vent valves and the high-pressure injection system to remove
decay heat.

6.A.2. Operator training and emergency operating procedures should specify
the actions required for RCS feed & bleed cooling. In particular, the
diagnostic means of determining the need for feed & bleed cooling and '

the detailed procedures to be followed as well as the number of PORVs. '

to be manually opened should be clearly stipulated. Appropriate mean,
of containment heat removal should also be available (Guideline 4.B).

:

! !

!

1

|

|

!

I
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Table 4.7 Criteria for PWR Large-Volume Containnents :

Guideline 7: Low-Pressure Injection
!

Concern: Failure of low-pressure injection in a large LOCA was found to be
,

a significant contributor to core-damage frequency for Zion.
.

Functions: Low Pressure Injection (Guideline 7. A.)

Guideline 7.A. Improve Availability of Low-Pressure Injection
,

Basis: implementation of the following criteria will enhance the cort "

inventory makeup availability of the low-pressure emergency
,

coolant injection function when called upon.

Criteria:

7.A.1. Surveillance procedures for the low-pressure injection system (LPIS)
should ensure that potentially mispositioned valves in the suction
side of LPIS pumps will be identified and restored to normal as part
of restoration after testing.

7.A.2. Operator training and procedures should ensure operator recognition of
mispositioned LPIS valves and should specify the actions to be per-
formed to establish the required flow oaths in the suction of the LPIS
pumps.

|

,

l'

i

.

t
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Table 4.8 Criteria for PWR Large-Volume Containments
Guideline 8: Reactor Coolant System (RCS)
Depressurization by Secondary Blowdown
Blowdown

Concern: Small or medium LOCAs followed by failure of the high pressure!

recirculation or the high pressure injection system were deter-
mined to be important contributors to CDF for Zion. Some of these
transients were also found to contribute significantly to risk.

Function: Depressurize the Reactor Coolant System (RCS) (Guideline 8.A)

Guideline 8.A. Provide RCS Depressurization Capability

Basis: Implementation of the following criteria will enhance the core in-
ventory makeup capabilities of the low-pressure emergency coolant
injection and recirculation function in the event that the high
pressure systems are unavailable.

Criteria:

8.A.I. Operator training and procedures should specify the actions to be per-
formed to realign flow paths, initiate and control RCS depressuriza-
tion by secondary blowdown in order to provide emergency core makeup
via the low-pressure injection system (LPIS) if the hi gh-pressure-
injection systems (HPIS) are unavailable. The procedures, such as
opening the SG atmospheric relief valves and maintaining auxiliary
feedwater/ emergency feedwater or main feedwater to the SGs, should
follow the instructions given in the proper emergency response
guidelines and account for the possibility of steam generator tube
rupture (SGTR - Guideline 2.B).

8.A.2. The capability of equipment and systems designated to depressurize the
RCS by secondary blowdown to function under predicted environmental
and fluid loads associated with severe accident sequences should be
assessed (this does not imply that the equipment will be qualified to
severe accident conditions) to determine whether the equipment would
be available for an appropriate time of operation.

*

,

*

O
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Table 4.9 Criteria for PWR Large-Volume Containments
Guideline 9: Anticipated Transients
Without Scram ( ATWS)

* Concern: Although PRAs for some rWRs indicate that ATWS sequences are not
significant contributors to core-damage frequency, they have been
studied extensively in the past because they may lead to plant
conditions that may render several engineered safety features.

ineffective and thus may contribute significantly to risk.

Function: Reliability of the Reactor Protection System and Operator Response.
During ATWS (Guideline 9.A.)

Guideline 9. A. Provide Operator Response During ATWS

Basis: Tne criteria developed here are based on the assumption that each
of the plants is (or will be) in compliance with the ATWS final
rule dated July 26, 1984. PRA studies have shown that the pre-
dicted core-damage frequency because of ATWS is si gni ficantly,

lowered based upon modifications which comply with the ATWS rule.
The major thrust of the ATWS rule is on the addition and/or up-
grading of scram rel ated systems and equi pment to prevent an
ATWS. Human reliability studies performed in support of NUREG-
1150 point to potential benefits for improved operator training
and procedures to nitigate the effects of an ATWS and prevent core
damage f rom occurring. For any individual plant which may be ,

found to be vulnerable to ATWS, the following criteria reflect
added measures that emphasize the operator's role and function in i

mitigating an ATWS initiator.

In the case when the automatic scram system fails during plant
transients, the operator is required to attempt to manually scram
t'.ie reactor and inject borated water to the RPV by using the

i charging system including repositioning the valves which are
j! necessary to properly align the charging system to the boron sup-

ply.

Criteria:

9.A.1. Operator training and procedures should specify the actions required
i for the manual scram and emergency boration. They should also specify .

| the responsibilities of operating staff crew members and clarify how
; infonnation will be exchanged among them. In particul ar, instrumenta-
! tion readings may have to be relayed between the crew members (s) oper-

ating the control boards and the senior reactor operator coordinating'

' the crew's response to accident.

; 9.A.2. The capability of systems and equipment designated for operation dur-
! ing an ATWS to function under predicted environmental and fluid loads

associated with severe accident sequences should be assessed to deter-
mine whether the equipment would be available for an appropriate time
of operation.

| t

'
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Table 4.10 Criteria for PWR Large-V91une Containments
L

Guideline 10: Support System Interdependeneios

Concern: When conducting a PRA, IPE or similar analysis, it is imperative
that the support system interdependencies be fully developed, un-
derstood and reflected in the final results. Otherwise there is

,

no assurance that the dominant core-damage / risk sequences have
been identified. '

Function: Support System Interdependencies (Guideline 10.A)

Guideline 10. A. Examine Support System Interdependencies *

Basis: Implementation of the following criteria will ensure that the full
set of support system interdependencies have been identified and
have been reflected in the results.

Note: The following criteria are easily outlined but are not easily imple-
mented. The complex nature of a nuclear power plant makes it impera-
tive that this area of analysis be fully examined. However, since no

! two plants have identical support sy;tems, this analysis should be done'

on a plant specific basis. '

Criteria:

10.A.1 All systens that provide any direct support to either a frontline or
s

support system should be identified along with its supported systen.
For each dependency that is identified, the failure mechanism and

!time should be estimated.

10.A.2. Each dependency should be conditior.ed as appropriate as to what
sequences or under what (if not all) circumstances it applies. In;

view of its importance, a separate station blackout dependency table:

should be provided which gives the available systems, their antici-i

pated survival period and the ultimate cause (e.g., no room cooling)
; of their failure. '

10.A.3. As in Criterion 10. A.2, a dependency table should be provided which
shows the effects of loss of component cooling water (or service
water) on other systems.

10.A.4 The dependencies should then be linked together (preferably by com-
puter) within the analysis in order that the extent to which their
influence reaches through the systems to a consequence will be dis-
covered. This will help Identify secondary dependencies to ensure
that no one failure in a support system has any unknown critical
outcome en other support or front line systems,

i

4

!

:
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Table 4.11 Criteria for PWR Large-Volume Containnent
Guideline 11: Flooding of Emergency
Equipment

Concern: An excessive water release into a portion of the turbine building
or auxiliary building outside the primary containment which houses
a concentration of safety-related equipment raises the possibilityof ;a common-mode event disabling key equipment. At least one !
plant with a large-volume containment has been identified in which
the location of safety equipment makes the internal flooding ini-
tiator a substantial contributor to CDF.

Function: Prevent or Mitigate Internal Flooding (Guideline 9 A)
,

, Guideline 11. A. Prevent or Mitigate Internal Flooding '

i

Basis: Implementation of the following criteria may reduce the potential
of a common-mode failure of safety equipment because of internal
flooding for PWR plants where the systems' layout combines impor- ,

tant safety equipment in compartments with exposure to possible
inundation.

Criteria:

11.A.I. For those areas identified as vulnerable to flooding, instrumentation
should be added to alert the operator of such an occurrence.

11.A.2. Operator training and procedures should ensure that the operator will
respond to isolate any internal floods that occur.

11.A.3. Operator training and procedures should ensure that the operator is '

prepared to use alternate injection ,ourcas still available if flood- '

ing causes a common-mode failure of ECCS equipment.

11.A.4 The electrical systems should be assessed for the possibility of cas-
cading failures because of ficod-induced electrical shorts. Addi-

,

tional isolation devices (e.g., circuit breakers) should be consid-
ered, if needed.

I 11.A.S. The addition of water-tight doors / walls might be effective ways to 1

| lessen the common-mode threat. Water-tight doors between compart- I

ments should be alarmed to notify the operator when they have beenleft cpen.!

i

i

t

i

46

,

w

a



___-__. _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ - _ _ _ _ _ _ _

*

.

.

APPENDIX A

SEVERE ACCIDENT RISK INSIGHTS

This appendix provides a review of the Industry Degraded Rulemaking Pro-
gram (IDCOR) and the U.S. Nuclear Regulatory Commission (NRC) Severe Accident
Research Program (SARP) analyses for the Zion plant which is a pressurized,

water reactor (PWR) with a large-volume containment. Differences between
'

these studies and related studies are identified and insights are provided
which helped in the dtvelopment of the plant type-specific guidelines and cri-
teria for preventing and mitigating severe accidents which are discussed in-
Section 4 of this report. In addition to the review of the IDCOR and SARP
analyses for Zion, design features of other plants (Surry, Oconee) wi th a
similar containment are also briefly surveyed to identify similarities and
differences among the plants. The insights gained from this overview of the
design features also contributed to the development of the guidelines and
associated criteria pravided in Section 4

The Zion Station Units 1 and 2, located in Lake County, Illinois, are
Westinghouse PWRs of thermal output of 3250 MW per unit. Table A.1 summarizes
the design of the safety-related systems at Zion in comparison with those at
Surry and Oconee. Figure A.1 shows a heat and fluid flow diagram for the
Zion's various cooling systems.

Section A.1 describes the review of the various estimates of the core-damage profile. Cee-meltdown phenomena and containment response are ad-
dressed in Sectie- A.2. Di fferences between IDCOR and SARP estimates of
fission-product release and offsite consequences are discussed in Sections A.3
and A.4 Finally, Section A.5 indicates the insights obtained from the review-

of these studies.

A.1 Core-Dr. mage Profile

The main objective of this section is to present within the scope of this
study, the Zion core-damage profiles emer I
Accident Sequence Evaluation Program (ASEP)ging from the IDCORand the NRC

analyses.

The primary information reviewed in this section is from Refs.1 and 2
The information in Refs. 3 through 5 was also used in the review. The scop
of the SARP analysis for Zion 1s a limited rebaselining of the Zion review.g2

The rebaselining effort on Zion is limited to the models and accident se- *

quences addressed in the Zion review. Thus, the results in the SARP analysis
represent an update of the existing dominant sequences in the Zion review, and,

no attempt was made to identify any new dominant sequences which may result,

| from plant changes or improved PRA methods.

A .1. '. IDCOR Baseline Estimate of Zion Core-Damage Frequency

This section presents a brief sumniary of the major differences between
the dominant core-damage sequences designated by the Zion IDCOR baseline risk
profile (or the Zion pre-IDCOR risk profile) and those identified in the
course of reviewing and evaluating the Zion Probabilistic Safety Study (ZPSS)
by Sandia National Laboratories (SNL)(NUREG/CR-3300, hereafter referred to es
the Zion review). The risk profile being considered here consists of two

.

47

-



*
.

.

,

distinctive parts, one displaying the plant core-damage frequency (CDF) and
the other the societal risk ana population dose. Both the Zion IDCOR baseline
risk profile and the Zion pre-IDCOR risk profile derive their origins from the
ZPSS. They differ chiefly in the part pertaining to plant risk and release
consequences. As far cs the dominant core-damage sequences and their fre-
quencies are concerned, no distinction can be made between these two Zion
IDCOR risk profiles. This is mainly because of the fact that when the Zion
IDCOR baseline risk profile was developed by partially updating the ZPSS, the
revision was carried out primarily to reflect new information on accident
processes and containment resporises. No alterations were made to initiating
event frequencies, success criteria, system unavailabilities, or plant config -
uration. The dominant core-damage sequences and their frequencies appearing
in both the Zion pre-IDCOR risk profile and the Zion IDCOR baseline risk pro-
file are, therefore, completely identical. Incorporation of the new informa-
tion in accident process analysis and containment response, however, results
in a significant decrease of societal latent cancer fatality risk (by a factor
of about 60 as compared to the Zion pre-IDCOR risk profile) and no early
fatalities for the Zion IDCOR baseline risk profile.

For reference, the Zion IDCOR baseline dominant accident sequences and
the associated CDFs are listed in Table A.2. This list i s similar to that
presented in the ZPSS (ZPSS Table 8.10-1), except that the two anticipated
transients without scram (ATWS) sequences, originally numbered 5 (loss of nain
feedwater ATWS) and 6 (turbine trip ATWS), are replaced by two new sequences,
denoted 5-TEFC and 6-TEC, respectively, both of which are initiated by fires.
This was done, in part, to conform to the changes made in Revision 1 to the
ZPSS and also to reflect the potential for the two new sequences to contribute
significantly to CDF. Besides these difference, two new sequences, 17-AE and
18-SLF, are added to the Zion IDCOR baseline list. Also, a slight discrepancy
in the result of CDF quantification can be found for some of the accident
sequences, as footnoted in Table A.2.

j It can be observed that, for the Zion IDC0R baseline risk profile, the
most dominant core-damage sequence is the small los s-o f-cool ant accident
(LOCA) with recirculation f ailure,1-SLFC (approximately 39% of the overall
CDF). This is followed by the seismic sequence, 2-SE (about 13%), and large
and intermediate LOCAS with recirculation failures, sequence 3-ALFC and
4-ALFC, each contributing about 12%.

,

A.1.2 Zion Review Estimate of Zion Core-Damage Frequency

In contrast with the Zion IDCOR baseline risk prof 1;J discussed above,
the dominant accident sequences generated in the Zion review deviate substan-
tially from those presented in the ZPSS (ZPSS Table 8.10-1). The chief objec-
tive of the Zion review was to scrutinize significant omissions and crucial
judgements which might have been made in the ZPSS, and to assess their impact
on the quantitative results of the ZPSS. This was achieved basically by
revieving the initiating events, the event trees depicting the plant system

| response to the initiating events, the system fault trees, the human reliabil-
ity analysis, and other probabilistic risk assessment (PRA) methodology en-1

ployed in the ZPSS. A total of 14 dominant accident sequences were identified
in the Zion review; they are tabulated in Table A.3 for quick reference. As

1 compared with the list of dominant accident sequences presented in the ZPSS
(ZPSS Table 8.10-1) or that displ ayed in Table A.2 (for the Zion 10COR

.
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baseline), the most remarkable difference is the identification of several
dominant accident sequences involving failure of the component cooling water
(CCW) system. In fact, the most dominant accident sequence was determined to
be CCW failure leading to failure of all chargir.g and safety injection (SI)
pumps and the development of reactor coolant pump (RCP) seal LOCA. The next
three dominant positions are taken up consecutively by three accident se-
quences initiated by loss of offsite power, followed by loss of component
cooling water, with failure to restore offsite power in four hours, one hour,
and eight hours (with simultaneous failure of containment fans), respec-
tively. The sequence of small LOCA with recirculation cooling failure, ranked
first in the Zion IDCOR baseline core-damage ranking list, is dropped to the-
fif th position on the Zion review list. Only 6 (including the interfacing
systems LOCA sequence) out of the 18 accident sequences, deemed dominant in
the Zion IDCOR baseline core damage list, appear in the Zion review dominant
core-damage list.

In addition to the CCW system failure sequences, other important accident
sequences newly identified in the Zion review include failure of de Bus 112
with loss of auxiliary feedwater ( AFW), and loss-of-offsite power accompanied
by failure of AFW and the loss of "feed and bleed" capability. One major
reason for the sudden emergence of CCW system failure as predominant accident
sequences in the Zion review is the recognition of the possibility for failure
of both charging and $1 pumps shortly after the loss of CCW. Such a possibil-
ity was not considered credible in the ZPSS analysis, which assumed that loss
of CCW alone would not lead directly to core melt without additional system
failure.

In the following, a condensed sunmary is given on the CDF quantifications
performed by the Zion review for each of the dominant accident sequences iden-
tified. It should be remarked that, for accident sequences involving loss of
CCW the system success criteria is defined to be 2 CCW pumps (out of 5 CCW
pumps) and 2 service water system (SWS) pumps (out of 6 SWS pumps) operating.

(1) Failure of Component Cooling Water (CCW), SEFC

The CDF for this sequence is quantified based on the presumption that
failures of both charging pumps and SI pumps will ensue shortly af ter the loss
of CCW. The sequence is initiated by loss of CCW with consequential loss of
component cooling to the RCP thermal barriers. Seal cooling to the two cen-
trifugal charging pumps, normally placed to service in succession, will fail
in about ten minutes after tha onset of CCW failure. All four RCP seals fail
in about 30 minutes following the loss of seal cooling, with coolant leakage
rate of about 300 gallons per minute per pump. Both SI pumps are actuated by
low reactor coolant system (RCS) pressure and fail in about five minutes
because of lack of cooling. Core uncovery will occur as a result of the loss

of makeup capability through either the charging or safety injection pumps.
Core melt is predicted unless cooling to the SI pumps is restored in about 45
minutes. The frequency for complete loss of CCW is given in the ZPSS as
9.4(-4)* per reactor year. Of this, the Zion review estimated that 2.3(-4) is
because of pipe rupture. By applying a recovery factor of 0.5 CDF because of
CCW failure attributable to pipe rupture is estimated to be 1.2(-4) . The
frequency of CCW loss not caused by pipe rupture is 7.1(-4). For these

* 9. 4 ( - 4 ) = 9. 4 x10 '' .

.
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events, failure of recovery is defined as failure to start the two standby
.pmaps, each with an unavailability of 0.033, which accounts for that because
of maintenance and pump failing to start. CDF because of failure to recover
from loss of CCW not originated from pipe rupture is, accordingly, 7.1(-4)
(0.066) = 4.7(-5). Therefore, the overall CDF because of loss of jgCW is about2(-4). The basis for this CDF is controversial and the SARRP study has
revised the estimate to 5.5x10-6,

(2) Loss-of-Offsite Power: Loss of Component Cooling Water: Failure to Re-
cover Power in Four Hours, SEFC

The accident sequence envisaged here is initiated by loss-of-offsith
power followed by loss of CCW with failure to restore offsite power in four ,

hours. As described above in (1), loss of CCW can induce a series of events
leading to a seal LOCA with loss of makeup capability and the eventual core
damage.

The initiating event frequency for loss-of-offsite power is given in the
ZPSS as 5.7(-2). To this are added the frequencies (taken from the ZPSS) of
turbine trip, loss of main feedwater and reactor trip, each followed by loss
of offsite power. The sum of these frequencies totals 0.061, which is taken
to be the initiating frequency for loss of offsite power in the Zion review.
Simultaneous loss-of-offsite power to both Zion Units 1 and 2 is assumed.

The probability for failure to restore offsite power in four hours (but,
success prior to eight hours) was estimated to be 0.15. The conditional prob-
ability of CCW failure, given loss-of-offsite power, (CCW)', is dependent on
the state of the vital ac buses. Calculation of these probabilities for each
of the eight electric power states is detailed in the Zion review. The condi-
tional probabilities of the electric power states following a loss of offsite
power initiating event, (EP)', are given in the ZPSS and are used directly in1

the Zion review analysis. By calculating the value of the product, (0.15)>

(CCW)' (EP)', for each of the eight electric power states, and summing them
up, one obtains 7.5(-4). liultiplying this number by the initiating event fre-
quency 0.061, the C0F for this accident sequence was found to be 4.6(-5).

(3) Loss-of-Offsite Power: Loss of Component Cooling Water: Failure to Re-
store Power in One Hour, SEFC

This accident sequence is essentially identical to that delineated in
(2), except for the time at which of fsite power is restored. The probability -

for failure to restore power in one hour (but success prior to four hours) is
estimated to be 0.13 By imposing only this change in probability, the CDF
for this sequence was quantified, in exactly the same manner, as that de-
scribed in (2), are found to be 4.0(-5).

(4) Loss-of-Offsite Power: Loss of Component Cooling Water: Failure to Re-
store Power in Eight Hours. SEFC

This accident sequence is also similar to that discussed above in (2) or
(3), except for the timing of offsite power restoration. The plant-damage
state being considered is SEFC, which implies success of both the containment
fan system and containment spray. The probability for failure to restore off-
site power in eight hours was estimated to be 0.1 The success criterion for

i
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the containment fan system is 3-out-of-5 fan coolers operating, which necessi-
tates the availability of power from 2-out-of-3 Unit 1 ac buses. For each of
the four electric power states having at least two buses available, therefore,
this probability 0.1, is multiplied by (CCW)', the conditional probability of
CCW failure given loss of offsite power and (EP)', the conditional probdbility
of power state, and summed together to yield 1.3(-4). Multiplication of this
sum by the loss-of-of fsite power initiating frequency, 0.061, yields the CDF
for this sequence, 7.9(-6).

(5) Loss-of-Of f site Power: Failure of Component Cooling Water: Failure to Re-
store Dower in Eignt Hours, Failure of Containment Fans, SEC ~~

+

The major difference between this accident sequence and that delineated
above in (4) is the inclusion of additional containment fan system failure.
Quantification of C0F can be continued from (4) by calculating the product,
(0.1) (CCW)' (EP)', for each of the three electric power states in which only
one bus is available. These products sum up to 2.9(-4). Since the plant-
damage state under consideration is SEC, which implies success of containment
spray system, the power state with no power available on any of the three
emergency buses is excluded. With no power on any of the emergency buses, the
containment spray system automatically f ails with probability of 1.0, since
power from an emergency bus is required to open the normally-closed HOV CS-006
in the outl et of the diesel-driven containment spray pump. Mul tiplying
2.9(-4) by the loss of offsite power initiating event frequency, 0.061, yields
1.8(-5) as the CDF for this sequence.

(6) Failure of DC Bus 112, Failure of Auxiliary Feedwater, TEFC

Failure of the de Bus 112 will not only cause loss of main feedwater and
reactor trip, but also render one of the two power operated relief valves
(PORVs) inoperable. Since the dc Bus 112 provides control power for the ac
Bus 149, ac power to one of the auxiliary feedwater pumps will likewise be
lost. With loss of both main and auxiliary feedwater, core heat removal must
rely upon "feed and bl eed" cool i ng , which, in this case, cannot succeed
because it requires both PORVs to be operational. This accident sequence,
therefore, eventually leads to core melt.

The frequency for loss of the dc Bus 112 is given in the ZPSS as 0.28,
which was judged to be reasonable by the Zion review. The frequency of auxil-
iary feedwater system failure, given the unavailability of the ac Bus 149, is
estimated to be 2.3(-4) in the Zion review. Since the probabilities for loss -

of main feedwater, reactor trip, and failure of "feed and bleed" cooling are
all unity, the frequency of this sequence can be calculated as 0.28x2.3(-4) =
6.4(-5). By applying a recovery factor to account for possible recovery
action by the operators, the sequence CDF was finally estimated to be 7.0(-6).
Since the loss of the dc Bus 112 does not interfere with the function of
containment fans and sprays, the sequence plant-damage state is TEFC.

(7) Small LOCA: Failure of Recirculation Cooling, SLF

This accident sequence, identified as the foremost contributor to core
melt in the ZPSS, is initiated by a small LOCA, followed by failure of recir-
culation cooling (R-2). The dominant sequence occurs when ac power is availa-
ble at all three buses. The mean initiating event frequency for small LOCAs

.
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is estimated to be 3.54(-2) in the ZPSS, which is reasonably consistent with:

the available data. The mean value for the probability of the event R-2 was
evaluated as 4.55(-4). Multiplication of these two numbers and the probabil- '

ity of power at all ac buses (-1), together, yields 1.6(-5) as the estimated
,

C0F for this sequence. The ZPSS estimates 'or tne unavailability of high head ;

recirculation (ZPSS, p.1.5-463) is dominated by the human error of failure to3
I initiate the switchover from injection to recirculation phase and the blockage

of the containment sump. Because of lack of data, the Zion review did not'

evaluate the reasonableness of these largely subjective estimates. Al though
the Zion review points out some minor computational inconsistency in the ZPSS
estimate, it accepts 1.6(-5) as the CDF for this sequence. -

(8) Large LOCA: Failure of Recirculation Cooling, ALF
> i

Among the internally initiated accidents, this sequence ranks second in
the ZPSS list of leading contributors to core melt. The mean frequency for :
large LOCA initiating events is presented in the ZPSS as 9.4(-4) per reactor
year, which is deemed consistent with the available data. Failure of recircu-
lation cooling (R-1) refers to failure of low-pressure (or low head) recircu-
lation. In the ZPSS, the unavailability of low head recirculation was esti-,

; mated on the assumption that fan coolers are unavailable and that all three ac
: buses are available (ZPSS p.1.5-475). The dominant contributor to this un-

availability is the human error of failure to initiate switchover froa injec-:
tion to recirculation. The mean value for R-1 was evaluated in the ZPSS to be ,

5.19(-3), which, when multiplied by the initiating event frequency, yields the
|

: CDF for this sequence, 4.9(-6). The Zion review concurs with this result #

) although it gives some remark concerning minor discrepancy caused by the
i precision of the ZPSS estimates.
!

The Zion review also points out that the exclusion of catastrophic reac-
tor vessel rupture in the ZPSS large LOCA analysis is a somewhat nonconserva-
tive approach. Depending upon how the data presented in the WASH-1400 are
interpreted in tems of percentiles, the Zion review claims that the frequency
of vessel rupture could become.potentially significant.

,

(9) Medium LOCA: Failure of Recirculation Cooling, ALF !,

Owing to the similarity in both the initiating frequency and operational [.

] procedures between this sequence and that irvolving large LOCA with recircula-
tion cooling failure, the analysis and results presented in the ZPSS and dis-'

i cussed in (8) above also apply to this sequence. The comments by the Zion
review also remain unchanged.

!
; (10) Loss-of-Offsite Power: Failure of Component Cooling Water: Failure to
| Recover Offsite Power in Eight Hours: Failure of Containment Sprays and

| Fan Coolers, SE

| This sequence is analogous to that discussed above in (5) except that it
i also involves failure of containment sprays. Loss of power from ac buses in
| Unit I constitutes the dominant cause for failures of both containment fans

and sprays in this sequence. Evaluation of C0F for this sequence can be per-'
i

'

j fomed by modifying the computational procedures delineated in (4) and (5).
| The value of the product, (0.1) (CCW)' (EP)' (unavailability of containont
i t

t
;

I <
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sprays) (unavailability of fans), is eva'uated for each of the eight electric
power states and summed together to yield 7.7(-5), tiultiplying this number by
the initiating event frequency gives 4.7(-6) as the C0F of this sequence.

(11) Large LOCA: Failure of Low-Pressure Injection. AEFC
;

The large LOCA initiating frequency is 9.4(-4), as stated previously in
(8). The mean probability for failure of low-pressure injection system is
given in the ZpSS as 1.39(-3), which was reexamined in the Zion review and
found to be acceptable. The dominant contributor to this failuro is a human
error of leaving both HOVs 8812A and 8812B in the low-pressure injection sys -
tem open after testing and without being detected in the control room. fiul t i-
plication of this probability and the initiating frequency together yields
1.31(-6) as the C0F for this sequence.

(12) Loss-of-Of fsite Power: Failure of Auxiliary Feedwater: Failure of Feed
and Bleed: Failure to Restore Offsite Power in Four Hours, TEFC

This sequence is initiated by loss-of-offsite power, followed by loss-of-
auxiliary feedwater and loss of "feed and bleed" capability, with failure to
restore power in four hours. The loss of auxiliary feedwater incapacitates
steam generator secondary coolir.g because without offsite power, the main
feedwater punps are tripped and cannot be restored. The loss of "feed and
bleed" capability eliminates the remaining option for core heat removal.

As was the case in (2), the frequency of loss-of-offsite power as an
initiating event was taken to be 0.061 in the Zion review by including the
frequencies of loss-of-offsite power following turbine trip, loss of main
feedwater, or reactor trip. This inclusion was made because each of these
events could lead to the accident sequence in question. The Zion review also
assunes simultaneous loss of offsite power to both Zion units, which is con-
sistent with the ZPSS analysis. The probability of failure to restore offsite
power in four hours (but success prior to eight hours) was estimated to be
0.15, as mentioned in (2). The conditional probability for failure of auxil-
iary feedwater, ( AFW)', or failure of feed and bleed. (F&B)', given loss-of-
offsite power, is dependent on the state of the vital ac power buses. They
were estimated for each of the eight electric power states and are shown in
the Zion review (p. 2-33 and p. 2-49).

To evaluate the CDF, the value of the product, (0.15) (CCW)' (AFW)' (FAB)
(EP)', is calculated for each of th1 eight electric power states and sunmed '

together to yield 1.8(-5). The symbols, (CCU)' and (EP)', denote, respec.
. tively, the conditional probability for success of component cooling water aad
1 the conditional probability of power state, given loss-of-offsite power. Mul-

tiplying this number by the initiating event frequency 0.061, one obtains
1.1(-6) as the CDF for this sequence.'

(13) Loss-of-Cf fsite Power: Failure of Auxiliary Feedwater: Failure of Feed
| and Bleed: Failure to Restore Offsite Power in One Hour, TEFC ~~~

!

| This sequence is basically identical to that discussed in (12) except
t that the time for failure to restore offsite power is one hour rather than
I four hours. Quantification of the CDF can, thus, be proceeded in exactly the

same way as that delineated in (12), by only changing 0.15 to 0.13, which
,
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corresponds to the probability for failure to restore offsite power in one
hour, as stated previously in (3). This yields 1.0(-6) as the CDF for this
sequence.

(14) The Interfacing Systems LOCA, Event V

From the viewpoint of core damage, the intarfacing systems LOCA (ISL) is
not regarded as a dominant sequence. However, it can lead to release category
2, which, according to the ZPSS estimates, is one of the risk dominating re-
leases. For the Zion plant, the dominant senuence for Event V is the joint
failure of two motor-operated valves located in the residual heat renova)-
(RHR) suction line inside the containment. This line is used when the RHR
system is in operation during plant shutdown conditions. At the time of RCS
startup, these two interlocked motor-operated valves are closed because,
otherwise, the RCS repressurization cannot take place. Subsequent failures of
both of these valves can then cause the low pressure piping section in the RHR
line outside the containment to be' inadvertently exposed to high RCS pressure,
leading to possible pipe rupture and direct release of radionuclides to the
surrounding atmosphere.

The probability for the occurrence of Event Y was estimated in the ZPSS
by considering logical combinations of the f ailure modes of these valves
including valve disc rupture and valve disc failing open after use. The meth-
od and data useo in this estimate were critically reexamined by the Zion re-
view, which pointed out several shortcomings of the ZPSS analysis such as the

,

mismatching of the textual description and the model. By empicying a newly
developed model for the Indian Point pl an t , an alternative but approximate
reevaluation was carried out by the Zion review, yielding a somewhat higher
value of 1.6(-7) for the probability of occurrence of Event v. A statistical
analysis based on available data, howwer, indicates that an upper 95% statis-
tical confidence limit on the probability of Event V is 1.4(-7). In view of
these results, the Zion review tinally drew a conclusion that the ZPSS value
of 1.05(-?) is a reasonable point estimate.

(15) Seismic: Loss of All AC Power, SE

This Externally initiated sequence occupies the second and the eighth
posit'ans in the Zion IDCOR baseline core-damage risk profile and that of the
Zion review, respectively. The sequence is of special significance because it >

has been identified to be the largest contributor to the societal risk among
all tne sequences listed in the Zion IDCOR baseline risk profile.

In essence, the initiator of this sequence consists of a seismic event
severe enough to cause failures of both offsite power ano the service water
system. Failure of the service water system causes subsequent failure of the
emergency diesel generators which rely upon service water for cooling. As a
consequence, loss of all ac power arises, followed by failure of the RCP seal
cooling and eventually a RCP seal LOCA. Since safety injection and contain-
ment heat removal systems require ac power, the loss of RCS inventory cannot
be made up, thus leading to core melt with core-damage state SE. The fre-
quency of this sequence has been evaluated in the ZPSS to be 5.6(-6), which
was judged to be reasonable by the Zion review. This frequency represents an
insignifica-t fraction (about 1.6%) of the total CDF estimated by the Zion
review, because of the new emergence of several dominating sequences

,
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pertaining to the failure of component cooling water system. In the Zion
IDCOR baseline core-damage profile, however, it constitutes roughly 13% of the
total CDF , as stated previously. The fact that the plant-damage state cor-
responding to this sequence is SE, meaning early core melt without containment
cooling, makes this sequence a potentially important contributor to risk and
release consequences.

A.1.3 SARP Rebaseline Estimate of Zion Core-Damage Frecuency

The rebaselining study on Zion was limited essentially to reexamination
and updating of the models and core-damage sequences presented in the Zion-
review. One major accomplishment of the study was the evaluation of the
potential impact of certain issues on the dominant sequence CDF and plant dam-
age states. These issues include both plaat operation changes and some gen-
eric PRA issues which have emerged since the time of the Zion review. In
addition to the Zion review, the study also made reference to the Zion Proba-
bilistic Safety Study (ZPSS), and the NRR Staff Report" on Zion ( August 1,
1985). The letter (of July 9,1984) sent from Dave Kunsman of SNL to Scott
Newberry of NRR was also used as a valuable source of information because it
presents the new sequence equations and estimates for the Zion review se-
quences influenced by the imposition of new success criteria for the component
cooling water system (CCWS) and service water system (SWS). The letter, in
effect, represents a forerunner to a limited rebaselining of the Zion review,
since it constitutes the quantitative bases for the NRR Staff Report and the
SARP Study.2

In the Zion limited rebaselining study, the scheme for labeling the
sequences and defining the plant damage states follows exactly that developed
in the ZPSS (and adopted by the Zion review). The sequences are simply iden-
tified by their ranking among the dominant sequences. Also, only one plant
damage state is assigned to each sequence. The plant-damage state is charac-
terized by using a four letter set, with the first letter describing the ini-
tiator (Tatransient, AsMedium or Large LOCA, SsSmall LOCA), the second letter
the phase of reactor cooling (injection or recirculation) failure during which
core melt occurs (EsEarly core melt with injection failure, Lalate core melt
with recirculation failure) and the last two letters denoting respectively
successful operation of the containment fan cool ers and spray system
(Casuccessful containment spray injection or recirculation, Fssuccessful con-
tair. ment fan cool ers) .

The rebaseline Zion dominant core damage sequences and the corresponding
plant-damage states are shown in Table A.4, along with those developed by the
Zion review and 10COR Baseline for ready comparison. Since ao attempt was
made to identify any new dominant sequences, the rebaselining effort only
brought about shifting and rearrangement of the ranking of the sequences
established by the Zion review, in particular, the following points can be
noted by coaparing the two sets of core-damage profiles.

1. The seismic event with loss of all ac power, the eighth sequence in
the Zion review, is removed from the rebaselining list, apparently
because it is an externally initiated event that is beyond the scope
of the study,

.
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2.- There are five sequences whose CDF remain unchanged from those esti-
mated by the Zion review. Falling under this category are the small,
medium, or large LOCAs followed by failure of recirculation cooling
(sequences 2, 3, and 4), large LOCA followed by failure of low-
pressure injection (sequence 6) and the ISL (sequence 14).

3. For all out one (sequence 5) of the remaining sequences, the C0F re-
evaluated by the rebaselining are significantly reduced. The
increase in the C0F for sequence 5, by roughly a factor of two, is
chiefly attributable to the substantially larger probability esti-
mated for the failure to restore ac power in one hour (but success in-
four hours).

4 As will be discussed in more detail later, the three sequences (se-
quences 9,12, and 16) which did not appear in the Zion review repre-
sent portions of certain Zion review sequences newly created as a
result of including loss of SWS as a contributor to core damage.

5. Owing to the credit newly given to refilling the refueling water
storage tank (RWST), which enables long tem use of the containment
sprays, the plant-damage state for sequence 2 is reclassified as SLFC
instead of SLF. By the same reason, the plant-damage states for se-
quences 3 and 4 are both changed from ALF to ALFC, implying success-
ful operation of the containment spray system as well as the contain-
ment fans. Consideration of this new credit, however, did not affect
the C0F of these sequences.

Focusing attention on the top six dominant sequences, it is of interest
to observe that, with the exception of sequence 1 the loss of CCWS following
the loss of offsite power no longer occupies leading positions in the core
damage list. In stead , these positions are taken by the LOCAs of various
sizes, followed by failure of recirculation cooling or low-pressure injection,
a trend which prevailed in the ZPSS core-damage profile. The relative impor-
tance of CCWS failure is diminished primarily by virtue of the relaxation in
the success criterion for the CCWS. In the Zion review, the success criteria
for the CCWS and the SWS were assumed to be functioning of 2-of-5 CCWS pumps
and 2-of-6 SWS punp*,. These criteria were eased somewhat in the rebaselining
study, based on the concurrence between NRR staff and Commonwealth Edison, to
1-of-5 CCWS pumps, while maintaining the same 2-of-6 SWS pumps success cri-
terion. It should not be overlooked, however, that this less stringent CCWS
success criterion increases the importance of SWS with respect to CCWS. The
relative importance of SWS can have significant impact on the plant danage
state since its failure will cause failure of the containment fans and spray
pumps, while CCWS failure will not.

The rebaselining study, therefore, took into consideration the SWS fail-
ure, which was not included in the Zion review models. The sequence equations
presented in the Kunsman's letter, which made no distinction between loss of
CCWS and loss of SWS, were requantified, factoring out the SWS tems from the
CCWS tems to detemine the impact of SWS failure on plant-damage states. The
rebaseline models also incorporate pumps and diesel generator common mode
failure events, which were not considered in the Kunsman's analysis.

'
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The essential details on the quantification of CCWS and SWS unavailabili-
ties based on the new success criteria are presented in Section IV.4.1 of the
rebaseline analysis report.2 Table IV.4.1 of the same report tabulates the
calculated unavailabilities of these two systems as a function of the eightelectric power states.

In addition to the CCWS and SWS pump success criteria discussed above,
several other important issues were considered in the rebaseline analysis, a
concise summary of which is given in the following.

(a) Conmon fiode Failures -

The common mode failures among CCWS, SWS, and Unit 2 diesel generator,
which were not included in the models of ZPSS, the Zion review and Kunsman's
letter, were taken into account in the rebaseline analysis (1) to enhance the
consistency between the Zion NUREG-1150 work and other NUREG-1150 analyses,
and (2) to take advantage of the detailed nature of the equations in Kunsman's
letter, which permits easy application of the NUREG-1150 common mode analysis
to the Zion models. The diesel generate conmon node event, however, was mod-
eled only for the two diesel generators dedicated to Unit 2, and not modeled
across Units 1 and 2.

(b) Restoration of AC Power

The probibility of failure to restore offsite power within a given time
span was adjusted in the sequence models to reflect the changes in the generic
power recovery models which have taken pl ace since the time of the Zion
review. Additionally, failure to restore a diesel generator was also included
in the sequence models. The f ailure probabilities for restoring offsite power
and diesel generators are taken from the ASEP generic data base.

(c} Feed and Bleed

The procedures for feed and bleed are said to be in place at Zion. in
the Zion review, one of the primary requisites to successful feed and bleed
cooling, in case of complete loss of feedwater and AFW, is the functioning of
two pressurizer PORVs. Or the ground that the shutoff head of the two chargi-
ng pumps (2670 psig) is sufficiently ' higher than the pressure set point for
the safety relief valves (2435 psig), the rebaseline analysis assumed that
only one PORY needs to be operational for successful operation of feed and
bl eej.

(d) RWST Refill

Procedures are said to be in place at Zion for replenishing the RWST
should such a need occur. The rebaseline analysis, therefore, gives credit to
the RWST refill, which does not have any impact on the CDF. It can, however,
alter the plant-damage states of certain sequences, because, if RWST is re-
plenished, the containment spray injection could be continued as a substitute
for failed containment recirculation cooling.

.
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(e) Reactor Coolant Pump Seal LOCA '

The crucial question of how large and how quickly a seal LOCA will de-
velop upon loss of CCW cooling to the RCP seals remains an unresolved issue.

,

The Zion review assumed that a 300 gpm leak per pump would develop within one '

hour if CCWS flow to the RCP seal is lost, a postulation deemed potentially
conservative by the NRR staff. The seal LOCA model used in the rebaseline
analysis is a time dependent Weibull distributed random variable with a 5%

r

confidence limit at one hour and 95% confidence limit at ten hours. it
'

implies that, after the CCWS cooling is lost, there is a 0.05 probability that
the seals will have failed within one hour, and 0.95 probability that the seal-
will have f ail ed within ten hours. The rebaseline sequence models also ;,

assumed that all RCP seals fail concurrently, with a leakage rate of 450 gpm
i per pump, for a total seal LOCA of 1800 gpm. It is further assumed that, once

a seal LOCA occurs, core uncovery will not take place for a period of one hour
even without injection to the primary system. For loss of offsite power tran-
sients resulting in failure of high-pressure injection, this allows for an

i extra hour for recovery of ac power,

j (f) Manual Switchover to Recirculation Cooling
:

In the event of a LOCA (such as sequences 2, 3, and 4 in Table A.4), or
under certain transient conditions, the operators must manually switch the
emergency core cooling system (ECCS) over from injection phase to recircula-t

tion phase, when the RWST reaches a low level. Human errors involved in this
'

manual switchover are the leading contributors to the C0F of these sequences,
j Since no new infonnation suggesting improved reliability in this human action ,

was received, the rebaseline analysis made no changes in the recirculation '

cooling models.
,

( g) Recovery of CCWS Pipe Ruptures1

in both the Zion Review and the rebaseline study, the most dominating
core-damage sequence was ident.ified to be CCUS failure, causing failure of all

] charging and safety injection pumps and the development of RCP seal LOCA, as
i shown in Table A.4 Because of pipe rupture the CCW system failure plays a

decisive role in the quantification of the C0F for this sequence, in the Zion:

i review, the frequency of CCWS pipe rupture was estimated based on the mean
pipe rupture data (per hour per section) given in the ZPSS, which originated1

from WASH-1400. In computing the C0F of this sequence, however, credit was
,

'

given to recovery of CCW pipe because of the availability of procedures in -

i Zion to isolate pipe leaks in the CCWS. There are, however, some uncertainty
: about the credibility of isolating such leaks in a timely manner. Further-
! more, no data are available for a statistical analysis of this recovery
i action. Notwithstanding, the rebaseline analysis retains the assumptions made
l in the Zion Review.
4

; (h) RHR System Check Valve Testing

it is required by the NRC Confirmatory Order of 1980 that the RHR check
valve disks be tested for integrity at every refueling shutdown and cold shut-
down. Without such testing, the frequency of an ISL would increase to

.

j
.
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1.0E-6,* an order of magnitude larger than that predicted by both the ZPSS and
Zion review. Since compliance with the Confirnatory Order by the Zion station ;

has been confirmed, the ISL analysis of the Zion review was considered ade-
quate.

(i) Diesel-Driven Containment Spray Pump

Owing to its need for SWS cooling water, the one diesel-driven contain-
ment spray pump in Zion still has an indirect dependency on ac power. Accord-
ing to the NRR Staff Report, modifying one or more of the containment spray
pumps to be entirely ac independent could have significant impact on reducing
the risk af ter co?c melt. Since no such modifications are currently conten-

tplated by the utility, the impact of this issue on plant damage state fre-
,

quencies was investigated only as a sensitivity study in the rebaseline analy- [sis. !

To facilitate understanding of the methodology used in the Zion rebase-
line analysis for developing the dominant core-damage sequences shown in Table
A.4, a brief discussion of each sequence is given below in order of sequence
d ominance. Emphasis is placed upon describing the analytical methods and log-
ical basis of rebaseline sequence frequency quantification in relation to the
Zion review. The Zion review sequence frequencies are shown inside parenthe-
ses.

(1) Sequence 1. CCWS failure, causing loss of all charging and SI pumps,
loss of RCP seal cooling resulting in RCP seal LOCA, 1.2E-4
(2.0E-4).

[

This sequence, identified to be the most dominant by both the Zion review
-

and the rebaseline analysis, is essentially dominated by the frequency of pipe
rupture event in the CCWS. The sequence frequency estimated by the Zion
Review is reduced by roughly a factor of two by virtue of the less stringent
success criterion for the CCWS (1-of-5 pumps). The frequency of CCW pipe rup-
ture leading to core melt,1.2E-4, assessed by the Zion review upon consider. |
ing 50% recovery f actor, is retained in the rebaseline analysis. The fre- '

quency of CCWS failure because of causes other than the pipe rupture 7.1E-4,
is considered recoverable by successfully starting one of two standby pumps
(as opposed to 2-of-2 standby pumps in Zion review). By using the same
unavailability data for the standby pump (because of maintenance or failure to
start) as those shown in the Zion Review, the probability of failure to
restore CCWS was found to be 7.7E-3 The rebaseline sequence frequency is,
therefore, 1.2E-4+( 7.1E-4)( 7.7E-3) = 1.2E-4 It is, thus, demonstrated that
this sequence frequency is almost totally doninated by the frequency of CCWS
pipe rupture. The lack of reliable data for CCWS pipe rupture, however, ,

arouses a question regarding the suitability of the pipe rupture frequency, [which derives its origin from the WASH-1400, used in this quantification.

The WASH-1400 pipe rupture data are acre representative of rupture of
large pipes exposed to the environment of the primary system, which is sub-
jected to relatively high temperature and high pressure. Whether or not such {

,

data are applicable to the rupture of CCWS, which is normally under lower
pressure and significantly lower temperature, is certainly a debatable issue.

* 1.0 E-6 = 1.0 x10 6
(

0
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In view of the dominating nature of CCWS pipe rupture frequency and the un-
availability of applicable data, a parametric study was performed, in the
rebaseline snalysis, to study its effect on the CDF of this sequence. Based
on a revised estimate of pipe ruptures for low-pressure piping, the SARRP
study performed by B
mated CDF to 5.5x10-[ookhaven National Laboratory (BNL) has reduced the esti-per reactor year.

(2) Sequence 2, Small LOCA, followed by failure of recirculation cooling.
1.6E-5 (1.6E-5).

The only modification made to this sequence, the fifth ranked sequence in-
the Zion review, is to grant credit for refilling the RWST, which would allow
for long-tem use of the containment spray injection system (CSIS). The plant
damage state is, thus, reclassified from SLF to SLFC, with no change made in
the sequence frequency. Although availability of the RWST is postulated,
there are enough factors favoring this seemingly nonconservative assumption.
Since the failure occurs during recirculation phase: the operators would have
sufficient time to decide on the need for refilling the RWST and to take such
actions if necessary. Moreover, this sequence does not involve any degraded
power situations, which could adversely affect the success of refilling the
RWST.

(3) Sequence 3. Large LOCA, followed by failue of aecirculation cooling.
4.9E-6 (4.9E-6).

Just as for sequence 2 discussed above, the only change from the Zion
Review analysis is the reclassification of the plant damage state from ALF to
ALFC, by awarding credit to refilling the RWST. The sequence frequency
remains unchanged from the Zion review analys';.

(4) Sequence 4 Mediua LOCA, followed by failure of recirculation cooling.
4.9E-6 (4.9E-6).

The comments given above on sequence 3 also apply to this sequence.

(5) Sequence 5. Loss-of-offsite power, failure of auxiliary feedwater (AFW),
f ail ure: of feed and bleed, failure to restore ac power in
one hour (but recovery prior to four hours). 2.1E-6
(1.0E-6).

As nentioned earlier, this is the only sequence which involves an in-
crease in the sequence CDF in comparison with the Zion review. The factors
contributing to this increase are explained in the following. Three principal
modifications are made to the Zion review analysis for this sequene.e includ-
ing recalculations of the probabilities for (a) failure to restore ac power in
one hour (recovery prior to four hours), (b) failure to operate SWS and CCWS
based on the new success criteria (1-of-5 CCWS pumps and 2-of-6 SWS punps),
and (c) failure of feed and bleed based on the new success criterion (1-of-2 4

PORVs).

Of these, the probability for (a) was reevaluated to be 0.23, a value
substantially larger than that of 0.13 used in the Zion review. As stated
previously, the probabilities for (b) have been calculated as a function of
the eight power states, and are tabulated in Table IV.4.1 of the rebaseline

.
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analysis report.2 Since the plant-damage state for this sequence is TEFC, the !
;

main quantities of interest here are the probabilities of successful operation I
of SWS and CCWS, the complements of the unavailabilities of SWS and CCWS. For

, those four power states where there are at least two emergency ac buses avail-
able, these complements are all practically equal to 1.0, the same as those'

; found in the Zion review. For the three power states which have only one i
emergency power bus available, these complements also take the value of 1.0, '

which is slightly larger than the 0.97 used in the Zion review. For the power
4 state with no bus available, the complement was found to be 0.97 rather than

the 0.83 used in the Zion review. It must be remarked that, for the Zion
Review, these complements only reflect the unavailabilities of CCWS, sirce the'

,

failure of SWS was not considered. '4

!

The probabilities for the failure of feed and bleed (c) above, based on,

! the new and more relaxed success criterion of 1-of-2 PORVs, are obtained by
adding together the probabilities of three distinctive events, namely (i) all
charging and SI pumps fail, (ii) one PORV and both charging pumps fail, and

4 (iii) both PORVs fail. Occurrence of any of these events constitutes failure
of feed and bleed based on the new success criterion. The probabilities for
the event (i) have been evaluated as a function of the eight power states in
the Zion review (p. 2.31), and are adopted directly. The probability for,

failure to open 1-of-2 PORVs was estimated to be 2.9E-3, based on the data
j shown in the Zion review (page 2.32). The PORY block valves are assumed to be
i nonnally open. The probabilities for the failure of both charging pumps, os a

function of the eight power states, are also available from the Zion review
(page 2.31). When they are multiplied by 2.9E-3, the probabilities for event
(ii) can be obtained. The probabilities for event (iii) were estimated to be
1.3E-4, also based on the data shown in Zion review (page 2.32).

To calculate the CDF for this sequence, the product, (0.23) (probability.
'

for successful operation of SWS, CCWS) (failure probability of feed and bleed)
( AFW failure probability) (probability of power states), is evaluated for each
of the eight power states and summed together, it should be reiterated that
only the first three probabilities appearing in this product have been reeval-

i uated from those used in the Zion review analysis. The summation, af ter mul-
tiplying by the initiator frequency 0.061 per year, yields 2.1E-6 as the CDF

i for this sequence, it was determined that, the increase in the sequence fre-
; quency, as compared to the Zion review, is primarily because of the larger'

probability found for failure to restore ac power within one hour. The new
success criterion for feed and bleed was found to have little impset on the

~

.

sequence C0F, because it is dominated by loss of ac power to the charging and
SI pumps.;

! (6) Sequence 6 Large LOCA, followed by failure of low-pressure injection,
j 1.4E-6 (1.4E-6).
1

i No modifications or changes were made on the Zion review sequence model
) for this core damage sequence, which was sequence 12 in the Zion review,
i
i

|
l

) .
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(7) Sequence 7 Loss-of-offsite power, followed by AFWS failure, failure of
feed and bl eed , failure to restore ac power within four
hours (but successful restoration by eight hours). 4.6E-7
(1.1E-6).

This sequence is exactly identical to sequence 5 except for the timing
for restoring the ac power.

As a result, the discussions presented above in (5) with regard to recal- :

culating the failure probability of feed and bleed or the unavailabilities of I

CCWS and SWS, based on the new success criteria, are directly applicable
here. The only difference lies in the probability of failure to restore ac
power, which was found to be 0.05 for this particular time span. It is note-

1
'

worthy that this value correspond to one-third of that used in the Zion re-
view. Calculation of the sequence C0F can be proceeded by following the de-
scription given in the last paragraph of (5) above, with only replacing 0.23 i

by 0.05. It was found to be 4.6E-7/yr, less than one-half of that estimated '

by the Zion review (sequence 13).

(8) Sequence 8 Loss-of-offsite power, loss of either CCWS or SWS, failure
to restore ac power in one hour (but successful restoration
of ac power by four hours). 3.2E-7 (4.0E-5).

The SWS failure considered here refers to the recoverable SWS failures
such as those caused by diesel generator failure, liost of the failures in the
SWS model are recoverable upon successful restoration of ac power. The non-
recoverable SWS failures are separated out and defined as a new sequence,
sequence 9. No counterpart of sequence 9 exists in the Zion review, since SWS
failure was not considered in the Zion review.

'

The probability for failure to restore ac power was determined to be 0.23
for the power state "All" (implying ac power available at all buses), and 0.26
for the remaining seven power states because of the additional one hour the
NUREG-1150 RCp seal LOCA model allows for ac restoration over that in the Zion
review models. In the Zion review, 0.13 was used for all the eight power
states.

-

For the power state "All ." an RCp seal LOCA is assumed to take place with '

probability 1.0, since loss of CCWS is almost certain to occur because of com-
mon mode (nonrecoverable) failures. For the remaining seven power states,
however, the probability for a seal LOCA to occur at one hour was taken to be '

O 05, based on the NUREG-1150 RCP seal LOCA model. For the unavailabilities
of both SWS and CCWS, the beta factors in Ref. 6 for the common mode event
probabilities, shown in Table IV.4.1 of the rebaseline report, are used.

The sequence CDF was computed by first evaluating the product, (failure
probability to restore ac by one hour) (probability for loss of CCWS or SWS)
(power state probability) (probability of RCP seal LOCA at one hour), for each
of the eight power states and summed up to obtain 5.2E-6. Multiplying this by
the f requency of loss of of fsite power, 6.1E-2/yr, gives 3.2E-7/yr as the CDF
of this sequence. <

,

'
r
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(9) Sequence 9. Sane as sequence 8, except this represents the SWS common
mode failure portion of the Zion review sequence No. 3. |
3.0E-7 (none in the Zion review).

As stated previously in (8), this new sequence is created as a result of
; separating out the nonrecoverable SWS failures from the CCWS failures in !

,

sequence 8, Nonrecoverable failures refer to SWS failures which can not berecovered upon restoration of ac power. This sequence is almost totally domi-
nated by connon mode failure of the SWS pumps. Since SWS failure is not re-
coverable, the CCWS and the injection punps will not be operable, and an RCPa

seal LOCA will develop with probability 1.0. The plant-damage state of this<

sequence is SE, since both the containment sprays and containment fans depend
on SWS. The probability for failure to restore ac pcwer within one hour (but,
success by four hours) was found to be 0.23 for all the power states. Al so ,
the unavailability of the SWS not caused by diesel generator failure was de-
termined to be 2.2E-5. Evaluating the product, (0.23) (2.2E-5) (power state
probability) (1.0), for each of the eight states, and sunning them up yields
4.9E-6. Multiplying this by the frequency of loss of offsite pcwer,
6.1E-2/yr, gives 3.0E-7/yr as the CDF for this sequence. |

(10) Sequence 10. Loss-of-offsite power, loss of CCWS or SWS, failure to re-
store ac power within eight hours, failure of containment
sprays and fan coolers. 2.0E-7 (4.7E-6).

This sequence is similar to sequence 8, except that ac power is not re-
i stored in eight hours. Both the Zion review and ZpSS gave no credit for con-
] tainment systems if they could not be restored within eight hours.

Contributions to the sequence CDF were evaluated separately for failures
of CCWS and SWS, As in the Zion review, onl
states (with only one bus or none available) y the four highly degraded powerwere considered in estimating the
contribution because of CCWS failure. The probability for failure to restore
ac power within eight hours was found to be 0.02, a smaller value compared to
the 0.1 used in the Zion review. For those highly degraded power states, the
unavailability of containment fans is 1.0 To calculate the CCWS contribu-
tion, the product, (failure probability to restore ac by eight hours) (un-
availability of CCWS) (unavailability of containment sprays) (power state
probability), is evaluated for each of the four degraded power states and,

summed together to obtain 8.4E-7. I

The SWS contributions are assessed by considering all the eight power '
r

states, since loss of SWS causes failure of both containment sprays and fans i
, with probability 1.0 , given loss-of-offsite power, because of the eventual

station blackout upon loss of diesel generator cooling.'

The product, (failure probability to restore ac in eight hours) (unavail-
abilities of SVS) (power state probability), is evaluated for each of the
eight power states and added together to yield 2.4E-6. Multiplying (8.4E-7 +
2.4E-6) by the frequency of loss of offsite power (6.1E-2), the C0F of this
sequence is obtained as 2.0E-7

;

I

i

.
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(11) Sequence 11. Loss-of-offsite power, loss of CCWS or SWS, failure to re-
store ac power within four hours (successful restoration
by eight hours). 1.5E-7 (4.6E-5).

This sequence differs from sequence 8 only in that the time span over
which recovery of offsite power and the probability of an RCP seal LOCA are
modeled is prolonged. An RCP seal LOCA is considered to occur, in this se-
quence, at four hours, and ac power is successfully restored within four to
eight hours for power state "All," and five to eight hours for the remaining
degraded power states, taking into account the additional one hour allotted
for rostoring ac power after the seal LOCA occurs. The discussions given'
above in (8) regarding the RCP seal LOCA model and restoration of offsite
power are also applicable here. The nonrecoverable SWS portion of sequence 11
is calculated in sequence 16. The probabilities for failure to recover ac
power within four to eight hours and five to eight hours were estimated to be
0.05 and 0.02, respectively. For the degraded power states, the probability
for RCP seal LOCA to occur at four hours was evaluated to be 0.47 based on the
NUREG-1150 RCP seal LOCA model. With only these two changes, the sequence
CDF can be calculated, following the description given for sequence 8, to be
1.5E-7/yr.

(12) Sequence 12. Loss-of-offsite power, failure of SWS, failure to restore
ac power within eight hours. This sequence represents the
SWS failure portion of the rebaselined Zion review se-
quences No, 4 and No. 6. 1.5E 7 (no corresponding se-
quence in Zion review).

This sequence, newly created by the inclusion of SWS failure into the se-
quence model, should be considered as an of fshoot of sequences 13 and 17, in
which SWS failure contributes to core melt. These two sequences had to be re-
defined into three sequences, because the ensuing plant-damage states depend
upon whether CCWS or SWS contributed to the sequences. This sequence is newly
fomed by separating out those portions of sequences 13 and 17 which are
attributable to SWS f ailure. .No counterpart of this sequence can be found in
the Zion review, since SWS was not included in the sequence models. For this
sequence, all SWS failures are unrecoverable because ac power is not restored
within eight hours, leading to complete loss of containment sprays and fans.
The plant damage. state is, accordingly, SE, as compared to sequence 13 (SEC)
and sequence 17 (SEFC), both of which involve CCWS rather than SWS failures.
The probability for failure to restore ac power within eight hours was esti-
mated to be 0.02. .

The sequence frequency quantification can be carried out by evaluating
the product , (0.02) (unavailability of SWS) (power state probability), for
each of the eight power states, and summing them up to obtain 2.4E-6. Multi-
plying this by the frequency of loss of offsite power, 0.061/yr, gives
1.5E-7/yr as the CDF of this sequence.

(13) Sequence 13 Sane as sequence 12 above, except this is the CCW portion
of the Zion review sequence No. 4, and containment fans
fail, 1.0E-7 (1.8E-5).

This sequence involves a set of events similar to those in sequence 12,
except that containment fan failure is explicitly incl uded here. It

.
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corresponds to sequence 4 in the Zion review, and results in plant-damage
state SEC, with loss of the containment fans because of degraded power states.
The dominant cause of fan failure here is loss of 2-of-? ac buses at Unit 1because of random failures in the diesel generators. As mentioned earlier, '

the success criterion for the containment fan coolers is at least 3-of-5 f ans.These fan coolers will fail electrically only for degraded power states with
one bus (147,148, or 149) or no bus available. Since failure of all ac power,

i

at Unit 1 will also result in loss of containment sprays, which is not compat-
ible with the plant-damage state SEC, the power state of "no bus available" is
excl uded. The probability for failure to restore ac power within ei
is 0.02, as compared to the value of 0.1 used in the Zion review. ght hoursThe une
availabilities of CCW are those reeveluated based on the new success criterion
for the CCWS.

,

d

For those three degraded power states with only one bus (147,148, or
149) available, the product, (0.02) (unavailability of CCW) (power state prob- ;

-

ability), is evaluated and sumed up to obtain 1.7E-6. The sequence C0F is,
therefore, (6.1E-2/yr) (1.7E-6) = 1.0E-7/yr.,

+

(14) Sequence 14 Interfacing systems LOCA. 1.05E-7 (1.05E-7).

For this sequence, no change was made on the model in the Zion review.
,

(15) Sequence 15. Failure of de Bus 112, causing loss of one PORY and Icss
; of ac Bus 148, failure of AFWS. 5.0E-8 (7.0E-6) ,

The only change made on the Zion review model, for this sequence, is the
reevaluation of the probability for failure of feed and bleed based on the new

'

success criterion of 1-of-2 PORVs. It was calculated by adding the probabil-
ity for operator error to open one PORY (=1.3E-4), and the probability for

'

f ail ure of PORY to open on demand (=1.4E-3). The initiator frequency1
; (0.28/yr), the recovery of initiator (0,1), and the conditional failure proba-

bility of AFWS, given the loss of ac Bus 148 (=2.3E-4), are all taken directly
'

from the Zion review. The sequence CDF is, therefore, (0.28/yr) (0.1)
j (2.3E-4) (1.4E-3 + 1.3E-4) = 5.0E-8/yr.

(16) Sequence 16 Same as sequence 11, except this represents the SWS common
I mode failure portion of the Zion review sequence No. 2.

,

4.8E-8 (none in the Zion review).
I

This sequence is analogous to sequence 11 except that it is caused by
'

nonrecoverable failure of the SWS, which is dominated by common mode failure.
As mentioned earlier, SWS failure becomes important relative to CCWS failure

;

because of the new success criterion for CCWS. The nonrecoverable SWS fail-
ures, which will result in damage state SE, therefore, must be separated from

:
1 nonrecoverable SWS failures and CCWS faults. Since the SWS can not be re- '

; covered, the CCWS and injection pumps will not be operable, leading to an RCP
seal LOCA with probability 1.0. The containment sprays and fans also fail

! because of the nonrecoverable SWS failure, thus giving rise to plant damage
! state, SE. As mentioned in (9) above, the unavailability of SWS not caused by '

2 diesel generator failure is 2.2E-5. Also, the probability for failure to ;'

restore ac power within four hours (success by eight hours) was detennined to '

be 0.06.,
Y

'
, ,

; ,

'

t
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The product. (0.06) (2.2E-5) (power state probability) (1.0), is evalu-
ated for each of the eight power states and summed up to give 7.8E-7 Mul ti-
plying this by the frequency of loss-of-of fsite power, 6.1E-2/yr, yields
4.8E-8/yr as th' C0F of this sequence.

(17) Sequence 17 Loss-of-offsite power, CCWS failure, failure to recover
offsite power or diesel generators in eight hours. 3.7E-8
(8.0E-6).

This sequence is essentially equivalent to sequence 6 in the Zion review
and is similar to sequence 8 in that it involves a set of events leading t$
core damage because of an RCP seal LOCA. Unlike sequence 8, however, none of
the ac power failures are restored within eight hours after initiation of the
sequence. Since the plant-damage state is defined to be SEFC, meaning suc-
cessful operation of both containment fans and sprays, only the power states
resulting in SEFC for this set of events are included in the analysis. These
power states correspond to emergency power available at all buses or at two
buses (147-148, 147-149, 148-149). The probability of an RCP seal LOCA is
1.0, as in the Zion review, whereas that for failure to restore ac power with-
in eight hours was taken to be 0.02 instead of 0.1. The unavailabilities of
CCWS are those based on the new CCWS success criterion.

For those four power states, the product, (0.02) (unavailability of CCWS)
(power state probability), is evaluated and summed up to give 6.0E-7 Mul ti-
plying this by the frequency of loss-of-of f site power, 6.1E-2/yr, yields
3.7E-8/yr as the sequence CDF.

A.1.4 Comparison Between IDCOR and SARP_

Table A.5 compares dominant core-damage sequences for Zion between the
SARP rebaseline and 10COR baseline studies. Although the IDCOR baseline risk
profile was developed by updating the ZPSS, the IDCOR baseline core-danage se-
quences and their frequencies are practically identical with those of the
ZPSS. The SARP effort for Zion is a limited rebaselining of the models and
accident sequences addressed in the Zion review. Thus, the results in the
SARP rebaseline study would represent an update of the existing dominant se-
quences in the Zion review, and no attempt was made to identify any new domi-
nant sequences.

A major difference between the two studies is the loss of component cool-
ing water which may lead to a RCP seal LOCA sequence under high-pressure in-

_

jection failure. This was identified in the SARP rebaseline study as the most
dominant contributor to core damage, which was not, however, considered in the
IDCOR baseline study. Minor differences between the two studies are because
of the new success criteria used for the CCWS, SWS, and pressurizer PORVs,
resulting in slightly different sequence definitions and associated sequence
frequencies.

A.1.5 Comparison of Zion Core-Damage Frequency With Other Plants

A comparison of several recent studies of other PWR plants with large-
volume containments is given in Table A.6. Note that the estimated CDF for
most of the plants is quite close to Zion and that most of the sequence types
found at Zion also are found at the other plants although the individual

.
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contribution of each sequence type varies substantially. A substantial frac-
tion of the CDF for each plant is primarily caused by support system fail-
ures. Only Oconee exhibits a unique sequence type (internal floods). The
Oconee study also identified instrument air as a key support system for which
the effects of failure are difficult to quantify but are estimated to be a
significant contributor to many core-melt sequences.

A.2 Core-Meltdown Phenomena and Containment Response

This section contains a description of Zion containment performance and a
list of available Zion plant accident analyses (Section A.2.1). A comparison
of available results from IDCOR and SARP analyses for containment response,
radioactivity release and consequences is given in Section A.2.2. The discus-
sion of additional accidents analyzed by NRC contractors for this plant is in
Section A.3. The dif ferences between IDCOR and SARP analyses identified in
Section A.2.2 are discussed in Section A.3.1. Model differences and important
emergency system features, which could diminish the consequences of analyzed
accidents, are also discussed. The offsite consequences are discussed in Sec-
tion A.4

A.2.1 Containment Performance

The Zion containment is in the shape of a cylinder with a shallow, domedroof, and a flat foundation slab. The pressure at which failure would be
expected to occur is a key determinant in the likelihood and timing of con.'
tainment failure during pressure transients that result from the generation of
stean or combustion of hydrogen. The pressure at containment failure can also
influence the dispersion of fission products released to the environment. The
PRA for Zion Nuclear Power Station determined the realistic containment build-
ing ultimate pressure capacity to be about 150 psia (lower bound).

The containment fan cooler spray systems provide redundant and diverse
containment heat removal capability for Zion. The containment fan cooler sys-
tem is designed to remove heat fran the containment building during both
normal operation and in the event of a design basis accident. The containment
fan cooler units are an engineered safeguard system. Five f an coolers are
provided for each containment. Each cooler is rated at one-third the required
capacity for design basis accident conditions.

The containment spray system, on the other hand, is designed to limit the
pressure in the containment atmosphere to levels below the containment design

,

pressure and to reduce the radiological releases to the 10CFR100 limits.
Three completely redundant containment spray systen trains are provided for
each unit, with each system rated at 100 percent capacity for design basis
accident conditions. One of the spray trains has a diesel engine driven spray
pump for added diversity. All three containment spray pumps tak: suction from
the RWST and discharge into the spray rings located around the inside of the
containment dome. Should spray be required during the recirculation phase of
the accident, two of the three spray subsystems can be supplied with water
from the containment sump via the RHR pumps which deliver water to the
discharge lines of the two motor operated spray pumps. Spray pump operation
is therefore not necessary during the recirculation phase. Both motor-driven
pumps and all motor operated valves can be supplied with power from the

.
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emergency diesel generators in the event of a loss-of-off-site power. Failure,

- of a single diesel or emergency bus will affect one subsystem only.

A.2.1.1 List of Analyzed Accidents

The Zion Nuclear Power Station accidents were analyzed by SNL 3 7and BNL
in the review of Zion PRAs study, by Battelle Columbus Laboratories (BCL) in

.

BMI-2104' and a recent study l0 in support of NUREG-1150, and very recently by
BNL's rebaselining study. ll Previously the Zion plant accidents were analyzed
by the NRC in NUREG-0880,12 by BNL in NUREG/CR-2228 13 and reviewed by the NRC,

staf f in Ref. 4 The industry Zion study is reported in Volume 23.1 '' and
Volume 21.1 1 of the IDCOR report and in Zion PRA study (ZPSS).s

Table A.7 gives a list of analyzed accidents. The status of plant damage
is given by two to four letter symbols (e.g., SLFC = Small LOCA, Late contain-
ment rupture, Fans operating, Containment Sprays operating, see explanation to
Table A.2). The other columns in Table A.7 are defined by symbols from WASH-
1400.I L

A.2.1.2 Containment Failure Probability
,

1 The probability for early containment failure from the SARRP study ll

; (Figure 3.5 of Ref. 11) is plotted in Figure A.2 along with mean, median -

values and uncertainty ranges represented by the 5th and 95th percentiles. As
shown, the uncertainty range is from 1x10-3 to 0.17 The median value is 0.01;

j and the mean value is 0.04

The results were compared with other studies in Table A.8. The Surry
study has a mean value of 0.2 which is about a factor of five higher than that
of Zion. The IDCOR analysis predicted a significantly lower probability of i
5x10-3 based on the assumption that early containment failure is dominated by
the isolation failure. A separate calculation for the isolation failure prob-
ability of the Zion containment showed a similar result to that of the IDCOR

,analysis. The mean probabilities of isolation failure were .04 in the SARRP 1

study and 5.0x10*3 in the 10COR analysis, respectively,
t

A.2.2 Comparison of SARP and 10COR Results
>

4

I The results of SARP and IDCOR calculations for the primary system and
containment response are summarized in Table A.9. The containment pressure

.1

response for compared accidents are given in Figures A.3 through A.;3. The
' main features from this comparison are given as follows. ,

| The "Seal LOCA" Accidents (Sequences 1 thi'ough 4 in Table A.9)
,

i The "seal LOCA" accidents are either TMLB' type as in Refs. I and 14 or
S D type as in Ref.10. They are both characterized by small LOCA from pump2,

j seals with failure of ECCS cooling injection (D) and failure of containment
spray injection (C), which may include failure of spray recirculation system
(F). The same failure events occur with TMLB' accident seal LOCA (failure of
all ECC systems because of loss of site power).

,

In tne TMLB' case the seal LOCA occurs 45 minutes af ter loss of site
-

power; in the S2D case a seal LOCA occurs as an initiating event, at t = 0,
'

,
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followed by failure of ECC injection and spray injection and recirculction
system failure. The 5 0 C r F r 1 case assumes early containnent failure2 i i
(at 2.22 hrs) because of hydrogen burn overpressure (y case), the S 0 C r

2 i
F r 2 case assumes late containment failure (at 15 hrs).i

Figure A.3 from Ref. 10 shows for 5 D C r (SARP) containment pressure2 i
increasing from 14.7 psia to 149 psi almost linearly during 24 hours, when the
containment is assumed to rupture. At the RPV failure one can see (Fig. A.3),
a pressure spike with another spike at 2.7 hours (53 psi) because of hydrogenburning. Similarly, for the TMLB', seal LOCA case (IDCOR), given in Figure
A 4 f rom Re f. 14, one can see a steep pressure rise at core uncovery (1.57
hrs) and another steep rise with a spike at RPV failure (3.8 hrs). Subse-
quently, the pressure rises slowly to 149 psi, when the containment ruptures
at 32 hours and very slowly (because of the assumption a small hole in con-
tainment) loses pressure (IDCOR case). The containment rupture in SARP case
(see Fig. A.3), occurs faster (at 24 hrs) and the containment p essure drops
suddenly, because of an assumed large hole in containment. The pressure in
containment for SARP S 0 Cir Fr 2 case behavcs rather similarly as ini2

SARP S D C r case, except the containment ruptures faster, at 17.93 hours2 i
(see Fig. A.5). On the other hand for the SARP S D C r Fj,.2 case the con-2 i
tainment ruptures because of a pressure spike caused by hydrogen burn at 2.22
hours (see Fig. A.6). No such spike is ever observed in the IDCOR calcula-
tions. The 10COR TMLB'-8, seal LOCA case behaves similarly to the TMLB'-6
case, except the containment is assumed to be bypassed, with times of core
melt and RPV failure about +he same, as for 10COR TMLB'-6 seal LOCA case.

The TMLB' (no LOCA) cases (Sequences 5 through 7 in Table A.9)

The IDCOR calculation of TliLB' (no LOCA) case shown in Figure A.7 gives
almost the identical pressure in containment, as in Figure A.4 for the TMLB'
seal LOCA case. in comparison, the SARP results9 for Zion TMLB1 and TMLB2
shown on Figures A.8 and A.9, indicate two pressure spikes at core uncovery
(1.88 hours) and at RPV failure (2.83 hrs) which are similar to the same event
in IDCOR calculations (2.2 and 4.0 hrs, respectively). After RPV rupture, the
containment pressure rises slowly for the SARP calculation until the end of
SARP calculation). It appears that if the SARP calculations proceeded to
about 40 hours the containment would rupture as in the IDCOR case (Figure
A.7).

The Zion TMLU case (SARP) in Figure A.10 shows one small pressure peak at
core uncovery (2 hrs) and a large 149 psi peak at 3.16 hours, when the con- '

tainment ruptures because of a hydrogen burn.

SLFC, ALFC and 10- AEFC (5,0) Accidents (Sequences 9 through 11 in Table A.9)

The containment pressure for SLFC accidents from 10COR calculations (Fig-
ure A.11) shows three peaks; one at 1.8 hours (26 psia), the second at core
urcovery (7.2 hours, 23 psi) and the third sharp peak at RPV failure (13.9hrs, 34 psi). Figgre A.12 shows that for ALFC accident (IDCOR results) there
is only one main pressure peak at 3.5 hours (35 pai), with some very small
pressure peaks at 2.3 hours (RPV failure) since the reactor vessel is alreadydepres suri zed .

.
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After 5 boers (SLFC) or 15 hours ( ALFC) the pressure slowly decreases. I

Finally, the 5
small peaks be!0-s accident (SARP results), Figure A.13 shows a number of

;+

ween 18 and 25 psi pressule which occurs between 0 and 5.0 !

hours during the accident, with slowly decreasir.g pressure after 6 hours. All -

three accidents (SLFC = S ho, ALFC = AH6, SgD-c) lead to relatively small ;

-

2
loading of containment, without final containment failure (NCF), both for !

10COR and SARP calculations,
t

j A.3 Comparison of Accident Releases !
t-

j The fractional releases of core radioactivity inventory into the environ
ment from the previously discussed accidents are given in Table A.10. From
the table, one can see that 10COR THLB'-6-seal LOCA and TMLB'-6-no LOCA re-

ileases are identical, if we compare those release with SARP-seal LOCA cases
,

(see first three lines of Table A.10), we can see that 10COR releases are one |
;; and two orders of magnitude smaller than 5 0 Cir and S 0 Cir F r 1 re-2 i3 ;leases, respectively. On the other hand, the IDCOR TMLB'-6-seal LOCA releases '8

for iodine (I) and cesium (Cs) are oil about 100 to 1,000 times larger than
hours)i r releases (released at 24 hour $) even if they are released later (32
S0C2 *

The SARRP and 10COR predictions for the other elements are similar.

for the same compared cases (see tellurium (Te), strontium (Sr), ruthenium,

(Ru), lanthanum (La) colunns in Table A.10). Thus, the 10COR and SARP re-
.leases often show remarkable differences, because of different modeling i

approaches (particularly for I and Cs).

The SARRP uncertainty analysis was performed at BNL for the Zion plant.M
In the course of calculations, the SURRY BIN matrix was used, depicting the
containment performance of the plant. This matrix was extended froa 15 bins
(originally used for Surry in Ref.17. Table 02) to 19 bins for Zion, where
the last bins 16 to 19 represent the Surry bins 1 to 4 with containment fail-
ure because of direct heatir.g of the containment. The bin table is given in
Table tuli and is explained in detail in Ref.17 for each bin. The code
SOURCC was used at BNL, to produce approximate source terms for the 19 Zion
bins. The results are given in Table A.12. These releases were obtained from
the basic fcur Source Term Code Package ($TCP) releases given in the BCL IO
results of Table A.10 Tne combinations of the releases for 19 bins were per-
fomed by the SOURCE code, which allows calculation of radioactivity releases
for early or late containment failure, with sprays operating or failed and
with different containment failure modes given in Table A.11.

Several nechants'ns have been identified by which there could be signifi-
cant releases of Cs and I from the containment atmosphere at late times.
These include; (a) revolatilization f t om the RCS, (b) slow deposition of ini-
tial releases from the RCS, (c) radioactive decay chains, (d) resuspension
because of depressurization at containment failure (e) retention in the melt
until after vessel failure. All of these mechanisms are lumped together as a
"deleyed release" for I and Cs in SOURCE.

Another important phenomenon not modeled in the STCP methodology deals
with radiological releases associated wi th high-pressure Irelt ejection ared
direct containment heating.

If the primary system is pressurized at the time of vessel breach, fuel
will be ejected unoer pressure in a process which can result in significant

.
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aerosol gueration, as has been demonstrated experimentally. The SOURCE code !
i

also accounts for releases because of early containment failure by direct
heating which was nut modeled in the BCL results.H

t
In general, much higher releases are predicted by the SOURCE code, than:

in the STCP calculations.;

Those nigher releases are because of more volatile
iodine (1 nydrogen iodide, etc.), delayed release of I and Cs from the RCS, ji

and the dfr,ect heating release attributed to high-pressure ejection of corim
'

;

from the RCS following high-pressure sequences. e
!

'

A.3.1 10C02 and SARP Modeling Differences *

There are a number of differences between the 10COR and the B;L computer
:

| model s. These differences are listed in the form of issues, which have been
discussed by NRC and IDCOR staff in a series of meetings. These issues are

-

listed in Table A.13. Out of the 18 issues, a subset of 8 have been identi- '

fied that are appropriate to the subject of this section. Each issue is i

,

briefly discussed in the following sections. Differences between 10COR andBCL will be identified and their significance indicated.

; In-Vessel Hydrogen Generation (NRC/IDCOR issue 5) '

There are significant differences between the 10COR and BCL predictions '

of hydrogen (H ) generation during in-vessel core melting.2 During the early [
;

stages of core heatup and degradation (while the fuel aods are still in place
in the core region), both 10COR and BCL predict similar H2 generation. How- !

.

ever, after the fuel rods and cladding begin to nelt and relocate in the bot-,

!ton of the reactor ' vessel, the BCL analysis indicates substantially, more H
!

:

j generation than the 10COR analysis. Of ten twice as much H is generated in
-

'
2the BCL analysis than in the 10COR analysis,

;

r

Hydrogen is important to containment loading because it is a combustible
and noncondensable gas. The larger amount of H generated in-vessel in the2
BCL and SARRP analysis leads to a higher likelihood of hydrogen burning along i;

!with a higher likelihood of early containment failure.
1 !

i Cora Slump, Core Collapse, and Reactor Vessel Failure (NRC/IDCOR lssue 6)

The 10COR core slump model assumes that after 40% of the core has melted,
it will relocate into the bottom of the reactor vessel, which will then rep.

.

)

| idly fail because of local penetration failure. Thus, only a fraction of the-

core will be initially released from the reactor vessel. The remainder of thecore melts down over a much larger time period. On the other hand, the BCL
'

core slump model assumes total collapse of the core into the bottom of the
reactor vessel after 75% of the core is predicted to melt. Thus, all of the

,

;
core debris is available to be released when the vessel is predicted to fail

! in the BCL model. This modeling tends to increase the hydrogen available for
! detonation / deflagration at vessel break (Issue 5), and the potential for dir.
j ect heating (Issue 8) as well as promoting a nore rapid core-concrete attack ,

ii (Issue 10) with more aerosol generation (Issue 9).
i3

i

I
'

!
r

;
,
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; Direct Heating of Containment (Issue 8) |
<

;
; The pressure rise in containment because of direct heating is propor- 1
i tional to the quantity of core debris dispersed from the reactor vessel. The |BCL analysis predicts significantly more debris release at vessel failure than

t
i the IDCOR analysis. Thus the potential for early containment failure because '

| of direct heating is higher in the BCL analysis,
i
: The assumption that all the core debris is released at vessel failure '
' (BCL analysis) is clearly conservative and the SARRP il uncertainty study has

addressed the probability of small debris fractions. The IDCOR results appear
1- to be too optimistic considering the lack of supporting large scale experi- !
L nents. However, spray operation may reduce the pressure pulse associated with
2 ;

direct heating by flooding the reactor cavity which may help quench the core
|

| debris. Containment sprays and containment cooling are thus very important to
|

j the timing and mode of contatnment failure.
,

j Ex-Vessel Heat Transfer Model from Molten Core co Concrete (Issue 10) {
i

Almost all cases analyzed by IDCOR assume that the reactor cavity is ;
i flooded by water from containnent sprays. This mechanism allows hot debris to '

4 drop from the failed RPV into water and form a coolable debris bed under
water. The solidified debris is assuned to stay solid without further attack-

r

ing the concrete. In the BCL analyses the spray is assumed to fail and the i1

| debris attacks concrete continually. -

1

>
! The IDCOR assumption appears to be overly optimistic given the lack of !
| large scale debris coolability data. If the debris is not cooled, it will ;

i attack concrete and produce noncondensable gases, even if the top surface of
!

)) the debris is covered by water, in view of the uncertainty, the slow pressur- (tration of the containment resulting from the coolable debris assumption in
!' the IDCOR analyses appears to be unjustified and the potential for the rapid
|| containment pressurization pyicted in the BCL analyses should be considered. -

.

The SARRP uncertainty study has assigned weighting factors to the various j|

i possible combinations of containment spray operation and debris cooling. Mott ;
j of the risk was found to come from early ecntainment failure because of direct ;heating. i,

)
,

| Containment Failure Because of Hydrogen Deflagration (Issue ly,
1

In the IDCOR analysis hydrogen deflagrations do not occur. This ij
because of the small amounts of hydrogen generated (about 1/2 of the isCLbg (,

j predictions) .
|4

|I BCL predicts substantial hydrogen generation and subsequent combustion ;

but even with hydrogen combustion the containment pressure is substantially ;

below the failure point.

Containment Performance (Issue 15)
i

| For those cases with failure of the containment heat removal ;ystem, the :
.I containment eventually overpressurizes and IDCOR assumes that a relatively f

{ small containnent failure will occur which allows gradual leakage of the con-
) tainment atmosphere to the auxiliary building. By comparison the BCL an31ysis
} !

,

,
'
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2assumes an opening large enough (7 ft ) to rapidly depressurize the primary -

containment. These dif ferences iesult in substantial diff erences in the esti- :

mated decontamination factor for the auxiliary building.

Fission-Product Release Prior to Vessel Failure (Issue 11_

Both studies predict similar releases of the more volatile fission prod-
ucts during in-vessel core degradation with the exception of Te. (IDCOR
predicts about 1/10 the TE releases of BCL for TNLB'-6). However, in the
IDCOR analysis, rubidium (Rb), zirconium (Ir), ;1"tonium (Pu), lanthanum (La),
barium (Ba), yttrium (Y), technetium (Tc), rhod.am (Rh), and palladium (Pd)

,

were omitted from the in-vessel release. This IDCOR omissic i will lead to -

somewhat smaller environnental doses than in the BCL cases. 10COR has agreed
to account for these omissions in future calculations.

_

e:
Fission-Product and Aerosol Retention i.9 the Primary System (Issue 4) y

Dif ferences in the prinary system retention predicted by 10COR and BCL
are not too significant an differ by less than a factor of two. In the BCL -

nodeling it is assumed that fission products retained in the primary system at
the point of vessel failure are retained permanently. In the IDCOR analysis
of the Peach Bottom pl ant , revaporization of these fission products af ter
vessel failure was modeled.le This revaporization if not used in the IDCOR
model for Zion since the higher heat losses from the primary system are nre-
dicted to keep the Zion primary systen relatively cool.

Ex-Vessel Fission-Product Release (Issue 9)

There are significant dif ferences between the IDCOR and BCL analyses for
fission product release as a result of core. concrete interactions. The higher
releases of Sr (and also La, Ce ard Ba groups) in Table A.10 in the SARP
analyses are because of the modeling of ex-vessel fi ssion-product release.
Fistion-product release and inert aerosol generation during core-concrete in-
teractions was not modeled in the IDCOR analysis. 10COR argued that even for
a dry cavity the aerosol generation during core-concrete interactions would
increase aerosol density in containment and increase aerosol aggloneration or
settling, thus reducing the predicted environmental release fractions relative
to thote predicted without this additional aerosol source. BNL does not con-
sider that this 10COR argument has been adequately supported. In addition,
the IDCOR predicted core debris temperatures during core-concrete interactions
are very high. Based on experimental evidence one would expect the release of

.

some of the refractory fission-product groups at these elevated temperatures.
The BCL and SARRP analyses currently model the release of the refractory fis-
sion products and the inert aerosols and the environmental release fractions

_are significant (refer to Table A.10).

A.4 Offsite Consequences

The estimated risk results for Zion cre surnarized in Table A.15 The
IDCOR results indicate that the large-volame containment is very effective in
mitigating fi ssion-prod uct releases and the offsite consequences are quite

ilsnall . However, the SARRP consequence results are very different than IDCOR
for Zion. ,

.
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The major differences between SARRP and 10COR appear to be containment
perfornance and releases during core-con: rete interaction. The overall con.,

tainmgt failure probability produced by SARRP is shown in Figure A.12.
'

SARRP estimates that there is about a di chance (mean) of early containment
i failure for Zion core-damage sequerces. A comparison of containment failure

probabilities is given in Table A.15. As shown in Figures A.14 and A.151

j SARRP11 predicts that there is only about a 2% chance of late containment
, failure as long as one or more containment heat removal systems (F and C for
i fans and sprays, respectively) are operational. For the SE damage state there

is no water in reactor cavity so there is a substantial likelihood of contain-
failure sequen(ces the releases fromi ment failure SARRP estimates a range of 5 to 80%). For late containment

core-concrete interactions tend to be
j important contributors to risk. 10COR assessed the probability of early con-

tainment failure to be negligible. The overall SARRP risk profilo appears to4

i be fairly consistent with previous studies of Zion. However, ICCOR is twoorders of magnitude lower.'

A.5 Summary and Ris'r Insights

A.S.1 Core-Damage Profile

Generally, as in other PWRs transients (including station blackout),
ser"ice water failure, small LOCA and ATWS (including SGTR and ISL) dominate
tk + d:re-damage risk profile for the Zion plant. It is perticularly note-
n a tv that loss of component cooiing water which nay lead to a RCP seal LOCA
seqw._.e under high-pressure injection f ailure is the most predominant con-
tributor to the core damage in both the Zion review and the SNL study. This
is a result of two conservative considerations in (a) the Quantification of
the CCWS pipe rupture frequency and (b) the assumption that loss of component
cooling water leads very promptly to a sizable seal LOCA. It is also noted
that the small LOCA is an important contributor to core damage. It is also
important to note that the major differences in quantitative results among the
studies result from the difference in modeling asstmptions and level of detail
and scope rather than plant differences or data differences.

Although there are a large number of contributing soquer, t there is a
reasonable expectation that if these sequence types can be ninit 'd,then the
overall core damage frequency will be controlled. As in Refer b. 8 and 19,
this principle is used in Sections 3 and 4 of this report to d: i'op guide-
lines and criteria to control the overall CDF (Goal 3).

It is recogniud that the qualitative accident sequence descriptors are
rather general and broad and that similar hardware functional requirements and
operator actions in the large-volume plants would lead to the ume general
accident sequences. A plant-specific examination (suG as a f ailure mode and
effects analysis coupled with a fault tree / event tree analysis) is needed in
order to identify the plant specific vulnerabilities (e.g., in maintenance
practices, operator training and emergency operating procedures) to contrib.
ute to a given general sequen,ce descriptor.

A.S.2 consequence Analysis

The assessment of core meltdown phenonena and containment response indi.
cates that the large dry containment provides a robust defense against early

.
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severe accident pressures and temperatures. However, differences in the 10COR
and BCL/SARRP assessments of containment response and fission product release
result in major differences in the predicted offsite consequences. The 10COR
assessment indicates that the containment will only fail very late in the
accident sequence if it fails at all. BCL/SARRP predict the possibility of
much earlier containment failure and much higher releases. The overall risk
estimated ll for Zion is dominated by the early containment failure sequences
which in turn are dominated by the perceived possibility of direct containment
heating.

If the contairment does not fail early. SARRP considers the likelihood of
containment failure to be low (about 5%) because of the redundant and diverse
containment heat removal systems and the availability of long-term coolant
supplies.
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Table A.1 Design Comparison of Nuclear Power Plants With large-Volume Ccontainments!

| Zion Surry Oconee
!

Owner Commonwealth Edison Virginia Electric & Pows.- Duke Power
j Site Lake County, Illinois Surry County, Virginia Oconee County, South Carolina

Capacity 3250 MWt 2441 MWt 2568 MWt
j Type 4 Loop Westinghouse PWR 3 Loop Westinghouse PWR 2 Loop Babcock & Wilcox PWR
1 (2 Units) (2 Units) (3 Units)

Containment Large, Dry Large, Dry, Subatmospheric Large, Dry
LPIS & LPRS 4 Accumulators 3 Accumulators 2 Core Flood Tanks

22 RHRS Pumps 2 RHRS Pumps 3 DHRS Pumps
CSIS & CSRS 3 CS Pumps 3 2 CS Pumps 2 RBS Pumps

j HPl$ & HPRS 2 S1 Pumps 3 Charging Pumps 3 Centrifugal Charging Pumps
i 2 Centrifugal Charging Pumps
} CHRS 5 RCFC Fan / Cooler Units 4CSRS Pumps with 4 CHRS HXs 3 RBCS Fan /Croler Units
: . AFWS 2 Motor-Driven Pumps 2 Notor-Driven Pumps 2 Motor-Driven Pumps
!

N 1 Turbine-Driver. Pgsn 1 Turbine-Driven Pump 1 Turbine-Driven Pump
EPS 3 Essential PoweF vivisions with 2 Essential Power Divisions 3 Load Divi'sions with 2 Hydro-

2 (Dedicated) + 1 (Swing) Diesel with 1 (Dedicated) + 1 electric Generators and 1'

Generators (Swing) Diesel Generators Transmission System from a
Steam Station

CCWS 5 Pumps a 3 HXs Shared by Both 4 Pumps & 4 HXs Shared by 6 Low Pressure SW Pumps Shared
; Units Both Units by 3 Units with a Backup _from
i ESWS 6 Pumps Shared by Both Units 8 Pumps a 3 Diesel Pumps 3 High Pressure SW Pumps'

Shared by Both Units
,

I Design parameters are for one unit unless otherwise noted.
2No associated heat exchangers in recirculation loops.1

,

3
} The 3rd pump is a direct-driven diesel pump.
j "Component Cooling Water System in Oconee is used mainly for cooling of the RCP thermal barrier.

4
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Table A.2 IDCOR Baseline Core-Damage Profile

P1 ant-
Core-Damage DamageRank Sequence Frequency (yr-1) State

1 Small LOCA, failure of recirculation
cooling 1.6E-5(1) SLFC

2 Seismic, loss of all ac power 5.6E-6 SE

3 Large LOCA, failure of recirculation
cooling 4.9E-6 ALFC

4 Medium LOCA, failure of recirculation
cooling 4.9E-6 ALFC

5 Fire in the AEE room with safety system
malfunctions 2.8E-6 TEFC

6 Fire in the cable spreading room with
loss of fans 1.8E-6 TEC

7 Spurious safety injection, failure to
control safety injection, recirculation 1.5E-6 SLFC
cooling (1.64E-6)I2) i

8 Spurious safety injection, loss-of-offsite 1.5E-6 SLC
power, loss of ESF Buses 148 and 149 (1.43E-6) 2)

9 Large LOCA, failure of low pressure t

injection 1.3E-6 AEFC

10 Medium LOCA, failure of low pressure 4.3E-7 AEFC
injection (4.36E-7)(2)

11 Loss of main feedwater, loss of offsite
power, loss of ESF Buses 148 and 149 2.9E-7 TEC

12 Reactor trip, loss-of-offsite power, loss
of ESF Buses 148 and 149, auxiliary feed- 2.1E-7 TEC
water failure (2.23E-7) (2)

13 Turbine trip, loss-of-offsite power, loss
of ESF Buses 148 and 149, auxiliary feed-
water failure 2.1E-7 TEC

14 Turbine trip due to loss-of-offsite power,
loss of all ac power, auxiliary feedwater
failure 2.0E-7 TE(TMLB')

'
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Table A.2 (Continued)

Pl ant
Core-Damage Dama ge

Rank Sequence Frequency (yr 1) Stnte

15 Loss of main feedwater, auxiliary feed-
water failure, failu.e of feed and bleed 1.4E-7 TEFC
cooling (1.33E-7)(2)

16 Interfacing systems LOCA (Residual Heat -

Removal System Inlet Valves) 1.1E-7 VL

17 Medium LOCA, failure of low pressure
injection, containment spray injection
and containment fan coolers 6.9E-12 AE

18 Spurious safety injection, failure of
recirculation cooling, failure of
containment sprays 2.5E-9 SLF

Total s 4.2E-5
(3.2E-5)(3)

(1)1.6E-5 = 1.6 x10- 5
(2) Values shown inside parentheses correspond to those in ZPSS.
(3) Internal events only.

.
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Table A.3 Zion Review Core-Damage Profile

Pl ant-
Core-Melt DamageRank Sequence Frequency (yr-1) State

1 CCW f ailure, causing failure of all
charging and SI pumps, seal LOCA 2.0E-4 SEFC

2 Loss of offsite power, failure of
component cooling water, failure to -

recover offsite power in four hours
(recovery prior to eight hours) 4.6E-5 SEFC

3 Loss of offsite power, failure of
component cooling water, failure to
recover offsite power in one hour

i(recovery prior to four hours) 4.0E-5 SEFC

4 Loss of offsite power, failure of
component cooling water, failure to
recover offsite power in eight hours,
failure of containment fans 1.8E-5 SEC

5 Small LOCA, failure of recirculation
cooling 1.6E-5 SLF

6 Loss of offsite power, failure of
component cooling water, failure to
recover offsite power in eight hours 7.9E-6 SEFC

7 Failure of de bus 112, caubing failure of
one PORV and loss of ac bus 149, failure
of auxiliary feedwater 7.0E-6 TEFC

8 Seismic, loss of all ac power 5.6E-6 SE

9 Large LOCA, failure of recirculation
cooling 4.9E-6 ALF

10 Medium LOCA, failure of recirculation ~

cooling 4.9E-6 ALF

11 Loss of offsite power, failure of
comporient cooling water, failure to
recover offsite power in eight hours,
failure of containment sprays and
fan coolers 4.7E-6 SE

12 Large LOCA, failure of low pressure
injection 1.4E-6 AEFC

,

,
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Table A.3 - (Continued)

Plant-
Core-Melt Damage

Rank Sequence Frequency (yr-1) State

13 Loss of offsite power, failure of
auxiliary feedwater, failure of feed
and bleed, failure to restore offsite

power in four hours (recovery prior to
eight hours) 1.1E-6 TEFC -

14 Loss of offsite power, failure of
auxiliary feedwater, failure of feed
and bleed, failure to restore ac power
in one hour (recovery prior to four
hours) 1.0E-6 TEFC

15 Interfacing system LOCA 1.1E-7 V

Total 3.6E-4
(3.54E-4)*

* Internal events only.

.
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Table A.4 Comparisons of Dominant Accident Sequences Obtained by.,

SARP Rebaseline, Zion Review and IDCOR-Baseline
'

Rank.

SARP Core-Mel t Pl ant-Rebase- Zion IDCOR Frequency Danageline Review Baseline Sequence (yr-1) State

1 1 CCW failure, causing failure of 1. 2 E- 4 SEFC
-

all charging and SI pumps, seal (2.0E-4)* (SEFC)*
LOCA

2 5 1 Small LOCA, failure of recir- 1.6E-5 SLFC -
culation cooling (1.6E-5) (SLF)

((1.6E-5))* ((SLFC))*
2 Seismic, loss of all ac power ((5.6E-6)) ((SE))

- -

3 9 3 Large LOCA, failure of recir- 4.9E-6 ALFC
culation cooling (4.9E-6) (ALF)

((4.9E-6)) ((ALFC))
4 10 4 liedium LOCA, failure cf recir- 4.9E-6 ALFC

culation cooling (4.9E-6) (ALF)
((4.9E-6)) ((ALFC))

5 Fire in the AEE room with ((2.8E-6)) ((TEFC))
- -

safety system malfunctions

5 14 Loss of offsite power, failure 2.1E-6 TEFC
-

of AFWS, failure of feed and (1.0E-6) (TEFC)bleed, failure to restore ac
power in one hour (recovery
by four hours)

6 Fire in the cable spreading ((1.8E-6)) ((TEC))
- -

roon with loss of fans

7 Spurious safety injection, ((1. 5 E-6)) ((SLFC))
- -

f ailure to control safety
injection, recirculation
cooling

8 Spurious safety injection, ((1.5E-6)) ((SLC))
- -

loss of offsite power, loss
'

of ESF buses 148 and 149

| 6 12 9 Large LOCA, failure of low 1.4E-6 AEFC
pressure injection (1.4E-6) (AEFC)

((1.3E-6)) ((AEFC))
i

I 7 13 Loss of offsite power, failure 4.6E-7 TEFC
-

! of AFWS, failure of feed and (1.1E-6) (TEFC)l bleed, failure to restore ac
power in four hours (recoveryi

by eight hours)

.
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Table A.4 (Continued) *

Rank
SARP Core-Melt Plant-
Rebase- Zion IDCOR Frequency Danageline Review Baseline Sequence (yr-1) Stato

10 Medium LOCA, failure of low ((4.3E-7)) t ( AEFC))
- -

pressure it.jection

8 3 Loss oi offsite power, CCW/SWS 3.2E-7 SEFC
-

loss, failure to restore ac (4.0E-5) (SEFC)in one hour (recovery by four ~

hours)

9 Same as sequence 8, only this 3.0E-7 SE
- -

represents the SWS common mode (----) (--)
portion of the rebaselined
Zion review sequence no. 3

11 Loss of main feedwater, loss of ((2.9E-7)) ((TEC))
- -

offsite power, loss of ESF buses
148 and 149

12 Reactor trip, loss of offsite ((2.1E-7)) ((TEC))
- -

power, loss of ESF Buses 148 and
149, AFW failure '

13 Turbine trip, loss of offsite ((2.1E-7)) ((TEC))
- -

power, loss of ESF Buses 148 and
149, AFW failure

14 Turbine trip due to loss of ((E.0E-7)) ((TE or
- -

offsite power, loss of all ac TMLB'))power, AFW failure

10 11 Loss of offsite power, CCW/SWS 2.0E-7 SE
-

loss, failure to restore ac (4.7E-6) (SE)power in eight hours, failure of
containment sprays and fan
coolers

11 2 Loss of offsite power, CCW/SWS 1.5E-7 SEFC
-

loss, failure to restore ac (4.6E-5) (SEFC)
power in four hours (recovery '

by eight hours)

12 Lost, of offsite power, failure 1.5E-7 SE
- -

of SWS, failure to restore ac (----) (--)power in eight hours. This se-
quence represents the SWS por-
tions of the rebaselined Zion !

review sequences no. 4 and no. 6 !

t

|
.
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Table A.4 (Continued)
Rank

SARP
Core-Melt Plant-Rebase- Zion 10COR Frequency Damageline Review Baseline Sequence (y r- 1) State

15 Loss of main feedwater, AFW ((1.4E-7)) ((TEFC))
- -

failure, failure of feed and
bleed cooling

13 4 Same as sequence 12 above, only 1.0E-7 SEC
-

this is the CCW portion of the (1.8E 5) (SEC) -rebaselined Zion review
sequence no. 4

14 16 Interfacing systems LOCA 1.0E-7 Y
-

(1.0E-7) (V)
((1.lE-7)) ((VL))

15 7 Failure of de Bus 112, causing 5.0 E- 8 TEFC
-

loss of one PORV and loss of ac (7.0E-6) (TEFC)Bus 148, failure of AFW

16 Same as sequence ll, only this 4.8E-8 SE
- -

represents the SWS common mode (----) (--)portion of the rebaselined Zion
review sequence no. 2

17 6 Loss of offsite power, CCW 3.7E-8 SEFC
-

failure, failure to recover ac (8.0E-6) (SEFC)power in eight hours

17 Medium LOCAr failure of low ((6.9E-12))((AE))
- -

pressure injection, containment ;
'

spray injection and containment
fan coolers

18 Spurious safety injection, ((2.5E-9)) ((SLF))
- -

failure of recirculation cool-
ing, failure of containment
sprays

.

Total **
1.51E-4
(3.53E-4)
((3.2E-5))

*Information shown inside a single parenthesis and double parentheses
corresponds respectively to that obtained by the Zion Review and 10COR
Baseline.

** Internal events only.

!
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Table A.5 Comparison of Dominant Core-Damage Frequency for Zion
(Per Reactor Year)

SARP Pl ant-
Rebase- IDCOR Damage

No. Sequence line Baseline State-

.

1 CCW failure, causing failure of all
charging and SI pumps, seal LOCA 1.2E-4 -- * SEFC

2 Small LCCA, failure of recirculation -

cooling 1.6E-5 1.6E-S SLFC

3 Large LOCA, failure of recirculation
cooling 4.9E-6 4.9E-6 ALFC

4 Medium LOCA, failure of recirculation
cooling 4.9E-6 4.9E-6 ALFC

5 Loss of offsite power, failure of AFWS,
failure of feed and bleed, failure to

,

restore ac power in one hour (recovery by I

four hours) 2.1E-6 TEFC---
,

Spurious safety injection, failure to-

control safety injection, recirculation
cooling 1.5E-6 SLFC---

Spurious safety injection, loss of offsite-

power, loss of ESF buses 148 and 149 1.5E-6 SLC !---
,

6 Large LOCA, failure of low pressure injection 1.4E-6 1.3E-6 AEFC

7 Loss of offsite power, fai. lure of AFWS,
failure of feed and bleed, failure to restore
ac power in four hours (recovery by eight hours) 4.6E-7 TEFC---

Medium LOCA, failure of low pressure injection 4.3E-7 AEFC- ---

8 Loss of offsite power, CCW/SWS loss, failure to
'restore ac in one hour (recovery by four hours) 3.2E-7 SEFC---

'

;

9 Sane as sequence 8, only this represents the '

SWS common mode portion of the rebaselined Zion
Review sequence no. 3 3.0E-7 SE---

Loss of ' main feedwater, loss of offsite power,-
;

loss of ESF buses 148 and 149 2.9E-7 TEC---

Reactor trip, loss of offsite power, loss of ESF-

Buses 148 and 149, AFW failure 2.1E-7 TEC---

i
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Table A 5 (Continued)

SARP Plant-
Rebase- IDCOR DamageNo. Sequence line Baseline State

Turbine trip, loss of offsite power, loss of ESF-

Buses 148 and 149, AFW failure 2.1E-7 TEC---

Turbine trip due to loss of offsite power, loss-

of all ac power, AFW failure 2.0E-7 TE ----

10 Loss of offsite power, CCW/SWS loss, failure
to restore ac power in eight hours, failure of
containment sprays and fan coolers 2.0E-7 SE---

11 Loss of offsite power, CCW/SWS loss, failure to
restore ac power in four hours (recovery by
eight hours) 1.5E-7 SEFC---

12 Loss of offsite power, failure of SWS, failure
to restore ac power in eight hours. This
sequence represents the SWS portions of the
rebaselined Zion Review sequence no.4 and no.6.
of Table A.4 1.5E-7 SE---

Loss of main feedwater, AFW failure, failure of-

feed and bleed cooling 1.4E-7 TEFC---
,

13 Same as sequence 12 above, only this is the CCW
portion of the rebaselined Zion Review sequence
ro. 4 of Table A.4 1.0E-7 SEC---

14 Interfacing systems LOCA 1.0E-7 1.1E-7 V

15 Failure of de Bus 112, causing loss of one PORV
and loss of ac Bus 148, failure of AFW 5.0E-8 TEFC---

Total 1.5E-4 3.2E-5

*Not identified or provided as dominant sequences.

1
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Table A.6 Comparison of Dominant Sequences for PWRS
With Large-Volune Containments

Core-Damage Frequency
(per reactor year)

NUREG-ll50 IDCOR NUREG-ll50
Event Type Zion Zion Surry tiill stone-321 Oconee22

Loss of CCW or SW 5.5x10-6* 7.1 x10- 7 1.3x10-5-- --

Transients 9.3x10-6 1.4 x10- 5-- -- --

LOCA** 2. 7 x10- 5 2.8x10-5 7.0 x10- 6 g,4 xio- 6 1.6 x10- 5

Loss of Bus 5.0 x10- 6 1.0x10-5-- -- --

Station Blackout 3.0x10-6 2.0 x10- 7 9.5x10-6 4.0 x10- 6 ..

Loss-of-Of fsite Pov'.er 1.0 x10- 6 2.2 x10- 6 1.1 x10- 6 3.2 x10- 6 2.4 x10- 6

Interfacing LOCA 1.1 x10- 7 1.1 x10- 7 9.0x10-7 1.9 x10- 6 2.8 x10- 6

ATWS ' cl .0 x10- 8 <1.0x10-8 1.6 x10- 6 2.5 x10- 6 6.0x10-6

Internal Flooding 8.8x10-5-- -- -- --

Other 5.0x10-8 1.6x10-6 4. 9 x10- 6-- ..

Total Core-Danage
Frequency 5.5 x10- 5* 3. 2 x10- 5 2.6 x10- 5 4.6 x10- 5 1.4x10 4

* Revised based on BNL SARRP results (NUREG/CR-4551, Vol. 5).
** Includes reactor-vessel ruptere.

*** Includes stean-generator tube rupture.

*
,

}
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Table A.7 Review of Accident Analyses for Zion Nuclear Flant
-

Detalled Calculations MARCH-CORRAL-CRAC Analysis Baseline
, SARRP IP55 peview ,1I

T DCOR SARP SNL - Webaseline'' TP55' ($NL . BNt ) Stet as unC32 IDcop '
5equence Sequence Sequenc e Sequence Sequence Seq.: enc e Sequence Sequenc eAnalyred Anajud Analyred Analyred* Analyred Analyzed Analyred Analyred

7-5[ ( TML h *- g) ' . '' Il-5E (TMtR*v,e) 1-5LIC l-5tFC ( T ML8 * ) (IMLR*e) 1-5f f Cseal LOCA. contatament j2-51 1 -5f F C 2-5Ebypass, or (5,0 e-scal r 3-AIFC 3-stf C 3-ALFC
LOCA) 4-ALFr 4-5EC 4-ALFC

r-St t rMt R *-4 )' . '' 2-St (5 ,nc,) sea'. LOCA'* l-StrC (5,0. seat LOCA) 5-AWS. FW loss 5-5LF (5,0) (5,0.) 5-itit
seal LOCA or (5 D-scal 2-51 ,(5 DC,, Fir 1) seal LOCA'' 6-ATw3. Turb loss 6-stf C (5,8) 6-it C2 2

LOCA) 7-5E (5,00,,F,77) seal LOCA'' 7-5LFC 7-it F C (5 B+one spray) 7-5t f Cg

R-SLC 8-5E (5,8+ flooded cavity) 8-5tC
9-AffC 9-ALF (S 8* break stre) 9-AEFCI14-11 (IMLR*-g)'.'' 10- Af f C (5,D-c )** 4-StC (IML R* y) 10-AF F C 10-ALF (TML8*) (IML8'e) 10-Alf Cno LOLA 14-it (TMLB* )- ll-T[C 11-5[ (TMLft*-flooded cavity) (TMLB'4 I II-IIE8 2, 14-it (IMLH) y TEIC (TMLR* 4) , TEC 12-AtfC !?-itC

13-11C 13-TEFC (TMIB* * basalt concrete) 13-TEC
14-TE (TMiB*) 14-IlfC (IMtS*+ sand) 14-TE (IML8*)

16-vt'.'' 15-V 15-itFC 15-V 15-it F Co-* 16-vt (TMLB** spray) 15-vlO
" (el) 1T-AE

(TMLQ) 18-5LF
1-5tFC 5 ,H4)I.'" 5-$LF (5 HI) ($ HF) (5 HF)2 3 2

(5;HFI fan fallure)
3-ALF C( AHs )' .'' 9-AtF (AH)
4-ALFC (AMs)' !?-AtFC (AD)

e

.
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Table A.8 Comparison of Conditional Early Containment Failure
Probability Given a Core-Melt Event

5th 95th Median Mean
_

Zion 11
(Revised 12/8/86) 1.0 X10- 3 0.17 .01 .04

Surry* 1.5 x10- 2 0.50 0.1 0.2
i

RSS* 0.2- - - -

10COR* 5x10- 3- - -

* Data from the Surry Report.20

.-. .-. .
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..Table A.9 Results of the Integrated Analysis of Accident Process and
,

Fission-Product Transport Zion

,-

Core Start of Time of Time of Maximal
Uncovery Core RPV Containment Fraction of Containment
Time Mel t Failure Failure Cladding PressureSequence * (hrs) (hrs) (hrs) (hrs) Reacted (psi) - (hrs)

11. 2-SE (TMLB')-8 1" 2.2 2.9 3.8 0 NR NR NR
(seal LOCA) - IDCOR

2. 2-SE (S DC )10 1.08 1.57 2.22 24.0 0.47 149.0 24.02

(seal LOCAh - SARP
12-SE (TMLB' )-6 .1" 2.2 3.0 3.8 32 0.153 149.0 32.0

8

(seal LOCA) - IDCOR '

l- 3. 2-SEy (S DC F 1) 1.08 1.57 2.21 2.22 0.47 149.0 2.22 j2 ir ir
(seal LOCA) - SARP i

|g 4. 2-SE (S 0C F 2)10 1.08 1.57 2.21 14.93 0.47 149.0 14.93 )2 ir ,p
'"

(seal LOCA) - SARP
5. 14-TE (TMLB')-6 .I" 2.2 3.1 4.0 32.0 G.143 149.0 32.0

1 8

(no seal LOCA) - IDCOR
86. 14-TE (TMLB')-c - SARP 1.83 2.18 2.83 NCF(10h) 0.51 114.1 16.7

l07. 14-TE (TMLU)-y - SARP 2.08 2.47 3.16 3.16 0.52 149.0 3.16 l

8. 16-VL .I' - IDCOR -24 -24 26 0 NR NR NR
I

19. 1-SLFC (S H)-6 1" - IDCOR 7.2 12 13.9 NCF 0.655 34.0 13.9
a

2
110. 3-ALFC ( AH)-6 1" - IDCOR 0.8 1.7 2.3 NCF 0.486 34.0 3.5

8

11. 10-AEFC (S D)-c9- IDCOR 1.89 2.51 3.13 NCF(10h) 0.85 25.4 3.132

* Symbols are defined in Table A.14
NCF = No containment failure.
NR = Not reported in Ref.1.
aCalculated from amount of H at RPV failure, given in Ref.14 '2

.
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Table A.11 Characteristics of the Source Term Bins

Sequence and Containment Source Term Bins sStatus 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Containment Failure
Rupture Before Core Melt /

Early Overpressure / / / / / / / /
Late Overpressure-Rupture / /
Late Overpressure-Leakage /

Helt-through / / -

Leak or Isolation Failure / / .

Containment Bypass-SGTR /
Containment Bypass-Dry /

tio Failure /
- Containment Spray System . .

(See flote 1) Operates / / / /- - -

Fails / / / / / /-

Primary System Pressure~

S liigh / / / /
Moderate / / / /

Low
Containment Pressure

(See late 2) High /
Low /

Water Available Ex-Vessel
Yes - - -

No / / / / / / / / /
Direct Heating Effect .

None / / / /
.

'
Significant / / / /

/ - The characteristic is required for the bin. Characteristics not marked are not determinant
of the bin and any combination may apply.

- Either of the characteristics noted by this symbol apply to the bin in combination with the
others markea /.

Note 1: The spray question is also dependent on timing. Critical timeframes are different for
di f ferent bins.

.

Note 2: This is only used as a discriminater for Bins 13 and 14. Obviously, contain' ment pressure
is high in many other bins and these are not checked.

.



Table A.12 Results of Source Term Calculations Release Fraction By Group
.

8 b
Release Warnin9 Eleva- 1 2 3 4 5 6 7 8 9

Time Dur. Time Lion Energy
Bin (hr) (hr) (br) (m) BTU /hr KR-XE I CS TE SR RU LA CE 8A

1 2.5 5. 0.5 10 2.+7 88 .59 43 40 5.1-2 4.5-3 1.4-2 3.3-3 5.9-2
1.21 1.19 1.22 1.21 14.9-2 18.5-3 12.4-2 15.5-3 15.3-2

2 2.5 5. 0.5 10 8.46 .R8 .23 .14 8.2-2 1.1-3 1.1-6 1.4-4 6.1-5 5.0-3

i.21 1.051 1.07 16.4-2 tl.2-3 t1.9-6 13.5-4 11.4-4 15.7-3

3 2.5 5. 0.5 10 2.+7 .88 9.1-2 3.6-2 .18 5.0-2 4.5-3 1.4-2 3.3-3 4.6-2
1.21 t6.1-2 4.2-2 .11 14.8-2 t8.5-3 12.4-2 15.5-3 15.0-2

4 2.5 5. 0.5 10 8.46 .88 8.9-2 3.4-2 1.6-2 8.2-4 7.0-7 1.4-4 6.1-5 4.9-4.

1.21 16.1-2 14.2-2 !2.6-2 11.1-3 11.8-6 12.4-4 11.5-4 15.3-3

5
S 1.5 5. 1.0 10 1.+7 .88 .43 .37 .36 5.1-2 4.5-3 1.4-2 3.3-3 6.0-2

'

1.21 1.18 1.18 1.19 14.8-2 18.5-3 12.4-2 15.5-3 15.2-2

6 2.5 5. 0.0 10 1.+7 .88 .12 8.8-2 .17 5.0-2 4.5-3 1.4-2 3.3-3 4.6-2

!.21 t.08 1.10 .11 14.8-2 28.5-3 12.4-2 15.5-3 15.0-2

7 1.5 5. 0.0 10 1.+5 .88 8.9-2 3.4-2 1.6-2 4.1-4 8.1-7 8.3-5 3.0-5 6.9-4

1.21 t6.1-2 14.2-2 12.6-2 18.5-4 13.1-6 13.0-4 11.0-4 11.1-3

8 8.0 1. 6.0 10 1.46 .R8 5.3-2 9.6-3 1.3-3 3.9-4 7.9-7 8.3-5 3.0-5 2. 2-4

i.21 13.8-2 11.7-2 11.4-3 18.5-4 !3.1-6 13.0-4 11.0-4 t1.1-3
,

0

9 15.0 1. 12.0 10 1.46 .88 .18 .13 .14 1.1-2 1.8-3 2.9-3 6.1-4 1.2-2

!.21 1.12 1.13 i.13 11.5-2 14.8-3 16.8-3 11.4-3 11.5-2

10 2.5 5. 0.5 10 2.+5 .88 .18 .13 5.7-2 2.3-3 3.9-4 6.0-4 1. 3-4 4.4-3

.21 1.12 1.13 15.7-2 12.5-3 19.7-4 11.3-3 12.6-4 14.8-3

Late iodine and revolatilization releases are included. ,a.
Revolatilized Cs release is included.b. If the lower error limit reaches a negative value for release fraction, then lower limit is zero.c. ,.

.
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Table A.12 (Continued)
, .

,

t a
| g

8 b '

Release Warning Eleva- ' l' 2 3 4 5 6 7 8 9
Time Dur. Time tion Energy

Bin (hr) (hr) (hr) (m) BTU /hr KR-XE I CS TE SR RU LA . CE BA.

11 2.0 5. 1.0 0 3.+6 .88 .13 6.2-2 6.0-2 1.1-2 6.9-4 2.2-3 5.6-4 1.1-2
] i.21 2.17 1.15 27.9-2 tl.9-2 12.7-3' i7.7-3 '11.8-3 11.9-2

_

: 12 2.0 5. 1.0 0 3.+6 .88 .42 .27 .18 2.5-2 4.9-3* 6.0-3 1.5-3 2.9-2
1.21 1.19 1.18 1.132 12.9-2 14.6-3 11.3-2 i3.0-3 13.1-2

)
'

| 13 24.0 1. 22.0 0 0 .88 2.1-5 2.1-5 3.9-5 4.1-6 7.5-7 1.2-6 2.4-7 4.6-6
! +.21 12.0-5 22.0-5 13.3-5 14.8-6 11.8-6' 12.5-6 14.9-7 15.2-6
!

-

14 24.0 1. 22.0 0 0 .88 2.8-6 2.9-6 2.6-6 1.4-7 2.7-10 2. 8-8 1.0-8 2.0-7
1.21 14.1-6 14.2-6 i3.9-6 il.9-7 17.0-10 16.8-8 12.2-8 13.3-7

) c5
*

") 15 24.0 1. 22.0 10 0 .88 2. 8-6 2.9-6 2.6-6 1.4-7' 2.7-10 2.8-8 1.0-8 2.0-7
1 1.21 14.1-6 14.1-6 !3.3-6 11.9-7 17.0-10 16.8-8 12.2-8 13.3-7

2.8-2 3.7-3 9.1-216 1.5 5. 0.5 10 2.+7 .95 .65 .49 .51 8.2-2 , .10 g
1.09 !.14 !.19 1.13 15.0-2 i .12 J 2.'t .2 13.1-3 15.2-2

o .

17 1.5 5. 0.5 10 8.+6 .93 .28 .19 .23 4.4-2 7.3-2 1.6-2 1.7-3 4.7-2
.22 1.07 .08 1.07 13.1-2 18.5-2 11.2-2 11.2-3 13.1-2

18 2.5 5. 0.5 10 2.+7 .92 .12 7.0-2 .23 6.6-2 '5.5-2 2.0-2 3.5-3 .6.3-2
1.15 .08 16.9-2 1.11 14.3-2 {6.0-2 12.0-2 14.1-3 UE+00

,

19 2.5 5. 0.5 10 8.+6 .92 .12 6.6-2 6.0-2 1.3-2 1.9-2 5.6-3 6.2-4 1.3-2
,

.15 1.08 15.6-2 13.4-2 18.5-3 12.0-2' 15.5-3 15 .7-4 18.2-3

a. Late iodine and revolatilization releases are included.
b. Revolatilized Cs release is included.
c. If the lower error limit reaches a negative value for release fraction, then lower limit is zero.

.
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Table A.13 HRC/IDCOR lssues

issue Subject

1 Fission-Product Release Prior to Vessel Falure
2 Recirculation of Coolant in Reactor Vessel
3 Release Model of _ Control . Rod.Haterials
4 Fission Product and Aerosol Retention in the Primary System
5 In-Vessel H Generation2
6 Core Slunp Core Collapse, and Reactor Vessel Failure
7 Containment Failure due to In-vessel Steam Explosions -

8 Direct Heating of Containment
9 Ex-Vessel Fission-Product Release

10 Ex-Vessel Heat _Icansfer Model from Holten Core to Concrete
11 Revaporization of Fission Products from the Primary System
12 Fission Product Deposition Model in Containment
13A Suppression Pool Bypass (Pool Scrubbing)
13B Retention of Fission Products in Ice Beds
14 Hodeling of Emergency Response
15 Containment Performance
16 Secondary Containment Performance
17 Hydrogen Ignition and Burning
18 Essential Equipment Performance

.
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Table A.14 List of Symbols for Reactor Accidents

A Intermediate to large LOCA.
__

B Failure of electric power to ESF's.
B' Failure to recover either onsite or offsite electric power within

about 1 to 3 hours following an initiating transient which is a
loss of offsite ac power, T .tD Failure of the emergency core cooling in,iection system.

F Failure of the containment spray recirculation system.F ,F ft 2 3 Different-variants of F.
H Failure of the energency core cooling recirculation system. "

L Failure of the secondary system steam relief valves and the
auxiliary feedwater systen.

M Failure of the secondary system steam relief valves and the power
conversion system.

S A small LOCA with an equivalent diameter of about 2-6 inches.t
S A snali LOCA with an equivalent diameter of 1/2-2 inches.2
S Small accident with an equivalent diameter 0.75 inch = pump seal3

LOCA.
SGTR Steam generator tube rupture.
T Transient event.
T Transient event other than Tt = transient from loss of offsite23

power.
U Chemical and volume control system.
V LPIS check valve failure.
W Failure to remove residual core heat,

Containment rupture due to a reactor vessel steam explosion,a
8 Containment failure resulting from inadequate isolation of con-

tainmant openings and penetrations,
y Containment failure due to hydrogen burning.
6 Containment failure due to overpressure,

Containment vessel melt-through.c
6 Water present in cavity at RPV failure time.

.
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Table A.15 Risk Results from the SARRP Rebaselining Report Compared to Previous Studies

7Index RSS BNL
Review IDCORI I(Per Year) Mean Median 5% 95% (Surry) ZPSS5

1. Early
Deaths 2.3-4* 6.5-5 3.5-6 8.3-4 4.-5 1.1-5 6.5-5 0.0

l
2. Early

Illness 5.4-4 1.6-4 1.605 1.9-3 -- 2.8-4 3.5-3 |--

)
3. Cancer

Deaths 3.9-2 1.7-2 3.0-3 1.2-1 3.-2 3.6-3 1.6-2 1.6-5
*

1

4. Off-site
'

~

Costs 1.5+4 6.5+3 8.0 + 2 4.3+4 -- --t -- --

|

5. Population
'

{ Dose 8.4+1 4.5+1 7.3+0 2.3+2 -- 1.5+1 2.2+2 .31

*2.3-4 = 2.3x10-4

!
l
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ABSTRACT

Guidelines and criteria have been developed for preventing and mitigating
severe accidents in PWRS that have ice-condenser containments. The guidelines
were developed from insights derived from reviews of risk assessments per-
fomed specifically for the Sequoyah plant and from assessments of other rele-
vant studies. Accident sequences that dominate the core-damage frequency and

,

.

those accident sequences that are of potentially high consequence were identi-
-

fled. Vulnerabilities of the ice-condenser containment to severe accident
containment loads were also identified. In addition, those features of a PWR
with an ice-condenser - containment , which are important for preventing core
damage and are available for mitigating fission-product release to the envir-
onnent were also identified. The guidelines and criteria are issued to pro-
vide direction to an analyst examining an individual plant. This direction
calls attention to plant features and operator actions and provides the stan-
dards for assessing those features and actions found to be helpful in reducing
the overall risk for Sequoyah and other PWRs with ice-condenser containments.
Thus, the guidance is offered as a resource in examining the subject plant to
determine if the same, or similar, guidelines will be of value in reducing
overall pl ant risk. These guidelines and criteria are intended to serve ,

solely as guidance.

.

i

6 5

.

1

iii

,

'*^f# _, , , _ , - - - - - - - - - - - - - ---~~w~ - - - ~ * * ^ ' * ' ' ~~" ~ ' ~ ' ' ' ' ~'" '''~~'" ^" ~ ~' ''.



.A
s

0

TABLE OF CONTENTS

Pa ge

ABSTRACT................................................................. iiiLIST OF FIGURES.......................................................... viiLIST OF TABLES..........................
ACKNOWLEDGMENTS.........................

................................ viii

NO ME NC LAT U R E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x i................................ xiii

1. EXECUTIVE SUMMARY.................................................... 1,

1.1 Core-Dama ge Pro fi l e. . . . . . . . . . . . . . . . . . . . . . .
2

1.2 Con s e qu en c e An al y s i s . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . .

3
1.3 Gui d el i n es and Cri t e ri a . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . ............... 3

1.3.1 Mi ti gate Fi s s i on-Prod uct Rel ea ses . . . . . . . . . . . . . . . . . . . . . . . 3
1.3.2 Control the Frequency of High-Consequence Sequences...... 4

.......

1.3.3 Reduce High Core-Damage Frequency Sequences.. 4
1.4 Usi n g the Guid el i n e s and Cri teri a . . . . . . . . . . . ... . . . . . . . . . . . . . . . . 61.5 References for Section 1............................. ..........

7..........

2. INTR 000CT10N..................................... .................. 9

2.1 Background...................
92.2 Ob j e c t i v e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
9.......

2.2.1 G u i d el i n e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10.

2.2.2 Criteria....................... .........................
11....................... .2.3 Organization of the Report............ ............ 122.4 References for Section 2........................................ 12............

3. DEFINITION OF GOALS AND RELEVANT FEATURES ON PWRS WITH
CONDE NS E R C0NTA I NME NT S. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .IC E............. 13

3.1 Mi t i ga t e Fi s si o n- P rod uc t Rel e a s e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133.1.1 P1 ant Vul nerab il i ti e s. . . . . . . . . . . . . . . . . . . . . . . . . 14
3.1.2 Mi t i g a t i n g Fe a t u r e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15..........3.1.3 Maintain Containment Integrity................ 153.2 Control the High-Consequence Sequences............... .......... 15..........3.2.1 Interfacing Systems LOCA (Including Steam Generet

Tube Rupture (SGTR)..............................or 16
3.3 Reduce Hi gh-Core Damage Frequency Sequences. . . . . . . . . . . . . . . . . . . . . 16

...

.3.3.1 Operator Response for Reci rcul ation. .. . . . . . . . . . . . . . . . . . . . 16
3.3.2 St at i o n Bl a c kout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .16
3.3.3 Component Cool i n g Wate r (CCW) . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

...

3.3.4 Reactor Cool ant Systun (RCS) Depressuri zation. .... .. .. ... 173.3.5 Reactor Coolant System (RCS) Feed and Bleed Coolin 173.3.6 Anticipated Transients Without Scram ( ATWS).. . . . ..g. ..... 17...3.3.7 Support Syst em In t e rd epend enci es . . . . . . . . . . . . . . . . . . . . . . . . 18
3.3.8 Fl ood i n g o f Eme rgency Equi pment . . . . . . . . . . . . . . . . 18

...

3.4 References for Section 3..............................
.........

18.........

4
GUIDELINES AND CRITERIA FOR A PWR WITH AN ICE CONDENSER CONTAINMENT..21

4.1 Mi ti gate Fi s s i on-Prod uct Rel ea se s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

y

*
.



. _ _ _

>
e

r
,

Page

4.1.1 Maintain Containment Integri ty (Guideline 1). .. . .... . . .. . 22
4.1.2 lee-Condenser System (ICS) and Air Return Fan S

( ARF S) (Gu i d el i n e 2) . . . . . . . . . . . . . . . . . . . . . . . . . . .y s t em.......... 22
4.1.3 Hyd rogen Cont rol (Guid el i ne 3 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.2 Control the Frequency of Hi gh-Consequence Sequences. .. ... . . .. ... 23
4.2.1 Interf acing Systems LOCA (Including Steam Generator

Tub e Ruptu re) (Guid el i ne 4) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.3 Reduce High Core-Damage Frequency Sequences..................... 244.3.1 Operatcr Response for Recirculation (Guideline 5)........ 244.3.2 Station Bl ackout (Guidel ine 6 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.3.3 Component Cool in g Water (CCW) (Guidel i ne 7) . . . . . . . . . . . . . . 25
4.3.4 Reactor Coolant System (RCS) Depressurization by

Second a ry Bl owdown (Guid el i n e 8) . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.3.5 Reactor Coolant System (RCO) Feed & Bleed Cooling

( G u i d el i n e 9 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .264.3.6 Anticipated Transients Without Scram (ATWS)
( G u i d e l i n e 10 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.3.7 Support System Interdependencies (Guideline 11).......... 27
4.3.8 Flooding of Emergency Equipment (Guideline 12 ......... 28Usi n g the Guid el i nes a nd Cri te ri a . . . . . . . . . . . . . . . . . . . ) . . . . . . . . . . .4.4 29.

4.5 References for Section 4........................................ 29..

APPENDIX A - SEVERE ACCIDENT RISK INSIGHTS............................... 49

A.1 Core-Dama e Profile ............................................ 50v
A.1.1 IDCOR Assessment of Sequoyah Core-Damage Frequency (CDF). 50

A.1.1.1 Pre-IDCOR Core-Damage Frequency................. 50
A.1.1.2 IDCOR-Basel i ne Core-Damage Frequency. . . . . . . . . . . . 51
A.1.1.3 IDCOR-Committed Core-Dama ge Frequency. . . . . . . . . . . 53

A.1.2 SARP Assessment of Sequoyah Core-Damage Frequency........ 54
A.1.2.1 I n i ti a ti n g Ev ent s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
A.1.2.2 Event Trees............................ 54
A.1.2.3 FaultTrees..................................... 54.......
A.1.2.4 Data.......................................... . 54
A.1.2.5 Results......................................... 55.

A.1.3 Compari son Between IDCOR a nd SARP. . . . . . . . . . . . . . . . . . . . . . . . 56
A.1.4 Discussions.............................................. 56

A.2 Core-Hel tdown Phenomena and Contai nment Response. . . . . . . . . . . . . . . . 58
A.2.1 Con t a i nmen t Pe r fo rma nc e. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

A.3 Compari son of Fi ssion-Product Rel eases. . . . . . . . . . . . . . . . . . . . . . . . . 61..A.3.1 Analysis of Sequoyah Plant Accidents Not Treated in
IDCOR Studies............................................ 62A.3.2 IDCOR and SARP Input and Modelin 62Of f si te Consequenc es . . . . . . . . . . . . . . . . . . . g Di f fe renc es. . . . . . . . . . . .A.4 ...................... 66A.5 Summary and Risk Insights....................................... 67...

A.5.1 Co r e- Dam a ge P ro f i l e . . . . . . . . . . . . . . . . . . . . . . . . . . 67

kaferences.............ysis.........................
...........A.5.2 Consequence Anal 67...........

A.6
......................................... 68

vi

.

_ _ . _ _ _ _ - _ _ _ _ _ . _ _ _ _ _ _ .



_ - -
_ _ - _

!s
i

'

!

LIST OF FIGURES

Figure
Pa ge

A.1 A schematic of the Sequoyah engineered safety features............ 70
i

A.2 A heat and fl uid fl ow dia gram for Sequoyah. . . . . . . . . . . . . . . . . . . . . . . . 71 !
!

A3 A schematic of Sequoyah 1C5..................................... 72 !A.4 A simpl i fi ed fl ow d i agram of Sequoyah ARFS. . . . . . . . . . . . . . . . . . . . . . . 73A.5 Pressure in lower compartment for 5 0 accident (10COR)............ 74 i

.

2A.6 Pressure in lower compartment for S H accident (IDC0R)......... .. 752A.7 Pressure in l ower compartment for S HF accidents. . .. . . . . . . . . . . . . . . 76 i

;

2A.8 Containment pressure response during Sequoyah S HF-y sequence 77
!2A.9 Containment pressure response for $ HF .....n n. n..n.....n..... 783 3 onA.10 Containment pressure response during Sequuyah TMLB'-6 sequence.... 79A.11 Containment pressure response for TMLB'-6 accident, 10COR......... 80A.12 Containment pressure response during Sequoyah TMLB'-y sequence.... 81

A.13 Containment response for T
23ML accident........................... 82A.14 Containment pressure response during Sequoyah TML-6 sequence...... 83A.15 Containment pres sure response during Sequoyah TML-y. . . . . . . . . . . . . . . 84

A.16 Containment pressure response to AD accident...................... 85A,17 Containment probability of containnent failure (Sequoyah)
( Ov e r a l l s e q u e n c e s ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .86 :A.18 Risk of latent cancer fatalities........... 87 !A.19 Ri s k o f e a rl y f at al i ti e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

....s................. 88A.20 Comparison of ASEP PRA update core-dama
results for Sequoyah...................ge frequency with RSSitAP

,

I
!

........................... 89 !

!

.

9

4

;

I

!

|

i

,

,

|
t

i

vit i
'

f
-

;
'

_



_ _ _ _ .

,

r
a

LIST OF TABLES

Table
Page

1.1 Guidelines for Preventing and Mitigating Severe Accidents
i n a PWR wit h an ic e-Cond enser Cont a inment. . . . . . . . . . . . . . . . . . . . . . . .73.1 Dominant Accident Sequences for Sequoyah in the ASEP Study
(Hean Val ue s Pe r Re ac t o r Yea r) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .194.1 Criteria for PWR Ice-Condenser Containnent
Guicieline 1: Maintain Containment Integrity...................... 314.2 Criteria for PWR Ice-Condenser Containment
Guideline 2: Ice Condenser System
Return Fan System ( ARFS) . . . . . . . . . . . (ICS) and Ai r

............................... 354.3 Criteria for PWR Ice-Condenser Containment
Guideline 3: Hydrogen Control.................................... 364.4 Criteria for PWR Ice-Condenser Containment
Guideline 4: Interf acing Systems LOCA
( incl ud i ng Stean Generator Tube Rupture ) . . . . . . . . . . . . . . . . . . . . . . . . . . 374.5 Criteria for PWR Ice-Condenser Containment
Guideline 5: Operator Response for Reci rcul ation. . . . . . . . . . . . . . . . . 394.6 Criteria for PWR Ice-Condenser Containment
Guideline 6:

S t a t i o n Bl a c k o u t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .414.7 Criteria for PWR Ice-Condenser Containment
Guideline 7: Com pon ent Co ol i n g Wa t e r. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 434.8 Critoria for PWR Ice-Condenser Containment
Guideline 8: Reactor Coolant System
Second a ry Bl owdown. . . . . . . . . . . . . . . . . . . ( RCS) Depres suri za ti on by

............................. 444.9 Criteria for PWR Ice-Condenser Containment
Guideline 9: Reactor Coolant System (RCS) Feed & Bleed Cooling... 45

'

4.10 Criteria for PWR Ice-Condenser Containment
Guideline 10: Anticipated Transients With
Sc r am ( ATW S ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . o u t........................ 464.11 Criteria for PWR Ice-Condenser Containment
Guideline 11: Support Systen Interdependencies . . . . . . . . . . . . . . . . . . . 474.12 Criteria for PWR Ice-Condenser Containment
Guideline 12: Fl ood i n g o f Eme rgency Equi pme nt . . . . . . . . . . . . . . . . . . . . 48A.1 Design Comparison of Nuclear Power Plants with ice
Co n t a i nm e n t s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Co n d e n s e r............... 91A.2 Initiating Event Frequencies for Se
Reactor Ye ar ) . . . . . . . . . . . . . . . . . . . . . . quoyah in IDCOR Study ( Pe r

............................... 92A.3 Comparisons of Dominant Core-Damage Frequencies for Pre-IDCOR.
IDCOR-Baseline and IDCOR-Commi tted ( Per Reactor Year). . .. . . . . . . . . .93A,4 Initiator Frequencies and Function Unavailabilities in Doni-
nant Core-Damage Sequences for Sequoyah in SARP Etudy............. 94A.5 Initiating Event Frequencies for Se
Values Per Reactor Year)...........quoyah in SARRP Study (Hean

............................... 95A.6 Doninant Core-Damage and Core-Vulnerable Frequencies for
Sequoyah in SARP Study (Mean Values Per Reactor Year)............. 97A.7 Comparison of Initiating Event Frequencies Used in IDCUR
and SARP Studies (Mean Val ues Per Reactor iear) . . . . . . . . . . . . . . . . . .101A.8 Comparison of Dominant fore-Danage Frequencies Assessed in
IDCOR and SARP Stud ie s ( Per Reactor Year) . . . . . . . . . . . . . . . . . . . . . . . .102A9 Review of Accident Analyses for Sequoyah Nucl ear Pl ant. . . . . . . . . . . . In3

viti

.

_ _ _ _ - - - -



-- --__-____ _ _ . _ _ _ _ _

.

s
. .

Table
Page

A.10 Containment Response Comparison fron 10COR and RSSMAP Cal-

c ul a t i on s f o r $ 0 a nd S H Acc id en t s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10 42
A.11 Containment Response Comparison from IDCOR, RSSMAP and SARP

Cal c ul ation s f o r 5 HF Acc id ent s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10 5A.12 Containment Response from 10COR, RSSMAP and SARP
Calculations for TMLB', T

23ML Ac c i d e nt s . . . . . . . . . . . . . . . . . . . . . . . . . . 10 6A.13 Containment Response Comparison from IDCOR and SARP Cal-

c ul a t i o n s fo r V. TMLU-SGTR . 6/ W. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10 7A.14 Sequoyah Release Fraction in Environment - IDCOR SARP Com-
parison of 6 Cases for S HF, TMLB and TML Accidents.............. 1082

A.15 Sequoyah Release Fraction in Environment - Comparison of
T- Ca s e s Wi t h 8. V Ca s e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10 9A.16 MARCH Results for Ice Condenser PWR Accident Sequences........... 110A.17 Summary o f Ice Condenser PWR CORRAL Results . . . . . . . . . . . . . . . . . . . . . . 111

,

A.18 SARP-IDCOR Comparison of In
NRC/10COR Is sue s . . . . . . . . . . . put 0ata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .112A.19

...................................... 117A.20 Consequences Bins for 10COR Ba sel ine , Sequoyah. . . . . . . . . . . . . . . . . . . 118A.21 Li s t of Symbol s for Reactor Accid ents. . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4

4

e

i

|

:

,

I

ix

.



A
.

s
.

ACKNOWLEDGMENTS

The NRC manager for tnis program, F. D. Coffman, provided considerable inputand technical direction. In addition, the program has benefited f rom the
technical direction given by Ors. Z. R. Rosztoczy and F. Eltawila and from the
technical review performed by R. Palla.

The report has benefitted signi ficantly from the detailed BNL equipment
qualification and human reliability perspectives of B. E. Miller and Dr. C.
M. Spettell, respectively, and the in-depth review and guidance given by Dr.R. A. Bari, Dr. G. A. Greene and R. E. Hall of BNL. The authors also
appreciate the suggestions and perspective provided by representatives of
other organizations including J. W. Hickman and A. L. Camp of SNL, T. Kress
and S. Hodge of ORNL and P. Cybulskis of BCL.

The authors are especially grateful to S. Fli ppen for her considerable
patience in producing numerous revisions to this report. She was abiyassisted from time to time by D. Miesell.

.

xi

.



,_ _ _ - _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

%
.

,

4
O t.

!

N0liENCLATURE

|tac alternating current
AFW auxiliary feedwater i

iAFWS auxiliary feedwater system
(ASEP Accident Sequence Evaluation Program
!ATWS anticipated transients without scram
|BCL Battelle Columbus Laboratories

BNL Brookhaven National Laboratory
1)WR boiling water reactor
CCW component cooling water
CCWS component cooling water system
CDF core-damage frequency ;

CHR containment heat removal
i

!CLAS cold leg accumulator system '

CSRS containment spray recirculation system
CSS containment spray system .

'

de direct current
ECC emergency core cooling
ECCS emergency core cooling system
ERG Emergency Response Guidelines
ESS engineering safety systems

i

ESW emergency service water
FSAtt Final Safety Analysis Report ,

GI generic issue
HPI high-pressure injection
HPIS high-pressure injection systems
HPRS high-pressure recirculation system
ICS ice-condenser system
IDCOR Industry Degraded Core Rulemaking Progran
IPE individual plant examination
ISL interfacing system LOCA
LLRT local leak rate testing
LOCA loss-of-coolant accident
LIP low-pressure injection
LPIS low-pressure injection system
LPRS low-pressure recirculation system
LWR light-water-reactor
MFW main feedwater
MSIV main steam isolation valve
NW megawatt
NPSH net positive suction head
NRC U.S. Nuclear Regulatory Commission
NRC/RES U.S. Nuclear Regulatory Connmission, Office of Nuclear Regulatory

Research
NRR Office of Nuclear Reactor Regulation
PORY power operated relief valve
PRA probabilistic risk assessment
PWR pressurized water reactor
RCP reactor coolant pump
RCS reactor coolant system
RHR residual heat removal
RPS reactor protection system
RPV reactor pressure vessel

xili

.

. . . , . .



',

!

.

NOMENCLATURE (Cont'd)

RSS Reactor Safety Study
RSSKAP Reactor Safety Study Methodology Applications Program
RWST refueling water storage tank
SARP Severe Acciden'. Research Progran
SARRP Severe Accidena Risk Reduction Progran
SB0 station blar.kout
SG steam generator
SGTR steam generator tube rupture
SI safety injectf or.
SNL Sandia NationM Laboratories
SW service water
SWS service water system
UHIS upper head injection system
USI unresolved safety issue

.

xiv

.

___ _ _____ _ __ _ __ _ __.____



'
.

%

.

1. EXECUTIVE SUMARY

The U.S. Nuclear Regulatory Commission (NRC) has formulated an approach
for a systematic safety examination of existing plants to determine whether
particular severe accident vulnerabilities are present and what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core Rulemaking Program (10COR) selected four ref-
erence plants for detailed analysis: Peach Bottom, Grand Gul f, Sequoyah, and
Zion. The 10COR analyses performed for the reference plants have been docu-
mented together with the methodology used for the analyses and the technical
basis supporting the methodology.

Parallel with the 10COR work, the NRC under the Severe Accident Research
Program (SARP), performed risk assessments, audit calculations, sensitivity
studies, and uncertainty analyses for five plants. The five plants considered
by SARP were Peach Bottom, Grand Gulf, Sequoyah, Zion and Surry.

The purpose of this effort is to review all of the 10COR and SARP analy-
ses perfomed for the reference plants, understand the reasons for the differ-
ences, and then use the experience gained from these reviews for developing
guidelines and criteria that identify plant features and operator actions that
were found to be important for either preventing or mitigating severe acci-
dents in each plant type. In turn, these guidelines should prove helpful in
the systematic safety examination of individual plants.

Three basic obiectives or goals for this severe accident program apply
equally to all plant goes:

Goal 1: Mitigate fission-product releases..

Goal 2: Control the frequency of high-consequence sequences..

Goal 3: Reduce high core-damage frequency..

The aim was, therefore, to develop detailed guidelines and criteria that
could be used to achieve these goals during the examination of individual
plants.

"Guidelines," as used in this report, identify those plant features and
operator actions that were found to be important to either preventing or miti-
gating severe accidents in the reference plant studies. These guidelines pro-
vide a list of plant features and operator actions that the utilities can use
as part of each individual plant examination (IPE). It is not the intent of
this report to specify a set of improvements for either the reference plant or
for any other plant which would be sufficient to achieve a certain level of
safety. Instead, the guidelines indicate potential improvements in various
areas of plant design and operation of which each utility should be aware when
conducting its IPE and making decisions on plant improvements. The intent is
to provide guidance to the analyst performing an IPE, as to the plant features
and operator actions which were found to reduce overall risk. It is prudent-

; to check whether potential inprovements identified in studies of other similar
j plants can be of help in improving overall plant performance. The guidelines
] contained in this report, therefore, complement the IPEr..

|
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"Crittria," as used in this report, are the attributes which have been3

i identified as important to assess the performance of plant features and oper--
'

ator actions identified in the guidelines. The criteria provide determiniscic
l(as opposed to probabilistic) performance measures which are judged to be
,

; helpful to implement the concepts contained in the guidelines. When a deci- t
1 ston is made to provide an item or an action specified in a guideline, the !

utility should address a set of v stions relating to the design, operatione
;

and availability of the needed equipment and the training ot operators. For !4
' the example of containment spray guidance, the capacity of the spray system, t'

the selection of setpoints to initiate sprays, the volume of the water source, ,

the availability of applicable procedures and the accessibility of certain |
| valves by operators should be addressed. The criteria on containment sprays !

j provide helpful infomation in assessing the mitigatiYe Capability of the !
1 containment spray system in each individual plant. !

Based on an extensive review of prior severe accident investigations, the '

authors have provided a set of guidelines and associated criteria which can be !
! used to assess the capability of individual pressurized water reactor (PWR) ,

i pl ants with ice-condenser containments, to cope with severe accidents. !
; Although much of the work is based on probabilistic risk assessments (PRAS), "

the guidelines and criteria are deterministic in nature, That is the criteria-

1 describe spect fic features of key systems and operational procedures which
! have been found helpful in reducing the likelihood of severe accidents. The

guidelines and criteria take into account detailed severe accident experiments
i and analyses performed by the NRC/RES, the nuclear power industry and foreign
j governments.

! The following sections present the insights gained from reviewing the
! PRAs. Specifically, the andthe SARP Sequoyah reports (OCOR Sequoyah Integrated Containment Analyses" were reviewed in detail. These studies werei

compared with the original Sequoyah risk assessment in the Reactor Safety
: Study Methodology Applications Program (RSSMAP) 5 and relevant PWR PRAs for
! other plants, including Oconee,6 Zion,7 Surry e and Hillstone-3. 9
.

j 1.1 Core-Damage Profile

! PRAs for PWRs with ice-condenser containments have indicated that tran.

sients (including loss-of-component cooling (water (CCW) and station blackout
i

j (580) and small loss-of-coolant accidents LOCAs) (including pump seal LOCA
1 and interfacing systems LOCA) tend to dominate the risk profile. There was no

consistent pattern of relative ranking of transient sequences across all of
the studies. However, in the 10COR and Accident Sequence Evaluation Program

i ( ASEP) studies the same few functional accident sequences figured prominently
| in the core-damage frequency (CDF) profiles.
}
| For the RSSMAP study of Sequoyah, accidents involving loss of primary
i system coolant makeup following LOCA appeared as dominant contributors (about
'

85%) to the CDF. Although the IDCOR and ASEP studies have indicated reduced
i frequencies for these sequences, criteria have been developed to ensure that '

! the frequency of these sequences is controlled for other PWR ice-condenser
i pl ants.

in addition to the LOCA sequences, ASEP indicated that sequences involy-
ing SB0 and sequences involving CCW f ailures are the dominant core-damage

2

.
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sequences for Sequoyah. The sequences initiated by loss of CCW are dominated'
by comon cause events and were not identified by IDCOR. ,

i

1.2 Consequence Analysis,

,

) The assessment of core-meltdown phenomena and containment response in :^

the available PRAs indicated that the ice-condenser containment is vulnerablei to overpressurization because of the buildup of noncondensable gases because
'

of its relatively small volume and low design pressure. Under some conditionsi
*

] the NRC Severe Accident Risk Reduction Program (SARRP) predicts that the con-
tainnent has the potential to fail a short time (a few hours or less) after :

,

1the' reactor vessel f ails.i ASEP/SARRP predicts that the fiscion-products re-
!leased into the containment will nevertheless be substantially reduced by; deposition in the ice. Thus, even with a containment failure, some contain-

ment function (reducing the source term) is preserved for almost all cases.1

'

Only direct bypass sequences (interfacing systems LOCA (ISL)) result in severe
releases of fission products. However. SARRP predicts eventual containment

*

,

failure for most sequences and the overall impact appears to be a substan- |,

} tially higher fission-product releases than that calculated by IDCOR.
'

l.

1.3 Guidelines and Criteria E

,

l
The guidelines have been developed to translate the three goals of the3 '

severe accident program into deterministic criteria for assessing each plant's '

response for the doninant types of core-damage sequences.'
1 ,

i
Each guideline is provided with a detailed list of criteria which provide

!

I

| helpful infomaticn to assess the performance of plant features and operator ;

j actions identified in the guidelines.
,

1.3.1 Mitigate Fission-Product Releases)
i

For a PWR with an ice-condenser containment, the dominant core-damage ['

sequences were found to be small breaks (including ISL and pump seal LOCA) and
transients (including loss of CCW and 5B0). In order to minimize off-site

4

| consequences, the containment systems must be able to fulfill their role of '

:restricting fission-product releases even under severe accident conditions. )
Three guidelines and associated criteria have been developed which emphasize

4

j the importance of maintaining containment function for the threats to contain.
(
>

ment posed by these dominant sequences.

| Guideline 1 - Maintain Containment Integrity

i
Pressure buildup because of noncondensable gas generation and hydrogen I

combustion during a core-meltdown accident can threaten the ice-condenser con.i

| tainment. Both IDCOR and ASEP/SAUP analyses concluded that for some cases
j containment failure will eventually occur unless mitigative actions are taken.
3 If containment failure occurs, significant fission-product release from the

,j containment atmosphere to the environment could occur. This guideline and !

associated criteria identify those systems which will delay or prevent over-
pressure failure,,

,

i

!

)|
'

!
3
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Guide'.ine 2 - Ice-Condenser System (ICS) and Air Return Fan System ( ARFS)
;

In the Sequoyah plant, the ICS plays an essential role in condensing.

*

steam and scrubbing fission products for a broad range of severe accidents,
in order to preserve these functions, it is essential that ice-condenser
bypass conditions be avoided. The ARFS helps the ICS and the containment i

1 spray system by circulating air between the lower and upper containment com-
partments through the ice condenser. The ARFS also promotes containment mix-

) ing and a more uniform concentration of hydrogen in the containment thus pre.
I venting high concentration regions from occurring and allowing hydrogen com- i

i bustion to occur at low concentrations which do not threaten tae containnent,
,

.

! Guideline 3 - Hydrogen Control |
t'

The most severe consequences of core-melt accidents in Sequoyah are from
accidents which result in early containment failure. The SARRP analyses indi-
cates that hydrogen ignition at high concentrations may cause such early fail-
ure, in order to prevent such uncontrolled ignition, both the ARFS and the
hydrogen igniters must be operable. The igniters continuously burn the hydro-
gen at low concentrations in the containment air while the fans promote uni-
form mixtures. Such controlled hydrogen burns will avoid detonation or defla- '

gration and containment integrity will be preserved during hydrogen burning. '
;

i 1.3.2 Control the Frequency of High-Consequence Sequences

| Guideline 4 - Interfacing Systems LOCA (Including Steam Generator Tube Rup- !:Rupture) ;
i

Although the interfacing systems LOCA (ISL) is usually a highly unlikely
event, it could be a significant risk contributor because of the potentially .

; high release. Although steam generator tube rupture (SGTR) with one or more !
tubes ruptured bears the characteristic of a small LOCA, it is unique in the !,

l sense that it is also a potential containment bypass LOCA, releasing reactor
I coolant into the secondary side of the steam generators (SG). Thus the SGTR '

provides several potential paths for release of fission product to the envi-.

'

ronment outside the containment via the main steamline, turbine, turbine '

| bypass, condenser, condenser exhaust, SG atmospheric steam dump valves or
j safety valves and the SG blowdown line. Thus, despite its relatively small
i C0F (usually a few percent of the overall C0F from internal events), Guideline
! 4 has been developed to prevent the occurrence of SGTR and ISL events or to

mitigate the potentially high fission-product releases if one occurs, j
,

,

-
<

i 1.3.3 Reduce High Core-Damage Frequency Sequences |
1

! The major contributors to the core damage for Sequoyah have been identi-
fled as small LOCA (including ISL and pump seal LOCA) SB0 and loss of CCW ;,

: transients. Thus, if the frequencies of these accident sequences (or subset ~

i o' them) can be reduced, then the overall C0F could be substantially reduced.
:

| Guideline 5 - Operator Response for Recirculation i

The small LOCA initiator (5 ) has been i'ientified as the largest contrib. I| 3
| utor to CDF at Sequoyah. Major contributors to the Sg sequences are operator |

) failures in the recirculation switChover Oper4 tion and common cause failures !

!'

4
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of the containment sump suction valves and the high-pressure pump suction Ivalves. Although the sequences involving loss of containment heat removal l
(CHR) were found only marginally important for Sequoyah, the main contributor !

to these sequences is also the failure in the recirculation switchover. Thus, ;

Guideline 5 and the associated criteria have been developed to ensure a low !frequency of recirculation f ailure.
|:Guideline 6 - Station Blackout

in Sequoyah, station blackout (SBO) sequences are important contributors
so CDF. Tne accident sequences in SB0 are characterized by two categories of
events: First, ac power is not recovered before battery depletion which, in
turn, defeats the turbine-driven auxiliary feedwater system ( AFWS) pump, and !

;

second, SB0 causes a reactor coolant pump (RCP) seal LOCA because of failures !

of seal injection flow and RCp thermal barriers resulting from loss of the CCW
!and service water systems.

The AFWS is the normal means of decay heat removal in small LOCA and
transient events, including a normal pl ant shutdown. The previous studies '

have indicated that the core-damage sequences at Sequoyah involving failure of '

the AFWS are related to (1) the SB0 controlled by failure of the AFWS turbine-
;driven pump because of de bus failure or battery depletion, and (2) the loss t

of a de bus initiator followed and controlled by failures of the notor-driven :

pumps and by failure of the reactor coolant system (RCS) feed & bleed cooling.

For accidents involving the loss-of-offsite power and onsite emergency [
power, the NRC recommends examining the proposed SB0 rule for applicability, i
The criteria associated with Guideline 6 are intended to emphasile the need to '

search for plant specific features and potential common cause failures which
could disable systems required to work during an SBO. For individual plants
which are found to have a vulnerability to SBO, the criteria highlight the
importance of proper emergency procedures and operatcr training in recovering Ifrom an SB0 event.

,
I

i

Guideline 7 - Component Coolin'g Water
J

An event initiated by loss of component cooling water (CCW) may lead to {RCP seal LOCA sequences because of loss of RCP seal cooling, under the condi-
tion that hi gh-pressure injection (HP;) fails because pumps in the high-
pressure injection systems (HPIS) are also cooled by CCW. The contributioa (,f
this initiator to CDF can be reduced by reducing the frequency of loss of the
CCW system or by decreasing the dependence of RCP seals on the CCW.

|

Guideline 8 - Reactor Cool ant System (RCS) Depressurization by Secondary '

Bl owdown

One potentially effective means of making up core inventory in case the
high-pressure systems are unavailable, either in injection or in recirculation

t

phase, is via secondary blowdown, that is to depressurize the reactor coolant !
system (RCS) by heat removal through the steam generators (SG). After suffi- !
cient heat removal, the low-pressure injection system (LPIS) can be actuated i

for the RCS makeup operation. To attain success, the operator must open the !

SG atmospheric steam dump valves, maintain AFW or main feedwater to the SG and
:

have one of the LP!S trains available for RCS makeup.
|
:

5
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Guideline 9 - Reactor Coolant System (RCS) Feed A Bleed Cooling !
;

) A second potentially effective means of making up core inventory in case |the HPIS are unavailable, either in the injection or in the recirculation :
.

i phase, is to depressurize the RCS by the power operated relief valves ;
, (PORVs). After depressurization, the LPIS can be actuated for the makeup :operation. This emergency procedure appears to nave a significant impact on i
j i;ducing the CDF. To attain success in this procedure, the operator must open '

{ the PORVs and have one of the LPIS trains available for RCS makeup. |

1

Guideline 10 - Anticipated Transients Without Scram ( ATWS) |
!

1
t

1 ATWS has not been found to be a significant contributor to core damage at :
i Sequoyah and this is also generally supported by PRAs for other Westinghouse

PWRs. One factor for these results is the credit given to the manual scram-

and the emergency boration using the charging system to deliver borated water l

to the reactor vessel. Failures of the manual scram and the emergency bora. |j tion are dominated by failures of operator actions. t

t

The NRC promulgated the ATWS rule to reduce the frequency of ATWS events. |
] The criteria developed for this guideline emphasize human reliability insights J
1 as to the importance of correct emergency procedures and oprerator training in || recovering from an ATWS event.
l [

!
| Guideline 11 - Support System Interdependencies :

j Although the importance is difficult to quantify, one of the insights of
| most risk assessment studies is the importance of support system interdepen.
j dencies. For example, a draft of the SARRP Peach Bottom study irdicated that [

-

loss of all service water was a dominant contributor to core melt. The final ~

version of the sequence studies hav6 reduced it to nne percent of the overall ;
; core melt. In order to ensure that suppnrt system vulnerabilities do not
2 cause unacceptably high core-melt frequencies for other PWR, ice. condenser

|

,

,1 containment plants, Guideline 11 has been developed to help assess any weak.
?

{ nesses of the support systems,
i

| Guideline 12 - Flooding of Emergency Equipment
!

Internal flooding has been found to be a significant contributor to core
i

damage in only on PWR plant. However, the concerns appear to be of general ;.

; applicability to other designs. Thus, this guideline was developed for PWR
*

ice. condenser plants to assess the potential for flooding of safety-related
j equipment. '

'

! 1.4 Using the Guidelines and Criteria
,

i
j

| Nunerous investigations, including PRAs, have been performed for the ref. '

erence plants and similar plants by both the NRC and the nuclear power indus. '

1 try. The insights gained from many of the studies have been used in develop. I

j ing the guidelines and criteria contained in this report (including the other *

j volumes of this report). These guidelines and criteria are issued to provide
guidance to the analyst perfoming an IPE. This guidance is in the fom of iy

{ plant features, operator actions and the criteria for assessing those features ,

[ and actions found to be helpful in reducing the overall risk for Sequoyah and I

i

!
'

6
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Other PWR plants. Thus, the guidance is given to provide a resource in exam-
ining the subject plant to detennine if the same, or similar, guidelines will
be of value in reducing overall plant risk. These guidelines and criteria are
inteNed to be used solely as guidance.

L 1.5 References for Section 1

1. "SWuoyah Nuclear Generating Station and Integrated Containment Analysis,"
iMOR Technical Report T.23.15, March 1985.

2. T. Wheeler, "Analysis of Core Damage Frequency from Internal Events:
Sequoyah Power Sation. Unit 1" Sandia National Laboratories,
NUREG/CR-4550, Vnlume 2, October 1986

3. V. L. Behr et al . , "Containment Event Analysis for Postulated Severe
Accidents: Sequoyah Power Station, Unit 1," NUREG/CR-4700, Volume 2
Draft Report for Comment, February 1987

4 A. S. Benjamin et al . , "Evaluation of Severe Accident Risks and the
Potential for Risk Reduction: Sequoyah Power Station, Unit 1,"
NUREG/CR-4551, Draf t Report for Coment, Volume 2, February 1987

5. D. D. Carl son et al., "Reactor Safety Study Methodology Applications
Program: Sequoyah #1 PWR Power F1 ant " Sandia National Laboratories,
NUREG/CR-1659 Volume 1, April 1981.

6. W. R. Sugnet et al., "Oconee PRA - A Frobabilistic Risk Assessment of
Oconee Unit 3," Duke Power Co., NSAC-60. June 1984

7. T. A. Wheeler, "Analysis of Core Damage Frequency from Internal Events:
Zion Unit 1," Sandia National Laboratories, NUREG/CR-4550, Volume 7
October 1986

8. R. C. BertuMo et al., "Analysis of Core Damage Frequency from Internal
Events: Cu r r.' . Unit 1," Sandia National Laboratories, NUREG/CR-4550,
Volume 3. Novembe 1986

9. Northeast Utilities, "Millstone Unit 3 Probabilistic Safety Study," August
1983
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a ;,. Table 1.1. .Gubelines for Preventing'and Mitigating Severe Accidents-

1. - i- .ir, b PWR with an Ice-Condenserc Containmer t-

' ,| ' ]y ;,

;s
'

/ ; Guideline' Description
'

. Mitigate F's'siogProduct Releases:,

,1
~

W6.ide ContMs, wit Spray
Containment Inte @ity

1.A.,

p 1.B. ipr'avide Filteref Venting ,

(J'
?\,

.,

2 Icesrpndenser System (ICS) and Air Return Fan System (ARFS)
2.A. Pre!ist Reliable Operation of ICS and 1.RFS

3 Hydicgen Control '
'

'3.A. Drtvide Reliable Hydrogen Igniters

sontrol the Frequency of,,ji,i gh-Corceqi a.nce Sequences: ' . 1

4 ,
,

4 !. .neerfacing Systm LOCA (Incie.61ng Steam Generator Tub'e,

/ Rupture)
i 4. A. ; Prevent Overpressurizatio't of Low Pressure Syrtems

4.B. Prevent steam rienerator ibe Rup3m e ar.d Minimize its,

Consequer Ms~

g Reduce ih gh Cor;-t,arrage Frequency Seouences:

5
.

Operator 'hspop for Recirculation ~

5.4. Provide Aaequatt Secirculation Caoling
5.B. Provide litequate' Containment Heat aemoval*

s 6 St a'.16.i' B1 ac kout
6.A. ProvMe Operatcr Response Daring Station Clackout

7 Component Cooling Vater' ('.CW)
7.A. Provide Meomte (,ocling to Engintered Safety Features Systems

v
8 Reactor Coolant System (cCS) Depressurization by SecondaryT Blowdown

,

8.A. Provide RCS Dceessurization' Capabilitys

'

9 . .?dy.t.or Coolant System (RCS; feed & Bleed Cooling
'9.A. Provide Operator Pesponse for RCS Eeed. & Bleed Cooling

10 Anticipated Transients Without Scram (ATWS)
ILLA. Provide Operator Response taring ATW5~

11 Support Systen InterdeP naencies,

li.A. Enaine Support iystem Interdependencigs
/

'

/- 12 ' Flooding of Emergency Equipment
'

! 12iA. Prerent or Mitigate Internal Floodingy g ,

,
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2. INTRODUCTION

2.1 Background

The U.S. Nuclear Regulatory Connission (NRC) has formulated an approach
for a systematic safety exaniination of existing plants to determine whether
particular severe accident vulnerabilities are present and what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core Rulemaking Program (ICCOR) selected four ref-
erence plants for detailed analysis, namely:

Peach Bottom (a BWR with a Mark I containment)
.

'

Grand Gulf (a BWR with a Mark III containment)
.

Zion (a PWR with a large dry containment).

Sequoyah (a PWR with an ice-condenser containment).

The IDCOR analyses performed for the above reference plants have been
documented together with the methodology used for the analyses and the techni-
cal basis supporting the methodology.

Parallel with the IDCOR work, the NRC under the Severe Accident Research
Program (SARP), perfonned risk assessments, audit calculations, sensitivity
studies, and uncertainty analyses for five plints. The five plants considered
include the above four IDCOR reference piants, and, in addition

Surry (a PWR with a subatmospheric containment).

The purpose of this effort is to review all of the IDCOR and SARP analy-
ses performed for the reference plants, understand the reasons for the differ-
ences, and then use the experience gained from these reviews for developing
guidelines and criteria that identify pl ant features and uperator actions
found to be important for either preventing or mitigating severe accidents in
each plant type. In turn, these guicelines should be helpful in the system-
atic safety examination of individual plants.

The 10COR Sequoyah analysisl was documented in March 1985 and was sup-
piemented by additional sensitivity studiss in July 1985. The SARP Sequoyah'

2reports i. were reviewed in draf t form during 1986. These reports were pub-
lished early in 1987 and were summarized in the "Reactor Risk Reference Docu-
ment" (NUREG-1150),s which was published for comment in February 1987. The
experience gained from the review of these Sequoyah studies along with other
PWR PRA studies (namely, Zion, Surry, Oconee and Millstone-3) was used to gen-
erate the guidelines and criteria which are the subject of this report.
2.2 Objectives

Three basic objectives or goals for this severe accident program applyequally to all plant types:

Goal 1: Mitigate fission-product releases..

Goal 2: Control the frequency of high-consequence sequences..

Goal 2: Reduce h1gh core-damage frequency..

| 9
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The aim was, therefore, to develop detailed guidelines and criteria that
could be used to achieve these goals during the examination of individual
pl ants. The guidelines and criteria are defir.ed in the sections that follow.

2.2.1 Guidelines

"Guidelines," as used in this report, identify those plant features and
operator actions that were found to be important to either preventing or miti-
gating severe accidents in the reference plant studies. These guidelines pro-
vide a list of plant features and operator actions that the utilities can use -

as part of each individual plant examination (IPE). It is not the intent of
this report to specify a set of improvements for either the reference plant or
for any other plant which would be sufficient to achieve a certain level of
safety. Instead, the guidelines indicate potential improvements in various
areas of plant design and operation of which each utility should be aware when
conducting its IPE and making decisions on plant improvements. The intent is
to provide guidance to the analyst performing an IPE, as to the plant features,

and operator actions which were found to reduce overall risk. It is prudent
to check whether potential improvements identified in studies of other similar
plants can be of help in improving overall plant performance. The guidelines
contained in this report, therefore, complement the IPEs.

The three objectives or goals were noted as applying equally to all plant
types. Although the goals are independent of plant type, the guidelines that
are needed to achieve the goals are plant dependent. In general terms, Goal 1
implies that there should be effective means of mitigating the fission-product
releases for the broad classes of accident sequences which dominate the core-
damage frequen y. Therefore, these dominant accident sequences have to be
determined and tnose plant features and operator actions that are available to-

mitigate the release of fission products have to be identified. Only then can
detail ed guidelines be developed to ensure that these dominant accident se-
quences can be mitigated.

There may be accident sequences for which a specific plant will have sub-
stantial fission-product releases (e.g., containment oypass sequences). Thus,
for such sequences' Goal 1 may be difficult t3 achieve. Therefore, all reason-
able steps are identified which could reduce the frequency of these poten-
tially high-consequence sequences (namely Goal 2). Again, the accident se-
quences have to be identi fied and plant sulnerabilitics and/or operator
actions that lead to core damage for these sequences also have to be identi-
fled. Detailed guidelines can then be devo'oped which will aid in assessing
an individual plant's capability to prevent these sequences from occurring.

It is also desirable to ensure that the overall core-damage frequency is
low (namely Goal 3). Again, the dominant accident sequences havn to be found
so that detailed guidelines can be developed to reduce the frequency of these
sequences, if necessary.

| In general, the following screening process was used to determine whether
! or not to develop a particular guideline:

any accident sequence with a core-damage frequency greater than 10 6 per.

|
reactor year

|
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any sequence that contributed to more than 5% of the total core-damage fre-
.

quency

any event that caused a conditional probability of early containment fail-.

ure greater than 0.1

any sequence that resulted in containment bypass with a frequency greater
.

than 10 7 per reactor year

any sequence that was judged to be uniquely important (example, very severe
.

consequences)

This screening process led to the development of guidelines that can be
used in the systematic safety examination of other PWRs with ice-condenser
containments. For example, the guideline for containment spray and long-termheat removal was identified as an item that would help to achieve Goal 1
(nanely, to mitigate fission-product releases) for the PWR ice-condenser ref-
erence plant. Therefore, in the safety examination of other PWRs with ice-
condenser containments., the capability for containment spray and long-term
heat removal may need to be carefully assessed.

The development of a particular guideline for the PWR ice-condenser ref-
erence piant does not imply that this plant or any of the other plants in this
category need to conform to this guideline. It simply means that analyses
have indicated that this particular guideline has the potential to signifi-
cantly reduce risk. Thus, the guidance is given to provide a resource in
examining the subject plant to determine whether the same or similar guide-
lines will be of value in reducing overall plant risk. Whether or not the
guideline is usoful or needed in a particular PWR with an ice-condenser con-
tainment depends on plant-specific details and is beyond the scope of this
report and is therefore not addressed here.

2.2.2 Criterp

"Criterie ," as used in t'hi s report , are the attributes which have been
identified as important to assess the perfomance of plant features and oper-
ator action 3 identified in the guidelines. The criteria provide deterministic
(as opposed to probabilistic) perfomdnce measures which are judged to be
helpful to implement the concepts contained in the guidelines. When a deci-
sion is made to provide an item or an action specified in a guideline, the
utility should address a set of questions relating to the design, operation
and availability of the needed equipment and the training of operators. For
the example of containment-spray guidance, the capacity of the spray system,|

the selection of setpoints to initiate sprays, the availability of applicable|

procedures and the accessibility of certain valves by operators should be
addressed. The criteria on containment spray provide helpful information in
assessing spray capability in each individual plant.

The criteria address the general issues of (1) survivability of equipment
(i.e., whenever credit is given for a system or a component to mitigate the
accident, the ability of the equipment to function under environmental and
fluid dynamic loads associated with severe-accident sequences must be taken
into account), (2) ' equipment capabilities, capacities, and duration of opera-
bility, (3) accessibility of equipment, (4) availability of support systems,

11
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(5) identification of necessary components, (6) identification of important
operator actions, and (7) identification of parameters for initiation of miti-
gating systems and operator actions.

2.3 Organization of the Report

This report describes detailed guidelines and criteria for preventing and
mitigating severe accidents in PWRs that have an ice-condenser containment.
It is the last volume in a series of five, that deal with guidelines and
criteria for several different reactor and containment types. Other volumes
in the series are:

Volume 1: BWRs with Mark I Containments.

Volume 2: BWRs with Mark 11 Containments.

Volume 3: BWRs with Mark III Containments.

Volume 4: PWRs with Large-Volume Containments..

Appendix A of this volume contains a review of the IDCOR and SARP analy-
ses for a PWR with an ice-conoenser containment along with other pertinent
studies. The insights gained from these studies lead to the identification of
the strengths and vulnerabilities of a PWR with an ice-condenser containment.
In Section 3, the three basic goals of the program are related to the relevant
design features and operating characteristics of a PWR with an ice-condenser
containment. The guidelines recommended to achieve the three goals are
therefore initially developed in Section 3. In Section 4, the guidelines are
restated and detailed criteria are developed for each guideline.

2.4 References for Section 2
.

1. "Sequoyah Nuclear Power Plant Integrated Coctainment Analyses " IDCOR-

Technical Report T23.15, March 1985.

2. R. C. Bertucio et al., "Analysis of Core Damage Frequency from Internal
Events: Seo,uoyah, Unit 1," Sandia National Laboratories, NUREG/CR-4550,
Draft, Volume 2, feoruary 1987.

3. V. L. Behr et al., "Containment Event Analysis for Postulated Severe Acci- '

dents: Sequoyah Power Station, Unit 1," Sandia National Laboratories,
NUREG/CR-4700, Volum? 2. Draf t Report for Comment, February 1987

4 A. S. Benjamin et al., "Evaluation of Severe Accident Risks and the Poten-
tial for Risk Reduction: Sequoyah Power Station, Unit 2," Sandia National
Laboratories, NUREG/CR-4551, Volume 2, Draft for Comment, February 1987

5. "Reactor Risk Reference Document," U.S. Nuclear Regulatory Commission,
NUREG-1150, Draft for Comment, February 1987.
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3.
DEFINITION OF G0ALS AND RELEVANT FEATURES OF PWRS WITH ICE-CONDENSER CON-
TAINMENTS

In Section 2 of this report the concept of three basic objectives or
goals for this severe ' ident program was introduced. The concept appliesequally to all plant types. In this section, the three goals are related to
the relevant design features and operating characteristics of a PWR with an
ice-condenser containment for the accident sequences and containment failure
modes found to be important in Appendix A. This includes consideration of
both favorable and unfavorable severe accident attributes. Table 3.1 summar-
izes the dominant accident sequences identified in the Sequoyah ASEP study.

'

PRAs for other PWRs have been reviewed for the possibility of unique sequences
which may contribute to C0F for other ice-condenser plants.

Screening criteria have been used to identify those sequences which neea
to be addressed by severe accident guidelines for each goal. Specifically:

For Goal 1 (Mitigate fission-product releases), all sequences have been.

examined which represent 5
occur more often than 10 p of the core-melt frequency or are estimated toper reactor-year and which result in a condi-
tional probability of early containment failure greater than 0.1.

For Goal 2 (Control the frequency of high-consequence sequences) all se-.

quences have been examined which result in containment bypass and are esti-
mated to occur more of ten that 10-7 per reactor-year.

For Goal 3 (Reduce high core-damage frequency sequences) all sequences have.

been examined which "have the poteatial to occur" more frequently than 10-6
per reactor-year. Note that this screening criterion has been used to
identify potential vulnerabilities from risk assessment insights which do
not necessarily apply to Sequoyah itself, but may apply to other PWR ice-
condenser plants.

This section provides the link between the goals (developed in Section 2)
and the guidelines (developed in Section 4), tnat will be used to assess the
cuability of specific plants to meet these goals. This section is organized
into three subsections, which correspond '.o the three goals.

3.1 Hi,tigate Fission-PrMuct Releasest

This goal requires that there shall be ef fective means of mitigating the
fission-product releases for the broad classes of accident sequences which may
lead to core damage in an ice-condenser plant. In Appendix A, the most impor-
tant contributors to the core-damage frequency (CDF) were found to be small
breaks (including the interfacing systems LOCAs and reactor coolant pump seal
LOCAs), large breaks, and transients with feedwater failure (including station
bl ackout) . Specific accident sequences for which mitigation by the ice-
condenser containment is ineffective were also identified in Appendix A and
they are discussed in Section 3.2. This section concentrates on the broad
ciasses of accident sequences for which p1 ant features provide significant
means of mitigating fission-product release. In the following subsections
both the favorable and unfavorable severe accident attributes of the ice-,

condenser containment will be identified. This discussion, in turn, leads to
'

[ the development of three guidelines related to Goal 1.

|
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3.1.1 Plant Vulnerabilities

As noted in Appendix A, the Sequoyah containment is a medium-volume pres-
sure suppression design. The ice condenser (see Figure A.1), is the primary
pressure-suppression component. Inlet and outlet doors are provided at the
bottom and top of the ice-condenser compartment. In the event of a LOCA, the
lower inlet doors will open because of the pressure rise in the lower compart-
ment caused by the release of the r,.ctor coolant to the lower compartment.
The differential pressure will then cause air, entrained water, and steam to
flow from the lower compartment into the ice condenser. An operating deck
separates the upper and lower compartments and ensures that steam and air flow
resulting from a LOCA is directed through the ice condenser to the upper com-
partment rather than through uncontrolled bypass paths. There are two path-
ways for water fran melted ice and containment sprays to flood the reactor
cavity from the lower compartment. The first pathway is through the reactor
vessel nozzle penetrations in the reactor shield wall. The second pathway is
for water to accumulate above the personnel access hatch flooding the cavity
via the instrument tunnel.

The limited volume of the ice-condenser containment makes it vulnerable
to pressure buildup because of noncondensable gas generation and hydrogen com-
bustion during a core-mel t accident. There are differences between the

1 3IDCOR ,2 and ASEP/SARRP 5 analyses as to how long it will take to pres-
surize an ice-condenser containment to its ultimate capacity after the core
debris has failed the reactor vessel (and it is interacting with concrete) but'
both studies concluded that for some cases containment failure will eventually
occur. Therefore, unless mitigative actions are taken, an ice-condenser con-
tainment will fail for some accidents because of overpressure within 10 to 30
hours of vessel failure. If containment failure occurs, a significant inven-
tory of fission products in the containment atmosphere could be released to
the environment.

An inspection of the ice-condenser containment configuration in Figure
A.4 indicates that the cavity below the reactor pressure vessel would tend to
confine the core deoris after a core-melt accident at low pressure. Under
normal conditions the water from continuous ice melting and containment sprays,

will fill the upper reactor cavity and overflow into the lower cavity, coolingt

l the core debrism In the case of blocked drains, the containment spray will
accumulate in the upper compartment and the melted ice may be insufficient to
overflow into the lower cavity at the time of vessel failure. Thus, the cav-
ity may remain dry. In the absence of a water supply, extensive core-concrete
interactions would be expected to occur. There are differences between the
IDCOR2 and BCL5 analyses as to how hot the core debris will be during core-

!
concrete interactions and as to how much of the less volatile fission products
will be released. However, at this time the possibility of the core debris
remaining hot or eventually drying out and releasing significant quantities of
fission products has not been ruled out.

The most important vulnerability of the ice-condenser containment appears
to be the possibility of early containment failure, because of hydrogen defla-
grations or detonations or direct heating. SARRP predicts that most of the
early containment failures are because of hydrogen combustion. Otherwi se con-
tainment failure (if it occurs) is expected to be late overpressure failure
because of buildup of noncondensable gases or steam after depletion of the
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ice. Therefore, the probability of hydrogen detonations and deflagrations
should be controlled. The probability of detonation can be controlled by
ensuring the proper function of the igniters. However, deflagrations may
still occur whether or not the igniters function. The key to eliminating de-
flagration appears to be RCS depressurization to allow controlled hydrogen
burns. The atmosphere recirculation from the containment back into the ice
bed is al so beneficial. It provides a uniform mixture of air and hydrogen,
cools the atmosphere and facilitates removal of fission products from the con-
tainment air.

In addition to the hydrogen deflagrations and detonations, the interf ac-
ing systems LOCA has the potential to release substantial fission products
without the benefit of scrubbing by the ice and/or containment sprays. -

3.1.2 Mitigating Features

The ice condenser is an effective device for removing any fission product
aerosols that might pass through it. Thus, to some extent the ice condenser
has the potential to compensate for the vulnerabilities identified above (in
Section 3.1.1).

Overpressure failure of the containment can be prevented by intensive
cooling of ECC water and cooling of recirculating spray water. The 10COR cal-
culations2 indicated (see Table A.16) that about twice the heat removal rate
assumed by BCLs (i .e. , two pumps) from the recirculating spray water could
prevent overpressure failure of the containment.

The most severe consequences of core-melt accidents in Sequoyah are from
accidents with early containment failure. The SARRP uncertainty analysis" in-
dicates that hydrogen detonations or deflagrations may cause such early fail-
ure. In order to prevent hydrogen detonations and deficgrations, the hydrogen
igniters must be operable and large hydrogen concentration gradients must be
prevented.

3.1.3 Pbintain Containment Integrity

The above discussion has identified several features of the ice-condenser
pl ant that have the potentiel to help achieve Goal 1, namely, mitigating
fi ssion-product rel eases. Therefore, several guidelines have been developed
and "elated to those features which will aid in assessing whether specific
plants can meet Goal 1. The guidelines address the following areas:

containment sprays and long-term heat removal.

filtered venting, and.

reliable operation of ICS and ARFS.

3.2 Control the High-Consequence Sequences

The plant features identified in Section 3.1 can effectively mitigate
fission-product releases for the broad classes of accident sequences that were
found to dominate the CDF (see Table 3.1). However, accident sequences were
found in Section A.1 for which mitigating the fission-product release cannot
be assured.
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3.2.1 ' Interfacing Systems LOCA (Including Steam Generator Tube Rupture
(SGTR))

The interfacing systems LOCA (ISL) would open up a direct path from the
primary system to the reactor auxiliary building which bypasses the ice-
condenser and the primary containment. The only plant feature pertinent to
mitigating this event is then the reactor auxiliary building, which may not be
sufficient on its own to ensure low fission-product releases to the environ-
ment. Although Appendix A indicates that the ISL is not a significant con-
tributor to core damage for Sequoyah, PRAs for other PWRs have identified it
as a significont contributor to risk. It has also been identi fied as a
generic issue by the NRC (GI-105). In Section 4.2, a guideline and associated
criteria are developed to try to ensure that other ice-condenser plants assess
its contribution to risk. It is noted that Brookhaven National Laboratory
(BNL) is currently performing a study on interfacing systems LOCA to provide
technical support to the NRC for a mean'r.ful resolution of this generic
issue.

The steam generator tube rupture (SGTR) event would provide an open path-
way for early radioactive release to the atmosphere if the core damage is not
arrested in a timely fashion and the release paths in the secondary side,
e.g., the main steam isolation valve (HSIV) of the ruptured steam generator
(SG), and the associated SG atmospheric steam dump valves are not isolated
properly. Although this initiator has not been identified as a dominating
contributor to the overall CDF for Sequoyah, it has been identified as a con-
tributor to risk for other PWRs. Thus, the frequencies of these sequences
should also be controlled (Goal 2). In Section 4.2, a guideline and associ-
ated criteria are developed to ensure that other PWRs with ice-condenser con-
tainments do not have a high risk because of containment bypass events.

3.3 Reduce High Core-Damage Frequency Sequences

The set of accident sequences which were identified in the IDCOR2 and
ASEP3 studies as dominant contributors to CDF for the Sequoyah pl wt are pre-
sented in Section A.I. Although the number of contributing f cquences is
larg/ reactor year in Table 3.1) are key contributors to C0F.e, a relatively few r. umber of sequences (8 sequene.es are greater than

'

10" The most impor-
tant contributors to the CDF were found to be related to small LOCA (S ).2station blackout, and loss-of-component cooling water (TCCW) sequences.

3.3.1 Operator Response for Recirculation

Major contributors to the LOCA sequences are related to the high-pressure
recircul ation switchover which involves several operator failures and the
common cause failures of the containment sump suction valves and high-pressure
injection pump suction valves. This has been found also in other PWR PRAs
even though emergency operating procedures of the plants usually address this
recirculation switchover operation.

3.3.2 Station Blackout

Characteristics of the important accident sequences in station blackout
(SBO) are de bus failure or battery depletion defeating the turbine-driven
AFWS pump, and RCP seal LOCA because of failures of seal injection flow and
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failures of RCP thermal barriers resulting from loss of electric power to the
component cooling water and service water systems. SB0 is currently the sub-
juct of an unresolved safety issue (USI A-44) while RCP seal failure is the
subject of a generic issue (GI-23). Thus, development of these related guide-
lines and criteria are considered to be appropriate pending resolution of USI
A-44 and GI-23.

3.3.3 Component Cooling Water (CCW)

Loss-of-component cooling water (CCW), as an initiator, may cause fail-
ures of seal injection flow and failure of the thermal barrier and can lead to
reactor coolant pump (RCP) seal LOCA sequences because of loss of RCP sealcooli ng. tbte also, that, depending on the redundancy and heat loads of the
CCW system and the essential service water (ESW) system in a particular plant,
the loss of ESW could be more "critical" than the loss of CCW with regard to
RCP seal LOCA, depending on whether the charging pumps (which provide RCP seal
injection water) are cooled by the CCW or by the ESW system. Even for RCP
seals which are cooled by CCW, an RCP seal LOCA may result from the loss of
the ESW since the loss of ESW, if it is not rapidly recovered would lead todegradation of CCW. In Section 4.3, guidelines and associated criteria are
developed for the CCW to ensure that each plant assess the likelihood of CCW
failures leading to core-melt.

3.3.4 Reactor Coolant System (RCS) Depressurization

Small break LOCAs with failure of the high-pressure injection system
(HPIS) have been found to be a contributor to CDF for many PWR risk assess-

Changes to emergency procedures to allow RCS depressurization by sec-ments.
ondary bl owdown are being reviewed by the nuclear indust ry and the NRC.
Although the net risk reduction has yet to be assessed for ice-condenser
plants, it is considered prudent to provide a guideline to assess this capa-bility at each plant.

.

3.3.5 Reactor Coolant System .(RCS) Feed and Bleed Cooling

Table A 6 indicates that failures of the auxiliary feedwater system
( AFWS) and the feed and bieed cooling operation are significant contributors
to the core danage in SB0 or loss of dc bus sequences. The success cf RCS
feed and bleed cooling (high pressure injection (HPI) and steam relief through
the RCS power operated relief valves (PORVs)) has a significant impact on the
estimated C0F for many PWRs. However, the capacity of the PORVs and the HPIvaries from plant to plant. Thus, a guideline is provided to assess RCS feed
and bleed capacity and to ensure that the operator training and emergency pro-l

cedures are sufficient to achieve successful feed and bleed cooling if it isfeasible. Note that feed and bleed cooling is related to the decay heat re-
i moval issue (USI A-45).

3.3.6 Anticipated Transients Without Scram ( ATWS)

| Another set of accident sequences that may defeat several plant safety
features and that contribute to the CDF is related to an ATWS. ATWS is asmall contributor (1.1x10 6) to CDF for Sequoyah. It is also a dominant con-tributor for other PWRs including Surry and Millstone-3. The ATWS fnitiatedby loss of main feedwater was found to be most severe. Failure of secondary
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cooling ~ via the SG and RCS PORY relief in this sequence could lead to a small
LOCA and damage the check valves between the RCS system and the HPI systems
which may lead to core damage. In particular, if the turbine fails to trip in
this sequence, its demand for steam on the SGs will cause them to dry out rap-
idly, rendering the SG cooling ineffective.

3.3.7 Support System Interdependencies

Most PRAs have stressed the importance of unrecognized interdependencies
having the potential to compromise the performance of many critical safety
systems. In many cases risk assessment studies have identified such vulnera-
bilities very early in the study and fixes have been made which substantially
reduced risk.

The ASEP study of Sequoyah indicated a vulnerability to loss of CCW.
PRAs for other PWRs have also found vulnerabilities to service water and acand de busses. Thus , i t is extremely important that each plant attempt to
identify any unique support system vulnerabilities.

3.3.8 Flooding of Emergency Equipment

As excessive water release into a portion of the turbine building or aux-
iliary building outside the primary containment which houses a concentration
of safety-related equipment raises the possibility of a commor. mode event dis-
abling key equipment. At least one PWR has been identified i., which the loca-
tion of safety equipment makes the internal flooding initiator a substantial
contributor to CDF.

To help ensure that other PWR plants which may have a similar safety-.

related equipment flooding potential can be identified, a guideline and asso-
ciated criteria are provided in Section 4.3 which may be used to screen for
such vulnerabilities.

3.4 References for Section 3

1. ' Risk Reduction Potential," Energy Incorporated, IDCOR Technical Report *
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Events: Sequoyah, Unit 1," Sandia National Laboratories, NUREG/CR-4550,
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4. A. S. Benjamin et al., "Evaluation of Severe Accident Risks and the Poten-
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Table 3.1 Dominant Accident Sequences for Sequoyah
in the ASEP Study (Point Mean Values Per'

Reactor Year)a

Co re-Damage
Sequencesb Frequency

V 3.3E-7
SH22 2.9E-5
TCCW 2.7E-5
SH 9.7E-62 3
TLDF 8.3E-7i ii
T D WD F 2.9E-6i
SHF 7.7E-62

T Q -D F 3.3E-7i i

SH 2 1.6E-6
T CllP 1.1E-6 -

DCil[l 1.1E-6T 1 1

(f* )c
TOTAL

.

aFron infonnation contained in the ASEP report.3
b See the glossary for Table A.6 in Appendix A.
cMean core-damage frequency obtained from Monte
Carlo simulation.
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4 GUIDELINES AND CRITERIA FOR A PWR WITH AN ICE-CONDENSER CONTAINMENT

In Section 3, those accident sequences that dominate the core-damage fre-
quency (CDF) were identified and listed in Table 3.1. The interfacing systems
LOCA (V sequence) was identified as having potentially high consequences for
ice-condenser plants. Vulnerabilities of the ice-condenser containment to
severe accident containment loads were discussed, and those features of a PWR
with an ice-condenser containment which are important for preventing core dam-
age and are available for mitigating fission-product releases to the environ-
ment were identified.

Based on the insights from the 10COR and ASEP/SARRP studies for Sequoyah
and previous PRA studies, the following sections provide guidelines defining
"deterministic, plant-specific guidance on the design features and operating
characteristics which are to be examined by the utilities,"1 and criteria de-
fining "deterministic standards for judging the acceptability of plant fea-
tures."1 From SECY-86-762 further guidance is provided in defining guidelines
and criteria. These guidelines "will specify the plant features and operator
actions which are considered important to ensuring acceptable risk for the
reference plant."2 Further acceptance criteria (for the various guidelines)
"will specify the attributes necessary to ensure acceptable performance."2

Based on this work, twelve guidelines were developed which reflect the
importance of these features to plant risk. As discussed in Section 2.2.1
these guidelines indicate areas of potential improvements for various areas of
plant design and operation of which utilities should be aware when conducting
assessments. It is further noted that a number of the guidelines appear to
overlap various generic issues as defined by the NRC. Final resolution and
disposition of these generic issues may encompass NRC-imposed requi rements.
However, the guidelines and criteria presented herein are intended only for
the purposes noted above. Tne guidelines are summarized in Table 1.1.

Guidelines 1 through 3 were developed to ensure the capability to miti-
gate fission-product releases (Goal 1) with reference to maintaining contain-
ment integrity, maintaining ice-condenser system (ICS) effectiveness and pro-
viding reliable hydrogen control.

Guideline 4 was developed for controlling the frequency of high-
consequence sequences (Goal 2) with reference to minimizing interfacing sys-
tems LOCA frequency.

Guidelines 5 through 12 were developed for reducing high CDF sequences
(Goal 3) with reference to minimizing recirculation failure, mitigating sta-
tion blackout (5B0) sequences, mitigating loss of component cooling water
(CCW) sequences, enhancing reactor pressure vessel IRPV) depressurization
capability, examining feed and bleed cooling capability, mitigating antici- '

pated transients without scram ( ATWS) sequences, examining support system in-
| terdependencies, and mitigating internal floods.

The remainder of this section is organized into three subsections corre-
! sponding to the three basic goals. In each subsection, the corresponding
| guidelines are discussed from which detailed criteria are developed in order'

to provide the standards by which each plant will be measured for compliance (
| with the guidelines. The criteria address (see Section 2.2.2), under severe

>
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accident conditio6s, the general issues of (1) survivability of equipment
(i.e., the ability of the equipment to function under the environmental condi-
tions and fluid loads associated with severe accident sequences), (2) equip-
ment capabilities and duration of operability, (3) accessibility of equipment,
(4) availability of support systems, (5) identification of necessary compo-
nents, (6) identification of important operator actions, training and proce-
dures, and (7) identification of parameters for initiation of mitigating sys-
tems and operator actions.

4.1 Mitigate Fission-Product Releases

For a PWR with an ice-condenser containment, the dominant core-damage se-
quences were found to be small break LOCAs (including pump seal LOCAs and ISL)
and transients (including 580). In order to minimize off-site consequences,
the containment systems must be able to ful fill their role of restricting
fission-product releases even under these severe accident conditions. In'this
section, three guidelines are provided with associated criteria which should
hel p other PWRs assess the capability of their containments to mitigate
fission-product releases during a severe accident.

4.1.1 Maintain Containment Integrity (Guideline 1)
'

For sequences that result in corium ejection from the reactor pressure
vessel (RPV) at high pressure, water injected via the containment sprays com-
bined with melted ice can overflow into the reactor cavity with the potential
to help cool the debris, thus preventing early containment failure by contain-
ment shell melt-through or overpressurization because of direct heating. For
many of the dominant sequences SARRP predicts long-term overpressure failure
of the containment near the time of vigorous core-concrete interaction with a
concomitant substantial fission-product vaporization release. A guideline to
provide an assessment of the containment capability to withstand early threats
to containment has been suggested for PWRs with large-volume containment.
However, the ice-condenser containments are very similar to each other in
design and any threats to the Sequoyah containment appear to apply generically
to the other plants as well. Therefore, no additional guidance on assessment,

of containment performance is needed. The sprays provide substantial contain-
ment heat removal capability and will delay or prevent containment failure,
in some sequences, such as station blackout, the sprays may not be available
because of ac power requirements while in other sequences may deplete the
refueling water storage tank (RWST) inventory and the sprays may fail in the
recirculation mode.

Table 4.1 provides the criteria developed for this guideline to evaluate
the effectiven9ss of containment sprays and filtered venting systens in main-
taining containment integrity.

4.1.2 !ce-Condenser System (ICS) and Air Return Fan System ( ARFS)
(Guideline 2)

In the Sequoyah plant, the ice condenser plays an essential role in con-
densing steam anf scrubbing fission products for a broad range of accidents.

' In order to preserve these functions, it is desirable that the ARFS remain
operable and ice-condenser bypass conditions be avoided. The ARFS helps the
ICS and the containment spray system by circulating air between the lower and
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upper containment compartments through the ice condenser. The ARFS also pro-
motes mixing of hydrogen with air in the containment. These two design fea-
tures for Sequoyah permitted a lower containnent design pressure and a smaller
containment volume than those for a PWR without an ICS (e.g. , l arge-vol ume
contai nment) . The unavailabilities of these two systems in the event of an
accident would be important to risk since the containment could rapidly pres-
surize and fail without sufficient heat removal capability in the ice chest.

Table 4.2 provides the criteria developed for this guideline to evaluate
the effectiveness of these systems under the conditions imposed by the domi-
nant severe accident sequences.

4.1.3 Hydrogen Control (Guideline 3)

The most severe consequences of core-melt accidents in Sequoyah are from
accidents with early containment failure. The SARRP analyses indicate that
large deflagrations and hydrogen detonations may cause such early f ailure.
The hydrogen ignition system promotes combustion of the hydrogen at low con-
centrations in the containment air, thereby avoiding the large pressure spikes
associated with hydrogen detonation or deflagration and preserving containment
integrity, in addition to the igniters themselves, the placement of the 1 9
niters and the availability of the ARFS are important to avoid locally high
concentrations of hydrogen. The present igniter system can operate only if ac
power is available.

Table 4.3 provides the criteria developed for this guideline to evaluate
the effectiveness of each plant's hydrogen ignition system in mitigating the
dominant severe accident sequences.

4.2 Control the Frequency of High-Consequence Sequences

Accident sequences were found in Sectiori A.1 for which the PWR with an
ice-condenser containment has limited means of mitigating fission product
releases. In this section, gu.idelines and associated criteria for controlling
these potentially high-consequence sequences are developed.

,

4.2.1 Interfacing Systems LOCA_(Including Steam Generator Tube Rupture)
(Guideline 4)

As discussed in Section 3.2, although the interfacing systems LOCA (ISL)
has been found to be a highly unlikely event, it can be a significant risk
contributor for some plants because of the potentially high fission-product
releases to the environment. The objective of this guideline and associated,

criteria is to ensure that the frequency of ISL events is kept at an accept-
ably low level.

Brookhaven National Laboratory (BNL) is presently performing a study to
provide technical support to the NRC for the meaningful resolution of the
generic issue related to ISL (GI-105). For the ISL guideline, the performance
of equipment, systems, and operators should be assessed against specific per-
formance criteria to ensure successful prevention of interfacing systems LOCA.

| The criteria relate to equipment (low-pressure systems interfacing with high-
pressure systems) and operator performance (isolation and relief valve main-
tenance and surveillance).
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Although steam generator tube rupture (SGTR) bears the characteristic of
a small LOCA, it is unique in the sense that it is also a potential contain-
ment bypass LOCA, releasing primary reactor coolant into the secondary side of
the steam generators (SG), which provides several potential paths for release
of fission product to the environment outside the containment via the main
steamline turbine, turoine bypass, etc. Thus, despite its small contribution
to risk,3, it is important to provide the necessary measures to control the
likelihood of occurrence of SGTR and to isolate an SGTR if it occurs.

Prevention of SGTR frequency should be aimed at renoving all significant
causes that may contribute to degradation and failure of SG tubes, with spe-
cial emphasis placed on preventing chemical corrosion of the tubes by improved
secondary side water chemistry, and/or protecting the integrity of steam gen-
erator tubes from the impact of foreign objects through improved surveillance
and inspection. The primary objectives of recovery actions and mitigating the
consequences of SGTR should be (1) to stop the primary-to-secondary leakage,
(2) to restore reactor coolant system (RCS) inventory to ensure adequate core
cooling, (3) to minimize the release of fission products to the surrounding
environment from the ruptured SG, and (4) to stabilize the reactor system to
regain plant control .

Several important operator actions are required for successful achieve-
ment of these objectives, incluaing early and correct diagnosis of SGTR, iden-
tification as well as isolation of the faulty SG, manual depressurization of
the RCS to stop the leakage flow and prevention of main steam line flooding.
Since some of the key operator actions differ substantially depending upon
whether the offsite power is available or not, the operators should be trained
to familiari::e themselves with the correct measures that must be taken under
both conditions.-

The criteria developed for the guideline are presented in Table 4.4.
These criteria should be considered as appropriate pending final resolution of
the generic issue on ISL (GI-105) and the unresolved safety issues on SGTR
(USIs A-3, A-4 and A-5).

4.3 Reduce High Core-Camage Frequency Sequences

The major contril-Jtors to core-damage frequency (CDF) for Sequoyah are
identi fied in Appendi) A and include small LOCA (S ), station blackout (S80),2
and loss of componen: cooling water (TCCW) sequences. Thus, if the fre-
quencies of these accident sequences (or subset of them) can be reduced, then
th; overall CDF will be substantially reduced. In this section, guidelines
and criteria for reducing high C0F sequences are developed.

4.3.1 Operator Response for Recirculation (Guideline 5)

As presented in Section A.1, the small LOCA initiator (S ) has been found
2to be the largest contributor to CDF at Sequoyah. Major contributors to the

S sequences are operator failures in the recirculation switchover operation2

and common cause failures of the containment sump suction valves and the high
pressure injection pump suction valves. The recirculation switchover opera-
tion requires several operator actions to realign flow paths after the low
refueling water storage tank (RWST) alarm is given:
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i) changing positions of several valves downstream of the low-pressure
injection pumps,

ii) isolation of the emergency core cooling systen UCCS) from the RWST
suction,

iii) switchover of containment spray system (CSS) to recirculation, in-
cluding valving in service water (SW) to RHR heat exchangers, and

iv) valving in component cooling water (CCW) to the RHR heat exchangers.

Although the sequences involving loss of containment heat removal (CHR)
were found only marginally important contributors to core-damage sequences for
Sequoyah ( S F , S G , AF , AG in Table A.6), a main contributor to such se-i t 1 i
quences in other PRAs is often related to operator error in the recirculation
switchover operation. Since this switchover operation has also been found
important in other PRAs, the individual plant's emergency operating procedures
for many plants have been changed to include detailed descriptions of the
steps involved in the switchover operation. It is suggested in Section A.1.4
that the operator failure probabilities will be minimized if the operators are
trained in such a way that these several actions during switchover are an
integral operation for a single function. Thus, the likelihood of hun.an error
could be substantially reduced.

The criteria developed for this guideline in Table 4.5 are based on this
consideration and on eliminating common cause failures.

4.3.2 Station Glackout (Guideline 6)

In nost PRAs for 1ight-water-reactors (LWRs), station blackout (SB0)
sequences have been major or prominant contributors to-the CDF. The accident
sequences in SB0 are usually ch3racterized by two categories of events: the
failure to recover ac power before battery depletion (defeating the turbine-
driven auxiliary feedwater system ( AFWS) pump) and the RCP seal LOCA (because
of failures of seal injection flow and RCP themal barriers resuiting from
loss of the CCW and service water systems).

As part of the effort to resolve the unresolved safety issue (US! A-44),
the NRC is proposing to anend its ragulations "to provido further assurance. '

that a station blackout (loss of both offsite power and onsite emergency ac
power systems) will not adversely affect the public health and safety." For
accident sequences, developed by an individual plant examination (IPE), which
involve the loss-of-offsite power and onsite emergency power, the proposed SB0
rule should be examined for applicability. The criteria associated with
Guideline 6 are intended to emphasize the need to search for plant specific
features and potential comon cause failures which could disable systems
required to work during an SB0. For individual plants which are found to have
a vulnerability to SB0, the criteria given in Table 4.6 highlight the impor-
tance of proper emergency procedures and operator training in recovering from
an SB0 event.

I

| 4.3.3 Component Cooling Water (CCW) (Guideline 7)

An event initiated by loss of CCW may lead to RCP seal LOCA sequences
because of loss of RCP seal cooling, under the condition that high-pressure
injection (HPI) also fails when these pumps are also cooled by CCW. In some

{ pl ants the RCP seal injection is accompli shed by the essential service
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water (ESW). RCP seal LOCA may also result from loss of the ESW since its
loss, if it is not recovered in time, would lead to failure of the CCW sys-,

tem. Thus the criteria modifications may also be cost beneficial. The CDF
because of seal LOCA can also be reduced by making the RCP seal cooling less
susceptible to failure (e.g., using al ternate seal injection systems or5

S

steam-driven and self-cooled charging pumps ) or by imp) roving the seal designs(e.g., using a pneumatic seal which prevents leakage The criteria devel-.

oped for this guideline are presented in Table 4.7 and are considered appro-
priate pendiag the resol ution of the generic issue on RCP seal failure
(GI-?3).

4.3.4 Reactor Coolant System (RCS) Depressurization by Secondary Blowdown
(Guideline 8)

One potentially effective means of making up core inventory in case the
HPI systems are unavailable (either in injection or in recirculation) is to
depressurize the reactor coolant system (RCS) by heat removal through the
steam generators (SG). After the reactor coolant system has been depressur-
ized via secondary heat removal, the low-pressure injection systems (LPIS) can
be actuated for RCS makeup operation. This emergency procedure, currently
being implemented at Sequoyah based on Westinghouse Owners Group Emergency
Response Guidelines, may have significant impact on reducing the CDFs for S H,
S H, S D, and S D sequences, as pointed out in Section A.1.1.3. However,12 3 2 a
decay heat removal study performed by Sandia National Laboratories (SNL)

l3

indicates that credit for this procedure has very little impact on C0F for a'
Combustion Engineering plant. Feed and bleed capability (Guideline 9) was
found to be much more beneficial in reducing overall CDF (by about a factor of
3). The impact of RCS depressurization on S H and S H sequences should bei 2
si gni fican t because this procedure makes the dominatt contributor (operator
failure in performing the high pressure recirculation switchover) no longer
predominant. To attain success in this procedure, the operator must open the
SG atmospheric steam dump valves, maintain AFW or main feedwater (MFW) to the
SG and have one of the LPIS trains available. Improved depressurization
capability also has the potential to reduce the likelihood of early contain-
ment failure by reducing the magnitude of the pressure spike because of direct
heating and hydrogen combustion at the time of vessel failure. Although the '

net risk reduction for these low-pressure iniection (LPI) procedures has not
yet been assessed by the NRC, the potential looks promising and criteria have
been developed pending further analysis.

The criteria developed for this guideline are presented in Table 4.8.

4.3.5 Reactor Coolant System (RCS) Feed & Bleed Cooling (Guideline 9)

The success of RCS feed & bleed cooling (high-pressure injection (HPI)
and steam relief through the RCS power operated relief valves (P0/,Vs)) has a
significant impact on reducing the CDF associated with sequences involving
auxiliary feedwater system (AFWS) failures. Successful RCS feed & bleed cool-
ing hinges on proper operator actions as well as on operability of the HPI
systems and the PORVs, and the PORV block valves. The operator must ensure
sufficient injection by charging pumps or HPI pumps and manually open the
required number of PORVs. Appropriate containment heat removal systems must
also be available. The use of RCS feed and bleed as a backup to the AFWS is
being addressed as part of the decay heat removal issue (USI A-45).13
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!The criteria for this guideline should be considered as appropriate pend-
ing resolution of USI A-45 and are given in Table 4.9.

4.3.6 Anticipated Transients Without Scram ( ATWS) (Guideline 10)

The guideline for ATWS sequences assumes compliance with the NRC rule on
" reduction of risk from ATWS events for light-water-cooled nuclear power
pl ants.= 8 Also, in the NRC rule on ATWS, "the Commission has concluded that a
reduction in the frequency of challenges to plant safety systems should be a
prime goal of each licensee, and the Commission believes that ATWS risk reduc-
tion can also be achieved by reducing the much larger frequency of transients
which call for the reactor protection system to operate."8 As indicated in
Table A.7, ATWS is not a dominant contributor to CDF for Sequoyah and this is
also generally supported by PRAs for other Westinghouse plants. One factor in
these results is the credit given to the manual scram and emergency boration
using the charging system to deliver borated water to the reactor pressure
vessel. Failures of manual scram and emergency boration are dominated by
operator action failures. These operator actions are not specifically
addressed in tne ATWS rule.

.

Detailed criteria developed for this guideline are' given in Table 4.10
and are based upon the assumption that each of the plants is (or will be) in
compliance with the NRC rule on "Reduction of Risk from Anticipated Transients
Without Scram for Light-Water-Cooleo Nuclear Power Plants."8

4.3.7 Support System Interdependencias (Guideline 11)

. One of the primary benefits of performing a rigorous PRA is that the sys-
tem interdependencies are modeled and are reflected in the results. However,
not all PRA studies have perfomed i n-depth interdependence analyses and
therefore have not ferreted out all of the possible subtle interdependencies.
This may hava profound effects upon their results. A dependency is defined as
the failure of ene syster. ieading directly or indirectly to the failure of
another system.

An in-depth application of basic PRA methodology with respect to interde- '

pendencies yielded significant findings on a previously heavily studied PWR.
To illustrate this point, reference is made to the BNL study of system inter-
actions (support system interdependencies) at Indian Point Unit 3.g The major
finding of that study was that a specific single station emergency battery
could fail and among other things, negate the entire low pressure injection
function. The point to be emphasized here is that none of the numerous other
studies and reviews of the Indian Point 3 design were able to detect thisi

| important single failure nor did the BNL study until all the support syst
were explicitly modeled, linked together (the fault tree linking approachgms

'

0)and solved using the SETS computer code. Il

NUREG-1150 12 has provided a thorough application of the latest PRA
methods to five reference plants and the results point out numerous insights!

Into the importance of specific design differences among the studied plants.;
'

However, the NUREG-1150 authors emphasize the importance of support system
differences and the difficulty of extrapolating the result of one plant to
another.
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It is not sufficient to make a single overall dependence table of the
front-line and support systems for a given plant and simply compare that to
the reference plant. No two plants will have the same set of system interde-
pendencies, it is known that in U.S. nuclear plants, support systems vary
widely from plant to plant even though the plants may be of a similar class
and have the'same set of front-line systems.

It is recognized that following the interdependency evaluation steps
outlined in Table 4.11, in a rigorous f ashion, is a major undertaking. This
fact, however, does not diminish its importance.

Based upon the dominance of the SB0 sequence and the loss of CCW sequence
for Sequoyah as well as other PWR designs, it is recommended that detailed
interdependency tables be constructed for the SB0 and loss of CCW sequences
with all dependencies conditioned upon the existence of a SB0 for various
lengths of time and upon the loss of CCW, respectively. These tables should
al so explicitly identify all of the expected failure mechanisms (e.g.,
identify whether batter f ailure is because of loss of room cooling or charge
depl etion) .

4.3.8 Flooding of Emergency Equipment (Guideline 12)

Although medium or small leakages can be adequately mitigated by the
existing sumps or pumpback systems, large water leakages are of primary con-
cern in flooding. Potential water sources for excessive water release into
the turbine building or auxiliary building include the condensate storage
tank, the reactor coolant system, the service water system, the refueling
water storage tank, and the fire protection system storage tank. Some of the
major equipment located in the buxiliary building may include emergency core
cooling (ECC) pumps and their electrical control panels.

F1 coding can be initiated by (1) a major maintenance and (2) breaks in
the pressurized or non-pressurized part of piping or components. In i t em 1,
"major maintenance" refers to those actions which would require dismantling of -

system components thus eliminating a barrier between large sources of water
and the auxiliary building. Flooding can partly be prevented and/or mitigated
through proper training and proced ures. For exampl e , once the flooding
occurs, the operator should be able to follow the instructions for responding
to the alann to identify the source of the flood and isolate it before the
water level in the compartment reaches a critical level. The operator should
also know about alternative devices or equipment which can be utilized to pro-
vide coolant injection to the RPV in case the emergency core cooling (ECCS)
systems equipment f ail in the flood compartment.

Although this type of vulnerability to flooding was identified for only
one PWR, it is believed that the concerns are of general applicability to
other designs. Thus, it is recommended that all PWR plants be screened for
flooding vulnerabilities.

Detailed criteria developed for this guideline are given in Table 4.12.
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4.4 Using the Guidelines and Criteria

Nunerous investigations, including PRAs, have been perfomed for the ref-
erence plants and for similar plants by both the NRC and the nuclear power
industry. The insights gained from many of the studies have been used in de-
veloping the guidelines and criteria contained in this report (including the
other volumes relating to other plant types). The guidelines and criteria are
issued to guide the analyst performing an IPE. This guidance is in the form
of plant features, operator actions and the criteria for assessing those fea-
tures and actions found to be hel pf ul in reducing the overall risk for
Sequoyah and other PWR plants. Thus, the guidance is given to provide a re-
source in examining the subject plant to detemine if the same, or similar,
guidelines will be of value in reducing overall plant risk. These guidelines
and criteria are intended to be used solely as guidance, but they may include
(as a subset) some requirements generated by the NRC on generic issues.

4.5 References for Section 4

1. R. Barrett, "Status of the Severe Accident Program for Operating Reac-
tors," NRR Staff Presentation to the ACRS Subcommittee Class 9 Accidents,"

February 24, 1986.

2. SECY-86-76, "Implementation Plan for the Severe kcident Policy Statement
and the Regulatory Use of New Source-Term Informatinn," NRC/EDO, February
28, 1986.

3. "NRC Integrated Program for the Resolution of Unresolved Safety Issues
A-3, A-4, and A-5 Regarding Steam Generator Tube Integrity," U.S. Nuclear
Regulatory Comission, NUREG-0844, Draft Report for Comment, April IM5.

,

t

4 NRC Staticn Bl ackout Proposed Rule, Federal Re gi ster, Volume 3), No. '

55/Merch 21, 1986, pgs, 9329-9835.

5. E. Silvestri et al . , " A . Mod el for the Probability of Core Uncovery in
LOOSP Induced Accidente, as Applied in the Probabilistic Safety Study for -

ENEL PWP Standard Power Plant," Paper No.109, Proceedings of the Inter-
national ANS/ ENS Topical Meeting on Probabilistic Safety Methods and
Applications, Volume 2, February 1935, San Francisco, CA.

f. G. Edi son , Si zewell-B: Analysis of British Application of U.S. PWR
"

Technology," NUREG-0999, May 1983.

7. H. L. Schnurer and H. G. Seipel, "The Safety Concept of Nuclear Power
Pl ant s in the Federal Republic of Ge many ," Nuclear Safety, 24, 743
(1983).

8. ATWS Final Rule - Code of Federal Regulations. Title 10, Section 50.62,
! "Requirements for Reduction of Risk from Anticipated Transients Without

Scram Events for Light-Water Cooled Nuclear Power Plants," June 1984.

9. R. Youngblood et al ., "Fault Tree Application to the Study of Systems In-
teractions at Indian Point 3 " Brookhaven National Laboratory, NUREG/CR-
4207, January 1986.
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Table 4.1 Criteria for PWR Ice-Condenser Containment
Guideline 1: Maintain Containment Integrity

Concern: SARRP predicts containment failure near the time of vigorous core-
concrete interaction. Thus a substantial fraction of the vapori-
zation release may be released from containment.

Functions: Containment Spray (Guideline 1. A)
- Containment Heat Removal
- Fission Product Scrubbing
- Debris Bed Cooling

Filtered Venting (Guideline 1.B)

Guideline 1. A. Provide Containment Spray

Basis: Early initiation of containment spray will help flood the reactor
cavity and cool the core debris as it exits from the reactor ves-
s el . Continued spray should help control the containment pressure
rise because of the decay heat load and should aid in fission-
product decontamination.

Caution: Failure of recirculation has been identitled as a dominant con-tributor to core damage. For small break LOCA sequences, early
initiation of core spray will rapidly deplete the refueling water
storage tank (RWST) and will limit the available RCS injection
capability if recirculation is unsuccessful (See Guideline 5. A.).

Criteria:

The following should b2 assessed to ensure containment heat renoval capabil-
ity:

1.A.1. The heat removal provided by the containment spray related components,

should be sufficient to remove heat loads anticipated during the dom-
inant accident sequences. These loads include but are not limited to
decay heat'and the chemical energy released from metallic oxidation.

1.A.2. Containment spray should commence when the containment pressure ex-
ceeds a predetermined value calculated in accordance with the appro-
priate PWR emergency response guidelines (ERGS) on a consistent basis
with the Final Safety Analysis Report (FSAR) requirements.

1.A.3. Containment spray should be terminated when the containment pressure
decreases below a predetermined value calculated in accordan:e with
the appropriate ERGS on a consistent basis with the FSAR requirements.

Guidance: Alternate sources of containment spray such as a diesel-driven fire
pump should be assessed for their capability to provide sufficient flow and
head for adequate containment heat removal.

1.A.4. The ability of equipment designated for containment spray to function
in a reliable manner under the predicted containment conditions asso-
ciated with sequences for which operation of the containment spray is
needed should be assessed.
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Table 4.1 (Continued)

1.A.5. Operator training and emergency procedures should specify the fl ow
paths and specific components to be aligned and their required posi-
tions for initiating containment spray, if a backup system and/or
equipment are to be utilized, operator training and procedures should
identify the flow paths and specific actions required for any tempo-
rary system cross connections.

1.A.6. Operator training and emergency procedures should specify the plant
parameters that will prompt the operators to initiate and terminate
the containment spray. Training and procedures should be consistent
with the time required to align the system and components as required.

The following sho nd be assessed in order to evaluate the capability of the
containment spray to reduce fission-product contamination of the containment
atmosphere:

1.A.7. The spray system should be assessed for its ability to cover the
entire containment volume (upper and lower compartments) for an ade-
quate time, with spray droplets of an appropriate size. Such an
assessment would include the total amount of water available for long-
term spray operation, as well as the pressure under which the water
could be supplied to the spray headers by various sources. The eleva-
tion of the spray, the nozzle spray pattern, as well as large obstruc-
tions below the spray headers, should be considered when assessing
volume coverage.

In addition, to promote debris bed cooling the following criteria shoulo be
assessed to ensure flooding of the reacter cavity before RPV Vailure:

1.A.8. The spray initiation point (Criterion 1.A.2) should be assessed to
ensure that the sprays will be initiated early enough to flood the ;

reacter cavity before RPV failure for the dominant accident sequences.

1.A.9. The spray termination point (Criterion 1. A.3) should be assessed tn
ensure that spray termination will not allow the debris bed to reneat
after it has been successfully cooled.,

Guideline 1.B. Provide Filtered Venting

Basis: For those plants where ac independent containment sprays and long
term containment heat removal are not available venting should be
considered to ensure fission-product mitigation for late contain-
ment failure eveats. i

Caution: Containment venting should not be indiscriminantly perfonned. A
clear understanding of the accident sequence in progress should
have been attained prior to initiating venting. The effects of
venting should have been assessed and made known to the operators
during the training progran. The assessment should include the
effects of containment venting on the operation of emergency core
cooling (ECC) injection systens and health consequences.
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Table 4.1 (Continued)

Criteria:

The following should be assessed to ensure filtered venting capability:

1.B.1. For accident sequer,ces where filtered venting has been assessed to be
beneficial, filtered venting should commence when containment pressure
reaches the predetermined containment venting pressure set point. In
selecting the containment venting pressure set point, the following
functions should be assured:

a. the ul timate ccat3inment pressure capability would not be
exceeded.

b. the backpressure acting on the safety relief valve assemblies
would not prevent them from performing their function,

c. the vent valve assemblies would not be prevented from performing
their function,

1.B.2 If local initiation of filtered venting is necessary, the time re-
quired to perform this function and the potential for exposing person-
nel to the harsh environment thould be taken into account in thetraining and procedures.

1.B.3 Operator training and energency procedures should specify the plant
parameters that will prompt the operators to make preparation, com-
mence and tarminate the venting sequence. The training and procedures
should also be consistent with the required actions and timing of
those actions so venting will commence immediately when required (see
Criteria 1.B.1 and 1.B.2). The training and procedures should further
specify the flow path (s) available for venting, specific components to
be aligned, and the required positions / states for these components.
The training and procedures should specify how to proceed if termina-
tion of venting is not possiale.

1.B.4 For each accident sequence where venting is credited (e.g., assumed to
prevent containment failure) the capacity of the vent lines and asso-
ciated vent valves should be assessed to determine whether the venting
capacity has the capability to decrease containment pressure.

1.B.5. The filtering media should be capable of reducing the released frac-
tion of the radioactivity of the non-noble gas component by an order
of magnitude. For some plants containment sprays and/or natural depo-
sition processes (i.e., late in the accident sequence) may provide
sufficient decontamination to provide "filtering."

1.B.6. The capability of equipment used to support venting to function under
predicted environmental and fluid loads associated with severe acci-
dent sequences (including station blackout) should be assessed to
determine whether the equipment would be available for an appropriate
time of operation including the vaporization release phase of core-
concrete interaction.
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Table 4.1 (Continued)

1.B.7. The filters shou'.d be capable of accepting the aerosol loading from
core-concrete interactions while remaining functional.
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Table 4.2 Criteria for PWR Ice-Condenser Containment
Guideline 2: Ice-Condenser System (ICS)
and Air Return Fan Systen ( ARFS)

Concern: Design features of the ICS and ARFS allow for a lower contairment
design pressure and a smaller containment volume than those for an
equivalent size PWR with a large-volume containment. The ICS
works as a pressure suppression and radioactivity scrubbing
device. The ARFS enhances the effectiveness of the IC/ and pro-
motes mixing of hydrogen with air in the containment. Failures of
these . systems (including bypass of these systens) would lead to
rapid pressurization of the the containment because of steam or
noncondensable gas buildup and hydrogen combustion. This rapid
pressurization could result in early containment failure with
little effective fissior-product scrubbing.

Functions: Pressure Suppression
Fission-Product Scrubbing
Containment Air Circulation (Guideline 2. A.)

Guideline ?. A. Provide Reliable Operation of ICS and ARFS

Basis: Implementation of the following criterion will significantly im-
prove reliability of the systems thus reducing the risk associated
with tb.eir failures.

Criterion:

2. A.1. The capability of equipment cesignated for the ICS and ARFS to func-
tion under predicte.i environmental and fl uid loads associated with

| dominant severe cccident sequences (including station bl ackout)
should be assessed to determine whether the equipment would be availa-
ble for an appropriate time of operation.

.

\
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t ', Table 4.E Criteri a for PWR Ice-Condenser Coistainment
'

Guideline 3: Hydrogen , Control'[ < ,

Concern: SARRP indicates that there is a sLbstantial probability' of early
containment failure because of 1 uncontrolled hydroge i cebustion 's

,

for station blackoutT(SBO). Rapid releases of hydrogen And rpre
debris during nigh pressure meltdowns also contribute , to %arly
containmest failure. Enharcement of depressurization capoility
is cddreued in Guideline 3.

s

h[drpgen Control
,

Functions: > a
,

,

'

kzf deline 'dA. 'F0 vide Regope Hydrogen IQters ''

4, =

Rasis: Implementation of the following crf teria will" improve the opera-
/' bility of the igniters for gall accident sequer3es thus reducing

the likelihood of early containment failure. ,
,

. ,

f ,y,

(/ S Criteria:
[f. #j
'

''-

3.A.1. The capability of the hydrogen' igniters to funct. ion under predicted
J envi ronmental and fl uid loads associated with the domina.it severe.y, accident sequences in+aiing SB0 sequences should be aurge,i to de-1

, . / : termine whether the (p;tpment would be available for criaopropriate
) time of operation. '

, ,

/ a4

3.A.2. In order to ensure thid localfped hign concentrations of hyJrogen de-
not occur, the capabilt ,y of the ' air return f an system ( ARFS)' o fure-

3j - tion under predicted environm(rtal 4,1d fluid loads associatei widh the,

dominant severe acciderd sequenctA (including Sa0) should be apetssed
to determine whether equipment suld b? .available 'or an appropriate
time of operation, j '' '

>,

'
9 Guidance: For inMvidual plar.ts which are found to have a Hgh SB0 core-

, ,

y
/ dariage fraquency (CDF), ac independent igniter.s and ARFS s'iould t considered., ,
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Table 4.4 Criteria for PWR Ice-Condenser Containnent
Guideline 4: Interfacing Systems LOCA
(including Steam Generator Tube Rupture)

Concern: The interfacing systems LOCA sequences represent potentially high-
release sequences and were found to contribute significantly to
risk, even though their contribution to core-damage frequency (C0F)is not significant. The contribution to CDF by the steam generator
tube rupture (SGTR) sequences is also relatively small. However,
the associated risk can be potentially significant because the
leakage of primary reactor coolant to the secondary side of the
steam generator (SG) can cause release of radioactivity to the out-
side of containment via the steamlines, the turbines, the condenser
and the SG atmospheric steam dump and safety valves,

function: Maintain Primary System Integrity (Guidelines 4.A and 4.B)
.

Guideline 4. A. pievent Overpressurization of Low-Pressure Systems
,

Basis: Implementation of the following criteria will ensure the frequency
of an interfacing systems LOCA will remain acceptably low.

Note: Resolution of the generic issue (GI-105) which deals with inter-
facing systems LOCAs for both BWRs and PWRs, may impact this guide- '

line. Therefore, the criteria below should be considered as appro-
priate pending resolution of the generic issue.

Criteria:

4.A.1. All low-pressure lines that potentially could be overpressurized
should be identified and should be provided with alarms to alert the
operator of an overpressure event.

4.A.2. The equipment designated to provide isolation and prevent overpressur-
ization, such as the RHR line isolation valves or the low pressure in- !

jection system check valves, should periodically undergo operability '

testing and local leak rate testing (LLRT).

4.A.3. The relief capability of the relief valves designated to nitigate low-
pressure system overpressurization should be estabitshed. In most, if
not all, cases these relief valves were not sized with the possibility,

| of an interfacing systems LOCA in mind. However, given that an inter-'

facing systems LOCA occurs in a non-isolatable portion of a low pres-
!

sure system, there may be alternatives available to the operator such,

as taking advantage of additional relief valves, if such or similar
| actions are found to be helpful, they should be factored into the

appropriate emergency procedures. ,

! 4.A.4. Operator training and procedures should specify the actions to be
| taken to isolate the low-pressure systems identified above or depres-

surize the primary system, thereby mitigating the consequences of the
ir*.rfacing systems LOCA.
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Table 4.4 (Continued)

4.A.S. After each reactor shutdown and cooldown, testing of the isolation
function of the pressure isolation valves should be performed. Test-
ing of these valves should not be performed under reactor operating
conditions.

Guideline 4.B. Prevent Steam Generator Tube Rupture (SGTR) and
Minimize Its Consequences

Basis: The following criteria are provided to ensure that the risk because
of SGTR events at each plant is a small fraction of the overall
risk (See NUREG-0844).

4.B.1. The structural integrity of steam generator (SG) tubes should be main-
tained by protecting them against all plausible causes leading to
weakening, cracking or bursting of the tubes. As part of the resolu-
tion of the unresolved safety issues related to SGTR (USIs A-3 A-4
and A-5) the NRC staff has issued Generic Letter 85-02 to ensure that
each licensee's steam gener6 tor tube integrity program complies with
staff recommendations.

4.B.2. Operator training and procedures should specify the means by which the
occurrence of SGTR can be correctly diagnosed, the faulty SG identi-
fled and i sol ated in a timely manner, and the necessary recovery
actions to be taken. These actions include reactor coolant systen
(RCS) cooldown to below the saturation temperature corresponding to
the faulty SG pressure by dumping steam only from the intact SGs to
establish sufficient subcooling margin, subsequent RCS depressuriza-
tion to the faulty SG pressure with establishment of suf ficient RCS
inventory and safety injection (SI) termination to avoid repressuriza-
tion and further primary-to-seco'Jary leakage.

4. 8. 3. If offsite power is unavailable during the recovery actions, the RCS
cooling described under 4.B.2 above should be achieved by using the
atmospheric relief valves on the intact SGs, since neither the turbine
bypass valves nor the main condenser would be available. Also, RCS
pressure should be controlled by using pressurizer PORVs or auxiliary
spray since normal pressurizer spray will be unavailable because of
loss of the reactor coolant pumps (RCPs).

Guidance: The effectiveness of various accident management strategies in
reducing overall risk for specific plant types is being investigated by an
NRC/RES program. These operator related criteria (e.g., 4.B.2 and 4.B.3) are+

I provided to emphasize the importance of the operators' actions in mitigating
'

severe accidents. These criteria are considered to be appropriate pending NRC
resolution of accident management issues.

|
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Table 4.5 Criteria for PWR Ice-Condenser Containment
Guideline 5: Operator Response for
Recirculation

Concern: Inadequate decay heat removal because of failure in the recircula-
tion switchover operation has been found to be a leading contrib-
utor to severe accident sequences, in particular, sequences initi-
ated by small LOCAs. Failure in the recirculation switchover of
the high pressure systems leads to core danage because of insuffi-
cient coolant makeup and thus inadequate decay heat removal from

3 the core. Failure in the recirculation switchover of the contain-
ment spray system and failure to establish a containment spra
path from RHR lead to inadequate containment heat removal (CHR)y

.

Containment failure because of inadequate CHR could create net
positive suction head (NPSH) problems for the pumps taking suction
from the containment sump, which could in turn lead to recircula-
tion failure and subsequent core damage.

Functions: Adequate Recirculation Cooling (Guideline 5. A)
Adequate Containment Heat Removal (Guideline 5.B)

Guideline 5. A. Provide Adequate Recirculation Cooling

Basis: Implementation of the following criteria will significantly reduce
the CDF and risk because of core damage associated with the recir-
culation cooling phase.

Criteria:

5 A.1. Operator training and procedures should specify the actions to be per-
! forned to realign flow paths, including recovery actions that must be

performed during reci rcul ation switchover (especially at high RCS
-

i pressure) and RHR heat exchanger injection cooling. These actions
should be specified in an integrated fashion, so that no single oper-

; ator has a designated role whose incorrect action would cause loss of
! the switchover or cooling functions.

5. A. 2. Training and procedures should specify that the upper compartment
drain plugs should be removed after refueling to ensure that core in-
ventory recirculation and containment spray recirculation are not ad-
versely affected. They should also specify that the containment sump
strainer should be free of plugging.

! 5.A.3 Plant response to small LOCAs should be investigated to see if there
are measures that can be taken to delay or obviate the need to enter,

'

the recirculation phase. For example, to delay the emptying of the
j RWST by delaying initiation of containment spray via raising its set-

point. Note that any change in spray setpoint must be done on a con-
sistent basis with requirements in the FSAR.
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Table 4.5 (Continued)

5.A.4 Training and procedures should attempt to avoid failure of both injec-
tion pumps because of switchover to a sump which does not provide suf-
ficient NPSH to operate the punps. Consideration should be given to
providing procedures which will specify refill of the RWST to provide
continued primary injection capability if recirculation switchover
fails.

Guideline 5.B. Provide Adequate Containment Heat Removal (CHR)

Basis: Implementation of the following criteria will significantly reduce
the risk associated with containment failure.

Criteria:

5.B.1. Operator training and procedures should specify all actions (including
alternatives) required to initiate and maintain CHR under severe acci-
dent conditions when recirculating from the containment sump.

5.B.2. When nanual-remote operation of equipment is required to initiate CHR,
the operator training and procedures should specify the actions for
performing these functions and provide an understanding of and exper-
ience with the time required to perform them.

5.B.3. The capability of equipment designated for CHR to function under pre-
dicted environmental and fluid loads associated with dominant severe
accident sequences (including 5B0) should be assessed to determine
whether the equipment would be available for an appropriate time of
operation. Note that this criterion does not imply that the equipment
will be qualified to a new design envelop.

.
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Tabl e ' 4.6 Criteria for PWR Ice-Condenser Containment
Guideline 6: Station Blackout

Concern: Station blackout (580) sequences have been shown to be one of the
leading classes of severe accident sequences in terms of both CDF
and risk.

Function: Reliable Operator Response (Guideline 6. A)
Post Accident Decay Heat Removal Capability (Guideline 9. A)

Guideline 6. A. Provide Operator Response During Station Blackout

Basis: Significant study and research have preceded current work on severe
'

accidents; in particular, reference is made to the rul emaking
activity already under way on SB0. It is assumed that when the
SB0 rule is finalized, some requirements of the rule may be similar
in form to the criteria below. Nevertheless, during an individual
plant examination (IPE), it is important to highlight those areas
which previous PRAs found to be important contributors to the SB0
CDF. In addition, auxiliary feedwater system (AFWS) turbine-driven
pump reliability is being addressed in GI-124 and the following
related criteria should be considered appropriate pending resolu-
tion of this generic issue.

Criteria:

6.A.1. Operator training and proced ures should specify the actions that
should be performed to provide core cooling and decay heat removal and
should specify the systems and components to be aligned and their re-

;, quired positions.

6.A.2. Operator training and procedures should specify the actions required
to restore of fsite and onsite emergency ac power prior to depletion of
the dc power supply during SBO.

6.A.3. Operator training and procedures should specify the actions that '

should be performed to shed nonessential loads requiring de power to
increase the length of time that the plant can cope with an SB0.>

6.A.4. Operator training and procedures should specify any actions that
should be taken prior to the loss of de power given that ac power has
not been restored.

6.A.S. Operator training and procedures should specify actions required to
initiate operation and/or assure that contaicment spray and hydrogen
igniters are operable under SB0 conditions. If containment spray or
igniters are lost under degraded core conditions, specific procedures
should address the conditions under which spray or igniters can be
resto red.

a

|

I
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Table 4.6 (Continued)
,

6.A.6. The capability of a turbine-driven auxiliary feedwater train or its
equivalent to function under predicted environmental and fluid loads

;

asscciated with severe accident sequences (including SB0 sequence) i

should be assessed to determine whether the equipment would be availa-
ble for an appropriate time of operation.

;

t6.A.7 Special emphasis should be placed upon the review of the AFWS to C

assure that common cause failures have been eliminated to the extent |practical from the design. i
<
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Table 4.7 Criteria for PWR Ice-Condenser Containment
,

Guideline 7: Component Cooling Water
,

'

Concern: An event initiated by loss of component cooling water (CCW) or .

!'

essential service water (ESW) may lead to reactor coolant pump
(RCP) seal LOCA sequences because of loss of RCP seal cooling and
seal injection, under the condition that high-pressure injection'

also fails. This is an important contributor to CDF at Sequoyah,
as is also the case at other PWRs. RCP seal and CCW failure arej currently designated as generic issues by the NRC (GI-23 and

,

'

GI-65, respectively).

Function: Adequate Cooling of Engineered Safety Features Systems (Guideline
j 7.A)

Guideline 7. A. Provide Adequate Cooling to Engineered Safety
Features Systems

i

Basi s: Implementation of the following criteria on CCW will significantly
reduce the CDF and risk because of RCP seal LOCA sequences. Loss
of CCW initiated by loss of electric power is addressed by Guide- [

>

line 6: Station Blackout. If, depending on the design configura-
tion of a particular plant, loss of ESW it likely to result in an4

RCP seal LOCA, then the criteria should be applied to the ESW sys-,

tem,

iCriteria:
i

7.A.I. Operator training and procedures should specify actions to be taken to
.

shed nonessential loads requiring CCW (or ESW) to increase the length "

of time that the plant can cope with partial loss of CCW (or ESW).
; 7.A.2. Special emphasis should be placed upon the review of the CCW (or ESW)

i

system to assure that common cause failures have been eliminated to ;i
I the extent practical from the design. .

j
.

; 7 A.3 The capability of the CCW (or ESW) system and associated equipment to
ifunction under predicted environmental and fluid loads associated with

; '4evere accident sequences should be assessed to determine whether the
equipment would be available for an appropriate time of operation.:

7.A.4 Alternate injection systems to cool the RCP seals or improved seal
designs which prevent leakage should be considered for those plants

,

where RCP seal LOCAs comprise a dominant part of the CDF.
|

|

|

l
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Table 4.8 Criteria for PWR Ice-Condenser Containment
Guideline 8: Reactor Coolant System (RCS).

Depressurization by Secondary Blowdown

Concern: Snall or medium LOCAs followed by f ailure of high-pressure injec-
tion system (HPIS) or high-pressure recirculation system (HPRS)
were determined to be important contributors to CDF for the plant
under review. Some of these transients were al so found to'

contribute quite significantly to risk.

Function: Depressurize the RCS (Guideline 8. A)

Guideline 8. A. Provide RCS Depressurization Capability,

Basis: Implementation of the following criteria will enhance the core in-
ventory makeup capabilities of the low-pressure emergency coolant
injection and recirculation function in the event that the high-
pressure systems are unavailable.

Criteria:

8.A.1. Operator training and procedures should specify the actions to be per-
formed to realign flow paths, initiate and control RCS depressuriza-
tion by secondary blowdown (blowing down tne secondary side of the SG),

in order to provide emergency core makeup via the low-pressure injec '
tion systems (LPIS) if the high-pressure systems are unavailable. The
procedures, such as opening the SG atmospheric steam dump valves and
maintaining auxiliary feedwater or main feedwater to the SG, should
follow the instructions given in the appropriate emergency response
guidelines and account for the possibility of steam generator tube
rupture (SGTR--see Guideline 4.B).

8.A.2. The capability of equipment and systems designated to depressurize the
RCS by secondary blowdown to function under predicted environmental
and fluid loads associated witn scvere accident sequences should be

I assessed (this does not imply that the equipment will be qualified to
severe accident conditions) to determiae whether the equipment would
be available for an appropriate time oc operation.

Guidance: The effectiveness of various accident nanagement strategies in
reducing overall risk for specific plant types is being investigated by an,

. NRC/RES program. These operator related criteria (e.g., 8. A,1) are provided
to emphasize the importance of the operators' actions in mitigating severe

| accidents. These criteria are considered to be appropriate pending NRC reso-
| lution of accident management issues.
:

,

f
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Table 4.9 Criteria for PWR Ice-Condenser Containment
Guideline 9: Reactor Coolant System (RCS)
Feed & Bleed Cooling

Concern: RCS feed a bleed cooling can be employed to remove the decay heat
in case RCS heat removal via the SGs fails completely. If the RCS
feed & bleed cooling also fails, core uncovery would ensue.

Functions: Provide Alternate Core Heat Removal Capability (Guideline 9. A)

Guideline 9. A. Provide Operator Response for RCS Feed & Bleed Cooling

Basis: Fulfilling the following criteria will improve the chances for
successful RCS heat removal subsequent to loss of main and auxil-
iary feedwater systems. Overall decay heat removal capability is
being addressed by USI A-45. Note that feed and bleed capability
has been estimated l3 to reduce CDF for one PWR by a factor of
three.

Criteria:

9.A.I. Assess the capacity of the power operated relief valves (PORVs) or
head vent valves and the HPIS to remove de;ay heat.

9.A.2. Operator training and emergency operating procedures should specify
the actions required for RCS feed & bleed cooling, in particular, the
diagnostic means of determining the need for RC3 feed & bleed cooling
and the detailed procedures to be followed as well as the number of
PORVs to be manually opened should be clearly stipulated. fapropriate
means of containment heat removal should also be available (Guideline5.B). -
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Table 4.10 Criteria for PWR Ice-Condenser Containment
Guideline 10: Anticipated Transients
Without Scram ( ATWS)

Concern: Although PRAs for some PWRs indicate that ATWS sequences are not
significant contributors to C0F, they have been studied exten-
sively in the past because they may lead to plant conditions that!

.

may render several engineered safety features ineffective and thus
may contribute significantly to risk.'

Function: Reliability of the Reactor Protection System and Operator Response
During ATWS (Guideline 10. A.)

Guideline 10. A. Provide Operator Response During ATWS

Basis: The criteria developed here are based on the assumption that each
of the plants is (or will be) in compliance with the ATWS final
rule dated July 26, 1984 PRA studies have shown that the pre-
dicted CDF because of ATWS is significantly lowered based upon
modifications which comply with the ATWS rule. The major thrust

i

of the ATWS rule is on the addition and/or upgrading of scram
related systems and equipment to prevent an ATWS. NUREG-1150-

point to potential benefits for improved operator training and
procedures to mitigate the effects of an ATWS and prevent core
damage from occurring. For any individual pl ant which may be
found to be vulnerable t'o ATWS, the following criteria reflect
added measures that emphasize the operator's role and function in
mitigating an ATWS initiator.

.

In the case when the automatic scram system fails during plant'.

transients, the operator is required to attempt to manually scram
the reactor and inject borated water to the RPV by using the
charging system including repositioning the valves which are
necessary to properly align the charging system to the boron sup-
pl y.

Criteria:

10.A.I. Operator training and procedures should specify the actions required<

for the manual scram and emergency boration. They should also speci-
fy the responsibilities of operating staff crew members and clarify
how infomation will be exchanged among them. In particular, instru-
mentation readings may have to be relayed between the crew members (s)
operating the control boards and the senior reactor operator coordi-
nating the crew's response to accident.

10.A.2. The capability of systems and equipment designated for operation
during an ATWS to function under predicted environmental and fluid
loads associated with severe accident sequences should be assessed
to detennine whether the equipment would be available for an appro-
priate time of operation.

.
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Table 4.11 Criteria for PWR Ice-Condenser Containment
Guideline 11: Support System Interdependencies

Concern: When conducting a probabilistic risk assessment (PRA), individual
plant evaluation (IPE) or similar analysis, it is imperative that
the support system interdependencies be fully developed, unde r-
stood and reflected in the final results. Otherwise there is no
assurance that the dominant core-damage / risk sequences have been
identified.

Function: Support System Interdependencies (Guideline 11. A)

Guideline 11. A. Examine Support System Interdependencies

Basis: Implementation of the following criteria will ensure that the full
set of support system interdependencies have been identified and
have been reflected in the results.

Note: The following criteria are easily outlined but are not easily im-
plemented. The complex nature of a nuclear power plant makes it'

imperative that this area of analysis be fully examined. However ,
since no two plaats have identical support systems, this analysis
should be done on a plant specific basis.

Criteria:

11.A.I. All systems that provide any direct support to either a frontline or
support system should be identified along with its supported system.
For each dependency that is identified, the failure mechanism and
time should be estimated,

r

11.A.2. Each dependency should be conditioned as appropriate as to what se-s

; quences or under what (if not all) circumstances it applies. In view
of its importance, a separate station bl ackout dependency table !

should be provided which gives the available systems, their antici-
pated survival period and the ultimate cause (e.g., no room cooling)
of their failure.

'

11.A.3. As in Criterion 11. A.2, a dependency table should be provided which
shows the effects of loss of component cooling water (or service "

water) on other systems,

11. A.4. The dependencies should then be linked together (preferably by com-'i

puter) within the analysis in order that the extent to which their
influence reaches through the systems to a consequence will be dis-
covered. This will help identify secondary dependencies to ensure
that no one failure in a support system has any unknown critical
outcome on other support or front line systems. I

i !

!e

47

'

.

,- ,- _ c _ ._ , _ _ . . _ _ _ ., - _ _ . _ - _ . _ _ . . _ , _. , _ _ , _ _ _ _ _ , _ _ _ _ _ _ . _ . ,...___-.,_,,,.y - . - _ _ .



.

.

.

4

Table 4.12 Criteria for PWR Ice-Condenser Containment
Guideline 12: Flooding of Emergency
Equipnent

Concern: An excessive water release into a portion of the turbine building
or auxiliary building outside the prinary containment which houses
a concentration of safety-related equipment raises the possibility
of a common-mode event disabling key equipment. At least one PWR
plant has been identified in which the location of safety equip-
ment makes the internal flooding initiator a substantial contrib-
utor to CDF.

Function: Prevent or Hitigate Internal Flooding (Guideline 12. A)

Guideline 12. A. Prevent or Mitigate Internal Flooding

Basis: Implementation of the following criteria may reduce the potential
of a common-mode failure of safety equipment because of internal
flooding for PWR plants where the systems' layout combines impor-
tant safety equipment in compartnents with exposure to possible
inundation.

Criteria:

12.A.I. For those areas identified as vulnerable to flooding, instrumentation
should be added to alert the operator of such an occurrence.

7

12.A.2. Operator training and procedures should ensure that the operator will.

respond to isolate any internal floods that occur.

12.A.3. Operator training and procedures should ensure that the operator is
prepared to use alternate injection sources still available if flood-
ing causes a common-mode failure of ECCS equipment.

12.A.4 The electrical systems should be assessed for the possibility of cas-
! cading failures because of flood-induced electrical shorts. Add i-

tional isolation devices (e.g., circuit breakers) should be consid-
ered , if needed.

12.A.5. The addition of water-tight doors / walls might be effective ways to
lessen the common-mode threat. Water-tight doors between compart-
ments should be alarmed to notify the operator when they have been
lef t open.

,

|

|
|
|

|
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APPEN0ix A

SEVERE ACCIDENT RISK INSIGHTS

This appendix reviews the Industry Degraded Core Rulemaking Progran
(IDCOR) and the Nuclear Regulatory Commission (NRC) Accident Sequence Evalua-H* /rogram ( ASEP) analyses for the Sequoyah plant which is a PWR with an.

condenser containment. Differences between the studies are identified and
insights are provided which hel ped in the development of the plant type-
specific guidelines and criteria for preventing and mitigating severe acci-
dents which are discussed in Section 4 of this report, in addition to the
review of the IDCOR and ASEP analyses for Sequoyah, design features of other
plants (D.C. Cook, McGuire, Catawba, and Watts Bar) with an ice-condenser con-
tainment are also overviewed to identify similarities and differences among,

the plants. The insights gained from this overview of the design features
also contributed to the development of the guidelines and criteria in Section
4

The Sequoyah Nuclear Plant Units 1 and 2, located near Chattanooga, in
Hamilton County, Tennessee, are Westinghouse PWRs of thermal output of 3411 MW
per unit.

Each unit of the Sequoyah Nuclear Plant has an ice-condenser system (ICS)
for containment cooling and energy absorption in the event of an accident.
The air return fan system ( ARFS) enhances the ICS by circulating air between
the lower and upper containment compartments through the ice-condenser com-
partment, and dilutes hydrogen concentrations in potentially stagnant regions
of the containment by ensuring continuous flow of air. These two designfeatures, i.e., ICS and ARFS, allow for a lower containment design pressure
and a smaller containment volume than those for a reactor with a large-volume
containment.

'

Another design feature at Sequoyah is the upper-head injection system
(UHIS), which operates automatically during the injection phsse of loss-of-
coolant accident (LOCA) scenarios to provide an initial high flow of borated
cooling water into, the top of the reactor vessel. The UHIS supplements the
cold leg accumulator system (CLAS) but is not considered necessary for suc-
cessful mitigation of LOCAs.

Table A.1 summarizes the design of the safety-related systems at Sequoyah
ir, comparison with those at D.C. Cook, McGuire, Catawba, and Watts Bar. Fi g-
ure A.1 shows a schematic for the Sequoyah engineered safety features and Fi9-
ure A.2 shows a heat and fluid flow diagram for Sequoyah's various cooling
systems. Figure A.3 and Figure A.4 show a schematic of the Sequoyah ICS and a
simplified flow diagram of the Sequoyah ARFS, respectively.

Section A.1 describes the review of the various estimates of the coredamage profile. Core-mel tdown phenomena and containment response are ad-
dressed in Section A.2. Differences between IDCOR and the NRC Severe Accident
Risk Reduction Program (SARRP) estimates of fission product release and of f-
site consequences are discussed in Sections A.3 and A 4 Finally, Section A.5
summarizes the insights gained from the review of these studies.
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A.1 Cora-Damage Profile ;,

The main objective of this jection is to prgsent the Sequoyah core-damage i

profiles emerging from the IDCOR and ASEP/SARRP i analyses.

The primary information reviewed in this section is from Refs. I through
3. The information contained in Refs. 4 and 5 was also used in the review.

A.1.1 IDCOR Assessment of Sequoyah Core-Damage Frequency (CDF)
.

1

;
of the IDCOR report, sets of Sequoyah risk profiles are presented in Section 7

Three different
including the pre-!DCOR risk profile, the IDCOR baseline

risk profile, and the committed risk profile. The pre-IDCOR risk profile is'

based primarily on the results of the Sequoyah RSSMAP Study (NUREG/CR-1659):
! which was conducted to identify the dominant accident sequences for a PWR ice-

condenser plant for comparison with those identified in the Reactor Safety
Study (RSS) (NUREG-75/014). The IDCOR baseline risk profile was developed by
modifying the pre-!DCOR risk profile to reflect changes in current plant con- <

figuration and operation procedures es well as initiating event frequency,
success criteria, system unavailability, containment response, and fission-,

product transport information. It serves as an estimate of current plant risk
and CDF which can be used to compare with various safety goals, and also was
utilized as a basis for estimating the impact of several potential modifica-
tions evaluated in the IDCOR report. The committed risk profile differs from
the IDCOR baseline risk profile only in that it takes into account one of the<

,

new emergency procedures currently being implenented at Sequoyah, namely,
depressurization of the reactor coolant system (RCS) using steam generators

! (SGs) followed by core inventory makeup employing the low-pressure coolant
{ injection or recirculation system. Risk reduction potential of other planned ,

procedures and plant modifications was not considered.

The initiating event frequencies used by IDCOR to quantify the CDF are
summarized in Table A.2. Comparisons of the CDF constituting part of these !
risk profiles are shown in Table A.3. A brief review and discussion of these'

CDFs is given in the following seccions.,

! A.1.1.1 Pre-IDCOR Core Damage Frequency
i

| The dominant accident sequences for the pre-IDCOR CDF are failures of [
core inventory makeup following LOCA events and the interfacing systems LOCA,

| (ISL). Approximately 60% of the CDF is contributed by the rectrculation fail-
ure sequences, S H S H, and S HF, and roughly 17% by failures of injection2 1 2
after LOCAs, S D and SgD. The ISL contributes about 8%.2.

The initiating event frequencies and the point-estimate failure probabil-
ities of various events used in quantifying the pre-IDCOR CDF are essentially,

! based on those listed in Table 7-4 and Table 9-2 of the RSSMAP report '

(NUREG/CR-1659). Appendix B of that report contains a detailed description of ;

the methodology employed in computing the point-estimate failure probabilities
of some of the key events such as H (emergency coolant recirculation system)
and D (emergency coolant injection system). Simplified fault trees are also-

; presented in that report.
|.

l
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A.1.1.2 10COR-Baseline Core-Damage Frequency
. .

The single, most dominant contributor (79%) to 10COR-baseline CDF is the
sequence, S H, i.e., a small LOCA with failure of core makeup during recircu-2
l ation. As compared with pre-10COR, the overall C0F increased by nearly a
factor of four, mainly because of the significant increase in the initiating
frequency for small LOCA, S . In the following discussion, a brief explana- i

2

tion is given with regard to how the IOCOR-baseline CDF was calculated by '

,

modifying the pre-10COR value for each of the accident sequences. '

<

| For convenience of discussion, the function or system unavailabilities
used in quantifying the CDF are swanarized in Table A.4

Sequence S H.
2

Although the initiating frequency of a small LOCA event, S
by a f actor of about 11, the failure probability of Event H i.2, is increased-

e., ftilure of
recirculation, is reduced by roughly a factor of three af ter incorporating the

; following changes:

(1) The independent, simultaneous failures of the two sump valves and single
failures in the sump system are treated as common cause failures of the

,

low pressure recirculation system (LPRS) and the containment spray system
4

(Event HF).

(2) The switchover to hot-leg recirculation at 24 hours for S LOCAs is2assumed not to be required for both LPRS and high-pressure recirculation
systems (HPRS).

(3) A nonrecovery factor of 0.23 is used for recovery from failure of one i

of the sump valves because of electrical actuation faults.

(4) The unavailability of both low-pressure pumps (2.0E-5)* is added.

(5) A nonrecovery factor of 0.1 is used for recovery from room-cooling fail-
ures.,

1

| (6) A nonrecovery factor of 0.28 is used for recovery from failures of suc-
tion valves connecting the LPRS to the high pressure pumps.

The overall impact is an increase in the CDF associated with this se-
quence by a f actor of about four. It must be remarked that the dominant con- |tributor to failure of recirculation H, continues to be the operator error in '

switching over from injection to recirculation,

j Sequence SgH.

|

| The initiating frequency for intermediate LOCA, event S , is basicallyi
] the same as in the pre-IDCOR analysis. All the changes listed above under

sequence S H also apply to this case for reevaluation of H except that the3 2
4

hot-leg recirculation switchover failure is included with a nonrecovery factor
of 0.01. This results in a substantial reduction of both H and the CDF of |,this sequence.

*2.0E-5 = 2.0 x10- 5

! 51
t

!
.

. . - - . - - - - _ _ _ _ _ _ _ - . _ . - _ _ _ . . . . , _ - _ _ - . _ _ - - . . _ . , - . _ - . , , - . . _ _ . - - _ - _ _ ._ -



_ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __________ __ __ ____________ _ _ _ - _ _ _

.

.

.

*

,

Sequence S D.
2

Despite the increase in the initiating frequency of Sg, the CDF associ-
ated with this sequence is reduced because of a large reduction in the failure

.

probability of the coolant injection Event D, which resulted from the change I

in the success criteria of D for $ 2 LOCAs. The requirements were changed from
"one-of-two charging trains and one-of-two safety injection trains" to "any
one of the charging or safety injection trains." Failure of the refueling ;

water storage tank (RWST) was added to the sequence, but its contribution is '

quite small.

Sequence Y.

1

l The initiating frequency for ISL (Event V) is reduced oy about a factor
of five (NUREG-0773) to reflect the increased leak testing and surveillance of

1 the check valves on the low-pressure injection lines.

Sequence S HF.
2

The roughly tenfold increase in the initiating frequency of S 2 is compen-
sated by a factor of ten decrease in the feilure probability of the Event HF.
The common-cause human error (to remove the upper to lower compartment drain
plugs) is reduced by applying a 0.01 human error factor to reflect current
plant procedures involving verification. Also, credit for recovery of a sump

; valve (0.23 nonrecovery factor) was included for S i and S2 sequences. These
are primarily responsible for the large reduction in HF frequency.

,

Sequence 5 0.
3

For intermediate LOCA, the failure of coolant injection, D, and the ini-
2, tiating frequency remain essentially unchanged from the pre-IDCOR values. !,

Therefore, the sane CDF for this sequence is obtained in both studies.

] Sequence T23ML(Z).

' The initiating frequency of T is increased from 7 to S.1. Also, the
unavailabilityofM(mainfeedwater$3is increased by a factor of ten after re-
viewing current PRAs. Feed and bleed cooling (Event Z), following loss of the
auxiliary feedwater system (ATWS), is newly added to the baseline evaluation.
The overall impact reduces the CDF of this sequence by a factor of three.

Sequence S HF.
3

:

The reasons for the decrease in HF have been explained under (e),

'

(Sequence $ HF). The CDF of this sequence is, thus, reduced by about a factor2
of ten.

Sequence AH.

| There is a significant increase in the initiating frequency of A (large
LOCAs). The failure probability of H, however, is reduced by about a factor

'

of ten by incorporating the changes explained for Sequence S H, with thei i; exception that no recovery of a sump valve is considered. This results in
more than a factor of two increase in the CDF of this sequence.

1
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Sequence TgB MLB'.
3

For loss of offsite power transient (T ), an event tree is presented int
the IDCOR report (Figure A-20 on page A-37) depicting how the CDF of this
sequence is calculated for the baseline case. Note that the IDCOR analysis
did not consider the possibility of reactor coolant pump (RCP) seal LOCA.

[

Sequence AD.

i The large increase in CDF of this sequence is essentially because of the
increase in the initiating frequency of a large LOCA, A.

Sequence AHF.

The failure probability of HF is reduced by about a factor of three after
incorporating the changes explained for Sequence S 1F, with the exception that2no recovery of a sump valve is considered. The CDF from this sequence, never-
theless, increases significantly because of the large increase in the initi-
ating frequency of a large LOCA, A.4

] A.1.1.3 IDCOR-Committed Core-Damage Frequency

i Implementation of the new emergency procedure described earlier allows
low-pressure makeup systems to be used for core inventory makeup if high-pres-;

sure systems are unavailable, either in injection or recirculation. Only the
sequences, S H, S H, S 0, and S D, are affected by this new procedure, result-2 1 2 3ing in roughly a factor of five decrease in the total C0F. All the initiating~

frequencies used in quantifying the IDCOR. committed CDF are identical to those
used in the baseline calculations. The basis for the change in H or D from
the baseline value is briefly summarized below for each of the four affected

; sequences.

S H Sequence.
2

: .

The new procedure has significant impact on the dominant contributor
1 (operator failure in the high-pressure recirculation switchover). An operator
i nonrecovery probability of 0.06 was used for high pressure trains. Thischange contributes to the reduction of H.

i SgH Sequence.

The causes for reduction in H are identical to those mentioned above forthe S H sequence.2

S D Sequence: .
2

!> A nonrecovery factor of 0.03 was used for operator error to take the
required actions. The unavailability of the low-pressure systems, atmospheric
dump valves, and AFWS is included (about 2.0E-3 total). This results in a4

j factor of about three reduction in D.
I

S D Sequencej .
3

The reasons mentioned above for S2D also apply to this sequence,

j 53
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A.1.2 ASEP Assessment of Sequoyah Core-Damage Frequency

A.1.2.1 Initiating Events

Table A.5 shows the initiating events considered and their annual occur-
rence frequencies used in ASEP.

A.1.2.2 Event Trees

References 2 and 3 provide the event trees for Sequoyah. An event tree
was developed for each initiator shown in Table A.S. The event tree for the
loss of a de bus initiator (TDCX) uses the event tree for the l os s-o f-of fsite power initiator (T ). The event trees for transients with the power3

conversion system (PCS) initially unavailable (T ), and for transients with2the PCS initially available (T ) are of the same structure.3

Accident sequences which involve a stuck-open power-operated relief valve
(PORV) from transient event trees are transferred to the event tree for the
small LOCA (5 ). Anticipated transients without scram ( ATWS) sequences are2

transferred to an ATWS event tree and further developed therein.

In addition to eight accident initiators considered in Ref. 2. Ref. 3 in-
cludes loss of component cooling water (CCW) as an accident initiator. The
event tree for this initiator is, however, not provided in Ref. 3.

Accident sequences in which containment' heat removal function (served by
the containment spray recirculation system (CSRS) and the LPRS) is lost but

: core heat removal function (served by the emergency core cooling (ECC) injec-
tion and recirculation systems) is available are tentatively flagged as "core-

vulnerable" in Ref. 2. These core vulnerable sequences would be further
analyzed to determine whether they eventually l ead to core damage. CDF
resulting from these core vulnerable sequences are given in Ref. 3 as 13% of
the vulnerable sequences.

I

Each accident sequence is assigned to a plant-damage state depending on
the initiator, containment status regarding whether it is intact, failed be-
fore core damage, or failed after core damage, and spray status for radio-
activity removal. There are 14 plant-damage states in total, including a
plant-damage state to which the interfacing systems LOCA (V) sequence is
assigned.

A.1.2.3 Fault Trees

Fault trees are developed for systems which constitute the functions in
the event tree headings. The fault trees or Boolean equations necessary for
event tree quantification are provided in Ref. 3.

A.1.2.4 Data

In general, the failure probabilities used by ASEP 3 are generic data.
Data used for diesel-generator failure to start and for valve plugging are,
however, said to be plant-specific values for Sequoyah. Beta factors for
diesel generators, motor-operated valves, and motor-driven pumps are generic
values from Ref. 6 assumed to represent the 95% upper confidence bound.
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Operator actions identified in the fault trees and recovery actions in
the accident sequence quantification were evaluated using the generic ASEP
methodology and human error probabilities.

A.1.2.5 Results

The sequences whose point estimates are greater than 10-S/ reactor year
are retained in the ASEP study. The results are mean-point estimates, which
imply that all the basic event probabilities put in the fault trees and event
trees are mean values. In the event
approximation and the DELETE TERM procedure in the SETS codetree quantification,7 the rare-eventare used. The
DELETE TERM procedure is a way to incorporate systems success in an accident
sequence. The results of uncertainty analysis and sensitivity studies are
provided in Ref. 3 Uncertainty associated with statistical uncertainty in
the failure data was treated by Monte Carlo sampling codes and uncertainties
associated with assumptions and modeling were handled by perfonning several
sensitivity studies. The results were presented in "box and whisker" type
construction.

Ref. 2 provides the frequencies of the dominant core-damage and core-
vulnerable sequences before the common cause failures (using s-factors) and
the operator recoveries are incorporated. However, it also provides addition-
al results for three S2 sequences which incorporated the 8-factors and recov-
eries. Ref. 3 incorporated the common cause failures and the operator recov-,

eries in the dominant CDFs. Note that the approach of the ASEP study is to
incorporate the common cause failures (using beta f actors) and the operator
recoveries at a cutset level after the cutsets are generated. Ref. 3 also
provides quantification of the core-damage sequences which result from thea-

~

core-vulnerable sequences identified in the event trees in Ref. 2. Theseresults are summarized in Table A.6, followed by the nomenclature for the
sequences.

] The most dominant core-damage sequence in the ASEP study (Ref. 3) is S H'

characterized by the small LOCA initiator and failure of the high-pressure r,e2
circulation function. This sequence contributes 34% (2.9E-5) to the total
CDF of mean-point estimate 8.6E-5. Main contributors are operatar errors,

involved in the recirculation switchover which requires realignment of several
; valves, and common cause failure of high-pressure pump suction valves.
,

Loss of the component cooling water (CCW) system, as an initiator
. (TCCW), leading to RCP seal LOCA with ECC system failure, is next in impor-
; tance. This sequence contributes 31% (2.7E-5) to the total CDF, with common

cause failure of pumps as a dominant contributor.

SgH , which is characterized by the small LOCA initiator and failures of3

low-pressura injection in miniflow mode and low-pressure recirculation in sup-
port of high-pressure recirculation, contributes 11% (9.7E-6) to the total
CDF. S H F, in which failure of the containment spray recirculation function23
accompanies S H , contributes 9% (7.7E-6).23

The loss-of-offsite power initiator (T ) contributes 5% (4.1E-6) to the3total CDF. Its main contributing sequences are T D WD F (2.9E-6) and T l 0 Fi3 1 i11(8.3E-7). T D WD F is a pump seal LOCA sequence accompanied by failure of thei3 i
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containment-spery recirculation function in station blackout (580). TLDFttiis a battery depletion sequence accompanied by failure of the containment-
,

-

spray recirculation function in SB0.

Note that the results of Ref 3 were used for identification of the mostimportant sequences. This choice was made because Ref. 3 presents the most
recent results for Sequoyah from ASEP.

A.1.3 Comparison Between 10COR and ASEP

Table A 7 compares initiator frequencies used in the IDCOR Il and ASEP 3
studies. Table A.8 shows the results comparing dominant sequences at the
core-damage level for Sequoyah in comparison to results from several other
PRAs for PWRs. Note that the results from IDCOR are "mixed"-point estimates,
resulting from using mean initiator frequencies and median basic event proba- :
bilities, while the results from ASEP are mean-point estimates.

A.1.4 Discussions

The CDF for Sequoyah, assessed in 10COR.Il is based upon the results of
the Reactor Safety Study tiethodology Applications Program (RSS!!A?) for
Sequoyah Unit 1, which was a simplified "survey and analysis." The RSSMAP
study has been updated to reflect changes in current plant features and opera-
tional procedures, as well as more recent failure data and initiating event
frequencies, it was, thus, a limited study that tried to infer a plant spe- ;

cific risk profile at Sequoyah from a simplified analysts which in turn was
done for a different plant (Surry). The grouping of transient initiators in
only two categories (loss-of-offsite power and all transients other than loss-
of-offsite power) in 10COR does not allow accurate quantification for se-
quences which involve rodeling of the system failures conditioned on specific
accident initiators. This grouping may lead to failure to uncover important
sequences (e.g., sequences initisted by loss of component cooling water or
loss of a de bus) which were identified as important contributors to CDF and
pl ant risk in several recent PRAs, including the ASEP study for Sequoyah.
Such support system failuras may be even nore important in other ice-condenser
plants for which the support systems configuration is different (see Table
A.1).

The ASEP study for Sequoyah appears to be a plant-specific detailed
analysis employing the state-of-the-art in PRA methodology. It develops
plant-specific event trees for a reasonably complete set of accident initia-
tors and f aul t trees which are necessary for quantification of the event
trees. It is noteworthy that it uses the fault tree linking method for event
tree and fault tree evaluation. The data used is, however, less than plant-spect fic. Nst of the failure probabilities and 8-factors for comon cause
failures are generic data except for the probabilities of diesel generator
failure to start and valve plugging.

As is shown in Table A.8 the small LOCA initiator (5 ) is the largest2contributor to core damage at Sequoyah both in IDCOR analysis and in the ASEP
study. Dominant sequences associated with this initiator are S H and 5 HF in

2 2IDCOR notations, and 5 H e S H * S H F, and 5 H F in ASEP notatinns. 5 H cor-22 23 22 23 2responds to S H +SH and 5 HF to $ H F + S H F. Major contributors to22 2 3 2 22 23
these sequences are related to the recirculation switchover involving operator

56

.



.

.

.

.

failures in several steps, and the common cause failures of sump suction
valves and high-pressure pump suction valves. The recirculation Switchoverrequires several operator actions to realign flow paths: changing positions
of several valves downstream of the low pressure injection pumps, isolation of
ECC system from the RWST suction, switchover of containment spray from injec-
tion to recirculation, and valving in CCW to the residual heat removal (RHR)heat exchangers. The ASEP study treats these series of operator actions as
independent events in quantifying the operator failure probabilities. This
appears to be too conservative an assumption since operators are trained and
emergency operating procedures are written in such a way that these actions
are an integral operation for a single function and thus they become highlydependent events.

The loss-of-offsite power initiator (T ) leads to dominant sequencest
Tgl 0 F and T D WDgF that are characterized by battery depletion and by pump3 3 i3
seat LOCA, respectively. TgL 0 F represents a sequence initiated by loss of1 t
offsite power and followed by failures of onsite ac power and AFWS trains (L )
including the turbine-driven pump due to battery depletion af ter 4 hours.3

High-pressure injection (D ) and containment spray recirculation (F) also fail3in this SB0 sequence. T D WD F is a sequence in which reactor coolant pumpi3 i
(RCP) seal LOCA occurs due to failures of seal injection flow (D ) and RCP
themal barriers (W) resultingfrcen loss of offsite power and failure of onsite3

ac power. Containment-spray recirculation (F) also fails in this sequence.
T is not assessed as important in IDCOR. This is partially because of the
f act that the RCP seal LOCA scenario associated with T is not considered in3IDCOR. Another factor may be the difference in the recovery model related to
the battery depletion time and ac power recovery time assuned in the two
studies.

The ASEP study (in particular, Ref. 2) also identified loss of a de bus
as a significant contributor. This leads to several sequences as listed in
Table A 6. We noted that there is a striking dissimilarity between the con-
tribution of de Bus I and Bus 11 for some of these sequences (e.g., CDFs for
TDCI 3D WD H and TDCl! 3D WDgH3 are 2.3E-7 and 1.0E-5, respecti vely) . Itt 3

appears that this strong dependence on DC Bus 11 failures is because of an
arbitrary assumption that Train A of the two charging pumps is normallyoperating. Unless there is other physical and configurational differences
between the two trains of the systems involved in the sequence, the results of
arbitrary modeling assumptions such as this carry a misleading message that de
Bus !! is more important than dc Bus 1.

The IDCOR study did not identi fy TCCW and TDCX, This is, as mentioned
before, appears to be because of the 1 imitation of grouping all transients
other than loss-of-offsite power into one initiator at the beginning of the
analysis instead of considering system dependent failures for specific initi-
ating events before grouping.

The dif ference between IDCOP and ASEP in the estimate of CDF due to
intemediate LOCAs (5 ) is attributed to the RCS "depressurization" (secondary3

blowdown) operation and the "core vulnerability" treatment. The IDCOR base-
line analysis and ASEP study did not give credit to the RCS depressurizaiton
operation (which depressurizes the reactor cnolant system by blowing down the
steam generators and uses the low-pressure injection system (LPIS)) in case of
high-pressure injection systems HPIS) failure. The IDCOR committed risk pro-
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file incorporated this operation in the analysis. The ASEP study identified ;
S F and S Gt t sequences as core vulnerable sequences and then a fraction (0.13) it
of their frequencies was assumed to lead to core damage, while the 10COR !

studies assumed SgF and S Gt 3 as core damage sequences from the beginning.
;

Here F and G stand for containment spray recirculation and containment heat '

1

removal with containment spray recirculation trains, respectively. [

Both studies estimated similar frequencies for the interfacing systems '

LOCA (V sequence) which deserves special attention because of its potentially
high consequence. The 10COR study reduced the RSSHAP estimate 4.6x10-6 p,7
year to 9.0x10-7 per year giving credit to yearly testing and surveillance
planned for the check valves between the LPIS and the RHR system. The ASEP
study astimates 3.3x10-7/ year in Ref. 3, giving credit to a potential operator
recovery action to isolate the interfacing LOCA by remotely closing the appro-
priate isolation valve in the low pressure line.

|

,

Neither study considered the steam generator tube rupture event. '

Although this initiator may not contribute significantly to the overall core
damage (Ref. 15 indicates that this initiator contributes about 2.5% to the
overall CDF in the Midland Nuclear Plant), it could contribute significantly
to early fatalities. This may occur because of an open pathway in the secon- ,

dary side at the time of core damage, resulting in a direct release from the
primary side to the atmosphere through the ruptured steam generator.

A.2 Core-Meltdown Phenonena and Containment Response

This section contains a list of available Sequoyah Plant accident analy-
ses (Section A.2.1), a comparison of available results from IDCOR and SARRP
analyses for containment response, radioactivity release and consequences
(Section A.2.2). The discussion of additional accidents analyzed by NRC con-
tractors for this plant is in Section A.2.3. The dif ferences between 10COR
and SARRP analyses identi fied in Section A.2.2 are discussed in Section
A.2.4. Model differences and important emergency systen features, which could
diminish the consequences of analyzed accidents, are also discussed.

A.2.1 Containment Performance

The Sequoyah Nuclear P1 ant Accider.ts were analyzed by Sandia National

Laboratories (SNL{ and a recent BCL studyin the RSSMAP study," lby Battelle Columbus Laboratories(BCL) in BMI-2104 in su
industry Sequoyah study is reported in Volume 23.1Sgort of N'JREG-115p. The

and Volume 21.1 of the
10COR report.

Table A.9 gives the time of containment failure for each analysis. Thi s {time defines the release time of radioactivity which in turn affects the con-
sequences of such release.

The results presented in Table A.9 were based on three different assumed
|

pressure limits for containment failure (30 psia, 60 psia, and 65 psia) and '

are therefore, difficult to compare directly. This pressure limit was changed
after the Reactor Safety Study (RSS) in accordance with additional analysis of
the Seq"uoyah containment structure. This was one of the reasons that previous
studies containment failure earlier than in the more recentstudies.lgredicted0.11e
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In ' comparing the 10COR studies with SARRP studies one can observe two
;general trends: 10COR predicts no containment failures because of hydrogen

burns and all the 10COR predicted containment failures are delayed in compari-
son to the SARRP results. In addition, the number of accident sequences ianalyzed by the NRC contractors is substantially larger than the sequences

>

analyzed by 10COR.;

The containment response for the cases analyzed by 10COR in Table A.9 and
,

'

similar cases analyzed for SARRP are given in Tables A.10 through A.13.

S,0 Accident - (Failure of ECC Injection System, D)
,

The comparison of S 0 accident in Table A.10 shows very similar timing2
for core uncovery, core melt and RPV failure. However, the time of ice deple-
tion is much longer in the 10COR analysis than in the RSSMAP analysis. The
pressure in containment rises to 30 psia in about 12 hours, when the contain-
ment fails in the RSSMAP analysis. In the IDCCR analysis, the pressure never
rises above 21.5 psia (at 2.81 hours) and the pressure drops thereafter. This
is demonstrated on the lower containment pressure of $ 010COR calculations,

-

2shown in the Figure A.S. In this figure the solid line corresponds to two
spray pumps operating (assumed in the 10COR base case) and the dotted line
corresponds to one spray pump operating (IDCOR minicum safeguard case). The
RSSMAP calculations assumed that only one spray pump operates. Figure A.5 in- '

dicates that after 7.5 hours the 10COR spray cooling system removes more heat
than is generated by core decay neat (both the curves in Figure A.5 start
dropping after 7.5 hours) and the containment is predicted to never fail. The
steep rise of pressure around 5 hours (Figure A.5) coincides with ice deple-
tion (see Table A.10, 5 0 of 10COR).2

The delayed ice depletion and pressure drop after 7.5 hours for the 10COR
case, compared to RSSMAP analysis indicates that 10COR cooling is more effec- '

tive than the cooling modeled in RSSMAP, even with only one spray pump operat-
ing. (There are also dif ferences in noncondenst.ble gas generation rates, see i
Section A.3.2). !

S,H Acciden_t - (Failure of ECC Recirculation System, H)

For recirculation failure the comparison in Table A.10 shows faster core
uncovgy, melting and RPV f ailure in the RSSMAP4 calculations, than in the
IDCOR calculations. This indicates again, better cooling of the core in the
IDCOR case with sprays operating. The pressure rises in the RSSMAP calcula-
tions to 30.0 psia at 13.3 hours, when tha containment is assumed to fail. 19
the IDCOR case, the pressure rises to 21.4 psia and later drops without con.
tainment failure as shown in Figure A.6. The fif th column in Table A.10 shows

.

the containment failure at the time of RPV failure, (1.83 hours) because of
hydrogen burning.

S,HF Accident (Failure of ECC and Sprays Recirculating Systems)

The comparison in Table A.11 for all 6 cases, shows somewhat faster core I
uncovery and core melting in the 10COR ll calculations then in the RSSMAP cal-
culations. However, the RPV failure is at about the same time for both 10COR
and RSSMAP results (3.3 to 3.2 hours) for the "drains open" case.
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The 30.0 psia pressure in containment is reached at 3.28 hours (RSSMAP -
drains open) or 5.02 hours (RSSMAP - drains blocked), which is assumed to *

cause containment failure. The same pressure is reached in the IDCOR case
later (5.2 hours) for open drains. The IDCOR containment failure pressure
(65.0 psia) is reached at 9.54 hours (drains open). But, the IDCOR results
never predicted containment failure because of hydrogen combustion (y - casei

for S HF). For comparison, Table A.11 shows the later BCL calculations with2
hydrogen combustion (y - cases) calculated in 1984 8 and 1986.10 The S HF-y2
case from 19848 shows a somewhat delayed RPV failure (at 4.33 hours) but fol-
lowed at 5.87 hours by hydrogen combustion which raises the gessure to 121
psia and fails the containment. The case $ HF-y f rom BCL, presented in

3Table A.11, is the case of pump seal failure, causing a leak of 0.78 inch
diameter in the primary system (compared to a 2.0 inch diameter leak in the
S HF ca;e). In the S HF with drains open the core uncovery, core melt and RPV2 3

failure is delayed. The RPV fails at 6.84 hours followed closely by a hydro-
gen burn at 6.87 hours, which causes containment failure.

The pressure histories in the containment for S Hf-Y BCL' and S HF -y2 3 i
BCL W are given in Figures A.8 and A.9. Both of these figures show very fast
decompression of the containment, after the hydrogen burn. This rapid decom-

2pression is caused by the large failure area (7 ft ) assumed by BCL. The
2IDCOR analyses assume only a 0.10 ft opening after containment failure, which

leads to a slow containment decompression (see Figure A.7).

Note that in Table A.11, for the IDCOR analyses, the fraction of reacted
cladding and released hydrogen is about half of the hydrogen generation pre-
dicted by BCL, Thus for IDCOR, no large hydrogen burns are predicted to
occur.,

THLB' Accident

The comparison in Table A.12 shows rather similar times for core un-
covery core melt, and RPV failure for the IDCOR and BCL S cases. For thegRSSMAP calculations the core uncovery and core melt is delayed, compared to
IDCOR and the RPV failure time is slightly longer. However, the pressure in
containment rises f aster in the BCL 8 calculations than in the IDCOR results,
as can be seen in Figures A.10 and A.11. The BCL pressure rises to 60.0 psia

ll(assumed failure pressure) at 9.21 hours, but for the IDCOR case the con-
tainment is predicted to f ail in 27 hours. The decompression of containment
is very rspid in the BCL calculations (see Fig. A.10) and very slow for IDCOR
(see Figure A.1}}, caused by differences in the assumed containment opening (72 or 0.12 ft , respectively.). For the hydrogen burn case TMLB'-y, fromft

BCL9 the containment pressure response is shown in Figure A.12. This case
shows a large pressure peak at 2.03 hours when the RPV fails causing contain-
ment failure). A number of smaller peaks occur in the failed containment
becabse of subsequent hydrogen burns, in the RSSMAP'' calculations, the con.
tainment fails at 5.47 hours (at 30 psia).-

b ML Accident

The IDCOR and BCL timing results are similar for core uncovery, melt and
RPV failure. However, the containment pressure response in BCL is very dif-
ferent from the 10COR calc '". ions (see Figs. A.13 and A.14). In the IDCOR
case the pressure rises to o peak of 23 psia at 2.91 hours (pressure vessel
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f ail ure) . It rises again after ice depletion (5.84 hours) and after 8 hours!

it starts decreasing when the containment atm,ogphere cooling exceeds the decay i
power of the debris. In the BCL TML-6 case the containment pressure rises

| to 52 psia at RPV failure (2.63 hours), because of hydrogen burning. After
.

'

this peak the pressure in containment slowly rises (with several smaller '

hydrogen burn peaks), until 13 hours (end of calculations). In the TML-6 BCL
calculation, cooling of the containment atmosphere never exceeded the decay
power of the core debris. The containment did not fail in either the 10COR
nor the BCL calculations (but the pressure calculated by BCL is continuing to
rise and eventual containment failure is expected). I

The BCL prediction' for TML-y gives the containment pressure response,

J shown in Figure A.15. There is a large pressure peak because of a hydrogen"

burn at 2.62 hours, which also causes failure of containment. The RSSMAP-6" !

,

| case has assumed containment failure at 30 psia whic61 was reached at 11 hours. '

AD Accident (Failure of ECC Injection System, Intermediate to Large LOCA)

The comparison in Table A.12 shows much faster core uncovery and core i! mel t in the RSSMAP4 analysis then in the IDCOR analysis. The dif ference
appects to be because of the assmed LOCA size (large in RSSHAP'' and inter-

!

,

mediate in response predicted by 10COR is given in Figure A.16. This response
tis similar to Figure A.5 for the $ D accident. The pressure jumps to a peak2

of 22.5 psia at reactor vessel failure (1.1 hours) and after ice depletion
(3.15 hours) rises again above 20 psia. However, because of operation of the
containment sprays after 6 hours, the pressure decreases continuously, when ;
decay power is surpassed by the cooling power of sprays. The "minimal safe-
guard case," marked by the dotted lines in Figure A.15, uses only one spray
pump operating, and it behaves the same way as the base case, except that the
maximum pressure is slightly higher (23.5 psia). RSSMAP" predicts the assumed<

containment failure pressure (30 psia) will be reached at 6 hours.
! Y, e and THLU-SGTR

The comparison of some available data for V and a (interfacing LOCA and4

containment isolation failure) sequences are given in Table A.13 The V |
;

sequence is predicted to result in very late RPV failure (20 hours) by 10COR1

l

| and rapid RPV failure (1.52 hours) by RSSMAP.
I

The IDCOR 8/W and S H-a sequences have faster RPV failure - at 7 hours,<

2 L

) compared to 20 hours for the V accident.
1 .

I The TMLU-SGTR accident was treated by BCL.10 in this accident core melt
starts at 212 hours and core slump begins at 2.57 hours, with RPV failure

'

i

predicted to occur at 2.82 hours. In this accident it is assumed, that the
! core slumps at 2.57 hours causing the steam generator tube rupture (SGTR).

|i The steam generator tube failure is assmed to allow radioactive aerosols to
!escape into the environ >ent via the steam generator secondary relief valve.4

; 1his release lasts only until the RPV fails (at 2.82 hours).
',

|

! ;
'

l

!
'

:

i !
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A.3 Comparison of Fission-Product Releases
,

i The comparison of the release of radioactivity from the 10COR and SARP i

; calculations for 6 failure mode is given in Table A.15 From this table, one
can make several observations:

} (1) The 10COR calculations from jhe risk reduction reportl and thet
! Sequoyah containment analysis give inconsistent results for the
! same case: Reference 11 data gives about 1/10 the releases of Ref.
| 1 data (for $ HF and TMLB' accidents).

'

2
:

; (2) The 10COR il releases for TMLB' are about the same for Cs! and Cs0H
j (with the Te release about 100 times larger in the BCL9 analyses,
f than in 10COR analyses). Th $ seems to indicate similar modeling
i of aerosol deposition in 10COR 1 and BCL.' The TML and A0 releases !

,

predicted by 10COR is zero since there is no containment failure.
: The BCL TML and A0 releases are also almost zero (only design leak-
| age from the closed containment is assumed for the THL-6 case).
;

] (3) All thg $ HF-610COR cases are compared with RSSMAP. They show the2
IDCORI releases to be only about 1/1000 to 1/10000 of the RSSMAPj

releases.
4

j Other fission-product release results for y mode failure (hydrogen burns)
j and for containment bypass and isolation failure (V and s cases, respectively)

;
Sj are compared in Tatle A.15. The releases for $ HF-y from BCL and S HF-y by |2 3BCLIO are similar for Csl or Cs, but 10 to 20 times smaller for To, Sr in>

'Ref. 10. The $3 case assumes a 2 inch LOCA, the 53 case assumes 0.75 inch
j equivalent hole in the primary pump seals.

| The V sequence (containment bypass) release for RSStiAP4 is about equal to
Ithe RSS PWR2 cate. gory release. In the case of V releases in 10COR the

released fraction is extremely low, much lower than the 6/W case, which also '

has an open containment. .

1 ;

1 A.3.1 Analysis of Sequoyah Plant Accidents Not Treated in IDCOR Studies
i
j A number of other accidents were ar.)1yzed in the SARP sdudies for the *

Sequoyah plant. The sumary of all March results from Reference 4 are given
in Table A.16 and the sumary of the CORRAL results for fission-product

The $ H, S2HF, TMLB' and TML accidents |deposition are given in Table A.17 2
from those two tables were discussed previously in Section A.2.1 and A.2.2, in i.

comparison with IDCOR analyses for similar accidents.

| The new results in these tables are for AD-a, AD-y, S HF-a, AHF accidents
1 and variations of TMLB' and V accidents. The results in Table A.17 are listed

for all the accidents analyzed in RSSMAP.

I The recent results of BCL'e 10 generally show, for similar accidents,
j lower releases then given by RSSMAP (Table A.18). The reason for this differ- y
J ence is mot e detailed modeling of fission-product transport and deposition in [bl the BCL elo studies, i.e. in the primary system (using CORSOR-TRAPMELT-MERGE i

l codes) and in the containnent (using VANESA, ICE 0F codes).

i
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A 3.2 10COR and SARp input and tiodeling Differences

Figures A.5 to A.16 demonstrated very different containnent response for
the BCL and 10COR analyses. Some of ther,e differences can be explained by
di f ferent input assumptions. A comparison of input data is given in Table
A.18. There are a number of significant differences in the input data. The
similarities and differences are discussed below:'

(1) Reactor power is smaller in the 10COR analysis (95.5% of the BCL
power) but also the ice content is smaller (85.5% of the BCL analy-
si s) and the ice temperature is somewhat lower (by 50F). These
effects give a similar ratio of power to ice cooling capacity and do
not account for the major differences in the results.

(2) The masses of UO
the BCL analysis.2 are similar: The Zr' mass is about 6% higher in

(3) The containment volumes are similar but the temperature of the upper
containnent and all material in it is lower by 15F thati in the BCL
analysis.

(4) Concrete and steel volumes (calculated fron different items of BCL
and 10COR data) are similar. However, the 10COR volumettir heat
capacity of concrete is smaller.

(5) There 3re significant differences in the engineering safety Systems
(ESS): The Lp! pumps and the containment sprays have twice the flow
rate in the IDCOR analyses (2 pumps and sprays are assumed to be
operating) than in the BCL analyses. This provides twice the cool-

| ing rate.

The heat exchanger flows in recirculation and the containment spray
hedt axchangers are two to three times larger (in the primary cir-
cuits). This provides a cooling capacity of 2x152% for ECC heat
exchangers and 2x100% for spray heat exchangers. As a result the
core cooling water and the containment are cooled two to three times
better in the 10COR calculations than in the BCL calculations.

Finally, the UHI tank and accumulator water is 22% and 13% larger in.

the 10COR case, than in the BCL case.

! The results of these 10COR cooling assumptions is that the core and
1 conttinnent are cooled substantially better in the IDCOR analyses.

This results in substantially lower pressure inside containment for '

the 10COR results as observed in Figures A 5, A 6, A.13, A.16 or in,

a delay of the pressure rise as observed in Figures A.7 and A.11.

(6) The IDCOR. containment break area is very small compared to BCL (0.1
.

) or 0.02 ft 2 compared to 7 ft2 for BCL). As a result, in all the BCL '

| cases the containment depressurizes rapidly af ter containment fail-
ure (see figures A.8 through A.10 A.12, A.14, and A.15), but in the
10COR celculations depressurization is very slow (see Figures L7:

and A.11).

6
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^i, ,In addition tb the input differences, there u.e a number of differencesj
J, bet / ween the 103OR and BCL computer models. These differences are listed in

s/ the form of itsyes, which have been discossed by the NRC ano'IDCOR staff in a'

^y series of meetings. 'These issues are listed in Tame L19.' Out of the 18i

I idues, V substt of 11 have bee 1 identified thaY are appropriate to the sub-
, @:.t 'of tdi s settion. Each issue is briefly dis'cus3ed in the following sec-' pons '0ifferences betweer the IDCOR and BCL' analyses will be identified and
jt#pir(isignifictaceindicated.j

j

#
/'

In-Ossel Hydrogen Ge ration (NRC/IDCOR Issue 5)

Th s are significant differences between the IDCOR and BCL predictions
of hydrogen (H ) ceneration durinc in-vessel core melting. During the early2
stages of core headp and degrada' ion (while the fuel rods are still in place
in the core region), both IDCOR and B'L predict similar '2 u neration. How-
ever, after the fuel rods and cladding begin to melt and rel acate in the
botton ofthe reactor vessel, th('BCL anal sis indicates, substantially, moref,

H generation than the IDCOR analysis. Often twice as much N in the BCL2
analysis compared to ICCOR. This difference is indicated in le$les A.11 and
A.12, in the line "fraction of clad reacted" which are proportional to H

2
generation.

Hydrogen is important to containment loading because it is a combustible
and noncondensable gas. The larger amount of H2 generated in-vessel in the
BCL and SARRP analyses leads to a higher predicted containment pressure prior
to vessel failure thar) i y the IDCOR analysis.

Core Slump, Core Collapse, and Reactor Vessel Failure (NRC/IDCOR Igsue 6)

The IDCOR core slump model assumes that af ter 40% of the cc re has melted,
it will relocate into the b0ttom of the reactor vessel, which will ther rapid-
ly fail Decause of loct'| penetration failure. Thus, only a small f raction of
the core will be initially released from the reactor vessel. The remainder of
the core melts down over a much larger time period. On the other hand, the
BCL core slump model assumes total collapse of the core into the bottom of the
reactor vessel after 75% of the core is predicted to melt. Thus, most of the
core debris is available to be released when the vessel is predicted to fail
in the BCL model . This modeling tends to increase the hydrogen available for
detonation or deflagration at vessel break (Issue 5), and the potential for
direct heating (Issue 8) as well as promote a ' ore rapid core-concrete attack
(Issue 10) with more aerosol generation (Issue '.,).

Direct Heating of Containment (Issue 8)

The pressure rise in containment because of direct heating is directly
proportional to the quantity of core debris dispersed from the reactor ves,
sel . The BCL analysis predicts significantly more debris release at vessel
fcilure than the IDCOR analysis. Thus the potential for early containment
failure because of direct heat 1ng is higher in the BCL analysis.

The assumption that all the core debric is released at vessel failure
12(BCL analysis) is clearly conservative and the SARRP uncertaintf study has

addressed the possibility of small debris fractions. The IDCOR results appear
to be too optimistic considering the lack of supporting large scal e
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experiments. However, spray -operation may reduce the pressure pulse associ-
ated with direct heating by flooding the reactor cavity and would help quench
the core debris. Containment sprays and cooling of sprayed water are thus
very important to the timing and mode of containment failure.

Ex-Vessel Heat Transfer Model from Molten Core to Concrete (Issue 10)

Almost all cases analyzed by 10COR assume that the reactor cavity is
fl ooded by water from sprays, because of overflow via drains (drains open
cases) from the upper reactor cavity into the lower reactor cavity. Thi s
mechanism allows hot debris to drop from the failed RPV into water and form a
coolable deris bed under water. The solidified debris is assumed to stay
solid without further attacking the concrete. In the BCL analyses the debris
attacks concrete continually.

The IDCOR assumption appears to be overly optimistic given the lack of
large scale debris coolability data. If the debris is not cooled, it will
attack concrete and produce noncondensable gases, even if the top surface of
the debris is covered by water. In view of the uncertainty, the slow pressur-
ization of the containment resulting from the coolable debris assumption in
the 10COR analyses appears to be unjustified and the potential for the rapid
containment pressurization in the BCL ll analyses should be considered.

Containment Failure Because of Hydrogen Deflagration (Issue 17)

In the IDCOR analysis hydrogen deflagrations do not occur. Thi s is
because of the small amounts of hydrogen generated (about 1/2 of the BCL ll
predictions) and because of the presence of igniters that burn hydrogen con-
tinuously at low concentrations.

BCL predicts a large number of hydrogen deflagrations, which often cause
containment failure (see all y-cases in Table A.11 through A.15 and corre-
sponding Fi gures A.8, A.9, A.12, A.14 and A.15). The SARRP uncertainty

12study also indicates a substantial likelihood of containment failure because
of hydrogen deflagration.

Containment Performance (Issue 15)

IDCOR assumes that a relatively small opening will occur which allows
l gradual leakage of the containment atmosphere to the auxiliary building. By

comparison the BCL analysis assumes an opening large enough (7 ft ) to rapidly2

depressurize the primary containment.
I

( Fission Product Release Prior to Vessel Failure (Issue 1)

Both studies predict similar releases of the more volatile fission prod-
ucts during in-vessel core degradation with the exception of telleriun (Te).
(IOCOR predicts about 1/10 the releases of BCL for Te for TiiLB'-6). However,
in the IDCOR analysis, rubidium (Rb), zirconium (Zr), plutonium (Pu), lan-
thanum (La), barium (Ba), yttrium (Y), technetium (Tc), rhodium (Rh), and pal-

! ladium (Pd) were omitted from the in-vessel release. This 10COR omission will
| lead to somewhat smaller environmental doses than in the BCL cases. 10COR has

| agreed to account for these omissions in future calculations.

|

|

65

|
'



~

.

.

.

.

Fission-Product and Aerosol Retention in the Primary System (Issue 4)

Differences in the initial primary system retention predicted by IDCOR
and BCL are not too significant and differ by less than a factor of two. In
the BCL modeling it is assumed that fission products retained in the primary
system at the point of vessel failure are retained permanently. In the IDCOR
analysis of the Peach Bottom plant, revaporization of these fission products
after vessel failure was modeled." This revaporization is not used in the
IDCOR model for Sequoyah since the higher heat losses from the primary system
are assumed to keep the Sequoyah primary system relatively cool.

Ex-Vessel Fission Product Release (Issue 9)

There are significant differences between the IDCOR and BCL analyses for
fission product release as a result of core-concrete interactions. The higher
releases of strontium (Sr) (and also La and Ce (cerium) groups) in Table A.15
in the SARP : 109 analyses are because of the modeling of ex-vessel fission
product release. Fission product release and inert aerosol generation during
core-concrete interactions was not model ed in the IDCOR analysis. IDCOR
argued that even for a dry cavity the aerosol generation during core-concrete
interactions would increase aerosol density in containment and increase aero-
sol aggl omeration or set tl ing, thus reducing the predicted environmental
release fractions relative to those predicted without this additional aerosol
source. This IDCOR argument does not appear to be adequately supported. In
addition, the IDCOR predicted core debris temperatures during core-concrete
interactions are very high. Based on experimental evidence, the release of
some of the refractory fission product groups would be expected at these
el evated temperatures. The BCL and SARRP analyses currently model the release
of the refractory fission products and the inert aerosols and the environmen--

,

tal release fractions are significant (refer to Table A.15).

Retention of Fission Products in Ice Beds (Issue 13) and Deposition Model in
Containment (Issue 12)

The retention of fission products in ice beds and fission product surface
deposition was modeled for BCL by using the NAVA and ICEDF codes. IDCOR used
the MAAP-RETAIN code. The results are rather similar for IDCOR and BCL, as
can be seen from Table A.15 for TMLB'-6 cases release fractions of Csl and
Cs0H (the only significant difference is in the Te release). RSSMAP modeled
the aerosol deposition using only the CORAL code (without use of the TRAPMELT-
MERGE module for fission product deposition in the primary system) and it
produced about 1000 times larger releases than IDCOR and 100 to 10 times
larger releases than BCL ,10 (see comparison in Tables A.14 and A.15 for the9

same analyzed accidents).
:

A.4 Offsite Consequences

The consequence bins calculated by IDCOR are sunnarized in Tabl e A.20.
| The radioactivity releases for this table are given in Tables A.11 to A.13 of
; the IDCOR Risk Reduction report.1 The IDCOR results indicate that the ice-
| condenser containment is very effective in mitigating fission-product releases

and the offsite consequences (Table A.20) are quite small. However, the,

12'

SARRP consequence results are very different than the 10COR results for the
ice condenser,
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The biggest differences between SARRP and IDCOR appear to be containment
perfornance and fission product releases during core-concrete interaction.
The overall containment failure probabilities are shown in Figure A.17 SARRP
estimates that there is about a 20% chance of early containment failure for
Sequoyah core-damage sequences and nearly a 60% change of late containment
failure. For late containment failure sequences the releases from core-
concrete interactions tend to be important contributors to risk. IDCOR
assessed the probability of early containment failure to be negligible. The
SARRP results of the uncertainty study are depicted in Figures A.18 and A.19.
The overall risk appears to be fairly consistent with the RSS. Although the
MACCS calculation of latent-cancer fatalities is somewhat higher than the RSS
because of new modeling of root uptake.12

A.5 Sunmary and Risk Insights

A.5.1 Core-Damage Profile

As has been observed in other PWRs, transients and small LOCA dominate
the core-damage profile for the Sequoyah plant. (Note that the IDCOR study
did not identify the SB0 RCP seal LOCA sequences, the loss of component cool-
ing water sequences, and the loss of a de bus sequence.) It is noteworthy
that the small LOCA (5 ) is the most dominant core-damage contributor both in2
the IDCOR study and in the ASEP study. Figure A.20 provides an illustration
of the new sequence frequencies developed by ASEP.

Although there are a large number of contributing sequences, Table A.8
suggests that the CDF depends on only a few initiators. Thus, if the freque-
ncy of these initiators can be controlled, there is a reasonable expectation
that the overall CDF will be controlled.

Although it is recognized that the qualitative accident sequence descrip-
tors are rather general and broad and that similar hardware functional re-
quirements and operator actions in the ice-condenser plants (Sequoyah, D.C.
Cook, McGuire, Catawba, and Watts Bar) would lead to the same general accident
sequences, a plant-specific examination (such as a failure mode and effects
analysis coupled with a fault tree / event tree analysis) is needed in order to

| identify the plant specific vulnerabilities (e.g., in maintenance practices,
l operator training, and emergency operating procedures) to contribute to a

given general sequence descriptor.

A.5.2 Consequence Analysis
!

The assessment of core-melt phenomena and containment response indicates
that the ire-condenser containment provides a robust defense against early
severe accideat pressures and temperatures. However, differences in the IDCOR
and SARRP assessments of containment response and fi ssion-product rel ease
result in major dif ferences in the predicted offsite consequences. The IDCOR
assessment indicates that the containment will fail very late in the accident
sequence (9 to 27 hours) if it fails at all. The SARRP results predict much
earlier containment failure (3 to 20 hours) and much higher fission-product
rel ea ses. Even with early containment failure the SARRP results predict sub-
stantial decontamination by the ice bed so that the fission-product releases
tend to be lower than had been estimated by RSSMAP (based on Surry consequence
bins).

|
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| Figure A.2 A heat and fluid flow diagram for Sequoyah.
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Taste A.1 Design Comparison of m.xlear Power Plants utth Ice Condenser Containments
a

3

Sequoyah D.C. Cook McGuire Catawha Watts Ear
Dwaec Tennessee Valley Authority Indiana & Michigan Electric Duke Power Ot:b Powerlite Hamilton County, Tennessee Berrien County, NIU igan Hrch lenburg County, fiorth York County, South Carolina khea County, Tenrwssee

Tennessee Valley Authority
CarcitnaCapa(I t y 3411 Hut 3250 HWt ~4DWt 3Ill HWt 3411 Matlype 4 toop Westin9 ouse Pwt 4 toop Westinghouse Pwit 4 toop Westinghouse PW.4 4 Loop lorstin9 euse Put 4 Loop west in9 ows Puit

h

(? Un6ts) (? Un6ts) (? untts) (? Units) (? Units)
h h

LP15 & LFRS 4 Auwulators (Cold leg) 4Auculators(ColdIG) 4 Artw*ulators (Cold Leg) 4 Auumulaters (Cold Leg) 4 Auusulators (Cold Leg)2 RHR5 Pumps 2 RHR$ Pumps 2 RHR$ camps 2 RHAS Pumps 2 RHR5 Pumps1 AuumulatsrJppe+ Head) 1 Accum lator (Upper Head) | Actumulator (Upper Head)(515 & C5d5 2 CTPusI 2 05 Pumps 2 C5 Pumps 2 05 Pumps 2 C5 Pumps2 ARF 5 fans with ice Condenser ? AAi5 Fans with ice Condenser
? AAFS f ais with Ice Condenser ? ARF 5 Fans with ice Condenser ? AAFS Fans with Ice Condenser

,

mPl5 & hht5 H FPumps 2 SI bps 2 51 Pumps 2 51 Pumps 2 51 Pumps? Centrifugal Charging Pumps ? Cretesfogal Charging Peps ? Centrifugal Charglag P wps ? Centrifugal Charglag Pumps ? Centrifugal Charging PumpsC hd 5 2 C5 Has 2 05 his 2 C5 uns 2 05 H11 2 ($ HXs? RNR Hi s ? R MR MI g ? RHR HI s ? RHR His ? RHR HIsAi h5 7 Motor-Driven Pu ps 2 Hutor-Driven Pumps Shared by 2 Hotor-Driven Pumps 2 Hotor-Driven Pumps 2 Motor-Dr 6ven Pumps

i
m

!'
1 Turbine-Driven Pump 60th Units 1 Turbine-Drtwen Pump I Turbine-Driven Pisap I Turb6ae-Driven Pump'O

I Turt.taeartwen Pump# .

EF5{AC) 2 Essential Power Divisions 4 Estenftif Sower Divisions with 2 Essential Power Divisions 2 Essential Power Divislons 2 Essential Power Dieisions

+

4 with 2 (Dedicated) + 1 (Spare) 2 (Dedicated) Diesel Ger.erators with 2 (Dedicated) Diesel with ? (Dedicated) Diesel with 2 (Dedicated) DieselDiesel Generators Generators Generators CeneratorsIP5(DC) 2 DC Buses (Dedicated) + 1 DC 2 DC Buses (Dedicated) 2 DC6uses (Dedicated) _ 2 R Buses (0edicated) 2 DC Buses (Dedicated)
-

,

Bus (Crosstled)
(CuS 5 Pumps & 3 His Shared by Ruth 2 Pumps- 4 Pumps 4 Pumps 5 Pumps & 3 HAs Shared bytmits 1 Malatenance Spare Pump Shared 2 Has ? His Both Unitsby flot h tin t t s

? Mt s
f5 2 - ~ ' 3 Pumps Shared by Bo*% Units 4 Pumps Shared oy Both Units 2 Pumps 2 Pumps 8 Pumps Shared by Roth Units
8Design parameters are for a unit unless otherwise noted.
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Table A.2 Initiating Event Frequencies for Sequoyah in 10COR Study
(Per Reactor Year)-

Initiator Initiator Pre-IDCOR IDCOR-Baseline & Source for
Symbol Desetiption (RSSMAP) IDCOR-Comitted IDCOR-Study

>

< A Large LOCA 4.7E-5* 1.0E-3 Zion PSS, Pev.1,
Table 1.5.1-50

S Intermediate 9.8E-4 1.0E-3 Zion PSS, Rev.1,3

LOCA Table 1.5.1-50-
'

S Small LOCA 1.8E-3 2.0E-2 Zion PSS, Rev.12

Table I .5.1-50 &
,

ANO-1 IREP

V Interfacing 4.6E-6 9.0E-7 NUREG-0773
LOCA

T Los s-of-Of f site 0.2 0.027 EPRI NSAC, Mayi
Power (1984)

T All Transients 7.0 8.1 EPRI NP-2230
'

23
Other Than T i

*4.7E-5 = 4.7 x10 5 /,
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Table A.3 Comparisons of Doninant Cot e-Damage Frequencies for Pre-10COR,
IDCOR-Baseline and 10COR-Committed (Per Reactor Year)

Sequence Pre-IDCOR 10COR-Baseline 10COR-Committed

SH 1.7E-5 7.2E-5 7.0E-62
SH 1.3E-5 3.7E-6 3.8E-73

SD 6.3E-6 5.8E-8 2.0E-82
V 4.6E-6 9.0E-7 9.0E-7S MF 5.4E-6 6.0E-6 6.0E-6SD 3.4E-6 3.5E-6 1.1E-7

3ML(Z) 3.0E-6* 2.1E-7 2.1E-7
T
S HF 2.9E-6 3.0E-7 3.0E-7
A 2.2E-7 5.1E-7 5.1E-7T B MLB' 3.8E-7** 8.7E-7 8.7E-73 3
AD 8.9E-8 1.9E-6 1.9E-6AHF 1.4E-7 1.1E-6 1.1E-6

Total 5.7E-5 9.1E-5 1.9E-5

* Sequence T ML in RSSMAP.23

** Sequence T 8 MLB'33 in RSSMAP,1 3

.
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Table A.4 Initiator Frequencies and Function Unavailabilities in
Dominant Core-Damage Sequences for SeqJ0yah in IDCOR
Study

Sequence Event Pre-IDCOR IDCOR-Baseline IDCOR-Conmitted

SH S 1.8E-3 2.0E-2 2.0E-22 2
H 9.6E-3 3.6E-3- 3.5E-4SH S 9.8E-4 1.0E-3 1.0E-3t t
H 1.3E-2 3.7E-3 3.8E-4

-S0 S2 1.8E-3 2.0E-2 2.0E-22
0 3.5E-3 2.9E-6 1.0E-6 '

V V 4.6E-6 9.0E-7 9.0E-7
S HF S 1.8E-3 2.0E-2 2.0E-22 2

HF 3.0E-3 3.0E-4 3.0E-4
SD S 1 9.8E-4 1.0E-3 1.0E-3t

D 3. 5 E- 3 3.5E-3 1.1E-4
T23HL(Z) T 23 7.0 8.1 8.1-

H 1.0E-2 1.0E-1 1.0E-1
L 4.3E-5 4.3E-5 4.3E-5 t

2 6.1E-3 6.1E-3---

S HF S i 9.8E-4 1.0E-3 1.0E-3t
'

HF 3.0E-3 3.0E-4 3.0E-4
AH A 4.7E-5 1.0E-3 1.0E-3

H 4.6E-3 5.1E-4 5.1E-4
T B HLB' Tt 2.0E-1 2.7E-2 2.7E-2t3

B 1.0E-3 1.6E-3 1.6E-33
H 2.0E-1 1.0 1.0 .

L 1.9E-2 1.9E-2 1.9E-2 l

B'3 3 5.0E-1 --- ---

B' 7.7E-1 7.7E-1---

AD A 4.7E-5 _1.0E-3 1.0E-3
D 1.9E-3 1.9E-3 1.9E-3 i

AHF A 4.7E-5 1.0E-3 1.0E-3
.

HF - 3.0E-3 1.1E-3 1.1E-3
'

i

r

I

,

*

I
.

i
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Glossary for Tables A.3 and A.4

Initiating Events

A Large LOCA .

T Loss of Offsite Power Transient3

T Transients other than Loss-of-Offsite Power
.

23

Sg Intermediate LOCA
S Small LOCA2

V Interfacing Systems LOCA

Systems Failures

B
>

3 Diesel Generators
B'g 3 , B' Emergency Power System Recovery

D Emergency Coolant Injection

For S : High-pressure injection with 1/4 charging or safety injection2
trains.

For Sg: High-pressure injection with 1/2 charging and 1/2 safety
injection trains.

For A: Low-pressure safety injection with 1/2 trains and 2/4
accumul ators.

F Containment Spray Recirculation
H Emergency Coolant Recircu't ation

For S &S: 1/2 low-pressure trains and high-pressure recirculationt 2

with 1/2 charging or 1/2 safety injection trains.
For A: Low-pressure recirculation with 1/2 trains and hot leg

' recirculation.
L Emergency Feedwater System, auxiliary feedwater to 2/4 steam

generators.

M Main Feedwater System (Normal Operation)
(Z) Feed and Bleed Cooling

,

f .

-
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Table A.5< Initiating Event Frequencies for Sequoyah in ASEP Study
(Hean Values Per Reactor Year) :

Initiator Initiator Annual "
Symbol Description Frequency Source

A large LOCA 5.0E-4 Past PRAs
'

S Intermediate LOCA 1.0E-3 Past PRAsg

S Small LOCA 2.0E-2 Past PRAs2 '

'V Interfacing LOCA 3.3E-7 Ref. 3
'

T loss of Offsite Power 7.0E-2 NUREG-1032t
T Transients with PCS Initially 3.0 NUREG-38622

Unavailable
i

T Transients with PCS Initially 4.8 NUREG-38623

Available ,

.TDCX Loss of de Bus "X" 9.0E-4 Ref. 3
i

TCCW Loss of CCWS 2.7E-5 Ref. 3 r

,

I

i

.

I a

{.
1

j
;

, ,

I
1

'

|
.

: :

! I
i
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Table A.6 Dominant Core-Dama9e and Core Vulnerable Frequencies for
Sequoyah in ASEP Study (Point Mean Values Per Reactor Year)

a a bSequence Core Danage Core Vulnerable Core Damage

AH 2.7E-6 2.0E-7g

AHgF 1.9E-7 1.9E-7
AF 2.2E-6 1.9E-7
ads 3.8E-7 3.9E-7
AD 1.5E-7 1.6E-76

AD F 1.6E-8 C6 c
AG g 4.3E-8
SgHg 5.8E-6 7.9E-7
SHF 2.6E-7 3.8E-7gg

SgH2 2.1E-6 1.6E-6
SHF 2.6E-7g2 c

SF 4.4E-6 3.8E-7t
-S 0 5.4E-7t2 e

S0HF 1.5E-7124 c

SGtt 8.5E-8
SHF 3.5E-7 3.1E-722

(6.3E-8)d
SH 4.2E-5 2.9E-522

(6.2E-6)d
SHG 1.1E 723i ( c)g c

'

SH 2.6E-5 9.7E-623
SHF 6.4E-6 7.7E-623
S0 4.'0 E- 723 c

S0HF 2.3E-62t3 c
SGF 1.1E-722 :

V 3.3E-7

97
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Table A.6 (Continued)
.

Sequence Core Damage * Core Vulnerable Core Damage
a D

T LgPg 9.4E-73 e
TLH3t3 2.6E-6 c
TlHi t2 8.4E-9 c
TLDF3 3t 8.3E-7
TlDHF 1.5E-4i 3 g3

c
TLDH 2.0E-9ti t3 c
TgD WD F3 t 2.9E-6
T Qg-DgFt 3.3E-7
T l MP 5.7E-7 5. 2 E- 721 i
T L HH 2.9E-82t s c
T L MH 3.0E-82 I 2 e

T t MP 7.5E-83 i 3 c
T L MH 1.7E-933 3 c
T L tiH 8.1E-93i 2 c

TDCl tlD 1.4E-9i c

TDCll tlD 1.2E-7t c

TDC1 tLP 2.2E-6 1.1E-63

TDCll llP 2.2E-6 1.1E-63

TDCI 3D WD H 2.3E-7t3 c

TDCll 3D WD H 1.0E-5g 3 c

TCCW 2.7E-5
'

TKgK Xi 6.8E-73

TK K 0,, 4.1E-7i2

Total 2.6E-4 6.7E-6 8.6E-5
(2.2E-4)d (1.0 E-4 ) e

aFrom information presented to QC meeting, December 1985 (Ref. 2),

b rom information contained in the draft ASEP report December 1986 (Ref.F

3).

cNot provided at, dominant sequences (<1.0E-7),
dResults obtained from applying 8-factors and recoveries to cutsets for

S H F, S H , and S H G2 3 3 (Ref. 2),22 22

eliean core-damage frequency obtained from tionte Carlo simulation.

98
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Glossary for Table A.6

A large LOCA (>6" diameter).

Og High-pressure injection with 1/4 charging or safety injection trains
(S or transients only).2

0 High-pressure injection with 2/4 charging or safety injection trains2
(S3 only).

0 Seal injection flow to reactor coolant pumps from 1/2 charging trains.3

Og Emergency boration from 1/2 charging trains (ATWS only).

D Cold leg accumulators with 3/3 intact trains.3

i

| D Low-pressure safety injection with 1/2 trains.6
.

F Containment spray recirculation with 1/2 trains.

G Containment heat removal with 1/2 containment spray recirculationi
trains.

G Containment heat removal with 1/2 low pressure recirculation trains.2

H low-pressure recirculation with 1/2 trains and hot leg recirculation.g

H High-pressure recirculation with 1/2 charging or safety injection2
trains. ,

'

H Low-pressure injection in miniflow mode (1/2 trains) and low pressure3

recirculation (1/2 trains) (hot leg not required).
:

H Low-pressure injection miniflow mode (1/2 trains) and low pressure re-g '

circulation with hot leg recirculation (1/2 trains).

; Kg Automatic reactor trip.
-

K: Manual reactor trip. '

L Auxiliary feedwater to 2/4 steam generators.3 '

| L Auxiliary feedwater to 3/4 steam generators (ATWS with MTC between -202

and -7 pcm only) or 2/4 steam generators (ATWS with low NTC < -20
pcm). '

M Main feedwater or condensate feedwater trains.
'

N Turbine trip ( ATWS only).

Pg PORVs and block valves open (2/2 trains) for feed and bleed. e

! P2 Primary safety valves open (3/3) ( ATWS only).
I

! 99
,

e

- - - . . - - , __. ._ , - ,.- _ . . - s _.-.__,,_, m.,,_m..., _ . _ _ , . , _ , , , , . ,, ,.,,.--,__,,_c.._,_m... . . , _ , - _ ,._ _- -



*
.

'.
.

Glossary for Table A.6 (Cont'd)

Qt All relief valves reclose.

Q2 All safety and relief valves reclose (ATWS only).

S Intermediate LOCA (2" to 6" diameter).t

S Small LOCA (3/8" to 2" diameter).2

T loss-of-off site power.t

T Transient with initial loss of power conversion system and main feed-2
water.

T Transient with power conversion system initially available.3

TDCX Loss of 125 Y de bus "X".

W Component cooling water to reactor coolant pump thermal barriers.

Xg Unfavorable moderator temperature coefficient (< -7 pcm).

X 2 Low moderator temperature coefficient (< -20 pcm).

Z Ice-condenser system.

.
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Table A.7 Comparison of Initiating Event Frequencies
Used in 10COR and ASEP Studies -(Nean Values
Per Reactor Year)

Initiator Frequency
a

Initiator 10COR ASEP

A 1.0 E- 3 5.0E-4
S 1.0E-3 1.0E-3i

S 2.0E-2 2.0E-22

V 9.0E-7 3.3E-7
T 2.7E-2 7.0E-2t
T 8.lb2 3.0
T b 4.83

TOCX c 9.0E-4

TCCJ c 2.7E-5

aFor both baseline and comitted,
b .1 events include all transients other than loss8
of offsite power (T ),t

cIOCOR does not specifically consider these initi-
ating events.

.

e

!
;

!

)

i

1

;
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Table A.8 Comparison of Dominant Core-Damage Frequencies
Assessed in IDCOR and ASEP Studies (Per Reactor
Year)

Sequoyah CDF-

IDCORa IDCORa
Initiator Baseline Committed ASEPb

A 3.5E-6 3.5E-6 1.2E-6
S 7.5E-6 7.9E-7 3.2E-6i
S 7.8E-5 1.3E-5 4.7E-52

V 9.0E-7 9.0E-7 3.3E-7
T 8.7E-7 8.7E-7 4.1E-6t
T 2.1E-7C 2.1E-7C2 5.2E-7
T

3 c

TDCX_ 2.2E-6
TCCW 2.7E-5
(ATWS) d d 1.1E-6

Total Core.
Dama9e Frequency. 9.1E-5 1.9E-5 8.6E-5

(1.0E-4)e.

a"Mixed"-point estimates. Common cause failures and oper-
ator recoveries were included,

b rom information contained in the draft ASEP report,F

December 1986 (Ref. 3); mean-point estimates,

cFrom all transients other than loss of offsite power (T ).
3

d ot presented as dominant sequences.N

'Hean core-damage frequency obtained from Monte Carlo
simulation.
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Table A.9. Review of Accident Analyses for Sequoyah Nuclear Plant

IDCOR
SARP

Containment
ContainmentFailure FailureSequence Time Sequence TimeAnal y ze.1 - (min) Analyzed (min)

S D-6 NCFil2 S 0-6 703"2

SyH-6 NCF il S H-de 798 4
2

S H-ye 110 4
2

S H-ye NCF102

S J.F- 6 1556 11 S HF-6 NCF 10b' ains blodedr
S HF 41210S HF2-Y S HF -y3 3

y 3528
S HF-6 301"
S HF-a 180 4

S BC-(, 572 112 S HF-de 1974Drains open S HF 41210
Sg ne' analyled S HFg-y6 219"

'

TMLF ' 6 162811 TMLB'-6 553S
TMLB ' - y 1588l

TML B '- 6 328"
TMLB- 68 244"
TM S B 374 103

T f4L-6 NCF il2 TML- 6 NCF10
TML-y 157 8
TML-y 238"

,

TML-6 660"
TMLU-STGR 127 10

4

*

AD-6 NJ l1 AD-6 361 4
; AD-y 66"

AD-a 20 "
; AHF-6 219"

Notes: 3r.T = no contk'innent failure.'

RSS notation (ses Table 2.21).

,
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I Tatie A.10 Containment Response Comparison from IDCOR and RSSMAP
Calculations for S D and S H Accidents2 2

Sequences Analyzed
S ,0 S,H

IDCORil RSSMAP4 IDCORIA RSSMAP"

] Event Tine (Hours) 6 6 60* 6 e" y e"
,

| Core Uncovery 0.8 0.77 1.3 1,03 1.03

Start of Core Damage 1.0 NA 1.4 NA NA,

; Start- of Core Melt 1.4 1.03 1.9 1.33 1.33

Fraction of Clad Reacted 0.32 NA 0.33 NA NA

Time of RPV Failure 2.81 2.68 3.31 1.83 1.83

Time of Ice Depletion 4.92 2.82 4.55 2.0 1.97

Peak Containment Pressure (psia) 21.5 30.0 21.4 30.0 30.0

Time of Peak Pressure 2.81 11.72 3.31 13.3 1.83
,

Containment Failure Time NCF 11.72 NCF 13.3 1.83*

! Containment Failure Cause None Pressure None Pressure Hydrogen
Burn

Start of Concrete Melt NA 3.03 NA 4.33 4.33*

aWater in the cavity at RPV failure time.
NA = Not available.
NCF = No containment failure.

*

= *

#
l

e .

. - - - - _ . _ _- ----,- - - - . , , . . . -- - , , - - , .-



__. . - _ _ _ . . - - - _. .

l.

*
I.

|

!
Table A.11 Containment Response Comparison from IDCOR, RSSMAP and SARP |

Calculations for S HF Accidents2

Sequences Analyzed
S_,HF (Drains Open) S_3HF (Drains Open) S,HF (Drains Blocked)i

IDCORIA RSSMAP4 SARP " IDCOR* RSSMAP'' SARP '
,

8 a
Event Time (Hours) 68 60 y 6 6 y

,

Core Uncovery 1.2 2.13 4.54 1.2 2.13 2.72

Start of Core Damage 1.4 NA NA 1.4 NA NA

Start of Core Melt 1.9 2.53 6.06 1.9 2.53 3.27

Fraction of Clad Reacted 0.35 NA 0.74 0.34 NA 0.66 |

Time of RPV Failure 3.31 3.22 6.84 3.35 3.22 4.33

Time of Ice Depletion 4.36 3.25 16.53 3.81 4.55 3.30

Peak Containment Pressure (psia) 65.0 30.0 62.0 65.0 30.0 121

Time of Peak Pressure 9.54 3.28 6.87 25.9 5.02 5.87

Containment Failure Time 9.54 3.28 6.87 25.9 5.02 5.87 ;

'

Containment Failure Cause Pressure Pressure Hyd rogen Pressure Pressure Hyd rogen
Burn Burn

Start of Concrete Melt NA 5.23 6.84 NA 3.22 5.87*

;

Time of 30.0 psia Pressure 5.2 3.28 3.35 4.0 5.02 3.3

aWater in the cavity at RPV failure time.
NA = Not available.

* Table 7.1-1 from Ref. 11 and Table 7-5 from Ref. 1.

*
.



Toist o*A.12 Containment Response Coopertson f rom IDCOR, R!94AP and SARP

Calculations for 1MLB', T pL Accidents !
2

Sequences Analyzed
1NLBe T Pt' A02

SDCOR* SARP3 SARP3 RSSMAP" _IDCOR* SARP3 5ARP3 MRSSMAP 3 DCfR' RS94AP"
Event Time (Hours) 6 6 y 6 Y 6 6 6

Core Uncovery 1.8 1 .63 1 .63 3.07 1.7 1 .62 1 .62 3.07 0.4 0.02

'

Start of Core Damage 2.0 NA NA NA 1.9 NA NA M 0.8 NA

|
Start of Core Melt 2.5 2.03 2.03 3.33 2.4 2.02 2.02 3.33 1.1 0.1

Fraction of Clad Reected 0.30 0.49 0.49 NA 0.26 0.49 0.49 NA 0 .42 NA

Time of RPV Fallure 3.35 2 .63 2 .63 3.97 2 .91 2.59 2.62 3.35 1 .52 1.1

Time of Ice Depletion 5.84 9.27 7.62 5.80 5.56 8.85 NA >16.7 3.15 >17.0

Posk Containment Pressure (psla) 65.0 60.0 85.0 30.0 23.0 52.0 67.5 30.0 22.0 30.0

Time of Psak Pressure 27.1 9 .21 2.63 5.47 2.9 2 .59 2.62 11.0 5.5 6.0

Contelnment Failure Time 27.1 9 .21 2.63 5.47 NCF NCF 2 .62 11.0 NCF 6.0

Containment Fallure Cause Pressure Pressure Hydrogen Pressure None Ibne Hydrogen Pressure None Pressure
Burn Born

Start of Concrete Melt 3.35 2.69 2.68 3.77 NA 2.59 2.62 3.35 NA 4.48.

Time of 30.0 psis Pressure 3.5 3.16 2.62 5.47 NA 2.50 2 .61 11 .0 NA 6.0

NA = Not evalleble.
NCF = m contaltunent f allure.

*Tabl e 7.1 -1 f rom Ref.11 and Table 7-5 f rom Ref.1

.

|
*

|

.



!.

)
. !

,

.

Table A.13 Containment Response Comparison from IDCOR and SARP
Calculations for V, TMLU-SGTR, s/W

Sequences Analyzed
V TMLU-SGTR g/W _j[J&- 8

Event Time (Hours) IDCOR* RSSMAP" SARP^" IDCOR* IDCOR*
|

Core Uncovery .NA 0.38 1.73 NA NA

Start of Core Damage NA NA NA NA NA

Start of Core Melt NA 0.63 2.12 NA NA

Fraction of Clad Reacted NA. NA 0.43 NA NA

Time of RPV Failure 20.0 1.52 2.82 7.0 7.0

Time of Ice Depletion MA NA NA NA NA
o
" Peak Containment Pressure (psia) NA NA 22.4 NA NA

Time of Peak Pressure NA NA 2.82 NA NA

Containment Failure Time 0.0 0.0 2.57 0.0 0.0

Containment Failure Cause Isolation Isolation SG Tubes Isolation Isolation
Failure Failure Ruptured Failure Failure

(at core slump)

Stcrt of Concrete Melt NA 1.52 2.82 NA NA,

* Table 7-6 of Ref. 1.

.
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Table A.14 Sequoyah Release Fraction in Environment - IDCOR-SARP Comparison
|of 6 Cases for S HF. TMLB and TML Accidents !2

|

Containment Fission Product Category
Accident Failure (Fraction of Core Inventory) |

,

Analyzed (Hours) Csl Ie Sr Ru Cs0H References

S HF-6 9.54 <10-5 1.7x10-5 <10-5 <10-5 2.9x10-5 IDCOR 112
Drains Open
S H-6 10 7.4x10-" 1.5x10-" NA NA 7.9x10-4 IDCOR I2
Drains Open
S HF-68 3.3 4.5x10- 2 1.3x10-1 3.3x10- 2 1.5x10-2 2.6x10-1 RSSMAP"2
Drains Open

S HF-6 25.9 2.1x10-5 <10-5 <10-5 <10-5 6.9x10- 5 IDCOR II2
Drains Closed
5 HF-6 24 6.5x10-" 1.6x10-" NA NA 6.5 x10-" IDCORI2
Drains Closed,,

j' S HF-6 5.0 1.0 x10- 2 3.9 x10- 1 2.4 x10- 2 2.4 x10- 2 2.3x10- 1 RSSMAP"2
Drains Closed ,

'

TMLB'- 6 27.1 5.0x10-" 2.6x10-5 <10-5 <10-5 6.4x10-" IDCOR Il
TMLB'- 6 27 4.1x10-3 2.5 x10- 3 NA NA 4.1 x10- 3 IDCOR I
TMLB' - 6 9.25 3.9x10-" 2.0x10-3 NA NA 4.5x10-4 SARP9

T ML-6 NCF 0.0 0.0 0.0 0.0 0.0 IDCOR Il 123
TML-6 NCF 6.9x10-9 1.6x10-8 NA NA 7.4 x10- 9 SARP9

AD-6 NCF 0 0 0 0 0 IDCOR ll

AD-6 6.0 7.0x10-7 3.0x10-7 3.0x10-e 2.0x10-8 3.0x10-7 RSSMAP"
.

.

O

t



.

%.-

.

Table A.15 Sequoyah Release Fraction in Environment - Comparison
of y-Cases With 8, V cases

Containment Fission Product Category
Accident Failure (Fraction of Core Inventory)

i Analyzed (Hours) Cs1 Te Sr Ru C30H References

S HF -y 6.87 1.6x10-2 4.4x10-3 2.6x10-" 2.0x10-8 1.3x10- 2 SARPIO3 i

Drains Open
1 S HF-y 5.87 3.3x10- 2 5.5 x10- 2 4.9 x10- 2 4.2x10-" 3.2x10-2 SARP92

Drains Closed
5 HF -y 6.87 1.4 x10- 2 5.0x10-3 1.0x10-3 1.4x10-7 1.1x10-2 SARP3 3 IO

; Drains Closed
S HF-y 3.28 1.3x10-1 4.9x10-1 6.8x10- 2 4.2x10-2 5.7x10-1 RSSMAP; 2 4

TMLB'-y 2.63 1.7 x10- 2 1.4 x10- 2 NA NA 2.3x10-2 SARP8
4

TML-y 2.62 1.3 x10- 3 5.5 x10-" NA NA 7.0x10-3 SARP8i TML* y 4.0 1.6x10- 2 3.1x10-1 5.0x10-3 1.9 x10- 2 8.0x10- 2 RSSMAP4S
V Case 0.0 5.3x10-1 3.2x10-I S.8x10-2 3.0x10-2 5.0x10-I RSSMAP"'
V Case 0.0 1.0 x10-4 1.0 x10- 4 NA NA 1.0x10-" IDCOR I
8/W Case 0.0 1.6x10-2 4.0x10-3 NA NA 1.6x10-2 IDCOR I

'

S HF-8 0.0 2.1x10-3 2.4x10-3 NA NA 2.1x10- 3 IDCOR I2
,

j * Decontamination factor 100 in ice bed assumed.
r

^

|
4
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Table A.16 MARCH Results'' for Ice Condenser PWR Accident Sequences *

CTS CSS Lund' , Cn0E y.rl T VLSSEL ICE MELT COffT COta.k ETE

IWi lA 'E STANT STt >l' W HT STOP I,8K '(Nf 5 f ?, TAD T LN1) I Alffistt: COr1PLETf: FAILukF. ME!.T STAllT

/ds-;a - - 1 - I *, 20 4G b 20 46

4,b- y - - 1 % 1 5 lu 66 >1000 % 67

N *- S - - 1 301 1 5 IN 06 >1000 361 67

Mer-S 1 129 1 129 177 202 225 269 121 219 209

5 til -6 1 120 1 126 155 177 215 259 159 219 269

3 D-5 - - 1 703 46 02 119 161 169 701 182

S It-p+ 1 50 1 110 62 60 96 !!O 118 110 200

$ H-SG 1 50 1 798 62 80 96 110 120 798 260

5 ,ti?' h 1 109 1 109 128 152 180 206 b 180 324

S ,In - 6 1 109 1 109 12a 152 luo 191 273 301 193

5 tu -5tr 1 109 1 109 128 152 180 193 195 197 314

T.111 * - 6 - - - - 184 200 232 233 348 328 238

[ 1:11F - 66 - - - - If14 2tND 232 238 242 244 304

1:11.- f 239 - 1 238 IH4 28 0 232 238 >1000 238 2 38

TMt.- 6 238 - 1 660 188 200 232 21J >1000 060 238

Y - - - - 23 38 57 91 - - 91

'All tsmes in mariutes
ise I.a.I bygd:,hd J[ tog 3,t c.se om g ela e..irMs

e

e

e

e
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Table A.17 Sumary of Ice Condenser PWR CORRAL Results

C eulative Fractions of Core Inventerv teleased to the AtmotNere #

5eeuence Xe-Kr 1-Pr Co #b to Pa-Sr tu La

*M-4 1.0 0.23 0.37 0.42 0.045 0.41 0.003

M-Y 1.0 3(4) 6(4) 0.003 4(5) 2(4) 3(5)

2-1 1.0 0.002 0.C06 0.026 3(4) 0.002 3(4)

M-6 1.0 7(7) J(?) 3(7) 3(8) 2(8) 4(5)

8 H-YS 1.0 0.005 0.040 0.15 0.003 0.001 0.002
2

8 KF-3 1.0 0.27 0.68 0.41 0.041 0.43 0.003
2

$ HF-Y 1.0 0.13 0.57 0.49 0.068 0.042 0.007
2

5 Nr-6 1.0 0.C10 0.23 0.34 0.024 0.024 0.004
2

5 tit- 9 1.0 0.c45 C.26 0.13 0.033 0.015 0.002
2

D
ttL8'-6 1.0 0.007 0.C14 0.050 0.001 0.003 6(4)

DTxLB'-66 1.0 0.063 0.11 C.CS9 0.011 0.000 0.001

0ttLB'-55 1.0 0.063 0.14 c.015 0.017 C.C09 0.C01

Txi-y 1.0 0.016 0.C80 v.31 0.005 0.01'i 0.004

v' 1.0 0.77 0.30 0.51 C.003 0.049 0.007

V' 1.0 0.53 0.50 0.32 0.058 0. C M 0.C;4

YV 1.0 0.48 0.42 C.086 0.C52 0.016 C.W2

"The notation 5(5) is an abcreviation for 5 x 10- 5,
Ice bed decontamanation f acter of 100 fer iodine and particulates untti 00%

of the ice has P.elted.
*1ce ).e4 byr.assed af ter the stea:s empleston.
"Ice bed decontastnation f acter of 10 for todane and particulates wntti 90% of

the ace has Pelced.

'Assamang release through the UNI cquiment roca.
fAss #.tng release through the aaxiliary building.
9Wath the air return f ans and see condenser operating af ter reactor vessel

melt-throuen.

i
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Table A.18 SARP-IDCOR Comparison of Input Data
l

IDCOR/SARP 4

% Data or
9SARP IDCOR 11 Comment,

1

Reactor Power, MWt 3,570 3,409 95.5% !

Operating Pressure, psia 2,265 2,250 SM
Operating Temperature, F 580 578.2 SM ;

Primary System Volume, ft3 13,195 Proprietary U
! Primary System Water Inventory, Ib. 547,400 Proprietary U
! Active Core Height, ft. 12 12 SM

Core Flow Area, ft2 51.5 56 SM
| Total Vessel Water Area, ft2 107.0 Proprietary U

{ Pressurizer Relief Valve Setpoint, psia 2,350 2,350 SM
Pressurizer Relief Valve Capacity, Ib/ min 21,000 3,393 x 4 loops x 2 valves 129%
Steam Generator Water Inventory, Ib 350,000 94,877 x 4 loops 108.4%
Steam Generator Relief Valve Setpoint, psig 1,100 1,105 average SM
Zircaloy in Core, Ib. 50,913 46,993 SM
Misc Metal in Core, Ib. 19,158 Proprietary U
U0 in Core, Ib. 222,739 222,645 SM2

Weight of Grids Included in Debris, Ib. 95,000 Proprietary U*

Bottom Head Diameter, ft. 14.4 13,916 SM
Bottom Head Thickness, ft. 0.469 0.479 SM
Fuel Rods in Core 50,952 50,952 SM

l Rod Diameter, in. 0.374 0.374 SM
Fuel Diameter, in. 0.3226 0.3624 112%

1
-
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Table A.18 (Continued)

.

IDCOR/SARP
% Data or

SARP9 IDCOR II Comment

Containment Parameters
Total Free Volume, ft3 - 1,285,580 1,202,700 SM

(with empty ice condenser)
Upper Compartment, ft3 897,880 808,800 SM

(U.C. + ice condenser)
Lower Compartment, ft3 387,700 394,200 SM*

(Comp. D + cavity)
Initian ^ inperature Upper Compartment, F 100 85 ISF lower
Initial Temperature Lower Compartment, F 100 100 SM

{ Initial Pressure, psia 14.7 15.0 SM
Weight of Ice,Ib. 2.45 x los 2.1 x106 lb. 85.7%
Ice Temperature, F 20 15 SF lower

Materials and Slabs
Concrete Thermal Conductivity, BTU /(hrftF) 0.8 0.34 105%
Concrete Heat Capacity, BTU /lb 0.238 0.204 86%
Concrete Density,1b/ft 3 158 14.8 94%~

Concrcte Volumetric Heat Capacity, BIU/(ft F) 38.5 30.2 78.5%
3

Total Concrete Wall Volume, ft3 267,185 282,636 SM
Total Steel Volume, ft3 10,243 9,651 SM
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Table A.18 (Continued)
_

IDCOR/SARP
% Data or

SARP9 IDCOR 11 Comment

Engineered Safety Systems

Charging Pump

Maximum Flow, gpm 1,100 2 pumps x 494 89%

Shut Off Pressure Setpoint, psig 2,530 1,885 --

ECC HPI Pump |

Maximum Flow, gpm 1,300 2 pumps x 650 SM

Shut Off Pressure Setpoint, psig 1,520 1,489 SM

ECC LPI Pump j

{{ Maximus Flow, gpm 6,000 2 pumps x 6,063 202% |

Shut Off Pressure Setpoint, psig 210 167

Containment Spray Pump, gpm 4,750 2 pumps x 4,746 200%

Pressure Setpoint of Sprays, psia -- 17.51 --

ECR Heat Exchanger (HPI*LPI Pump Flow

Primary Flow, Ib/ min 37,260 2 pumps x 55,305 2x148%

Secondary Flow, lb/ min 41,400 2 pumps x 82,667 2x200%
~

Primary Inlet, F 137 Calculated --

(137F assumed)

Secondary Inlet, F 91 100 --

7Capacity, BTU /hr 3.72x107 2x5.66x10 2x152%
For AT = 17F in primary circuit)

|

.
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Table A.18 (Continued)
. .

IDCOR/SARP
% Data or

SARP9 IDCOR 11 Comment

Spray Heat E. changer

Primary Flow, Ib/ min 39,333 2 pumps x 39,223 2x100%
Secondary Flow, Ib/ min 49,910 2 pumps x 82,888 2x166%
Primary Inlet F 146 Calculated --

(156F assumed)
Secondary Inlet, F 83 100 --

Capacity, BTU /hr 9.43x10 2x9.41x10 2x100%
7 7

(For AT = 40F in primary circuit)
Recirculation Air Fans, gal air / min -- 299,200 --

,,

Of

ECC Storage and Injection Tanks

UHI Tank: Water Content, Ib 93,000 113,500 122%
Initial Pressure, psia 1326 1255 SM
Temperature, F 100 120 --

Accumulator Tank: Water Content, Ib 230,000 4x65,100 113%
Initial Pressure, psia 600 415,

--

Temperature F 100 100 SM

RWST Tank: Water Content, Ib 2.90x106 2.909x106 SM
Initial Pressure, psia 14.7 15.0 SM
Temperature F 100 105 SM ;

.
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Table A.18 (Continued)
. _ _

IDCOR/SARP
% Data or'

SARPS
-

IDCOR 11 Comment

Core Heatup Model

Number of Radial Zones -

10 7 SM
i; umber of Axial Zones 24 10 SM

Containment Break Area, ft2

5 HF Accident (Drains Open) 7.0 0.1 1.4%2

TMLB', S HF (Drains Blocked) 7.0 0.02 0.3%2

Containment Failure Pressure, psia 60 65 108%
*

SM = Similar data.
U = Underknown for IDCOR case.

= Of f ferent data.--

.
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Table A.19 NRC/IOCOR !ssues
,

issue Subject

1 Fission-Product Release Prior to Vessel Falure
2 Recirculation of Coolant in Reactor Vessel
3 Release Model of Control Rod Materials
4 Fission-Product and Aerosol Retention in the Primary System
5 In-Vessel H Generation
6 Core Slump,2 Core Collapse, and Reactor Vessel Failure
7 Containment Failure due to In-Vessel Steam Explosions
8 Direct Heating of Containment
9 Ex-Vessel Fission-Product Release

10 Ex-Vessel Heat Transfer Fbdel from Holten Core to Concrete
11 Revaporization of Fission Products from the Primary System
12 Fission-Product Deposition Model in Containment
13A Suppression Pool Bypass (Pool Scrubbing)
138 Retention of Fission Products in Ice Beds
14 Modeling of Emergency Response
15 Containment Performance
16 Secondary Containment Performance
17 Hydrogen Ignition and Burning
18 Essential Equipment Performance

117
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Table A.20 Consequence Bins for IDCOR Baseline, Sequoyah

Conditional Consecuences*
Whole-Body

Time of Warning Latent Population
Defining Pelease Time Cancer- Dose

Bin Seoue.tce (hrs) (hrs) Fatalities (man rem)

1 5 HF-8 5.3 0.5 140 2.0E+6
2

(drains open) 117

2 Tg 3B MLB'-8 27 25 47 7.3E+5

3 8/Wa* 5.3 0.5 31 4.6E+5

i

4 $ HF-5 9.8 8.5 13 2.0E+5
2

(drains open)
.

'

5 V 18 17 4.0 5.6E+4

6 NCF NA NA 0 0

.

U o early f atalities were calculated for these releases.| N

** Containment isolation failute with sprays available. Consequen.ces based on
estimated reduction of fission products due to spray scrubbing.

Not Applicable and/or Available.MA' =

i

118
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Table A.21 List of Symbols for Reactor Accidents

A Internediate to large LOCA,
B Failure of electric power to ESF's,
B' Failure to recover either onsite or offsite electric power within

about 1 to 3 hours following an initiating transient which is a
loss of of fsite ac power, T ,i

D Failure of the emergency core cooling injection system.
F Failuro of the containment spray recirculation system,F ,F ,F

1 2 3 Different variants of F.
H railure of the emergency core cooling recirculation system.
L Failure of the secondary systen steam relief valves and the

auxiliary feedwater system.
M Failure of the secondary system steam relidt valves and the power

conversion system-
S A small LOCA with i equivalent diameter of about 2-6 inches,i
S A small LOCA with an equivalent diameter pf 1/2-2 inches,2
S Snail accident with an equivalent diameter 0.75 inch = pump seal3

LOCA.
SGTR Steen, generator tube rupture,
T Transient event,
T Transient event other than T i = transient from loss of offsite23

power.
U Chemical and volume control system.
V LPIS chec( valve failure.
W Failure to remove residual core heat,

Containment rupture due to <> reactor vessel steam explosion,a
B Containment failure resulting from inadequate isolation of con-

tainment openings and penetrations,
y Containment failure due to hydrogen burning,
6 Containment f ailure due to overpressure,

Containment vessel melt-through,c
e Water present in cavity at RPV failure t' ae,

119
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