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ABSTRACT

In support of the Nuclear Regulatory Commission’'s (NRC's) assessment of the
risk from severe accidents at commercial nuclear power plants in the U.S,
reported in NUREG-1150, the Severe Accident Risk Reduction Frogram (SARRP)
has completed a revised calculaticn of the risk to the general public from
the operation of the Sequoyah Power Station, Unit 1. This power plant,
located in southeastern Tennessee, is operated by the Tennessee Valley
Authority (TVA).

The emphasis in this risk analysis was not on determining a "so-called"
point estimate of risk, Rather, it was to determine the distribution of

risk, and to discover the uncertainties that account for the breadth of
this distribution.

The offsite risk from internal initiating events was found to be quite low
with respect to the safety goals. The containment appears quite likely to
successfu'ly withstand the loads that might be placed upon it if the core
melts and the reactor vessel fails. A good portion of the risk, in this
analysis, comes from initiating events which bypass the containment, such
as interfacing system pipe breaks and steam generator tube ruptures. These
events are estimated to have a relatively low frequency of occurrence, but
their consequences are relatively large. Other events that contribute to
offsite risk involve early containment failures, that is, failures that
oceur during degradation of the core or failures that occur near the time
of vessel breach. Early containment failures are largely attributable to
station blackout accidents. Considerable uncertainty is associated with
the risk estimates produced in this analysis. The offsite risk from
external initiating events was not included in the scope of this analysis,
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FOREWORD

This is one of numerous documents that support the preparation of the final
NUREG-1150 document by the NRC Office of Nuclear Regulatory Research,
Figure 1 illustrates the documentation of the accident progression, source
term, consequence, and risk analyses. The direct supporting documents for
the first draft of NUREG-1150 and for the revised draft of NUREG-11.0 are
given in Table 1. They were produced by the three interfacing prog.ams
that performed the work - the Accident Sequence Evaluation Progre= (ASEP)
at Sandia National Laboratcries, the (SARRP), and the PRA Phenomenology and
Risk Uncertainty Evaluation Prograx (PRUEP). The Zion volumes wei: written

by Brookhaven National Laboratory and Idahe National Engineering
Laboratory.

The Accident Frequency Analysis, and its constituent analyses, such as the
Systems Analysis and the Initiating Event Analysis, are reported in
NUREG/CR-4550, Originally, NUREG/CR-4550 was published without the desig-
nation "Draft for Comment." Thus, the current revision of NU...G/CR-4550 is
designated Revision 1. The label Revision 1 is used consistently on all
volumes, including Volume 2 which was not part of the original documenta-
tion.  NUREG/CR-4551 was originally published as a "Draft for Comment."
While the current version could have been issued without & revision

indication, all volumes of NUREG/CR-4551 have been cesignated Revision 1
fer consistency with NUREG/CR-4550,

The material contained in NUREG/CR-4700 in the original documentation is
now contained in NUREG/CR-4551; NUREG/CR-4700 is not being revised, The
contents of the volumes in both NUREG/CR-«550 &nd NUREG/CR-4551 have been
altered. In both documents now, Volume 1 describes the methods used in the
analyses, Volume 2 presents the elicitation of expert judgment, Volume 3
concerns the analyses for Surry, Volume 4 concerns the analyses for Peach
Bottom, and so on. The Sequoyah analysis is contained in Volume 5 of
NUREG/CR-4551. Note that the Sequoyah plant was also treated in Volume 2

of the original Draft for Comment version of NUREG/CR-4551 and NUREG/CR-
4700,

In addition to NUREG/CR-4550 and NUREG/CR-4551, there are several other
reports published in association with NUREG-1150 that exglain the methods
used, document the computer codes that implement these methods, <. present
the results of calculations performed to obtain infcermation specifically
for this project. These reports include:

NUREG/CR-5032, SAND87-2428, "Modeling Time to Recovery and Iritlating
Event Frequency for Loss of Off-site Power Incidents at Nuclear Power

Plants," R, L. Iman and 8. C. Hora, Sandia National Laboratories,
Albuquerque, NM, January 1988,

NUREG/CR-4840, SAND88:.3102, "Procedures for External Core Damage

Frequency Analysis for NUREG-1150," M. P. Bohn and J. A. Lambright,
Sandia National Laboratories, Albuquerque, NM, Decenber 1988,
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NUREG/CR-5174, SANDBB.1607, J. M, CGriesmeysr and L. N. Smith, *"A
Reference Manual for the Event Progression and Analysis Code (EVNTRE),"
Sandia National Laboratories, Albuquerque, NM, September 1989,

NUREG/CR-5380, SANDBB-2988, §. J. Higgins, "A User's Manual for the
Post Processing Program PSTEVNT," Sandia National Laboratories,
Albuquerque, NM, November 1989,

NUREG/CR-4624, BMI-2139, R, §. Denning et al., "Radionuclide Release
Caleulations for Selected Severe Acclident Scenarios," Volumes 1-V,
Yattelle's Columbus Division, Columbus, OH, 1986,

NUREG/CR-5062, BMI-2160, M, T. Leonard et al., "Supplemental
Radionuclide Release Calculations for Selected Sever. Accident
Scenarios," Battelle Columbus Division, Columbus, OH, 1988,

NUREG/CR-5331, SAND89-0072, 8. E. Dingman et al., "MELCOR Analyses for
Accident Progression Issues," Sandia Nutional Laboratorie:,
Albuquerque, NM, November 1990,

NUREG/CR-5253, SANDSS 2940, R. L., Iman, J. C, Helton, and J. D,
Johnson, "PARTITION: A Program for Defining ihs Source Term/Consequence
Analysis Interfaces in the NUREG-1150 Probabilistic Risk Assessments

g;;r'l Guide," Sedia Rationsl Laboratories, Albuquerque, NM, May
0.

xiv



¢ -‘;.H,".m

SHALINVHVG LNENI 80NYIN

S 1OA

HVYAOND IS NOLIi08 HOV 33

LSSP-HO/OFHNN SHSIH INIGIOOV FH3AIS 40 NOLLVYNTIVAL

ABUINS

0SLi-93HNN OL SINZNNO0J 14d0ddnNsS




FAX

Table 1. NUREG-1150 Analysis Documentation

Origina umentation
NUREG/CR-4550 NUREG/CR-4551 NUREG/CR-4700
Analysis of Core Damage Frequency Evaluation of Severe Accident Risks Centainment Fvent Analysis
From Internal Events and the Potential for Risk Reduction for Potential Severe Accidents
Vol. 1 Methodology Vol. 1 Surry Unit 1 Vol. 1 Surry Bnit 1
2 Summary (Not Published) 2 Sequoyah Unit 1 2 Sequoyah Unit 1
3 Surry Umit 1 3 Peach Bottom Unit 2 3 Peach Bottom Unit 2
4  Peach Bottom Unit 2 4 Grand Gulf Unit 1 4 Grand Gulf Umit 1
5 Sequoyah Unit 1
6 Grand Gulf Unit 1
7 Zion Unit 1
NUREG/*R-4550, Rev. 1,6 Analysis of Core Damage Frequency NUREG/CR-4551, Rev. 1, Eval. of Severe Accident Risks
Vol. 1  Methodology Vol. 1 Part 1, Methodology; Part 2, Appendices
2 Part 1 Expert Judgment Elicit. Expert Panel 2 Part 1 In-Vessel Tssues
Part Z Expert Judgment Elicit. Project Staff Part 2 Contaimnment Loads and MCCI Issues
Part 3 Structural Issues
Part & Source Term Issues
Part 5 Supporting Calculations
Parr 6 Other Issues
Part 7 MACCS Input
3 Part 1 Surry Unit 1 Internal Events 3 Part 1 Surry Analysis and Results
Part 2 Surry Unit 1 Internal Events App. Part 2 Surry Appendices
Part 3 Surry External Events
4 Part 1 Peach Bottom Unit 2 Intermal Events 4 Part 1 Peach Rottom Analy=is and Results
Part 2 Peach Bottom Unit 2 .. Events App. Part 2 Peach Rottom Appendices
Part 3 Peach Bottom Unit 2 External Events
5 Part 1 Sequoyah Unit 1 Internal Events 5 Part 1 Sequoyash Analysis and Resuits
Part 2 Sequoyah Unit 1 Internal Events App. Part 2 Sequovah Appendices
6 Part 1 Grand Gulf Unit 1 Internal Even's & Part 1 Gra ~ Gulf Analysis and Fesults
Part 2 Grand Gulf Upit 1 Internal Events App. Part 2 Grawm: Culf Appendices
7 2ion Unit 1 Internal Events 7 Part 1 Zion Analysis and Results
Part 2 Appendices
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RCS
RHR
RPS
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SBO
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STD
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ice condenser

ice condenser system

in-core instrumentation room

ldaho National Engineering Laboratory
in-vessel steam explosion
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loss-of-coolent accident

loss of offsite power
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low pressure injection

low pressure injection system
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light water reactor
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motor-driven pump

main feedwater system
motor-operated valve
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main steam line

Nuclear Pegulatory Commission

plant damage state
power-operated relief valve
probabilistic risk analysis
pressurized water reactor
pressurizer

reactor coolant pump

reactor coolant system
residual heat removal
reactor protection system
refueling water storage tank

station blackout

steam explosion review group
steam generator

steam generator tube rupture
safety injection system
standby liquid control
Sandia National Laboratories
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safety relief valve

source term code package
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UP
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SUMMARY
§.1 Introduction

The United States Nuclear Regulatory Commission (NRC) has recently
completed a major study to provide a current characterization of severe
accident risks from light water reactors (LWRs). This characterization is
derived from integrated risk analyses of five plants. The summary of this
study, NUREG-1150,! has been i{ssued as a second draft for comment.

The risk assessments on which NURE"-1150 i« based can generally be
characterized as consisting of four analysis steps, an integratio step,
and an uncertainty analysis step:

1. Accident frequency analysis: the determination of the 1ikellhood
and nature of accidents that result in the onset of core damage.

2. Accident progression analysis: an investigation of the core damage
process, both within the reactor vessel before it fails and in the

containment afterwards, and the resultant impact on the
containment,

3. woorce term analysis: an estimation of the radionuclide trancport
within the reactor coolant system (RCS) and the containment, and
the magnitude of the subsequent releases to the environment.

4. Consequence analysis: the calculation of the offsite consequences,
primarily in terms of health effects in the general population,

5. Rick integration: the assembly of the outputs of the previous tasks
into an overall expression of risk,

6. Uncertainty analysis: the propagation of the uncertainties in the
initiating rvents, failure events, accident progression branching
ratios and parameters, and source term parameters through the first
three analyses above, and the determination of which of these
uncertainties contributes the most to the uncertainty in risk,

This volume presents che details of the last five of the six steps listed

above for the Sequoyah Nuclear Station, Unit 1. The firet step f{s
described in NUREG/CR-4550.2

$.2  Qverview of Sequoyah Nuclear Station. Unit 1

The Sequoyah Power Station, Unit 1 1is operated by the Tennessee Valley
Authority (TVA) and is located on the west shore of the Chickamauga Lake in
southeastern Tennessee, about 10 miles northeast of Chattanooga, Tennessee.

There are two units located on the site; Unit 2 is essentially identical to
Unit 1

The nuclear reactor of Sequoyah Unit 1 is a 1148 Mwe (3411 MWL) pressurized
water reactor (PWR) designed and built by Westinghouse. The reactor cool-
ant system (RCS) has four U-tubs steam generators (%7e) and €aur reactor
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coolant pumps (RCPs). The containment and *ie balance of the plant were
designed and bullt by the utility, TVA. Unit 1 began commercial operation
in 1981,

Table §.1 summarizes the design features of the plant relevant to severe
accidents, Of particular interest is the ice condenser designed to be a
passive pressure-suppression system. The containment is a free-standing
steel structure, with a fairly low design pressure (11 psig). The ability
to crogstie the 6.9 kV emergency buses at Unit 1 and Unit 2 helps to reduce
the frequency of station blackout (SBO) at Unit 1. The process for switch-
ing the emergeney ccre sopiing system from Injection mode to recirculation
mode 1s on1§ partially automated and requires that a series of operator
actions be accomplished in & relatively short time. Operater error in this
process, as well as common-cause failures account for a relatively high
frequency for loss-of-coclant (LOCA) accidents at Sequoyah.

$.3 Rescripticn of the Integrated Risk Analysis

Risk is determined by combining the results of four constituent analyses:
accldent frequency, accident progression, source term, and consequernce
analyses. Uncertainty in risk is determined by assignine distributions to
important variables, generating a sample €rom these variebles, and propa-
gating each observation of the sample through the envire analysis. The
sample for Sequoyah consisted of 200 observations involving variables from
the first three constituent analyses. The visk analysis synthesizes the
results of the four constituent analyses to produce measures of offsite
risk and the uncertainty in that risk. This process is depicted in Figure
§.1. The boxes in this figure show the computer codes used, The
interfaces between constituent analyses are shown between the boxes. A

mathematical summary of the process, using a matrix representation, {s
given in Section 1.4 ot this volume.

The acclident fre¢uency analysis uses event tree and fault tree techniques
to investigate the manner in which various initiating events can lead to
core damage and the frequency of various types of accidents. Experimental
data, past observational data, and modeling results are combined to produce
frequency estimates for the winimal cu: sets that lead to core damage. A
minimal cut set is a unique combination of initiating event and individual
hardware or operator failures. The minimal cut sets are grouped into plant
damage states (PDSs), where all minimal cut sets in a PDS provide a similar
set of initial conditions for the subsequent accident progression analysis.
Thus, the PDSs form the interface between the accident frequency analysis
and the accident progression analysis. The outcome of the accident

frequency analysis is a frequency for each PDS or grov. of FDSs for each
observation in the sample.

The accident progression analysis uses siarge, complex event trees to
determine the possible ways in which an accident might evolve from each
PDS.  The definition of each plant damage state provides enough information
to define the initial conditions for the accident rrogression event tree
(APET) analysis. Past observations, experimental data, mechanistic code
calculations, and expert judgment were used in the development of the model
for accident progression that is embodied in the /PET and in the selection
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of the branch probabi”™ " ‘er and parameter values used in the APET. Due to
the large number of ~‘ons in the Sequoyah APET and the fact that many
of these questions . . wore than two outcomes, there are far too many
paths through the APET “to permit their individual consideration in subse-
guent source term and consequence analysis. Therefore, the paths through
the trees are grouped into accident progression bins (APBs), where each bin
is & group of paths through the event tree that define &« similar set of
conditions for source term analysis, The properties of sach accident
progre sion bin define the initial conditions for the estimation of a
source term, The result of the accident progression analysis 1is a
probability for each APB, conditional on the occurrence of a PDS, for each
observation in the sample.

Table §.1
Design Features Relevant to Severe Accidents
Sequoyah Unit 1

Emergency Core Safety Injection System (S§18)
Cooling (ECCS) Two motor-driven pumps (MDPs)
Suction from refueling water storage tank (RWST)
or low pressure recirculation system (LPRS)
Provides high head injection

Charging System
Two centrifugal charging pumps (CCPs)
Suction from RWST or LPRS
Provides feed and bleed cooling, RCP seal flow,
and high head injection

Low Pressure Injection System (LPIS)
Two MDPs

Suction from RWST or containment sump
Provides suction to the SIS and c¢harging system

Accumulators

Four accumulators contairing borated water
Pressurized to 660 psig

Emergency Core Heat  Auxiliary Feedwater System (AFWS)
Removal Two MDPs and one turbine-driven pump (TDP)
Feed and Bleed
Utilizes Charging System and PORVs

Reactivity Control Reactor Protection System (automatic scram)

Manual scram
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Table 8.1 (continued)

Emergency Electrical

Power

Containment Structure

Containment Heat

Removal

Support Systems

Sump and Reactor

Cuevity

Containment Systems

AC Electrical Power
Two diesel generators (DGs) for each units
Each DG dedicated to 6.9 kV bus (can be crosstied)

DC Electrical Power
Station batteries designed to last 2 hours
Each DC battery board has normal and alternate
power supnly

lce condenser containment
Free-standing steel structure
Design pressure is 10.8 poig
Free volume 1s ~ 1.25 milifon ft?

Containment Spray System (CS8§)
Provides long-term emergency heat removal
Two centrifugal pumps

Component Cooling Water (CCW)
Five pumps and three heat exchangers for ? Units
Provides cooling for RCP seais and emergency
equipment

Service Water System (SWS)
Eight self-cooled pumps for 2 Units

No connection between sump and cavity at a low
level in the contaitaent

Overflow from sump can fi1l the cavity {f the RWST
Contente are injected into containment and a
significant amount of {ce melts

Hydrogen Igniter System (HIS)
Prevents bulldup of large quantities of hydrogen
in the contalnment-.requirves ac power

Air Return Fan System (ARFS)
Mixes containment atmosphere--requires ac power

Ice Condenser System (1CS)
Provides passive pressure-suppression capability
Contains 2.5 x 106 1b of borated ice
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A source term is caleculated for each APB «'th a non gero conditional
probability for each observation in the sample by SEQSOR, a fastsrunning
parametric computer code. SEQSOR is not a detailed mechanistic model; it
is not designed to model the fisslon product transport, physics, and
chemistry from first principles. Instead, SEQSOR integrates the results of
many detailed codes and the conclusions of many experts, Most of the
parumeters used in caleuiating flssion product relesse fractions in SEQSOR
are sampled from distributions provided by an expert panel. Because of the
large number of APBs, use of a fast-executing code like SEQSOR is
necessary,

The number of APEs for which source terms are calculated is so large that
it is not computationally practical to perform & consequence calculation
foer every source tern. As a result, the source terms had to be combined
inte source term groups. Each source term group is & collection of source
terms that result in similar consequences. The process of determining
which APBs go to which source term group is called partitioning. Thie
process considers the potential of each source term group to cause early
fatalities and latent cancer fatalities. The result of the source term
caleulation and subsequent partitioning is that each APB for each
observation is assigned to a source term group.

A consequence analysls is performed for each source term group, generating
both mean consequences and distributions of consequences. Since each APB
is mesigned to a source term group, the consequences are known for each APB
of each observation in the sawpie. The frequency of each PDS for each
observation is known from the accident frequency analysis, and the condi-
tional probability of euch APB is determined for each PDS group for each
ohrrrvation in the accident progression analysis. Thus, for =ssh APB of
each observation in the sample, both frequency and consequer. ' - utve deter-

mined, The risk analysis assembles and analyzes all ti-se separate
estimetes of offsite risk.

§.4  Beswlts of the Accident Freguency Analysis

The accident frequency analysis for Sequoyah is documented elsewhere.?
This section only summarizes the results of the accident frequency analyses
since they form the starting point for the analyses that are covered in
this volume. Table §.2 lists four summary measures of the core damage
frequency distributions for Sequoyah for the seven internally initiaved

FDSs.  The four summary measures are the mean, and the 5th, 50th (median)
and 95th percentiles.

The 26 internally initlated PDSs which had mean frequencies above 1.0E-7/R-
yr are placed into the seven PDS groups listed in Table §.2. These 26 PDSs
account for over 99% of the tota)l mean core damage frequency (MCDF) of
5.6E-5/R-yr. 1In both SBO groups, offsite power is iost ard the diesel
generators fail to start and run. In the slow SBO group, the steam-
turbine-driven (8TD) auxiliary feedwater system (AFWS) operates until the
batteries are depleted; in the fast SBO group the STD AFWS fails. 1In both
SBO groups, core degradtion may be arrested before the vessel fails if
offsite power is recovered in time. The LOCA PDS group consists of
accidents initiated by breaks of all four sizes (A, §,, 8, and 8;). 1In
some of the PDSs in this group, the low pressure injection system (LPIS) is
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operating at the onset of core damage, so the arrest of core degradation
before the vessel lower head falls s possible for these FUSs,

Table §.2
Sequoyah Core Damage Frequencies
Internal Initiators

~Sore Dapage Frequency (A/B-yr) . A Mean ICD

s il Median.. o Mean. ... 958 __  [Ereguencv

1 Slow SBO 1.4E-07 1.6E-06 4.6E-06 1.6E-05 9
2 Fast $BO 5,5E-07 3.8E-06 9.3E-06 3.5£-05 17
3 LOCAs 6.6E-06 2.0E-05 3,5E.05 1.1E-04 63
4 Event V 1.56-11 2.0E-08 6.5£-07 3.4E-06 1
5 Transient 2,2E-07 1.2E-06 2.3E-06 8.2E-06 '
¢ ATWS 4. 2E-08 5.0E-07 2.1E-06 8.58-06 3
7 SGTR 2.2E-08 3,.8E-07 1.7E-06 9.4E-06 3
Total 1.5E-05 3.9E-05 5. 6E-05 1.6E-04

Event V is initiated by the failure of two check valves that isolate LPIS
piping from the RCS. The check valve failures expose the low pressure
piping to full primary system pressure, and it ruptures. The break is
outside containment, so the break fails both the RCS and the injection
system and bypasses the coataiument., The transient group consists of two
PDSs that have failure of both the AFWS and Feed and Bleed cooling
function., Co-e damage arrest is possible for one of the PPyi if the RCS
pressure can be reduced since both LPIS and high pressure injection system
(HP18) are opersble. The ATWS group containe three PDSs in which the
nuclear roaction is not brought under control at the start of the accldent.
The two PDSs that comprise the steam genarator rtube rupture (SGTR) group
include one PDS in which the safety relief valves (SRVs) in the secondary

system stick open ("H" SCGTR), and one PDS in which these SRVs reclose after
opening ("G" SGTR),

§.5  Accident Progression Analysis
§.5.1 Description of the Accident Progression Analysis

The accident progression analysis Is performed by means of a large and
detailed event tree, the APET. This event tree forms a high level model of



the accident progression, including the response of the containment to the
loads placed wupon {t, The APET is not meant to be & substitute for
detailed, mechanistic computer simulation codes. Rather, '* {s a framevork
for integrating the results of these codes together with experimental
results and expert judgment, The detaiied, mechanistic codes require too
much computer time to be run for all the possible accident progression
paths . Furthermore, no single available code treats all the important
phenomens in a complete and thorough manner that is acceptable to all those
knowledgeable in the field. Therefore, the results from these codes, as
interpreted by experts, are summarized in an event tree, The resulting
APET can be evaluated quickly by computer, so that the full diversity of
possible accident progressions can be considerad and the uncertainty in the
many phenomena irnvolved can be included,

The APET treats the progression of the accident from the onset of core
damage through the core-concrete interaction (CCI). It accounts for
various events that may lead to the release of fission prodicts due to *he
accident., The Sequoyah APET consists of 111 questions, most of which have
more than two branches. Five time periods are considered in the tree. The
recovery of offsite power is considered both before vessel failure as well
as after vessel fallure. The possibility of arresting the core degradation
process before failure of the vessel is explicitly considered, Cors damage
arrest may ocour following the recovery of offsite power or when di pressu-
rization of the ROS allows injection by an operating system (HPIS or LPIS)
that previously could net function, Containment failure is considered
during the time of core degradation (due to hydiogen combustion or detona-
tion), at vessel breach (VB) (due to vessel blowdown, hydrogen combustion,
direct containment heating, ana steam explosions), after vessel failure
(due to hydrogen combustion), and after several days (due to basemat melt-
through or eventusal overpressure if containment cooling is not restored).
Five mechanisms, four of them inadvertent, for depressurizing the vessel
before failure are included in the AFET.

The APET 1is so large and complex that it cannot be presented graphically
and must be evaluated by computer. A computer code, EVNTRE, has been
written for this purpose. In addition to evaluating the APET, EVNTRE sorts

the myriad possible paths through the tree into a manageable number of
outcomes, denoted APBs.

§.5.2 Results of the Accident Progression Analvsis

Results of the accident progression analysis for internal initiators at
Sequoyah are summarized in Figures $.2, 8.3, and $.4, Figure §.2 shows the
mean distribution among the summary APBs for the summary PDS groups.
Technically, *hiz figure displays the mean probability of a summary APB
conditional on the occurrence of a PDS group. Since only mean values are
shown, Figure § .2 gives no indication of the range of values encountered,
The distributions of the expected conditional probability for core damage
arvest for a given PDS group are shown in Figure §.3. Similarly, the
distributions of the expected conditional probability for early containment
failure for a given PDS group are displayed in Figure §.4, Early
containment failure means one that ocours any time before VB, at VB, or
wvithin &« few minutes after VB,
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Figure §.2 indicates the mean probability of the pessible ourcomes of the

accident progression analysis. The width of each box in the figure
indicates how likely each accident progression outer e is for each type of
accident. Except for the Bypass ianitiators, e. . ar no failure of the

vessel (safe stable state) or no failure of the containment are by far the
most likely outcomes for internal initiators.

' ANT DAMAGE STATE
ACCIDENT (Mean Core Damage Frequency)
g{!OGRESSION
N

VB, early C¥
{during €D)

VB, aipha,
early CF ot VB)

VB > 200 pai,
enrly CF (st VB)

VE < 200 pai,
early CF {al VD)

VE, lale CF

VH, BMT,
very late CF

Bypoaes

VE, No CF

No VB, early CF 0.088 0.001 0.008 0002
(during CD)

No VR l I 0.084 D o 0788 -——} .58 ' 'I R 2

BMT » Hasemat Neltihrough Sequoyah
CF » Containment Failure

VB » Vesse! Breach

CD = Core Degradation

Figure §.2. Mean Probability of APBs for the Summary PDSs

1f core damage is not arrvested and the accident proceeds to failure of the
vessel, Figure §.2 shows that no failure of the containment is the most
likely cutcome for all types of accidents. If containment failure ocecurs,
early fallure (at or before VB) is predicted have a mean probability of
about 0.06 and late fallure is more likely than early failure, with & mean
probability of about 0,20, Late failure may be due, ¢ l;divogen ignition
some hours after VB, basemat meltthrough (BMT), or eventual overpress''re
after several days if containment heat removal (CHR) is not restored. Of
these three late failure modes, eventual overpressure is the most likely
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for internal initiators, becaute roughly ©3% of the total mean core damago
frequency is attribuied to the LOCA PDS group, in which there ie a high
probability that the long-term heat removal by the containment spray system
fails. The results of this analysis indicate that there is a high
likelihood that the reactor cavity will contain water at VB, The presence
of a large amount of water inhibits the dispersal of debris from the
cavity, thus lowering the threat from direct containment heating at VB,
The presence of water alse contributes to the probability that core debris
released from the vessel will be cooled. I1f CCI does initlate, the release
will be scrubbed by the overlaying pool of water, On the other hand, water
in the cavity can increase the possibility of ex-vessel steam explosions
which can indirectly threaten the integrity of the containment.
Containment failure by ex-vessel steam explosion was investigated in this
study and was found to be a minor threat, An ex-vessel steam explosion can
also coniribute to the radionuclide release at VB,

It is possible to arrvest the core damage process,
avoid VB, and achleve a safe, st. le state (as &, TM1.2) if coolant
injection is restored before the core degradation process has gone too far,
Recovery of injection is due to one of two events. 1In the loss of offsite
power (LOSP) accidents, recovery of njection follows the restoration of
offsite power, In other typee of accidents, an injection system is
operating when core degradation commences, but no injection is taking place
because the RCS pressure is too high. 1f a break in the RCS pressure
boundary allows the RCS pressure to decrease to the point where the
operating system can inject, there is some chance of arresting the core
degradation process. The probabilit: of arresting core degradation depends
on the time the injection starts relative to the state of the core, The
KCS failure that allows injection to commence may be an initiating break or
@ temperature-induced failure that occurs after the onset of core damage
such as & break in the hot leg or surge line, the failure of an RCP seal,
or the sticking-open of a power-operated relief valve (PORV).

For the internally initiated PDS groups, core damage arrest is possible for
all groups except the interfacing systems LOCA, Event V. Offsite power may
be recovered for the two SBO groups. Some PDSs in the transients, LOCAs,
ATWS, and SGTR groups have LFP1S, or LPIS and HPIS operating. The
initiating break in the interfacing LOCA fails the LP1S by diverting the
flow out the break. Figure §.3 contains no plot for the bypass accidents.
Core damage arrest is not possible for Event V and some of the SGTRs,
Furthermore, the fission products escape to the environment whether or not
he vessel and containment fail. Thus, vessel fallure is not of particular
iiterest for the bypass accidents. Figure 8.3 indicates that core damage
a. vest before VB is especially likely for the Transients PDS group. The
dodnant PDS in this group has both LPIS and HPIS operating at the onset of
core damage. The probability of core damage arrest for this group reflects
the probability that one of the five means of depressurizing the RCS
redu es the RCS to a sufficiently low pressure to allow injection,

Core ¢ ‘mage arrest does not neceecarily mean that there will be no
radionuc 'lde releases during the accident. For accidents in which the
containme: ¢ is not bypassed, both hydrogen and radionuclides are released
to the cou ainment during the core damage process. If a large amount of
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hydrogen is generated during core damage and is subsequently ignited, it is
possible that the resulting load will fall the contalnment,

1f the contairnment fails, a pathway is established for the radionuclides to
enter the outside environment, In contrast to the bypass asccidents, this
radionuclide release is generallv small, however, obecause in the majority
of the cases in which VB is averted these releases are scrubbed as they
pass through the i{ce condenser,

RCE _Depressurization. The reduction of the RCS pressure in the period
between the onset of core damage and VR has two consequences that are
important in determining offsite risk. First, pressure reduction may allow
the LPIS to function and thus aveid vessel fallure in accidents where the
LPIS is operable but not injecting due to high RCS pressure. Second, lower
RCS pressures at VB reduce the loads placed on the containment structure at
that time and reduce the probability of containment failure at VB,

Four of the five means of depressurizing the RCS considered in the Sequoyah
accident progression analysis are temperature-induced (T-1) and
inadvertent. The five mechanisms are:

T-1 hot leg or surge line failure;

PORVs or SRVs stuck open;

T-1 RCP seal failure;

T-1 SGTR: and

Deliberate opening of the PORVs by the operators.

(T P R

T-1 fallures of the RCP svals and PORVs sticking open are also considered
in the accident frequency analysis. Of these five mechanisms, only the
first three are effective for most accidents, Distributions for the
probability of hot leg failure, SGTR, and RCP seal failure were provided by
expert panels. Acting together, the effective means of RCS depressuriz-
ation in this analysis ensured that only about 10% or less of the accidents
that were at the PORV setpoint pressure (about 2500 psi) at the onset of
core damage remained at that pressure until the time of lower head fallure.

Eaxly Contajnment Failure. For those accidents in which the containment is
not bypassed, the offsite risk depends strongly on the probability that the
containment will fail early, i{.e., anytime before VB, at VB, or within a

few minutes after VB, There are four possibilities for early containment
failure:

1. Pre-existing containment leak;

2. 1Isolation failure;

3. Containment failure before VB due to hydrogen combustion or
detonation; and

4, Containment failure at VB dua to the evente at VB,

The probability of a pre-existing leak or isolation failure at Sequoyah is
low, about 0,005. The design pressure of the Sequoyah containment is
11 psig and the assessed mean fallure pressure is 65 psig. Because of its
somewhat low failure pressure, the Sequoyah containment is susceptible not
only to loads from hydrogen deflagrations and detonations but can also be
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threatened by slow pressurization events that are associated with the
accumulation of steam and noncondensibles,

The production of hydrogen during the core damage process and later during
VB, should it occur, is a key factor that affects the probability of
centainment failure, 1f the hydrogen ignition and aiv return fan systems
are not operating, which is the case in an SBO, the hydrogen will accumu-
late in the ice condenser and upper plenum of the ice condenser., The lack
of steam in these locations allows mixtures to form that have 2 high hydro-
gen concentration, Subsequent ignition of this hydrogen by either random
sources, by the recovery of ac power, or by mechanisms occurring at VB can
result in loads that can threaten the containment.

Hydrogen combustion events are the dominant events that cause early
containment failure in the LOSP summary group. The containment is
predicted to fail with a mean probability of 0,13 for this group wher VB
occurs, and with a mean probability of 0.04 whan VB does not occur. The
LOSP summary group is the only group in whizh early containment failure
oceurs without VB with significant probability, For the LOSP group,
failures at VB are dominated by HPME/hydrogen events (system pressure
preater than 200 psia)} with an almost equal contribution from hydrogen
burns alone (RCS pressure less than 200 psia). For the ATWS summary group,
early containment failure with VB occurs with a mean probability of 0.05,
with about equal contribution from hydrogen burns augmented with ex-vessel
steam explosion (low system pressure at VB) and HPME/hydrogen events. For
the transient summary group, early containment failure is predicted to
oceur very infrequently, the mean fallure probability is about 0.02. For
the LOCAs summary group, the containment is predicted to fail early with a
mean probability of 0.05, and the failures are dominated by containment
fallure at VB involving HPME/hydrogen events,

Figure §.4 shows the probability distribution for early containment failure
at Sequoyah, The probability distributions displayed in this figure are
conditional on core damage. For the bins included in these distributions,
VB occurs. For accidents other than Bypass, Figure $.4 shows that the mean
probability of early containment failure {s about 0,06 and the median is
about one order of magnitude lower. If early containment failure without
VB is included, the mean is about 0.07. The low failure probability is due
to the effectiveness of the RCS depressurization mechanisms, as well as to

mitigation of HPME events by deep flooding of the cavity (dispersal of
debris from the cavity is inhibited),

5.6 Source Term Analysis
$.6.1 Description of the Source Term Analysis

The source term for a given bin consists of release fractions for the nine
radionuclide classes for the early release and for the late release, and
additional information about the timing of releases, the energy associated
with the releases, and the height of the releases. It consists of infor-
mation required for calculating consequences in the succeeding analysis. A
source term is calculated for each APB for each observation in the sample.
The nine radionuclide classe. are: inert gases, iodine, cesium, tellurium,
strontium, ruthenium, lanthanum, cerium, and barium.
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The source term analysis is performed by & relatively small computer code:
SEQSOR. The purpose of this code is pot to calculate the behavier of the
fission products from their chemical and physical properties and the flow
and temperature conditions in the reactor and the containment, Instead,
SEQSOR provides a means of incorporating into the analysis the results of
the more detalled codes that do consider these quantities. This approach
is needed because the detailed codes require too many computer resources to
conpute source terms for the numerous accident progression bins and the 200
observations that result from the sampling approach used in NUREG-1150,

SEQSOR is a fast-running, parametric computer code used to calculate the
source terms for each APB for each observation for fequoyah. As there are
typlcally a few hundred bins for each observation, and 200 observations in
the sample, the need for a source term calculation method that requires few
computer resources for one evaluation is obvious. SEQSOR provides » frame-
work for synthesizing the results of experiments and mechanistic codes, as
interpreted by experts in the field, The resson for "filtering" the
detalled code results through tne experts i{s thaet no code available treasts
all the phenomena in a manner generally acceptable to those kuowledgeable
in the field, Thus, the experts extend the code results in areas where the
codes are deficient and to judge the applicability of the model predic-
tions. They also factor in the latest experimental results and modify the
code results in areas where the codes are known or suspected of oversimpli-
fying. Since the majority of the parameters used to compute the source
term are derived from discributions determined by an expert panel, the

dependence of SEQSOR on various detailed codes reflects the preferences of
the experts on the panel.

It is not possible to perform a separate consequence calculation for each
of the approximately 110,000 source terms computed for the Sequoyah
integrated risk analysis. Therefore, the interface between the source term
analysis and the consequence analysis is formed by grouping the source
terms into a much smaller number of source term groups. These groups are
defined so that che source terms within them have similar properties, and a
single consequence calculation ia performed for the mean source term for
each group. This grouping of the source terms is performed with the
PARTITION program, and the process is referred to as "partitioning."

The partitioning process involves the following steps: definition of =
early health effect weight (EH) for each source term, definition of a
chronic health effect weight (CH) for each source term, subdivision
(partitioning) of the source terms on the basis of EH and CH, & further
subdivision on the basis of the time the evacuation starts relative to the

start of the release, and calculation of frequency-weighted mean source
terms.

The result of the partitioning process is that the source term for each APB
is assigned to a source term group. 1In the risk computations, each APB is
represented by the wean source term for the group to which it is assigned,
and the consequences calculated for that mean source term.
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interdiction, and condemnccion are based on projected long-term doses from
groundshire and the inhalation of resuspended radioactivity. The disposa’
of agricultural products and the removal of farmland from crop production
are based on contamination criteria.

The health effects models link the dose received by an organ to morbidity
or mortality. The models used in MACCS calculate both short-term and long-
term effects to a number of organs,

Although the variables thought to be the largest contributors to the
utrertainty in risk are sampled from distributions in the accident
frequeacy, accident progression, and source term analyses, there is 1
analogous treatment of uncertainties in the consequence analysis,
Variability in the weather s ful)- accounted for, but the uncertainty ir
other parameters such as the dry ueposition velocity or the evacuation rate
is not conslidered,

The MACCS consequence model calculates a large number of differen. ‘onse-
quence measures, Results for the following six consequence meas., 1 are
glven in this report: early fatalities, total latent cancer fatalities,
population dose within 50 miles, population dose for the entire region,
early fatality risk within 1 mile, and latent cencer fatality risk within
10 miles. For NUREG-1150, 99.5% of the population evacuates and 0.5% of
the population continues normal activity, For internal initiators at

Sequoyah, the evacuation delay time between warning and the beginning of
evacuatioen is 2.3 h.

§.7.2 Resgults of the Consequence Analysis

The results presented in this section are conditional on the occcurrence of
a source term group. That 1s, given that a release takes place, with
release fractions and other characteristics as defined by one of the source
term greups, then the tables and figures in this section give the conse-
quences expacted. This section contains no indication at all about the
frequency witn which these consequences may be expected. Implicit in the
results glven in this section are that 0.5% of the population does not

evacuate and that there is a 2.3-h delay between the warning to evacuate
and the actual start of the evacuation,

CCDFs display the results of the cc...equence calculation in a compact and
complete form. The CCl.s In Figure $.6 for early fatalities and latent
cancer fatalities display the relationship between consequence size and
consequence frequency due to variability in the weather for each source
term group which has a non-zero frequency, Conditional on the ocourrence
of a release, each of these CCDFs gives the probability that individual
consequence values will be exceeded due *o the uncertainty in the weather
conditions that will exist at the time of an accident. Figure $.6 shows
that there is considerable variability in the consequences that is solely
due to the weather., There is, of course, considerable variability among
‘he consequences that is due to the size and timing of the release as well,

.18
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5.8 Integrated Risk Analysis
§.8.1 Determination of Risk

Risk is determined by bringing together the results of the four constituent
analyses: *he accident frequency analysis, the accident progression
analysie, the source term analysis, and the consequence analysis. This
process is described in general terms in Section §.2 of this summary, and
in mathematical terms in Section 1.4 of this volume. Specifically, the
accident frequency analysis produces a frequency for each PDS group for
each observation, and the accident progression analysis results in a
probability for each APB, condltional on the occurrence of the PDS group.
The absolute irequency for each Lin for each observation is obtained by
sunming the product of the PDS group frequency for that observation and the
conditional probability for the APB for that observation over all the PDS
groups.

For each APB for each observation, & source term is calculated; this source
term is then assigned to a source term group in the partitioning process.
The consequences are then computed for each source term group. The overall
result of the source term calculation, the partitioning, and the conse-
quence calculation is that a set of consequence values is identified with
cach APB for each observation. As the absolute frequency of each APB is
known from the accident frequency and accident progression vesults, both
frequency and consequences are known for each APB, The risk analysis
assembles and analyzes all these separate estimates of offsite risk.

5.8.2 Results of the Risk Analysis

Figure 5.7 shows the basic results of the integrated
risk analysis for internal initlators at Sequoyah. This figure shows four
statisticul measures of the families of complementary CCDFs for early
fatalities, latent cancer fatalitles, individual risk of early fatality
within one mile of the site boundary, and individual risk of latent cancer
fatality within ten miles of the plant., The CCDFs display the relationship
between the frequency of the consequence and the magnitude of the conse-
quence. As there e.o 20" observations in the sample for Sequoyah, the
actual risk results at the most basic level are 200 CCDFs for each conse-
quence measure. Figure $.7 displays the 5th percentile, median, mean, and
95th percentile for these 200 curves, and shows the relationship between
the magnitude of the consequence and .he frequency at which the conse .ence
is exceeded, as well as the variation in that relationship.

The 5th and 95th percentile curves provive an indication of the spread
between observations, which is often large, This spread is due t»o
uwucertainty in the sampled variables, and not to differences in the weather
at the time of the accident. As the magnitude of the consequence measure
incresses, the mean curve typically approaches or exceeds the 95th percent-
ile curve. This results when the mean is dominated by a few observations,
which often happens for large values of the consequences., Only a few
observations have nonzero exceedance frequencies for these large conse-
quences. Taken as a whole, the results in Fipure §.7 indicate that large
consequences are relatively unlikely to occur,

5.20
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Although the CCDFs convey the most information about the offsite risk,
summary measures are alsc useful. Such a summary value, denoting annual
risk, hay be determined for each observation in the sample by summing the
product of the frequencies and consequences for all the points used to
construct the CCDF. This has the effect of averaging over the different
weather states sz - ell as over the different types of accidents that can
occur, $ince the complete analysis consisted of a sample of 200 observ-
ations, there are 200 values of annual risk for each consequence measure,
These 200 values may be ranked and plotted as histograms, which is done in
Figure §.8. The same four statistical measures used above are shown on
these plots as well, Note that considerable information has been lost in
going from the CCDFs in Figure §.7 to the histograms of annual values in
Figure §.8; the relationship between the size of the consequence and its

frequency has been sacrificed to obtain a sin-le value for risk for each
observation,

The plots In Figure §.8 vhow the variation in the annual risk for internal
initiators for four consequence measures, Where the mean is close to the
95th percentile, a relatively small number of observations dominate the
mean value. This 1is more likely to occur for the early €atality
consequence measures than for the latent cancer fatality or population dose
consequence measures due to the threshold effect for early fatalities.

The safety goals are written in terms of mean individual fatality risks.
The plots in Figure §.8 for individual early fatality risk and individual
latent cancer fatality risk show that essentially the entire risk distri-

bution for Sequoyah fall below the safety goals, and the means are well
belew the safety goals,

A single measure of risk for the entire sample may be obtained by taking
the mean value of the distribution for annual risk. This measure of risk
is commonly called mean risk, although it is actually the average of the
annual risk, or the mean value of the mean risk. Mean risk values for
internal initiators for four consequencs measures are given in Figure §.8.

$.8.3 Important Contributors to Risk

There are two ways to calculate the contribution to mean visk, The
fractional contribution to mean risk (FMR) is found by dividing the
average risk for the subset of interest for “he sample by the average total
risk for the sample. The mean fractional contribution to risk (MFCR) is
found by determining the ratio of the risk for the subset of interest to
the total risk for each observation, and then averaging over the sample,

Results of comouting the contributions to the mean risk for iuternal
initiators by the two methods are presented in Table §.3. Percentages are

shown for early fatalities and latent cancer fetalities for the ceven PDS
groups.

Ple charts for contributions of ihe PDS groups to mean risk for internal
initiators for these two risk measures for both methods are shown in Figure
8.9. Flgure §.10 displays clwilar ple charcs for contributions of the
summary APBs to mean risk. Not surprisingly, the two methods of caleulating
contribution to risk yleld different values., Both methods of computing thne
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Although the exact values are different for each method, the basic conclu-
sions that can be drawn from these results are the same. For early factali-
tiee, which depend on a large early release, the mean risk is dominated by
Fvent V and to a lesser cegree, station blackouts. Event V not caly pro-
ceeds quickly to VB, but it creates a bypass of the containment as well,
The blackout accidents are the most likely non-bvpass accldents to progress
to VB and involve early containment failures. Accidents in which the
containment fails late are much less significant.

Latent cancer fatalities and popu.ation dose depend primarily on the total
amount of radioactivity released. Thus, unlike early fatality risk, the
timing of containment failure is not particularly important for this risk
measure, However, if the containment fails late, tnere is more residence
time in containment for the radionuclides tc deposit by mitigative systems
(sprays, ice condenser) and natural mechanisms before containment failure,
than there is when early containment failure occurs. The mean latent
cancer fatality risk ar' mean population dose are dominated by station
blackouts, SGTRs, and LOCAs. For station bl' .outs and LOCAs, the early
failures of containment dominate the contrib .8, with less contribut’'on
from the later failures, The SGTR accidents contr'bute more toward 1+ ant
cancer fatalities than they do toward early fatalities because tha dor nant

SGTR sequences with the higher releases are very lergthy accidenis, Thus,
evacuation occurs before the release has begun.

$.8.4 lmportant Contributoys to the Unceriainty in Risk

The importaut contributors to the uncertainty in risk are determined by
performing regression-based sensitivity analyses for the mean values for
risk. ihe regression analyses for internally initiated events for early
fatalities and individual risk of early fataiity within 1 mile only account
for about 50% of ‘he observed variability. The independent variables tnat
account for this variability are those that determine the frequency and the
magnitude of an early release. The regressiun analysis for the other four
consequence measures is somewhat less successful, as it is able to account
for only 30% of the variability. The independent variables that account

for this variability are predominantly those variables that determine the
frequencies of the accident,

Because the regression results for all internal events do not account for
much of the variabllity, the same type of stepwise regression analysis was
performed for each PDS group for the consequences of early fatalities and
latent cancer fatalities. The most robust results are exhibited for bypass
accider® , PDS Groups 4 and 7, and to a lesser degree, for the anticipated
tiansie .t without scram (ATWS) accidents, PDS Croup 6, For PDS Group 4,
Event V, more tha. 95% of the variability is explained for each conse-
quence: at least %0% is accounted “or by the initiating event frequency of
check valve failure in one of the LPIS trains, the remainder involves the
probability that the releases are scrubbed by fire sprays and the deconta-
mination factor associated with the sprays. For PDS Group 7, SGTRs, about
80% is explained: the variables involved include the release fraction from
the vessel to the environment, the initiating event frequency for SGTRs,
and the fraction of the fission products rel ;ased 1iom the core to the
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vessel, The bypass accidents lend themselves best to analysis with a
linear regression model, because the consequences are directlv related to a
product of several variables.

For the ATWS PDS group much of the risk is essociated with the PDS that
involves an SGTR. For this group, 65% of the variability is explained for
early fatalities, and 86% for latent cancers. The variables involved
include the same as mentinned for SGTR, as well as the probability of
failure to effect manual scram due to operator error and the probability of
failure of automatic inse - lon of control rods.

For the SBO, LOCA, and Transient PDS Groups, less than 60% of the
variability is expiained for both early fatalities &nd latent cancer
fatalities. The models involved with these PDS Groups are more complex and
nonlinear than for the bypass accidents, and different variables come into
play for different degrees of consequences. Some of the variakles that are
involved with exjplaining the variability in .ne early and latent cancer
fatality risks for these PPS Groups include: the contaimnment failure
pressure, the pressure rise in containment at VB, the fraction of core
involved in HPME, and the decontamination factor of the ice condenser.

§.9 Insights and Conclusions

L. The inclusien of the possibility of arresting the core
degradation process before vessel failure is an important feature of this
cnalysis. For internal initiators, there 1s a good chance that non-bypass
accidents will be arrested before vessel fallure. This may be due to the
recovery of cifsite power or the reduction of RCS pressure to the point
where an operable system ca.n inject., The arrest of core damage before VB
plays an imnortant part in reducing the risk due to the most freaues. types

of internal arnidente: 10CAs 2nd £80g

AT wae

Repressurization of the RCS. Depressurization of the RCS before the vessel
fails is important in recucing the loads placed upon the containment at VB
and in arresting core “amage befsrc VB, For accidents in which the RCS ig
at the PORV setpoint pressure during core degradation, the effective mecha-
nisms for pressure . ‘uction are T-1 failure of the hot leg or surge line,
T-1 failure of the RCP seals, and the sticking open of the PORVs. All of
these mechanisms are inadvertent und beyond the control of the operators,
Ihe apparent beneficial effects of reducing the pressure in the RCS when
lower head failure is imminent indicate that further investigation of
depressurization may be warranted. The dependency of the probability of
containment failure on RCS pressure boundary failures that occur at unpre-
dictable locations and at unpredictable times is somewhat unsettling.
Studies of the effects of increa=ing PORV capacity, providing the means to
open the PORVs in blackout situations, and changing the procedures to
remove restrictive conditions on deliberate RCS pressure reduction might
decrease the probability of early containment failure at PWRs. Depressuri-
zation may involve the loss of considerable inventory from the RCS. Any
studies undertaken should consider possible drawbacks as well as benefits.

Contajinment Fajllure. If a core damage accldent proceeds to the point where

the lower head of the -eactor vessel fails, the contalnment is not likely
to fail at this time. This is partially due to the dapressurlzation of the
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RCS before vessel failure, partially due to decp-flooding of the reactor
cavity which inhibits dispersal of core debris from the cavity in high
pressure accidents, and partially due to the strength of the Sequovah
containment relative to the loads expected. Hydrogen burns before VB for
the SBO accidents and hydrogen burn/DCH events are the factors that lead to
early containment failures when they do occur, Early containment failures
contribute significantly to the risks that depend on :. large early release
(early fatalities), and are major contributors to the risks that are
functions of the total release (latent cancer fatalities and population
dose) , For SROs, late failures occur from hydrogen burns upon power
recovery during CCI. Very late failures that are many hours after VB
depend upon the availability of CHR, If CHR is recovered withia a day or
s0, BMT is the most probable failure mode. 1If CHR is not recovered, an
overpressure failure within a day or two after the start of the accident is
the likely wode.

Bypass Accidents. Bypass accidents are major contributors to the risks
that depend on a large early release as well as those which are functions
of the total release. Event V is the accident most likely to result in a
large, early release for internal initiators. SGTRs are also important
contributors to large releases, but most of the large releases due to SGTRs
occur many hours atter the start of the accident, and thus they contribu*.
significantly to the risks that depend on the total release. The most
important SGTk: are those in which the SRVs on the secondary system stick
open.  Although the bypass accidents are not the most fruequent types of
internal accidents, the somewhat low prbability of containment failure,
especially early containment failure, for the non-bypass accidents results
in the large contributions of the bypass accidents to risk.

uct Releases. There is considerable uncertainty in the release
fractions for all types of accidents. There are several features of the
Sequoyah plant that tend to mitigate the release. First, the in-vessel
releases are generally directed to the ice condenser where they experience
some decontamination. If the sprays are operating, the radionuclides will
also contribute to the decontami.ation of the releases. The reactor cavity
pool also offers a mechanism for reducing the releass of radionuclides from
CCI. The largest releases tend to occur whon the cont .lnment {s bypassed,
or when early failure of containment involviag catastroohic rupture oceurs.

Catastrophic rupture is assumed to cause bvpass of th: ice condenser and
failure of the containment £prays.

Uncertainty in Risk. Considerable uncertainty is assiciated with the risk
estimates roduced in *his analysis. The largest contributors to the
uncertainty in early fatalities and latent cancer fat:lities for the bypass
sequences are the variabllity in the frequencies of  he initiating events
and the uncertainty in some of the parameters that deiermine the magnitude
of the flssion product release to the environment For uon-bypass
accidents, the variability in frequencies of the initiati g events and the
uncertainty in the accident progression parameters and probabilities
centribute to the uncertainty in latent cancers. The contribution to the
incertainty in eerly fatalities for non-bypass accidents arises Ffrom
variabillty in -11 the constituent analyses that were incorporated into the

urcertainty analysis: initlating events, accldent progression, and fission
product release,
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2. Coals. For both the individual risk of early
facality within one mile »f the site boundary and the individual risk of
latent cancer fatality within 10 miles, the mean anral risk and the 95th
percentile for annual risk fall more then an order of magnitude below the
safety goals. Indeed, even the maximum of the 200 values that make up the
annual risk distributions fall well below the safety goals.
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1. INTRODUCTION

The United States Nuclear Regulatory Commission (NRC) has recently complet-
ed a major study to provide a current characterization of severe accident
risks from light water reactors (LWRs). The characterization was derived
from the analysis of five plants. The report of that work, NUREG-1150! has
recently been issued as a second draft for comment. NUREG-1150 is based on
extensive investigations by NRC contractors. Several series of reports
document these analyses as discussed in the Foreword.

These risk asscssments can generally be characterized as consisting of four
analysis steps, an integration step, and an uncertainty analysis step.

1. Accldent frequency analysis: the determination of the likelihood
and nature of accidents that result in the onset of core damage.

2. Accident progression analysis: an investigation of the core damage
process, both within the reactor vessel before it fails and in the
cintainment afterwards, and the resultant impact on the
coutainment.

3. Source term analysis: an estimation of the radionuclide transport
within the reactor coolant system (RCS) and the containment, and
the magnitude of the subsequent releases to the environment.

4. Consequence analysis: the calculation of the offsite consequences,
primarily in terms of health effects in the general population.

5. Risk integration: the rombination of the outputs of the previous
tasks into an overall expression of risk.

€. Uncertainty analysis: the propagation of uncertainties through the
first three analyses above, and the determination of which of these
uncertainties contribute the most to the uncertainty in risk.

This volume is one of seven that comprise NUREG,/CR-4551. NUREG/CR-4551
presents the details of the last five of the six analyses listed above.
The subject matter starts with the onset of core damage and concludes with
an integrated estimate of overall risk and uncercainty in risk. This
volume, Volume 5, describes the inputs used in these analyses and the
results obtaineGa for Sequoyah Power Station, Unit 1. The methods used in
these analyses are described in detall in Volume 1 of this report and are
only briefly discussed here.

1.1 Background and Objectives of NUREC-1130

Assessment of risk from the operation of nuclear power plants, involves
determination of the likelihood of various accident sequences and their
potential offsite consequences. In 1975, the NRC completed the first
comprehensive study of the probabilities and consequences of core meltdown
accidents--the "Reactor Safety Study" (RSS).2 This repert showed that the
probabilities of such accidents were higher than previously believed, but
that the consequences were significantly lower. The product of probability
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and consequence--a measure of the risk of core melt accidents--was
estimate? to be quite low when compared with natural events such as floods
and earthquakes and with other societal risks such as automobile and
airplane accidente., Since that time, many risk assessments of specific
plants have been performed. 1In general, each of these has progressively
reflected at least some of the advances that have been made in reactor
safety and in the ability to predict the frequency of several accldents,
the amount of radicactive material released as a result of such accidents,
and the offsite consequences of such a release.

In order to investigate the significance of mere racent developments in a
comprehensive fashion, it was concluded that the current efforts of re-
search programs being sponsored by the NRC should be coalesced to produce
an updoted representation of risk for operating nuclear power plants,
"Severe Accident Risks: An Assessment for Five U.S. Nucleur Power Plants"!
is the result of this program. The five nuclear power plants are Surry,
Peach Bottom, Sequovah, Grand Gulf, and Zion. The analyses of the first
four plants wetre performed by Sandia National Laboratories (SNi.). The
analyis of Zion was performed by Idaho National Engincering Laboratory
(INEL) and Brookhaven National Laboratory (BNL).

The overall objectives of the NUREG-1150 program are:

1. Provide a current assessment of the severe accident rigsks to the
publi from five nuclear power plants, which will:

a. Provide a "snapshot" of the risks reflecting plant design and
vperatlonal cnaracteristics, relaved tallure data, and severe
accident phenomenological information extant in 1988;

b. Update the estimates of the NRC's 1975 risk assessment, the
"Reactor Safety Study";?

¢. Include quantitative estimates of risk uncertainty, in response
to the principal criticism of the "Reacter Safety Scudy;" and

d. Identify plant-specific risk vulnerabilities, in the context of
the NRC's fudividual plant examination process.

2. Summarize the perspectives gained in performing these risk
analyses, with respect to:

a. lIssues significant to severe accident frequencies,
consequences, and risk;

b. Uncertainties for which the risk is significant and which may
merit further research; and

¢. Potential for risk reduction,

Provide a set of methods for the prioritization of potential safety
issues and related researczh.
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These objectives required special considerations in the selection and
development of the analysis methods., This report describes those special
considerations and the solutions implemented in the analyses supporting
NUREG-1150.

1.2 gQverview of Seguoyah Power Station, Unit 1

The subject of the analyses reported in this volume is the Sequoyah Power
Station, Unit 1. 1t is operated by the Tennessee Valley Authority (TVA)
and is located on the west shore of the Chickamauga lake in southeastern
Tennessee, about 10 miles northeast of Chattanooga, Tennessee. Two units
are located on the site; Unit 2 is essentially identical to Unit 1.

The nuclear reactor of Sequoyah Unit 1 is a 1148 MWe pressurized water
reactor (PWR) designed and bullt by Westinghouse. The reactor coolant
system (RCS) has four U-tube steam generators (SCs) and four reactor
coolant pumps (RCPs). The containment and the balance of the plant were

designed and built by the utility, TVA. Unit 1 began commercial operation
in 1981,

There are four diesel pgenerators (DGs) at the Sequoyah site to supply
emergency ac power if offsite power from the grid is lost., Two of these
DGs are dedicated to Unit 1, and two are dedicated to Unit 2., Each unit
has its own set of batteries to supply general emergency de power. Each DG
obtains starting power from a separate sev of batteries.

The auxiliary feedwater system (AFWS) has three pumps: two are driven by
electric motors; the third is driven by & steam turbine, The AFWS takes
suction from the condensate storage tank (CST). There are two charging
pumps and twt safety injection pumps; together, the charging system and the
safety injsction system (81S) perform the high pressure injection (HPI)
functions., There ave two low pressure injection (LPI) pumps. Both the
high pressure injection system (HPIS) and the low pressure injection system
(LPIS) can function in a recirculation mode as well as in an injection
mode. In the Injection mode they take suction from the refueling water
storage tank (RWST), in the recirculation mode the LPI pumps take suction
from the sump, and the HPIS uses the LPIS as a fluld source.

| Sequoyah also has f{our cold ieg accumulators to provide laumedlate, Wigh-
tlow, low-pressvie Lujection., RCUS overpressure pratciticn iz provided by
three-code safety rellef valves (SRVs) and two power-operated relief valves
| (PORVe). The compinent cooling water (CCW) system that provides cooling
for the reactor coolant pump (RCP) seals and other ECCS equipment has five

pumps for the two units. Service water is provided to both units by eight
self-cooled pumps.

The Sequoyah contalnment is a free-standing steel cylinder with a
hemispherical dome. A concrete shield bullding surrounds the contalnment
and provides radiation shielding, as well as protection from the elements

and external missiles. Flgure 1.1 shows a section through the Sequoyah
containment, The volume is 1.2 million f£t®, and the design pressure is
10.8 psig.
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expert judgments in an unblased fashion were involved in designing the
elicitation process, explaining it to the experts, and training them in the
methods used. The experts were given ceveral months between the meeting at
which the provlem was defined and the meeting at which their opinions were
elicited so that they could review the literature, discuss the problem with
colleagues, and perform incespe.dent analyses. The results of the elicita-
tion of each expert were :arofully recorded, and the reasoning of each
expert and the process oy which their individual conclusions were
aggregated into the final distribution are thoroughly documented,

o Analysis. Not only was a substantial fraction of the
Accident Progression Event Tree (APET) for Sequoyah rewritten for this
analysis, but the capabilities of EVNTRE, the code that evaluates the APET,
were conslderably expanded, The major improvements to EVNTRE were the
ability to utilize user functions and the ability to treat conti.uous
distributions. A user function is a FORTRAN subprogram which i¢ linked
with the EVNTRE code. When referenced in the APET, the user function is
evaluated to perform calculations too complex to be handled directly in the
APET. In the current Sequoyah AFRT. <he user function is called to:
compute the amount and distribution ¢ hydrogen in containment during the
various time periods; compute the¢ concentration and the flammability of the
atmosphere in the containment duvinp the various time periods; calculate
the pressure rise due to hydrogen burns and adjust the amounts of pgases
consumed in the burns accordingly; and determine whether the containment
fails and the mode of fallure, These problems were handled in a much
simpler fashion in the previous analysis.

The event tree used for the analysis for the 1967 draft of NUREG-1150 could
only treat discreute distributions. In the analysis reported here contin-
uous distributions are used. Use of continuous distributions removes a
significant constraint from the expert elicitations and eliminates any
errors introduced by discrete levels in the previous analysis.

The event tree that forms the basis of this analvsis was modified to
address new issues and to incorporate new information. Thus, not only was
the structure of the tree changed but new information was used to quantify
the tree. A major modification was the way hydrogen combustion events were
modeled aud quantified. The amount of hydrogen in the containment is
tracked throughout the accident. The probability of ignition, the
probability of detonation, and the loads from a combustion event are all a
function of the hydrogen concentration. In the current APET, loads are
assigned to both deflagrations and detonations. These loads are then

compared to the structural napaclty of the containment to determine whether
it falls or not and the mode of failure.

Another major modification to the APET was consideration of offsite
electric power recovery during core degradation, {.e., between uncovering
of the top of active fuel (TAF) and vessel breach (VB). This led to a
significant portion of the statlon blackout (SBO) accidents terminating not
with VB, but in an arrested core damage state similar to T™(-2. Additional

means of depressurizing che RCS are now in the event tre: These addition-
al mechanisms, along with the higher probabilities fo: ..me of them that
resulted from the expert elicitations, mean that the likelihood 1is
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small that an accident that is at full system pressure at the onset of co
damage will still be at that pressure when the vessel fails Acclidents in
which core damage begins with LPIS, or both LPIS and HP1S operating are
treated in tae current APET whereas they were omitted in the previous
version [f an event occurs to reduce the RCS pressure in these gitua
tions, core damage may be arrested before the vessel fails. leadlns DY
arother path, to an arrested core damage state similar to that of TM
Another change in the accident progression analysis is in the binning o1
grouping of the results of evaluating the APEI In the first analysis, all
results were placed in one of about 20 previously defined bins There were
- .

many pathways through the tree that did not fit well into these previouslv

I l
defined bins For the current analysis, a flexible bin structure, defined
by the characteristics important to the subsequent source term analysis was
u-ed This eliminates a major problem in the original analysis process
source Term Analvysis While the basic parametric approach used in the
original version of SEQSOR, the code used to compute source terms, has been
retained in the present version of SEQSOR, the code has beun completely
rewritten with a different orientation The previous version was designe

primarily to produce results that could be c ompared directly with ¢t}
i results of the source term code package (STCP). Discrete values for the
parameters that differed from those that pre¢

duced results close to STCE

results were then used in the sampling process, with the probabilities fo1
each value or level determined by a small panel of experts Thus, the

first version of SEQSOR determined uncertainty in the amount of fissior

lssi
products released for the iLimited number of predefined bins from the STCP a
as a base

The current version of SEQSOR is quite different First, it 18 not tied t«

the STCP in any way It vas recognized before the new versior WA

laveloped that most of the parameters would come from continu

distributions defined by an expert panel Thus, the current version doe

not rely on results from the STCP or anv other specific

code The experts
the resuits of one or mere codes to de

rive their distributions, but
y combines the parameters defined by the ex

i pert panel
now treats any consistent accident p ression state
defined teristics that constitute an accident progressior i
APB) f It is not limit to a small number of pre-define
bins as e original version,
Finally, a new method to gr up the source terms computed by SEQSOR has beet ’
devised A source term is calculated for each accident progression bin
(APB) for each observation in the sample As a result, there are ma
source terms to perform a consequence calculation for e and the iree
;), terms have to be !',!’C\','.‘,':'J before the cor sequence cal \lati are perrorn ]
i The "clustering" method




‘1o>uv as do the accident progression analysis and the source term analysis.
Version 1.4 of MACCS was used for the original analysie, while Version 1.5
is used for this analysis, The major difference between the two versions
is in the data used in the lung wmedel. Version 1.4 used the lung data
contained in the original version of "Health Effects Models for Nuclear
Power Plant Accidenc Consequence Analysis",? whereas Version 1.5 of MACCS
uses the lung data from Revision 1 (1989) of this report.* Other changes
wvere made to the structure of the code in the transition trom 1.4 to 1.5,
but tie effects of these changes on the consequence values calculated are
small.

Another 1ifference in the consequence calculari:n is that the NRC specified
evacuatio~ of 99.5% of the population in the evacuation area for this
analysis, as compared with the previous anclysis in which 95% of the
population was evacuated.

Risk Analysis. The risk analysis combines the results of the accident
frejuency analysis, the accident progression analysis, the source term
analysis, and the consequence analysis to obtain estimates of risk to the
offsite population and the uncertainty in those estimates. This
combination of the results of the ccnstituent analyses was performed
essentially the same way for both che previous and the current analyses.
The only differences are in the number of variables campled -d .he aumber
of observations in the sample.

1.4 Structure of the Analysis

The NUREG-1150 analysis of the Sequoyah plant is a Level 3 probabilistic
ri<k assessment composed of four constituent analyses:

1. Accident frequency analvels, which estimates the frequency of core
damage for all signific.nt i{ni*iating events;

2. Acclident progression analysis, which dstermines the possible ways
in which an accident could evolve given core damage;

3. Source term analysi:, which esii~ates tha source terms CL Bl
environmental releases) for specific acciden: conditions; and

4. Consequence ~snalysis, which estimates the health and economic
impacts of the individual source terms.

Bach of these analyses is a substantial undertaking. By carefully defining
*he interfaces between these individual analyses, the cransfer of informa-
+lon is facilitated. At the completion of each constituent analysis, in-
termediate results are generated for presentation and interpretation. An

overview of the assembly of these components into an integrated analysis is
shown in Figure 1.2.

The NUREG-1150 plant studies are fully integrated probabilistic risk
assessments in the sense that calculations leading to both risk and uncer-
tainty in risk are carried through all four components of the individual
plant studies. The frequency of the initiating event, the conditional
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probability of the paths leading to the consequence, «nd the value of the
consequence itself can then be combined to obtain a r.sk measure. Measures
of uncertainty in risk are obtained by repeating the calculation just indi-
cated many times with different wvalues for {impo'tant parameters. This
provides a dilstribution of risk estimates that 1is a measure of the
uncertainty in risk.

It is important to recognize that a probabilist’c risk assessment is a
procedure for assembling and organizirg information from many sources; the
models actually used in the computational framework of a probabilistic risk
assessment serve to organize this information, and as a result, are rarely
as detailed as most of the models that are actually used in the original
generation of this information., To capture the uncertainties, the first
three of the four constituent analyses use aitl available sources of
information for each analysis component, including past observational data,
experimental data, mechanistic modeling and, as appropria.e or necessary,
expert judgment., This requires the use of relatively quick running models
to assemble and manipulate the data developed for each analysis.

To facilitate both the conceptual description and che computational imple-
mentation of the NUREC-1150 analyses, a matrix representation’.® is used to
show how Lhe overall integrated analysis fits together and how the progres-

sion of an accident can be traced from initiating event to offsite
consequences .

The accident frequency analysis uses event
tree and fault tree techniques to investigate the manner in which variour
initiating events can lead to core damage. In initial detailed analyses,
the SETS program’ combines experimental data, past observational data and
modeling results into estimates of core damage frequency. The ultimate
citcome of the initial accident frequency analysis for each plant is a
group of minimal cut sets that lead to core damage. Detailed descriptions
of the systems analyses for the individual plants are available else-
where 8.9.10.11.12  For the final integrated NUREG-1150 analysis for each
plant, the group of risk-significant minimal cut sets is used as the
systems model. In the integrated analysis, the TEMiC program!®.}% {s used
to evaluate the minimal cut sets. The minimal cut sets themselves are
grouped into PDSs, where all minimal cut sets in a PDS provide a similar
set of conditions for the subsequent accident pregression analysis., Thus,
the PDSs form the interface between the accident frequency analysis and the
accident progression analysis,

With use of the transition matrix notation, the accident progression
analysis may be represented by

fPDS = fIE P(IE-PDS), (Eq. 1.1)
where £PDS is the vector .. frequencies for the PDSs, fIE is the vector of

frequencies for the initiating events, and P(IE+PDS) is the matrix of
transition probabilities from initiating events to the PDSs. Specifically:
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fIE - [flE,. Ly fIEnx‘],

fIE, = frequency (yr-!) for initiating event i,
nlf = number of initiating events,

£PD8 = (£PDSy, ..., £PDi,pps),

tPDS, = frequency (yr-!) for PDS j,

nPDS = number of PDSs,

pPDSy, v+« PPDSy ypps
P(IE~PDS) = ‘ :

PPDS; gy <+« PPDS.1g npos

and

pPDS;, = probability that initiating event i will
lead to PDS j.

The elements pPIS,, of P(IE~PDS) are conditional probabilities: given that
initiating event i has occurred, pPDS,; is the probability that PDS j§ will
also occur. The elements of P(IE+PDS) are determined by the analysis of
the minimal cut sets with the TEMAC program. In turn, both the cut sets
and the data used in their analysis come from earlier studies that draw on
many souvces of information. Thus, although the elements pPDS,, of
P(1E~PDS) are represented as though they are single numbers, in practice

these elements are functions of the many sources of information that went
into the accident frequency analysis,

The accident progression analysis uses
event tree techniques to determine the possible ways in which an accident
might evolve from each PDS., Specifically, a single event tree is developed
for each plant and evaluated with the EVNTRE computer program.*® The
definition of each PDS provides enough information to define the initial
conditlons for the APET analysis. Due to the large number of questions in
the Sequoyah APET and the fact that many of these questions have more than
two outcomes, there are far too many paths through each tree to permit
their individual consideration in subsequent source term and consequence
analysis. Therefore, the paths through the trees are grouped into APBs,
where each bin is a group of paths through the event tree that define a
simllar set of conditions for source term analysis. The properties of each
APB define the initial conditions for the estimation of the source term.

Past observations, experimental data, mechanistic code calculations, and
expert judgment were used in the development and parameterization of the
model for accident progression that 1s embodied in the APET. The
transition watrix representation for the accident progression analysis is

fAPB = £PDS P(PDS~+APB) (Eq. 1.2)

where fPDS is the vector of frequencies for the PDSs defined in Eq. 1.1,
fAPB is the vector of frequencies for the APBs, and P(PDS-APB) is the
matrix of transition probabilities from PDSs to APBs. Specifically:



£APB = [fAPB,, ..., £APBoaps],

fAPB, = frequency (yr'!) for accident progression
bin k,

nAPB = number of APBs,

pAPBll b pAPBl.M”
P(PDS+APB) = : y

PAPBupps, 1 - .« PAPB.pps, narw

and

pAPB;, = probability that PDS j will
lead to APB k.

The properties of fPDS are given in conjunction with Eq. 1.1, The elements
PAPB,, of P(PDS+APB) are determined in the accident progression analysis by
evaluating the APET with EVNTRE for each PDS group.

Source Term Arnalysis. The source terms are calculated for each APB with a
non-zero conditional probability by a fast-running parametric computer code
entitied SEQSOR, SEQSOR is not a detailed mechanistic model and is not
designed to simulate the fission product transport, physics, and chemistry
from first principles. Instead, SEQSOR integrates the results of many
detailed codes and the conclusions of many experts, The experts, in turn,
based many of thelr conclusions on the results of calculations with codes
such as the source term code package,!®.)’ MELCOR, and MAAP. Most of the
parameters utilized calculating the fission product release fractions in
SEQSOR are sampled from distributions providea by an expert panel. Because

of the large number of APBs, use of fast-executing code like SEQSOR is
absolutely necessary.

The number of APBs for which source terms rre calculated is so large that
it was not practical to perform a consequeace calculation for every source
term. That is, the consequence cod: MNACCS,18.19,20 required so much
computer time to calculate the consequences »f a source term that the
source terms had to be combined into source term groups. Each source term
group is a collection of source teims that result in similar consequences.
The frequency of the source term group is the sum o1 the frequencies of all
the APBs which make up the group. The process of determining which APBs go
to which source term group is denoted partitioning. It involves consider-
ing the potential of each source term group to cause early fatalities and
latent cancer fatalities. Partitionlng is 2 complex process; it is dis-

cussed In detail in Volume 1 of this report and in the User's Guide for the
PARTITION Program 2!




The transition matrix representation of the source term calculation and the
grouping process is

fSTG = fAPB P(APB-+STG) (Eq. 1.3)

where fAFB is the vector of frequencies for the APBs defined ir Eq. 1.2,
fSTG is the vector of frequencies for the source term groups, and
P(APB~STG) is the matrix of transition probabilities from APBs to source
term groups. Specifically,

f8TG = [fSTG,, ..., fSTGusrgl,
fSTGp = frequency (yr-!) for source term group £,

nSTG = number of source term groups,

pSTCy, oo PSTGy usrs
P(APB+STG) = . "

PSTCoare, 1 «+ PSTCoapp, ns10 ]
and

pSTGyg = probability that APB k
will be assigned to source term group £.

1 if APB k is
assigned to source term group £

0 otherwise.

The properties of fAPB are given in conjunction with Eq. 1.2. Note that
the source terms themselves do not appear in Eq. 1.4, The source terms are
used only to assign an APB to a source term group, The consequences for
each APB are computed from the average source term for the group to which
the APB has been assigned.

Consequence Analysis. The consequence analvsis 1s performed for each
source term group by the MACCS program. The results for each source term
group include estimates for both mean consequences and distributions of
consequences, When these consequence results are combined with the
frequencies for the source term groups, overall measures of risk are
obtained,. The consequence analysis differs from the preceding three
constituent analyses in that uncertainties are not explicitly treated in
the consequence analysis. That is, important values and parameters are
determined from distributions by a sampling process in the accident
frequency analysis, the accident progression analysis, and the source term

analysis. This is not the case for the consequences in the analyses
performed for NUREG-1150.
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In the transition matrix notation, the risk may be expressed by
rC = fSTG c¢8TG (Eq. 1.4)

where fSTG is the vector of frequencies for the source term groups defined
in Eq. 1.3, rC is the vector of risk measures, and c¢8TG is the matrix of
mean consequence measures conditional on the occurrence of individual
source term groups. Specifically,

10 = (rC‘, Seb l‘Cnc).

rC, = risk (consequence/yr) for consequence
measure m,

nC = number of consequence measures,

CSTGll Foae CSTGan
¢STG = . '

csrcww'l i CSTGMN.!‘C
and

c5TCpy = mean value (over weather) of consequence
measure m conditional on the occurrence of
source term group £,

The properties of f£8TG are given in conjunction with Eq. 1,3. The elements

cOTGpy of ¢STG are determined from consequence calculations with MACCS for
individual source term groups.

Computation of Risk. Equations 1.1 through 1.4 can be combined to obtain
the following expression for risk:

rC = fIE P(IE-PDS) P(PDS-APB) P(APB-STG) ¢STG. (Eq. 1.5)

This equation shows how each of the constituent analyzas enters into the
calculation of risk, starting from the frequencies of the initiating events
and ending with the calculation of consequences, Evaluation of the
expression in Eq. 1.5 is performed with the PRAMIS22 and RISQUE codes.

The description of the complete risk calculation so far has focused on the
computation of mean risk (consequences/year) because doing so makes the
overall structure of the NUREG-1150 PRAs more easy to comprehend. The mean
risk results are derived from the frequency of the initiating events, the
conditional probabilities of the many ways that each accident may evolve
and the probability of occurrence for each type of weather sequence at the
time of an accident. The mean risk, then, is a summary risk measure.

More information is conveyed when distributions for consequence values are

displayed. The form typically used for this is the complementary cumula-
tive distribution function (CCDF). CCDFs are defined by pairs of values

1.14
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t), where ¢ is a consequence value and the f is the frequency with which
¢ is exceeded., Figure 1.3 is an example of a CCDF. The construction of
CCDFs 1s described in Volume 1 of this report. Each mean risk result is
the outcome from reducing a curve of the form shown in Figure 1,3 to a
single value. While the mean risk results are often useful for summaries
or high-level comparisons, the CCDF is the more basic measure of risk
because it displays the relationship between the size of the consequence
and frequency exceedance. The nature of this relationship, i.e., that high
consequence events are much less likely than low consequence events is lost
when mean risk results alone are reported. This report uses both mean risk
and CCDFs to report the risk results,

The integrated NUREG-1150
analyses use Monte Carlo procedures as a basis for both uncertainty and the
sensicivity analysis., This approach utilizes a sequence:

Xl, X2, $1K14 i x“v (Bq. 1.6)

of potentially {important variables, where nV is the number of variables
selected for consideration. Most of these variables were considered by a
panel of experts representing the NRC and its contractors, the academic
world, and the nuclear industry. For each variable treated in this manner,
two to six experts considered all the information at their disposal and
provided a distribution for the variable, Formal decision analysis
techniques® (also in Volume 2 of this report) were used to obtain and
record each expert's conclusions and to aggregate the assessments of the

individual panel members into summary distribution for the variable. Thus,
a sequence of distributions

Dy, Dgy «ovh Dy (Eq. 1.7)
is obtained, where D; is the distribution assigned to variable X,.

From these distributions, a stratified Monte Carlo technique, Latin
Hypercube Sampling,?.2% is used to obtain the variable values that will
actually be propagated through the integrated analysis. The result of

generating a sample from the variables in Eq. 1.6 with the distributions in
Eq. 1.7 1is a sequence

By = [Xi3) Xyg9 oo Xygwls 1 =1, 2, ..., nLHS, (Eq. 1.8)
of sample elements, where X;; is the value for variable X; in sample
element 1 and niHS is the number of elements in the sample. The expression
in Eq. 1.5 1s then determined for each element of the sample. This creates
a sequence of results of the form

rC, = £IE, P (IE~PDS) P (PDS~APB) P (APB~STG) ¢STG, (Eq. 1.9)
where the subscript 1 is used to denote the evaluation of the expression in

Eq. 1.5 with the i*h sample element in Eq. 1.8. The uncertainty and sensi-
tivity analyses in NUREG-1150 are based on the calculations summarized in
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Eq. 1.9, Since P(IE~PDS), P(PDS~+APB) and P(APB~+STG) are based on results
obtained with TEMAC, EVNTRE and SEQSOR, determination of the expression in
Eq. 1.9 requires a separate evaluation of tha cut sets, the APET, and the
source term model for each element or observation in the sample. The
matrix ¢8TG in Eq. 1.9 is not subscripted because the NUREG-1150 analyses
do not include consequence wvdeling uncertainty other than the stochastic
variability due to weather conditions.

1.5 Qrganization of this Report

This report 1is published in seven volumes as described briefly in the
Foreword. Volume 1 of NUREG/CR-455) describes the methods used in the
accident progression analysis, the source term analysis, and the conse-
quence analysis, in addition to presenting the methods used to assemble the
results of these constituent analyses to determine risk and the uncertainty
in risk. Volume 2 describes the results of convening expert panals to
determine distributions for the variables thought tc be the most impo~iant
contributors to uncertainty in risk. Panels were formed to consider fii-
vessel processes, loads to the containment, containment structural res

ponse, molten CCIS, and source term issues. In addition to documenting the
results of these panels for about 30 important parameters, Volume 2 in-

cludes supporting material used by these panels and presents the results of
distributions that were determined by other means.

Volumes 3 through 6 present the results of the accident progression
analysis, the source term analysis, and the consequence analysis, and the
combined risk results for Surry, Peach Bottom, Sequoyah, and Grand Gulf,
respectively. These analyses were performed by SNL, Volume 7 has
analogous results for Zion. The Zion analyses were performed by BNL.

This volume gives risk and constituent analysis results for Unit 1 of the
Sequoyah Nuclear Station, operated by the TVA, Part 1 of this volume
presents the analysis and the results is some detail; Part 2 consists of
appendices that contain further detail. Following a summary and an
introduction, Chapter 2 consists of results of the accident progression
analysis for internal initiating events. Chapter 3 deals with the results
of the source term analysis, and Chapter 4 gives the result of the
consequence analysis. Chapter 5 summarizes the risk results, including the

contributors to uncertainty in risk, for Sequoyah, and Chapter 6 contains
the insights and conclusions of the complete analysis,
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2.1.1 The Seguovah Containment Structure

The Sequoyah containment is a free-standing steel cylinder with a dome-
shaped roof and a bottom liner plate encased in concrete, The thickness of
the cylindrical portion of the containment is 1-3/8 in. at the bottom and
decreases to 1/2 in, at the spring line, where the cylinder transitions to
the hemispherical dome. The dome is 7/16 in. thick at the spring line and
decreases to 15/16 in. at the apex. The bottom liner plate is 1/4 in.
thick, sits on a base of concrete about 8 ft thick, and upon which is cast
a 2-ft-thick concrete slab, which serves as the containment floor. A
concrete shield building with a wall thickness of 3 ft surrounds the steel
containment providing radiation shielding, and protection of the
containment from adveise atmospheric conditions and external missiles.
Figure 1.1 shows a section through the Sequoyah containment.

The design pressure of the Sequoyah containment is 10.8 psig. Due to
conservatisms in design and construction, most estimates of the failure
pressure are well above the design pressure. The mear of the aggregate
distribution for the failure pressure of the Sequoyah containment provided
by the Structural Response Expert Panel was 65 psig. The concrete shield
building is not a significant pressure barrier since its pressure capacity
is substantially less than that of the shell.

2.1.2 The Ice Condenser

The free volume of the Sequoyah containment is 1.2 million ft2, which is
about half the volume of a typical large dry PWR containment. To
compensate for this smaller volume in accommodating steam pressures
generated during accident conditions, a compartment containing borated ice
1s located between the upper and lower portions of the containment. The
ice condenser compartment is annular, subtending an angle of 300° at the
containment center, and is located between the crane wall and the steel
containment shell. As steam is blown down from the primary system during
an accident, it is driven up through the ice where it is condensed, thereby
limiting the pressure in containment. The condensed water then drains back
into the lower compartment of the containment.

2.1.3 The Containment Spray System

At Sequoyah, long-term containment heat removal (CHR) is provided by the
C8S. The spray system consists of two pump trains capable of drawing
suction from the refueling water storage tank (RWST) and discharging
through spray headers in the dome of the containment building. Water
sprayed into containment passes througn drains in the upper compartment
floor to the containment sump. When the RWST reaches a low level, the pump
suction is transferred by operator action to the sump. In this mode of
operation, heat {s removed from the containment atmosphere by a heat
exchanger in each of rlie pump trains; the heat exchangers are in turn
cooled by a service water system. It is worth noting that the failure to
remove the upper compartment drain covers following refueling operations
was assessed in RSSMAP' to be an important source of failure for both the
spray and core cooling systems in the recirculation phase, since water from
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the accident progression analysis begins. The PDS for this accident would
Legin with 8, to reflect the fact that there is a small hole in the RCS
when this analysis starts, It is the plant condition at the onset of core
damage that is {mportant for the accident progression analysis, not what
the original initiator may have been.

The first character in the PDS indicates the condition of the RCS at the
onset of core degradation. As a carry-over from the use of this character
to {indicate the original initiator, "T" is used tc indicate no treak
(transient). An 8; break 1s a break equivalent to a double-ended
guillotine break of a pipe, between 0.5 and 2 in., in diameter; an 8§, break
is a break of a pipe less than 0.5 in. in diameter. an A Break is a break
of a pipe greater than 6 in., in diameter and an S; break is a break of a
pipe between 2 and 6 in. in diameter, A and §, breaks are considered
together in the acclident progression analysis since both result in low
pressure in the RCS. SCGTRs are S; size. Almost all pump seal failures
result in a leak area equivalent to an S$; break. A stuck-open PORV is
equivalent to an S; break. Event V is such a well known and unique type of

accident that the subsequent six characteristics are usually not written
out,

The second characteristic concerns the status of the ECCS, Recoverable
means that the ECCS will operate if or when electric power is recovered,
The value "L" for the second characteristic is used when the LPIS is
available to inject when the core is uncovered but cannot because the RCS
pressure is too high. "L" implies that HPIS is failed,

The letter "L" is chosen for the second characteristic, for example, for
the S;H, sequence. This is a small break with failure of HPIl and it is
placed in PDS S,LYY-YYN. The LPI pumps are operable, so if the operators
recognize the situation and depressurize to allow injection by the LPIS,
there is no core damage. The only portion counted toward core damage is
the small (about 2%) fraction where the operator does not recognize the
situation and does not depre:surize the primary system.

The use of the letter "B" focr the second characteristic indicates that both
the HPIS and the LPIS are operating but are unable to inject because the
RCS pressure is t. high. 1In sequence T,L,P,, PDS TBYY-YNY, for example,
the operators cannot open the PORVs and all auxiliary feedwater (AFW) is
failed. Thus bleed and feed is not possible using the HPIS, nor can the
operators depressurize the system to use the LPIS, As In S,LYY-YYN, a
temperature-induced failure of the RCS pressure boundary or the sticking
open of the PORVs or the SRVs will allow injeccion when the RCS pressure
falls to the appropriate level.

The third characteristic concerns the status of CHR. For Sequoyah, this
characteristic refers to the active CHR systems only (sprays and associated
syst:ums), not the passive CHR through the functioning of the ice condenser.
Recoverable means that the CHR systems will operate if, or when, electric
power is recovered. The value "S" for the third characteristic is used
when the sprays are available, but there is no heat removal from the spray
heat exchangers. Even if there is no heat removal, it is important to know
if the sprays are operating because they reduce the aerosol concentrations
in the containment atmosphere.




The fourth characteristic concerns the status of ac powe.. Recoverable
means that power can be restored within the timeframe of the accident,
roughly 24 h, Electric power in the plant, in general, is always
censidered to be recoverable in those PDSs where it is not available.

The fifth characteristic concerns the status of the water in the RWST. It
is important for the accident progression to know if the water from the
RWST is inside the containment, If the water is injected intv containment,
it is available to fill the sumps and along, with water from ice melt, can
overflow into the reactor cavity. The value "N" for this characteristic is
used when some failure prevents the injection of the RWST contents, such as
whern the water from the RWST has been injected into the RCS but has ended
up cutside the containment, This occurs in event V when the water is
injected into the RCS but flows out through the break into the auxiliary
building, and thus is not available inside the containment.

The sixth characteristic concerns the heat removal from the steam
generators (8Gs). There are six possible values for this characteristic
since the auxiliary feedwater system (AFWS) may operate for some time in a
blackout accident, and the secondary system may or may not be depressurized

by the operators. The following abbreviations are used in describing the
sixth characteristic in Table 2.2-1:

E-AFWS = Elcctric-motor-driven auxiliary feedwater system; and
S-AFWS = Steam-turbine-driven auxiliary feeiwater system,

The seventh characteristic concerns cooling for the RCP seals. Recoverable

means that cooling will become available {f or when electric power {is
recovered,

2.2.2 PEDS Freguencies

Table 2.2-2 lists 26 PDSs for Sequoyah for internal initiated events as
placed into seven PDS groups. These 26 PDSs are those with mean
frequencies of 1E-7/R-yr or higher, and they account for over 99% of the
total mean core damage frequency (TMCDF), 5.7E-5/R-yr,

Note that while Table 2.2-2 reports 26 PDSs, the accidant frequencies
actually used in the integrated risk analysis were those of the seven PDS
groups. That is, the accident progression analysis was performed for sach
of the seven PDS groups individually. The 26 PDSs were used in determine
the branching for some of the initialization questions in the APET, but the
APET was not evaluated for each PDS separately.

The accident frequency analysis reports the PDS frequencies based on a
sample size of 1000 (see Section 5 of NUREG/CR-4550, Vol. 5,? Part 1).
When considered as a separate entity, a great many varlables could be
sampled in the accident frequency analysis, and a sample size of 1000 was
used. A sample this large was not feasible for the integrated risk
analysis, Based on the results from the 1000-observation sample, those
variables which were not important to the uncertainty in the core damage
frequency were eliminated from the sampling, and the cut sets were re-

evaluated using 200 observations for the integrated risk analysis,
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Table 2.2-1
PWR Plant Damage State Characteristics

Status of RCS at Onset of Core Damage

T = no break (transient)

A =~ large break in the RCS pressure boundary

Sy = medium break in the RCS pressure boundary

§; = small break in the RCS pressure boundary

S; = very small break in the RCS pressure boundary
G = SGTR

H = SGTR with loss of secondary system integrity
V = large break in an interfacing system

Status of ECCS

B = operated in injection and now operating in recirculation
1 = operated in injection only

R = not operating, but recoverable

N = not operating, not recoverable

L = LPIS available in both injection and recirculation modes

Status of CHR

Y = operating or operable if/when initiated
R =« not operating, but recoverable

N = never operated, not recoverable
g w

sprays operable, but no CHR (no service water [SW] to heat

exchangers [HXs))

Ac Power

Y = avallable

P = partially available

R = not available, but recoverable
N = not available, not recoverable

Contents of RWST
Y = injected into containment

R = not injected, but could be Injected if power recovered
N = not injected, cannot be injected in the future

Heat Removal from the. Steam Generators (S5Gs)

X = at least one AFWS operating, $Gs not depressurized
Y = at least one AFWS operating, SCs depressurized

§ = 8-AFWS failed at beginning, E-AFWS recoverable

C = S5-AFWS operated until battery depletion, E-AFWS recoverable,

8Gs not depressurized

D = 5-AFWS operated until battery depletion, E-AFWS recoverable,

5CGs depressurized
N = no AFWS operating, no AFWS recoverable

Cooling for RCP Seals

Y = operating

R = not operating, but recoverable
N = not operating, not racoverable
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Table 2.2-2
PDSs for Sequoyah

Mean CD Plant Mean CD
Group Freq. Group % Damage Freq.f?? & TMCD
Number __Croup Bame  (L/R:yr) IMCD Freq. ~Stares (/R:-yr) Ereg.
1 Slow Blacliout 5.0E-6 9 TRER+RDR 3.0E-7 .1
S3RRR-RDR 4, 2E-6 7
$sRRR-RCR 1.1E.7 < 1
$,RRR-RCR 3,7E+7 A S
2 Fast Blackout 9 .6E.-6 17 TRRR-RSR 9. 6E-6 17
3 LOCAs 3.6E-5 63 ALYY-YYY 1.3E-6 2
ALYY-YYN 3.4B:7 <« 1}
AINY-YYN 4 . 4F-7 <1
ALY -YYN 5.6E-7 1
§,INY-YYN 1.4E-6 2
§,LYY-YYN 4,9E-6 9
S, IYY-YYN 9,.0E-7 2
S, INY-YYN 8.9E-7 2
S,LYY-YYN 4 . 5E-6 8
S,IYY-YYN 8.5E-7 2
S, INY-YYN 2.9C-6 5
S5LYY - YYN 1.4E-5 24
S;IYY-YYN 3.0E-6 5
4 Event V 6.5E-7 1 v 6.5E-7 1
5 Tranuients 2.5E-6 4 TBYY-YNY 2,.3E-6 4
TINY-YNY 1:.1B«7 .21
6 ATWS 1.9E-6 3 TLYY-YXY 2.4E-7 <1
GLYY-YXY 3.0E-7 <1
SaNYY-YXN 1.4E-6 2
/i SGTRs 1.7E-6 3 GLYY-YNY 4 ,1E.7 A |
HINY-NXY 1.3E-6 2

Total 5.7E-5 Internal Initiators

(1) Based on the sample of 1000 observations used in the aceldent
frequency analysis,

"o
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As some varlation from sample to sample is obrerved even when the sample
size and the variables sampled remain the same, there are variations
between the 1000-observation sample used for the stand-alone accident
frequency analysis and the 200-observation sample used for the integrated
risk analysis, These differences are summarized in Table 2,2-3.

For each PDS group, the first line of Table 2.2-2 contains the 5th percen-
tile, median, mean, and 95th percentile core damage frequencies for the
1000-observation sample used in the stand-alone accident frequency analy-
sis. These values are taken from Table 5-5 of NUREG/CR-4550, “+'ume 5,2
Part 1, Samples containing 200 observations are used for the inlegrated
risk analysis at Sequoyah. The 5th percentile, median, mean, and 95th
percentile core damage frequencies for first sample are shown on the second
line of Table 2.2:3 for each PDS group. The differences between

distributions for core damage frequency for the two samples are within the
statistical variation to be expected.

PDS Group 1 consists of four slow blackout PDSs. In these accldents,
offsite power is lost and the diesel generators fail to start or run., The
steam-turbine-driven (STD) AFWS operates until the batteries are depleted.
Without power for instruments and controls, the STD-AFWS eventually fails.
Battery depletion is estimated to take about 4 h, During this time, the
RCP seals may fail or the PORVs may stick open. Thus, the four PDSs in
this group have the RCS in different conditions when core damage begins.

In one of the PDSs in this group, the RCS is intact at the time of core
uncovering. Another two of the PDSs have S,-size breaks (failures of the
RCP seals), and the final PDS in this group has an S;-s8ize break (stuck-
open PORV). The differences between the two "S," PDSs is whether the

secondary system is depressurized before the core uncovers and while the
AFW is operating.

PDS Group 2 consists solely of the fast blackout PDS, TRRR-RSR. This group
is slmilar to PDS Group 1, except that the STD-AFW fails at the beginning.
The accldent proceeds to the onset of core damage before the RCP seals are
likely to fall or the PORVs are likely to stick open,

PDS CGroup 3 consists of 13 loss-of-coolent accident (LOCA) PDSs, Four of
the PDSs have an A-siz : break and three of the PDSs have an 8y-size break.
For this analysis, A- ize and 8,-size breaks are indistinguishable and are
grouped together in the "A" category. There are three PDSs with an S;-size
break and three PDSs with an S;-size break. Five of the PDSs in this group
have the low pressure injection system (LPIS) operating. In PDSs ALYY-YYY
and ALYY-YYN, the accumulators have failed and the LPIS {s operating
successfully (all trains). For an A break, the success criteria require
both accumulator injection and LPIS operation. Thus, even though the RCS
pressure Is low and the LPIS is injecting water successfully, core damage
has been assumed, In PDS §,LYY-VYN, the high pressure injection system
(HPIS) has failed in recirculation and the LPIS is operating successfully
(all trains). For an 8, break, the success criteria require high pressure
(HP) systems operating during the accident. In this PDS also, the RCS
pressure 1s low and the LPIS is injecting water successfully, but core
damage has been assumed since the succuss criteria have not been met. In
PDS S,LYY-YYN and S,LYY-YYN, the break does not depressurize the RCS enough
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Table 2.2-3
PDS Comparison
Sequoyah

LHS
Sample __Core Damage Frequency (1/R-yr) % Mean TCD
-—tDf . Bizat®) 5% __ Median  __Mean  _95% =  _Fregq.'®

1 1000 1.0.-07 1.4E-06 5.0E-06 1.7E-05 9
Slow SBO 200 1.4E-07 1.6E-06 4.6E-06 1,6E-05

2 1000 4,2E-07 3.8E-06 9.6E-06 3,6E-05 17
Fast SBO 200 5,5E-07 3.8E-06 9.3E-06 3.5E-05

3 1000 4.4E-06 1.8E-05 3 6E-05 1.2E-04 63
LOCAs 200 6.6E-06 2.0E-05 3.5E-05 1.1E-04

4 1000 1.5E-11 2.0E-08 6.5E-07 2.1E-06 1
Event V 200 1.5E-11 2.0E-08 6.5E-07  3.4E-06

5 1060 2.5E-07 1.1E-06 2,.5E-06 7,2E-06 K
Transient 200 2.2E-07 1.7%-06 2.3E-06 8.2E-06

6 1000 4.3E-08 5.3E-07 1.9E-06 7.5E-06 3
ATWS 200 4,.2E-08 5.0E-07 2.1E-06 B8.5E-086

7 1000 2.4LE-08 4.1E-07 1.7E-06  7.1E-06 3
SCGTR 200 2.2E-08 1.8E-07 1.7E-06 9.4E-06
Total 1000 1.2E-05 3.6E-05 5,7E-05 1.7E-04
200 1.5E-05 3.9E-05 5.6E-05 1.6E-04

(1) The accident frequency analysis used a LHS sample size of 1000, The
accident progression analysis used a LHS sample size of 200,

(2) Percentages based on the LHS sample size of 1000,

to allow low pressure injection (LPI). Thus, the accident will progress to
vessel faillure at a pressure too high to allow LPI unless a large

temperature-induced break occurs or the primary system is deliberately
depressurized,

Group 4 consists solely of Event V. The V sequence results from a failure
of any one of the four pairs of series check valves used to isolate the
high pressure RGS from the low pressure injection system. The resultant
flow into the low pressure system is assumed to result in rupture of the
low pressure piping or components. The break is outside containment in the

auxiliary building, so the break both fails the RCS pressure boundary and
bypasses the containment.
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(CPU), storage and memory. Table 2.2-3 illustrates the differences in the
FDS frequencies for the two sample sizec.

2.2.3 High-Level Crouping of PDSs

To provide simpler, more easily understood summaries for NUREG-1150, the
sever plant damage groups described above were further condensed into the
fol’owing five groups:

Loss of Offsite Power (LOSP)
LOCAs

Transients

Bypass LOCAs

ATWS

WK

These five groups are denoted summary PDS Groups. The mapping from the
seven groups described in the previous section into the five SUMMATY groups
used in the presentation of many of the results is given in Table 2.2-4,
In combining two groups te form one summary group, frequency weighting by
observation is employed. The percentages of the total mean core damage
frequency given above provide only approximate weightings,

2.2.4 Varisbles Sampled in the Accident Frequency Analysis

In the stand-alone accident frequency analysis for internal events, a large
number of variables were sampled. (A list of these variables may be found
in NUREG/CR-4550, Vol. 5,2 Part 1.) Only those variables found to be
important to the uncertainty in the accident frequencies were selected for
sampling in the integrated risk analysis. These variables are listed and
defined in Table 2.2-5. For the regression analysis, identifiers of eight
characters or less were +uquired, and these are listed in the first column,
The identifiers used in the fault trees are listed in the description in
brackets. Generally, the eight-character identifiers have been selected to
be as informative as possible to those not familiar with the conventions
used in systems analysis. For example, while Event K is comnonly used to
indicate the fallure of the reactor protection system (RPS) to {insert
enough control rods to make the reactor subcritical, the identifier AU-

SCRAM was chosen since it was felt that "auto scram" conveys more meaning
to most readers than "K",

The second column in Table 2.2-5 glves the range of the distribution for
the variable and the third column indicates the type of distribution used
and its mean value for the sample distribution used in the analysis. The
entry "Experts" for the distribution indicates that the distribution came
from the accident frequency analysis expert panel. The fourth and fifch
columns in Table 2.2-5 show whether the variable is correlated with any

other variable and the last column describes the variable, More complete
descriptions and discussion of these variables may be found in the Sequoyah
accident frequency analysis report (NUREG/CR-4550, Vol 5).2 This report

also glves the source or the derivation of the distributicns for all these
varlables.




Table 2.2-4
Relationship between PDS Groups and Summary Croups

Summary Group % _TMCDF EDS Croups = § TMCDF
1. LOSP 26 1. Slow Blackout 9
2, Fast Blackout 17
2. LOCAs 63 3. LOCAs 63
3. Bypass LOCAs 4 4. v 1
7. SGTRs 3
4. Translents 4 5. Transients 4
5. ATWS 3 6, ATWE 3

Most of the variable distributions come from the generic accident sequence
evaluation (ASEP) data base., Others were derived ccelfically for the
Sequoyah equipment using plant data, The distribution ftor the frequency of
the LOSP initlating event was derived by combining data from all nuclear
power plant sites with the historical experier: at Sequoyah, utilizing the
methods of NUREG/CR-5032.%* The distribution ¢ the frequency of transient
initiating events was derived from Sequoyah data as described in NUREG/CR-
3862.° The distribution for the probability of failure to scram (AU-SCRAM,
Event K) was derived from the information in NUREG-1000.® The human error
probability distributions were derived using the human reliability analysis
(HRA) methodology as described in NUREG/CR-4772.7

Fallure of the RCP seals due to lack of cooling was sampled in the
following manner in the accident frequency analysis: seven states were
defined, and one of these states had a probability of 1.0 in each
observation while the other six states had a probability of 0.0. (When all
the probability is assigned to one branch in every observation, the
sampling is denoted zero-one.) The seven RCP seal states are:

Total Start Fault Tree
1 240 gpm 90 min 0.050 RCP-LOCA-240CPM
2 240-1000 gpm 150 min 0.125 RCP-LOCA-620AVGC
3 433 gpm 90 min 0.005 RCP-LOCA-433GPM
4 433-1000 gpm 150 min 0.005 RCP-LOCA-717AVG
5 1000 gpm 90 min 0.525 RCP-LOCA-1000CPM
6 1920 gpm 90 min 0.005 RCP-LOCA-1920GPM
7 Normal N.A. 0.270 NO RCP SEAL LOCA




The probability for each state was determined by a special expert panel as
described in NUREG/CR-4550, Volume 2.8 The use of this information in the
Sequoyah acclident frequency analysis is described in more detail in
NUREG/CR-4550, Volume 5.# The last state represents success, i.e., no
fallure of the RCP seals. Design leakage through the seals is about 3
gpm/pump during normal operation, but nen-failure leakage could be as high
a8 21 gpm/pump when there is no flow of cooling water to the seals.
Leakage following seal failure could be as high as 480 gpm/pump or 1920 gpm
total. As there were 200 observations In Lhe sample used to determine risk
for Sequoyah, state 1 (a total leak of 240 gpm ‘rom the four pump seals
starting at 90 minutes) had a probability of 1.0 for 10 observations and a
probability of 0.0 for 190 observations. State 6 (1920 gpm starting at 90
minutes) had a probability of 1.0 for only one observation. A random

number generator was used to determine which state had the unity
probabllity for which observation,

2.14



Table 2.2-5
Variables Sampled in the Accident Frequency Analysis for Internal Imitiators

Correlation
Variable Range Distribution Correlation With Descxiptiom . _ = ___
AUTO-ACT 4 .BE-5 Logncrmal None Probability of failure of one train of an
0.020 Mean=0.0016 automatic actuation system (generic).
[ACT-FA]
AOV-FTRN 1.0E-4 Lognormal None Probability of failure to transfer (per
0.0063 Mean=0.0010 demand) for air-operatei valves (AOVs)
(generic). [AOV-FT]
DG-FRUN1  9.9E-6 Lognormal Rank 1 DG - FRUNG Probability that the diesel generator
0.057 Mean=0.0019 fails to run for 1 h, given that it
starts (generic). [OEP-DGN-FR-1H]
DG-FRUN6  6.0E-5 Lognormal Rank 1 DG-FRUN1 Probability that the diesel generator
0.34 Mean=0_011 fails to run for 6 h, give>n that it
starts (geneiic). [OEP-DGN-FR-6H]
DG-FSTRT 0.0030 Lognormal None Probability r"t the diesel generator
0.19 Mean=0.030 fails to sta =, given a demand to start
{gereric). [UEP-DGN-FS]
DG-UNAV 3.0E-5 Lognormal None Prohability rhat the diesel generator
0.17 Mean=0.0061 is unavailable due to maintenance
{generic). [OEP-DGN-MA]
AC-UNIT2 0.056 Max. Entropy None Probability of failure to restore ac
1.0 Mean=0.28 power via Unit 2 diesel generators
(recovery action). [ACP-DGN-RC-U2]
AFW-STMB  2.0E-9 Lognormal None Probatility of common cause failure of
7.0E-4 Mean=1_0E-5 all AFWS due to steam-binding. [STEAM-

BINDING]






Tabls 2.2-5 {continued)

Correlation
Variable _Range  Distribution Correlaticn __With Description .
TDP-FSTR 0 0030 Max. Entropy Nene Probability of failure (per dema.d) of
0.30 Mean=0.030 the AFW turbine-driven pump teo start
(generic). [AFW-TDP-FS]
TDP-UNAV  5.0E-5 Legnormal None Probability of umavailab.lity of the AFW
0.28 Mean=0. 0096 turbine-driven pump due to test and
maintenance (genmeric). [AFW-TDP-TM]
HE-DPRSG  0.0029 Max. Entropy None Probability of operator failure (per
0.29 Mean=0_ 029 demand) to cooldown and depressurize
during SETR {(human ervor). {RCS-XHE-
DPRZ-TSG]
~N
i HE-FCV 1.0E-5 Lognormal Rank 1 HE-SIM] Probability of eoperator failure (per
t: 0.058 Mean=0_0021 HE-SIM2 demand) to clese an flow contrel valve
(FCV) during switch teo recircuiatien
(human error). [BPR-XHE-FO-FCV)
HE-SIM1 1.4E-5 Lognormal Rank 1 HE-FCV Probability of operator failure (per
0.081 Mean=0_ 0028 HE-SIM2 demand) to close SI miniflow to RWST for
an S, sequence (human errvor). [HPFR -XHE-
FO-SIMIN]
HE-SIM2 1.2E-5 Lognormal Rank 1 HE-FCV Probability of operator failure (per
0.071 Mean=0 0025 HE-SIM1 demand) te close SI miniflow to RWST for
an S,0, sequence (human error). [HPR-XHE-
FO-SIMN? |
HE-SGBL 1.7€-5 Lognormal None P1 sbability of operator failure (per
0.096 Mean~0.0034 demand) te close SGC blowdown line valve

(human error). [MSS-XHE-FO-SGBL]
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Table 2.2-5 (continued)

Correlation
Varisble _Range  Distribution Correlation __ With _Description
HE-FDBLD 0.0022 Max. Entropy None Frobability of operator failure (per
0.22 Mean=0_022 demand to initiate feed and bleed (human
error). [HPI-XHE-FCO-FDBLD]
HE-ISapv  0.010 Max. Entropy None Probability of operator failure (per
1.0 Mean-0 .10 demand to isolate atmospheric dump valves
(human ervrer). {MSS-XHE-FO-ADV]
HE-XTIE 0.0064 Max. Entropy None Probability of operator failure (per
0.64 Mean=0.065 demand) to open AOV creoss-tie from S5C to
AFW turbine driven pump (human error).
[AFW-XHE-OPNVALVE |
IE-SCTR 5.0E-5 Lognormal Kone Initiating event: frequency (1/yr) of
0.28 Mean~0_ 0095 SCTRs (presuvurized water reactor [FWR]
data). [IE-TSG]
MFW-FRST 0.011 Max. Entropy None Probability of failure to restore MFW
1.0 Mean-0.11 after loss of AFW during SCTR (recovery
action). [RA3]
1E-53 0.0013 Lognormal None Initiating event: frequency (" /yr) of a
0.082 Mean-0 013 very smail (dia. < 0.5 in.) break in the
RCS (PWR data). [IE-S3]
SEV-DPRZ 7.0E-5 Lognormal None Failure to depressurize the RCS to limit
0.40 Mean-0 014 flow from open SC safety relief wvalve

(SRV) during am SGTR (recovery actiom}.
[RAl&]
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Variabie

ONFV-MOD

ADV-DPRZ

MN- SCRAM

1E-BATT

IE-A

AU-SCRAM

iIE-TTRIP

IE-T-HIP

Table 2.2-5 {continued)

1.2
1.2

Description

Correlation

Distribution Correlationm _With
Lognormal None

Mean—-0 014

Lognormal None

Mean—-0_.013

Max. Entropy None

Mean-0 34

Lognormal None

Mean=0_0050

Lognormal None

Mean=5 0E-4

Lognormal Kone

Mean—5_.9E-5

Lognormal None

Mean—6 3

Lognormal None
Mean—4 8

Fraction of the time that the reactor
operates with an unfavorable moderator
temperature coefficient (PWR data). [Z]

Fzilure to depressurize the RCS to limit

flow from open atmospheric dump valve
during an SGTR (recovery action). [RAll]

Probability of failure to effect manual
scram due to operator error and hardware
faults. [K]

Initiating event: frequency (1/yr) of
loss of dc vital battery (gemeric). [IE-
TCj

initiating event: frequercy (1/yr) of a
large (dia. > & ia.) break in the RCS

(PWR data). [IE-A]

Probability of failure of the EFS te
automatically imsert sufficient comtrel
rods to terminate the reactiom. [K]

Initiating event: frequency (1/yr) of
turbine trip with main feedwater (MFW)
and power control system (PCS) available.
{IE-T3]

Initiating event: frequency (1/yr) of
high power (>25%) tramsients that require
reactor scram. [IE-TZ]
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Table 2.2-5 (continued)

Variable

IE-T-ALL

I1E-IMFUS

BETA-2DG

BETABAOV

MS-LIAS

V-TRAIN

IE-LOSP

RCP-SL-F

_Range

.3
17.8

Distribution

Lognormal
Mean=5.3

Lognormal
Mean=(_ 72

1
Mean~0 038

Lognormal
Mean-0 034

Lognormal
Mean=9_ 5E-5

Experts
Mean=5_ 4E-7

1LOSP Data
Mean=0 091

Experts
Mean=0_ 27

Correlation

None

{

]

f

]

{

Correlation
—With

_Pescription

Initiating event: fregquency (1/yr) of
all tramsients that require reacter
scram. {IE-T]

Initiating event: frequency (1 yr) of
transients due to loss of the MFW system.
[IE-T2]

Beta factor for common cause failure of
the Gs (generic). [BETA-2DG]

Beta factor | ~ common cause failure of
eight AOVs (gemeric). [BETA-8a0V]

Probability of loss (per demand) of
instrument air system (JAS) to main steam
AOVs. [IAS-PTF-LF-AOV]

Initiating event: frequency (1/yr) of
check wvalve failure in one of the LFIS
trains. [IE-V-TRAIN]

Initiating eveat:
of LOSP. [IE-T1]

frequency (1/yr) of

Probability of RCP seal LOCA before the
onset of core damage. [See text]
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2.3 Description of the APET

This section describes the APET that is used to perform the accident
progressinn analysis {or Sequoyah, The APET itself forms a high-level
model of the accident progression, The APET is too large to be drawn out
in a figure as smaller event trees usually are. Instead, the APET exists
only as a computer input flle. The APET is evaluated by the code EVNTRE,
which is described elsewhere.®

The APET is not meant to be a substitute for detailed, me:hanistic codes
such as the STCP, CONTAIN, MELCOR, and MAAP. Rather. it is an integrating
framework for synthesizing the results of these codes together with expert
judgment on the strengths and weaknesses of the codes. The detailed,
mechanistic codes require too much computer time to be run for all the
possible accident progression paths, Therefore, the results from these
codes are represented in the Sequoyah APET, wvhich can be evaluated very
quickly. 1In this way, the full diversity of possible accident progressions

can be considered and the uncertainty in the many phenomena involved can be
included,

The following section contains a brief overvsiew of the Sequoyah APET,
Detalls, including a complete listing of the APET and a discussion of each
question, can be found in Appendix A of this volume. Section 2.3.2 is a
summary of how the APET was quantified, that is, how the many numerical
values for branching ratios and parameters were derived. Section 2.3.3

presents the variables that were sampled in the accident progression
analysis for Sequoyah.

2.3.1 QOverview of the APET

The APET for Sequoyah considers the progression of the accident from the
time the TAF in the core is uncovered, which is assumed to be the onset of
core damage, through the core-concrete interaction (CCI). Although the CCl
may progress at increasingly slower<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>