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~BSTRACT
Ihis report describes risk-significant challenges posed to Mark 111 containment
wen Dy severe a ents a lentified for Grand Gulf. D gn similarities and
« lifferences between the Mark L1 plants that are important to containment perforn
ance are summarnzed. The a nt sequences responsible for the challenges and
the postulated containment fatlure modes associated with each challenge are |
tified and described. Improvements are discussed that have the potential either t
prevent or delay containment tailure, or 1o mitigate the ottsite consequences ol a
{ Hon o wWuc! release For eact i thest ").ﬂ:v §1) mpr vement \ \{.ul‘ LAt ve
ANy pro 1t A mite inttative nsk analys provided 1or selected
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FOREWORD

SECY-88-147, dated May 25, 198K, presented the NRC staff's program plan to
evaluate generic severe accident containment vulnerabilities via the Containment
Performance Improvement (CP1) program. This effort was predicated on the
assumption that there are generic severe accident challenges for each light water
reactor (LWR) containment type that should be assessed to determine whether
additional regulatory guidance or requirements concerning needed containment
features are warranted, and to confirm the adequacy of the existing Commission
policy. The bases for the presumption that such assessments were needed included
the uncertainty in the ability of LWR containments to successfully survive se
severe accident challenges, as indicated by Draft NUREG-1:50. All LWR co..-
tainment types have been assessed beginning with the bailing water reactors
(BWRs) with Mark 1 containments. This effort was closely integrated with the
Individual Plant Examination (IPE) program and is intended to focus on resolution
of hardware and procedural issues related to generic containment challenges.

This report documents the results of NRC-sponsored research related to severe
accident challenges &nd potential enhancements that could improve containment
perfarmance. The purpose of this report is to provide boiling water reactor (BWR)
Mark 111 containment cwners with information they may find useful in their IPE.
No requirements are contained in this report; it is provided for information only.
Generic letter #8820, Supplement 3, dated July 6, 1990 provides specific guidance
to the industry on the use of this and similar reports,

Xi
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AN ASSESSMENT OF BWR MARK IlI
CONTAINMENT CHALLENGES, FAILURE MODES,
AND POTENTIAL IMPROVEMENTS IN
PERFORMANCE

EXECUTIVE SUMMARY

This report concerns boiling water reactor
(BWR) plants with « Mark 11l containment de-
sign, of -/bich there are four in the U.S.: Grand
Gulf, Clinton, Riverbend, and Perry. This repon
focuses on the identification of potential chal-
lenges to containment integrity that can arise
from a severe accident and the potential improve-
ments that could reduce the probability of con-
tainment failure or mitigate the offsite
consequences in the event that a severe accident
should occur. The impact of these improvements
upon core damage frequency, containment failure
probability, or risk is examined both qualitatively
and gquantitatively. The quantitative portion of the
analysis used models and data specific to the
Cieand Gulf plant, and may not be generic to the
remaining Mack T plants, The estimated costs
for selected improvements were taken from pre-
viously published information and are not meant
10 be interpreted as final estimates.

The most recent NUREG- 1150 analysis of
Grand Gulf (dated June 1989) has identified the
dominant containment failure challenges to be
the result of station blackout (SBO) accident se-
quences. The most significant challenges ansing
from these sequences are due to potential hydro-
gen deflagrations and detonations, fuel-coolant
interaciions (FCT), and containment overpressur-
ization by noncondensible gases from core~
conerete interactions (CCD),

Potential improvements to reduce the risk from
staiion blackout include enhanced reactor pres-
sure vessel (RPV) depressurization capability, the
installation of a backup power supply for the
existing hydrogen ignition systems or the in-
stallation of powerless ignitors, improvements (o
the existing fire water system, enhanced operator
control over the upper containment pool dump

valves, & means of preventing weir wall overflow
prior to vessel breach, and a method of venting
the containment through a hardened pipe that is
independent of normal and emergency ac power
sources. The backup power supply for the igni-
tors could alse be sized to provide power for the
upper containment pool dump valves. The back-
up power supply would provide an “uninterrupt-
ible” hydrogen ignition system that would burn
the hydrogen in a controlled manner before it
could reach concentrations capable of threatening
containment integrity. Providing enhanced opera-
tor control over the upper contamnment pool dump
valves would permit dumping of the water at po-
tentially advantageous times when the normal
pool dump initiation signals were not available,
and would also provide the operators with the
ability to prohibit dumping at other times. Vent-
ing the containment at the primary containment
pressure limit (PCPL) via “soft” HVAC ductwork
can result in a failure of the ductwork and thus
raises concerns about the habitability of the auxil-
iary building and the survivability of the equip-
ment in the affected area A hardened vent would
<liminate these potential concerns. An external
filter could reduce the offsite consequences of
venting that occur in the Mark I11 as a result of
drywell-to-wetwell leakage and other suppres-
ston pool bypass paths,

Table ES-1 summarizes the potential qualita-
tive benefits, as well as any identified negative
aspects, of each of the proposed improvements

A quantitative accident progression analysis
was performed for selected potential improve-
ments to estimate the impact of the improvement
on containment rasponse, The impact on offsite
consequences was evaluated for selected



Table £8-1. Qualitative assessment of benefits and drawbacks of potential Mark [1] containment

improvements

Potentic! '=grovement

Enhanced reactor
depressurization system
($0.5M-1 4M)

Post-core damage reactur
depressurization system
($0.5M-1 4M)

Backup water supply
system ($0.81M--2.4M)

Hydrogen control by
improved ignition
system-—backup power (o
the ignitors ($300K)

Prevention of weir wall
overflow

... Potential Benefits

Reduces frequency of some
core damage sequences

Reduces amount of
hydrogen generated
in=vessel

Reduces likelihood of
direct containment
heating (DCH)

Increases the ability to
add water to the RPV

Reduces likelihood of DCH

Increases the ability to
add water to the RPV

Reduces frequency of some
core darnage sequences

Increases likelihood of
cavity flooding (see below)

Relatively low cost if

fire protection system is used

Reduces containment failures
due to hydrogen deflagrations

and detonations [short-term
station biackout (ST-SBO)
sequences|

Reduces likelihood of
ex-vessel FCI

Potential Drawbacks

Increases likelihood of
ex-vessel FCl

Increases likelihood
of ex-vessel FCl

Does not change
frequency of core damage

Increases amount of
hydrogen generated
in-vessel

New hardware may be
expensive

Increases likelihood of
containment failure for
[long~term station
blackout (LT-SBO)
sequences |

May increase likelihood
of suppression pool
bypass

Increases likelihood of
dry CCl



Table ES-1. (continued)

T IR TENRae... — P ——

_Potential_Improvement

Cavity flooding via upper
pool dump

Containment venting

Hard-pipe vent system
with dedicated power
source ($0.60M-6 |M)

Potential Benefits

Reduces likelihood of dry CCI

Provides scrubbing of fission
products should suppression
pool bypass occur

Prevents late
overpressure failures for
transients with scram

Potential Drawbacks

Increases likelihood of
FCl1

Increases likelihood of
hydrogen bum if dump
occurs afier core damage

High likelihood of
suppression pool bypass

Preemptive ventiny

may lead to increase in
risk

Moderately high cost

reduces containment base

pressure prior to core

damage

Reduces probability of

May not prevent thermal
failure or FCI

Can lead to inadvertent

ex-vessel steam explosion release
by reducing weir wall
overflow
Filtered containment vent See ebove See above
system with dedicated power
source ($5M-50M) Ensures scrubbing of High cost
releases

improvements. Full use was made of the tools
developed for the June 1989 Draft NUREG-1150
analysis of Grand Gulf. Thus, no attempt was
made to develop independent or simplified
containment event trees for analyzing contain-
ment response; the accident progression analysis
in this report contains the same level of detail as
the Draft NUREG- 1150 analysis of Grand Gulf,
with the exception that no uncertainty analysis
war nerformed for this report. No analysis was
mede of front-end risk reductions, that is,
improvements that could reduce core damage
frequency.

In terms of reducing the probability ot contain-
ment failure, the only individual improvements

found to be of benefit were backup power to the
hydrogen ignition system and early containment
venting. Enhanced depressurization (following
core damage) increased the probability of an in-
vessel steam explosion as the probability of a
steam explosion at low pressure (100-200 psi) is
greater than at high pressure (1000 psi). This off-
set the increased probability of recovering injec-
tion in the dominant pluat damage state.
Preventing water from overflowing the weir wall
was found to increase dry CCI that significantly
increased the late threat to containment, Enhance-
ments to ensure the availability of upper pool
dump during blackout sequences were found to
increase the probability of early containment fail-
ure with suppression pool bypass. because pool



dump results in a higher probability of a flooded
or wet cavity at the time of vessel breach. This in-
creases the probability of a large ex-vessel steam
explosion at the time of vessel breach, which in-
creases the impulse loads on he drywell. An ex-
vessel steam explosion also produces large
quantities of hydrogen because debris fragmenta-
tion markedly increases the rate of ex-vessel oxi-
dation. The additional hydrogen can ignite,
further increasing the probability of containment
failure at the time of vessel breach.

Detailed offsite consequence calculations were
performed for early containment venting. A sig-
nificant increase in all consequence measures
wits seen in comparison with the base case,

Three improvement combinations were eva-
luated in detail, both in terms of containment re-
sponse and offsite consequences. The first
combination evaluated was an improved hydro-
gen ignition system with 100% diffusion burn
efficiency, enhanced reactor depressurization fol-
lowing core damage prevention of water from
flowing over the weir wall, and an increased
probability that the operators get the fire water
system aligned so that low-pressure injection
into the reactor vessel occurs in fast station black-
out sequences with the fire water system avail:
able, no power recovery, and failure of all other
emergency injection systems The second combi-
nation was identical to the first except that water
was permitted to flow over the weir wali. The
third combination was like the first, except that
ex-vessel steam explosions were eliminated.

The early containment venting and upper pool
dump modifications were not included in any of
these combinations because of the detrimental
effects that were observed for these modifications
in the individual sensitivity analyse.. However,
the analysis of these improvements did not reflect
the findings of deterministic analyses performed
since the publication of Draft 1150, These other
analyses indicate that containment venting can be
very important in prevention of ex-vessel steam
explosions,

Both combined improvement cases v ith no
weir wall overfiow reduced the early tireat to
containment integrity (early threats occur priof to
or at the time of reactor vessel failure). |l iowever,
these combinations of improvements sig nificant-
ly increased the late threat (late threat . occur 4
number of hours after vessel failv.e) to the
containment, primarily as & result of .ne CCI that
occurs in the dry cavity, aowever, t.cent
MELCOR calculatieng for , depressurized short~
term SBO sequence performed at Oak Ridge
National Laboratory indicate that the contain-
ment threat from CCi may be of less significance
than identified in Draft NUREG-1150.

Calculations were performed to determine the
effect of the dry cavity combined improvements
on offsite consequences. Tuble ES-2 presents
these results along with those of the base case.
The table shows that dry cavity combined
improvements result in a small reduction in the
offsite doses. In general, the conditional probabil-
ities of the releases were reduced, but the severity
of the releases was increased from the base cuse:
the dry cavity modifications increase the severity
of a given release, because there is little or no
scrubbing of the release. As forementioned, the
late threat to the containment in a depressurized
SBO sequence could be less severe than was
modeled in Draft NUREG-1150. Therefore, the
risk reduction for a dry cavity may be larger than
the results from this analysis would suggest.
However, the benefits of scrubbing through an
overlying pool of water could be lost if no water
injection system to the reactor vessel is ever
recovered,

In the case of the combined improvements
where water is permitted to overflow the weir
wall (i.e., the cavity is wet in some cases and dry
in others, rather than always drv), there is a reduc-
tion in the probability of late containment failure
and an increase in the probability of sontainment
survival as compared to the case with no weir
wall overflow. Although the probability ot early
containment failure is virtualiy the same in both
cases, there is a decrease in the probability of late
and no suppression pool bypass, and an increase
in the probability of early suppression pool
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those hrought about by the decrease in the proba-
bility of ex-vessel steam explosions.

These results should not be used without careful
consideration 1o the nderlying assumptions and
imphications in tr ; suite o NUREG- 1150 analy-
sis codes. For example, when corium enters the
in—pedestal area and no water is initially present,
there is an 80% chanve that no CCl will oceur if
vessel breach occurs at high pressure and an injec-
tion source 1s present. This probability drops to
16% if vessel breach occurs at low pressure. These
probabilities imply that vessel breach at low pres-
sure 15 not as likely to result in a coolable debris
bed geometry as a high-pressure breach. Another
implication is that a low=pressure injection source
is not likely to prevent CCl (although it will cause
scrubbing of the resulting release); CCI will initi-
ate under water and become as vigorous as if no
wirrer had been present. only delayed. Other possi-
ble implications are that the water overlying the
corium will never touch the corium and thereby
will not provide any significant cooling, or that an
insulating crust will develop and separate the co-
rium from the water. The final result, that there is
only a 16% chance that injection will prevent CCIl
after a low-pressure vessel breach, results from
consideration of research completed at the time
the study was performed.

This suite of codes does. not alway . permit easy
transfer of new resuis from other analyses, ex-

periments, or experiences into the current re-
search. As a minimum, these results should be
compared against experiments and analyses com-
pleted after the June 1989 NUREG-1150 effon.
For example, the recent Oak Ridge MEL.COR
calculations indicate that in at least one depressu-
rized ST-SBO sequence, the late threat to con-
tainment from CCl may be less severe than was
modeled in Draft NUREG-1150.

Each of the potential improvements can have
an impact on the others and thus the potential
benefits of the combined improvements can have
greater benefit. The combinations of improve-
ments that have been discussed in this report are
not necessarily the only or best combinations for
Grand Gulf or any other Mark 111 facility, but
were those that seemed to have the greatest poten-
tial for reducing containment failure probability
or risk. The offsite risk and core damage frequen-
¢y at Grand Gulf are low and are made up of
many small contributors. Therefore, the potential
benefits from these improvements are small.

This analysis should not be viewed as a final
evaluation of the benefits (reductions in contain-
ment challenges and offsite consequences) for any
BWR/6 with a Mark [{l containment. However, it
should be considered when prepanng or conduct-
ing an lndividual Plant Examination (IPE).
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1. INTRODUCTION

This report discusses dominard severe accident
challenges. as identified by current severe acci-
dent research, which can threaten the integrity of
boiling water reactors (BWFs) with Mark 11 con-
tainmeins. Potential improvements are identified
and evaluated as to their ability to arrest or delay
core damage, prevent or delay containment fuil-
ure, or mitigate the offsite consequences of a fis-
sion product release.

The containment challenges identified in this
report involve many phenomenological issues
that are still the subject of considerable uncertain-
ty. The material in this report relies primarily on
the findings of NRC-sponsored research. Contro-
versial and highly uncertain issues are described
to provide a refecence for further discussion.

The BWR Mark [Tl plants and their important
safety design features, along with the differences
and similarities among the various plants, are
discussed in Section 2. Section 3 discusses the
important accident sequences that could chal-
lenge containment integrity. Section 4 describes
the containment challenges and failure modes
resulting from the dominant accident sequences,
Section § describes improvements that have the
potential tn prevent core damage of mitigate con-
tainment failure and offsite consequences, A
qua'itative assessment is provided to identify the
benefits and drawbacks associated with each
potential improvement. Sections 613 describe
the quantitative assessment performed to estimate
the benefit for each potential improvement.



2. MARK Il PLANT FEATURES

A peneral summary of design information for
he BWRs wiih “ark {1 containments is pres-
ented in this section. As indicated in Table 2-1,
there are presently four nuc'ear power plants
with Mark ill containments, located at tour dif-
ferent sites. Different architectural/engineering
and construction firms were used to build the
four plants. Design similarities and differences
are presented in Tables 2-2 and 2-3.

2.1 Reactor Design

BWR plants with Mark I containments fea-
ture the General Electric Company (GE) BWR/6
reactor product line. Table 2-2 summarizes some
of the important reactor design and emergency
core cooling system (ECCS) information.

The £CCS for the BWR/6 reaciors includes a
high-pressure core spray (HPCS) system, a low-
pressure core spray (LPCS) system, the low-
pressure coolant injection (LPCI) function of the
residual heat removal (RHR) system, and the au-
tomatic depressurization system (ADS). These
sysiems are segregaied into three divisions t9
provide separation of redundant functions. Divi-
sion | comprises one train of LPCI, LPCS, Divi-
sion | of ADS, an independent standby ac-power
source, and an independent de battery to provide
emergency dc power to vital loads. Division Il is
composed of the remaining two LPCI trains of
RHR, Division II of ADS, and independent ac
and dc power sources analogous to those in Divi-
sion 1. Division I consists of HPCS, a dedicated
diesel generator as an independent standby ac
power source, and an independent dc powe’
source.

Table 2-1, United States nuclear power plants with Mark 1 containments®

Uulity/Plant Neme Architectural Enginezr

Cleveland Ciilbert
Electric
IMluminating

Perry |

Gulf States Stone & Webster

Utilities
Riverbend |
IHino - ower Sargent & Lundv

Chnoon |

System Energy Bechtel
Resources

Grand Gulf |

Date of
Construction Firm Commercial Operation
Utility 11/87
Stone & Webster 6/86
Baldwin 11/87
Bechtel 7/85

a.  "World List of Nuclear Power Plants,” Nuclear News, February 1989,




‘Table 2-2. Comparison of BWR Mark [Il reactor design characteristics

9

Plant
Parameter Clin,on Grand Gulf Perry River Bend
Reactor Design
Maodel BWR/6 BWR/6 BWR/6 BWR/6
Vessel ID (in.) 218 251 228 218
Number of fuel 624 800 748 624
bundles
Rated power 2894 3833 3579 2894
(MWth)
Power density 524 54.1 541 524
(kW/L)
Turbine bypass (%) 35 35 KA 10
ECCS
HPCS
Flow (gpm)
at 1147 psid 1400 1650 1550 1400
at 200 psid 5010 7118 6000 5010
Minimum h “ 8 5
NPSH (ft)
Design ac motor ac motor ac motor ac motor
Injection, Above core Above core Above core Above core
location sparger sparger sparger sparger
LPCS
Flow (gpm) 5010 7115 6000 5010
128 psid
Design ac motor ac moior ac motor ac motor
Injection Abaove core Above core Above core Above core
location sparger sparger sparger sparger
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Table 2-3.

(continued)

Parameter

Containment Desiﬁr

Containment
poal volume/
thermal power
rating (ft'/AW)

Drywell/wetwell
vents

Number

Design pressure
(psig)

Internal
External

Drywell
design pressure

(psig)

Internal
External

Maximum leakage
(%vol/day)

RHR HXs

Removal rate
(MBtu/hr)

% of core
thermal power

Containment spray
flow rate (gpm)

DBA peak response

Drywell (psig)

Containment (psig)

0.047

102

30
17

0.65

37.8%2

0.765

3800*2

18.9

8.7

Grand Gulf

0.037

135

50,02

0.764

0.034

120

15
08

30
21

0.20

46.9*2

0.768

5250*2

0.045

129

|5
0.6

25
20

0.26

37.8%2

0.765

N/A

19.2

7.6
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The ECCS systems associated with the BWR/6
plants are designed with sufficient net positive
suction head (NPSH) to ensure pumping capabili-
ty with the suppression pool water at saturated
conditions. This feature becomes significant dur-
ing accident sequences that challenge ‘he heat ca-
pacity limits of the suppression pool. It is also
important for sequences that involve containment
ventng or containment failure before vessel fail-
ure, conditions that could result in rapid contain-
ment depressurization with accompanying
flashing of the suppression pool water.

The HPCS system delivers water to the reactor
coie through a peripheral ring spray sparger
mounted inside the core shroud and above the
core. The system is capable of supplying coolant
over the entire range of reactor system operating
pressures. The primary purpose of the system is
o maintain reactor water inventory after small
breaks that do not depressurize the reactor vessel.
It also provides spray cooling heat transfer durinz
sequences involving core uncovery, The HPCS
system can draw a suction from either the con-
densate storage tank (CST) or the suppression
pool. The transfer of suction from the CST to the
suppression pool is fully automatic; it occurs on
either the low CST or high suppression pool lev-
el, HPCS is automatically actuated on either low-
er reactor vessel water level (Level 2, which is
well above the top of active fuel) or high drywell
pressure (~2 psig).

Other high-pressure injection systems include
the condensate/feedwater systens, the reactor core
isolation cooling (RCIC) system, and the control
rod drive (CRD) hydraulic system. The RCIC and
CRD systems are not part of the ECCS and have
a lower makeup flow rate than the ECCS. How-
ever, in postulated high-pressure severe acci-
dents, these systems may be important sources of
makeup flow. The RCIC makeup flow rates are
included in Table 2-2. The turbine~driven RCIC
system delivers approximately 10% of the maxi-
mum HPCS flow rate. Although a survey of
plant-specific CRD flow rates was not made, it is
expected that the CRD injection rate during nor-
mal operations would be approximately 65 gpm.
With optimum manual valve lineup, each CRD
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pump could probably deliver more than 100 gpm
to the reactor vessel,

All of the Mark {11 plants include an automatic
depressutization system (ADS) as part of the
ECCS to depressurize the reactor vessel and al-
low low-pressure ECCS injection. Upon receipt
of an ADS initiation signal, the ADS opens a
subset of the safety/relief valves (SRVs). Vessel
effluent is piped through the SRVs to spargers lo-
cated near the bottom of the suppression pool.
Discharging effluent into the bottom of the sup-
pression pol maximizes the condensation of
steam and the scrubbing of any nonnoble gas fis-
sion products in he effluent.

The SRVs are grouped into banks of valves that
operate in unison to protect the vessel from over-
pressurization. Each SRV bank has a successively
increasing pressure setpoint to provide graduated
pressure relief with increasing reactor system
pressure.

Two low=pressure injection systems, LPCS
and LPCI, are provided as part of the ECCS.
LPCS is an independent loop similar to the
HPCS, except that LPCS is a low-pressure sy
tem, it does not have a dedicated independent
power supply, and no suction path from the CST
is available, LPCI is an operutional mode of the
residual heat removal (RHR system and is a
large capacity, low=pressure system.

RCIC is steam turbine driven and is capable of
taking suction from either the CST or the suppres-
sion pool to supply high pressure makeup flow.
Alternatively, a suction path from the RHR sys-
tem can be established to support the steam-con-
densing mode of RHR. Unlike the ECCS, RCIC 15
only designed to operate with suctic: «empera-
tures up to 140°F, Automatic actuation of RCiC
oceurs on a low reactor water level signal (Leve!
2) to provide makeup flow io the vessel. As with
HPCS, suction transfer from the CST to the sup-
pression pool occurs automatically.

The RCIC connection to RHR allows RCIC to
pump condensate discharge from the RHR heat
exchangers, produced during the RHR steam~
condensing mode of operation, back to the vessel.
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ITEM ~ EQUIPMENT NAME

113
124
145
156
230
500
501
502
519
525
633
534
540

Containment Polar Crane

125 Ton Cask Mandling Crane
Drywell Equipment Sump Cooler
RCIC Water Leg Pump
Drywell Coolers

Reastor Vessel

Recirculation System Motor
CRD Master Controis

RHR Heat Exchangers

RCIC Pump & Turbine

Fuel Handling Platiorm

Fuel Transfer Tube

Refueling Platform

CRD Handling Platform
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located below the surface of the suppression pool.
A water seal is maintained over the vents by a
17-ft weir wall located inside of the drywell wall.
Steam released within the drywell boundary is
generally relieved through the annulus between
the weir wall and drywell wall, out through the
submerged vents, and into the wetwell water vol-
ume, where the remainder of the steam is
condensed.

The SRVs discharge through quenchers lo-
cated at the bottom of the suppression pool. Vacu-
um breakers located in the drywell on the SRY
tailpipes prevent the tai!pipes from drawing water
up from the suppression pool as the steam in the
lines condenses following SRV closure,

The Grand Gulf reactor vessel is supported by
a 5.75-ft thick cylindrical pedestal. Exterior to
the pedestal is a 9-ft thick concrete support mat
that sits above the foundation mat and extends
from the reactor support pedestal to the base of
the drywell weir wall. The cavity within the ped-
estal is 21 ft 2 in. in diameter and 6 ft 3 in. deep
from the basemat to the top of the reactor pressure
vessel (RPV) pedestal mat. Molen core debris
from a postulated failure of the RPV bottom head
would likely be contained within the pedestal
cavity. Should corium attack cause the pedestal to
fail, a resulting vessel movement would likely
initiate a suppression pool bypass because of seal
failures of attached piping at the drywell and con-
tainment boundanes.

During normal plant operations at Grand Gulf,
equipment and floor drains in the drywell drain to
sumps located in the in-—-pedestal cavity. There are
two 460-gal sumps, each of which is equipped
with two S0-gpm ac-powered level control
pumps. Each sump has a single 4-in. discharge
line common to the two level control pumps, This
discharge line is equipped with a pair of normally
open, air-operated isolation valves in series.
These valves wili automatically close during cer-
tain conditions, namely, reactor vessel low water
level-—Level 2, high drywell pressure, loss of
control air, or loss of power to the solenoid pilot
valve, and can also be closed by remote manual
operation from the control room. Fluid from the

two active sumps is normally discharged to
two 5000--gai auxiliary building drain transfer
tanks, and from there to equipment and floor
drain collection tanks in the radwaste building.
The drywell floor drain collection sump has four
ficor drain lines from the 100 ft 9 in. level of the
drywell. The floor drains are each 4-in. lines that
feed two B-in. drain headers, one of which is re-
duced to 6 in. before discharging to the floor drain
sump. During severe accidents, the sump dis-
charge lines will isolate and the sump pumps may
experience loss of power, allowing the sumps to
overflow. The drain lines into the sump will pro-
vide a flow path for water accumulating on the
drywell floor. Because the sumps are equipped
with well-fitted, but not water-tight steel piate
access covers, flooding of the pedestal will be
possible before water levels on the drywell floor
reach the pedestal access and CRD removal open-
ing. The rate at which flooding of the pedestal
cavity occurs is limited by the rate of leakage
from the sump vent (approximately a 1/2-in. line)
or from around the sump cover. There should also
be a flow path from the pedestal cavity floor into
the sump, but it is not shown in the Grand Gulf
FSAR. As discussed later in this report, the rate at
which the cavity can be filled through the floor
drain lines is an important consideration in deter-
mining the potential for a steam explosion should
a severe accident progress to the point of RPV
failure.

The containment internal design pressure is
IS psig for all Mark [lls. There is a significant
margin between the design pressure and the max-
imum design basis accident (DBA) pressure for
both the containment and drywell structures. The
peak containment pressures calculated for design
basis accidents occur during the long-term phase
of a main steamiine break when the peak suppres-
sion pool temperatures are reached. Several anal-
yses have estimated the Mark Iil ultimate
containment pressures to be significantly higher
than the design pressure, with values ranging
from 55 to 100 psig.' The higher ultimate
strengths are associated with the free-standing
steel designs of Perry and River Bend.

All of the Mark 11l plants, with the exception of
River Bend, have a containment spray operating
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mode for their residual heat removal (RHR)
systems. In addition to the LPCI mode discussed
earlier, RHR can also be used to remove energy
from containment when aligned in either the
suppression pool cooling mode or the contain-
ment spray mode. Two RHR pump trains circu-
late suppression pool water through two heat
exchangers and back to either the suppression
pool or the containment spray nozzles. Contain-
ment sprays are initiated automatically during a
loss~of-coolant accident (LOCA) ten minutes “J-
ter the containment pressure exceeds the spray
initiation setpoint. The containment sprays will
condense steam in the containment and scrub
non-noble gas fission products. Vacuum breakers
are installed in the drywell, which communicate
with the suppression pool air space to control rap-
1 weir wall overflow in a large break LOCA.
Drywell vacuum relief is not required to assist in
hydrogen dilution or to protect the structural in-
tegrity of the drywell following a large break
LOCA.? (River Bend has neither a containment
spray system nor drywel! vacuum breakers, How-
ever, it does have a unique safety-grade fan cool-
er system.) The Perry FSAR specifies elemental
and particulate iodine removal rates of 2.5/h and
0.88/h, respectively for the corn.ainment spray
system. The Grand Gulf containment spray sys-
tem elemental and particulate 10dine removal
rates are stated as 6.7/h and 1.66/h, respectively.
The Clinton FSAR did not address the use of con-
winment sprays for fission product control.

Combustible gas control is provided by hydro-
gen mixing systems, containment purge systems,
post=LOCA hydrogen recombiners, and hydro-
gen ignition systems (HIS). Hydrogen mixing
systems are installed in each of the four Mark 111
plants, although the specific designs vary from
plant to plant. At Grand Gulf and Perry, contain-
ment air is torced into the drywell where it mixes
with hydrogen in the drywell volume. Return air
flow to the containment passes through the sup-
pression pool vents. At Clinton, air from the dry-
well is exhausted to spargers located below the
suppression pool surface and return air flows
through the containment vacuum breakers into
the drywell. At River Bend, funs in the upper dry-
weil exhaust to the containment air space while

return air enters through two lines located just
above the suppression pool, Containment purge is
provided at each of the plants. The purge system
utilizes the filter trains of the standby gas treat-
ment systems (SGTS) (annulus exhaust gas treat-
ment system at Perry) to filter releases from
containment. Containment makeup air is
provided by air compressors that draw from
outside air.

The post-LLOCA hydrogen recombiners,
which are present at each of the plants, are de-
signed to control long~term containment hydro-
gen concentrations produced as a result of:

. Metal-water reactions involving the
zizconium fuel cladding and the reac-
tor coolant

2. Radiolytic decomposition of the post-
accident emergency cooling solutions

3. Corrosion of metals by solutions used
for emergency cooling or containment
spray.

If ac power 15 available, the recombiners can be
used from the onset of an accident in which se-
vere core damage has resulted. The recombiners
cannot, however, control the large-scale genera-
tion of hydrogen that would be expected to occur
during a core degradation event.’ Their recombi-
nation rate of 100 scfm was designed to protect
against the hydrogen generation rates occurring
during and after a design basis LOCA, not against
the higher rates occurring during the core degra-
dation phase of a severe accident. At these higher
rates, hydrogen production will overwhelm the
recombiners, allowing flammable concentrations
to be reached, and the recombiners to become a
nondistributed ignition source.

Hydrogen control at the rate required during
postulated degraded core accidents relies,
instead, on distributed ignition systems that are
installed at each of the plants. There are ac~-
powered ignitors distributed throughout the con-
tainment and drywell, designed to burn the
hyvdrogen in such a manner that containment
overpressurization from hydrogen combustion
does not occur.
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3. DOMINANT CORE DAMAGE SEQUENCES

In this section, dominant accident sequences
leading to core damage a-e discussed, with Grand
Gulf being used as the Maii 'l reference plant.
The iatest NUREG/CR-4550 analysis of Grand
Gulf (July 19%9) has defined the dominant se-
quence classes 10 be those with a frequency great-
er than 1.0 x 10 per reactor-year.* Four classes
of sequences have been identified that meet this
criterion. They are short-term station blackout
(SBO), long-term SBO, anticipated transients
without scram (ATWS), and transients with loss
of the power conversion system (PCS).

The importance of each class of sequence with
respect to total core damage frequercy is shown
in Table 3-1. The largest contributors to core
damage frequency are clearly those sequences in-
volving SBO. Next in importance are the ATWS
sequences (designated as TCUX). Least signifi-
cant among the dominant sequences are those that
result from transients with a loss of the PCS, des-
ignated as TQUX. Together these sequence
classes contribute more than 99% of the total
Grand Gulf core damage frequency. Note that the
Draft NUREG-1150 Grand Gulf core damage
profile differs significantly from past Grand Gulf
nisk assessments (RSSMAP and IDCOR studies),
because of the predominance of SBO as a con-

tributor to core damage instead of non-blackout
sequences.

3.1 Plant Damage State
Groupings

For the purpose of the accident progression
analysis, it is convenient and useful to group acci-
dent sequences with similar characteristics inio
plant damay» states (PDSs). Reference 5 used
12 PDS: to encompass all of the Grand Gulf
dominant accident sequences, as identified in
Table 3-2. For more details, refer to Keference 5.

There are five dominant PDSs that together
comprise 98% of the total core damage frequency
(CDF) at Grand Gulf. The dominant PDS (PDS 1,
contributing 79% of CDF) is initiated when a loss
of offsite power (LOSP) generates a successful
reactor scram, foliowed by a loss of all three divi-
sions of onsite ac power. The SRVs function to re-
lieve the pressure transient caused by the closure
of the turbine stop valves, and reactor water level
drops below Level 2 as a result of decay heai-
induced boiling. The automatic depressurization
system (ADS) fails. RCIC fails to start and the
core 18 uncovered, resulting i core damage with
the reactor at high pressure,

Table 3-1.  Grand Gulf dominant accident sequence contributions to core damage frequency

Sequence

Designator
TBU or TBUX

Accident Class

Short-term SBO

Long-term SBO 8B
ATWS TCUX
Loss of PCS TQUX

a.  Reactor year

Contribution to
Core Damage

Mean Frequency Frequency
(per_ry?) (%)
3 RE-06 94,2
1. 1E~07 2.6
1. 1E-07 2.6
1.3E-08 <




Table 3-2.  Grand Gulf plant damage states

PDS Group Sequence Type

PDS | Short-term SBO

PDS 7 Short-term SBO

PDS 3 Short-term SBO

PDS 8 Long-term SBO

PDS 10 Long-term ATWS
PDS 9 Short-term ATWS
PDS 2 Short-term SBO

PDS 4 Long-term SBO

PDS 11 Short-term loss of PCS
PDS 6 Long-term SBO

PDS 5 Long-term SBO

PDS 12 Long-term loss of PCS

-———

a.  Reactor year.

Contribution
Mean Frequency to CDF

(per ry") S ./ I
3.2E-06 79
4 3E-07 11
1. 8E-07 4
6.6E-C8 2
6.3E-08 2
5.0E-08 |
4 RE-08 ]
3 9E-08 |
1.2E-08 <l
2.0E-09 <<l
1.2 09 <<
2.7E-10 <<

The second most significant PDS (PDS 7) is a
short-term SBO and is responsible for 11% of the
total CDF, In this PDS, offsite power is not recov-
erable because of common mode failure of the
station batteries, which also prevents operation of
the diesel generators. Core damage occurs in the
short term with the reactor at hign oressure; de-
pressurization and RCIC operation arc not possi-
ble because of the loss of dc¢ power.

The third larg .. contributor to CDF, PDY" 3,
another short-term SBO (LOSP and failure of (he
diesel generators), contributes 4% of the total
CDF, Core damage occurs at high pressure and
containment heat removal via the containment
sprays is not available in the event that ac power

is recovered. Core damage results because RCIC
and ADS fail. By using the available dc power,
the fire water system (FWS) can be used for in-
Jection if the reactor can be depressurized.

The next most significant PDS (PDS 8) is a
long-term SBO that contributes 2% of the total
CDF. RCIC operates properly in this FDS until
the RCIC turbine trips on high backpressure.
During this time, the SRVs are properly limiting
reactor pressure. After the RCIC turbine trip, the
reactor is depressurized and firewater is con-
nected as a source of reactor water makeup. The
SRVs eventually fail due to battery depletion, but
the reactor is able to be depressurized by using
the RCIC steam line. However, the operators fail
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to maintain pressure below the firewater shutoff
head, and core danisge resulis when firewater in-
Jection is lost. Core damage occurs at high pres-
sure and offsite power is not recovered within
12 hours and then is not recoverable because of
the subseguent loss of dc power caused by battery
depleton.

The fifth largest contributor to CDF is PDS 10,
a ‘'ong-term ATWS involving closure of the main

e ER——— T T T — SRR,

steam isolation valves (MSIVs), contributes
2% of the total CDF. Coolant injection is lost late
because of HPCS failure. Top cutsets involve
mechanical failures of the pumnp and faults related
to room heatup. Core damage occurs in the long
term and with the vessel at high pressure because
of operator failure to depressurize.

The remaining PDSs contribute <2% of the
total U'DF and are not discussed further.
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4. CONTAINMENT CHALLENGES AND FAILURE MODES

This section provides a discussion of the con-
tainment challenges and failure modes resulting
from the PDSs described in Section 3. These
challenges include gradual (quasistatic) overpres-
surization, hydrogen-induced overpressuriza-
tion, steam spike~induced overpressurization,
and overpressurization as a result of gases gener-
ated by core~concrete interaction (CCI).

4.1 Inadequate Containment
Heat Removal

Inadequate containment heat removal will
cause the containment to pressurize gradualiy
over a period of several hours to several days.
Pressurization occurs because the containment
heat removal capability is inadequate for the rate
at which energy is being added, resulting in even-
tual saturation of the suppression pool and loss of
the pressure suppression function. The associated
containment failure mode i1s leakage or rupture
that is sufficient to prevent further pressurization,
The potential for mitigation is dependent on
(a) reducing the rete of energy addition to con-
tainment, (b) enhancing containment venting
capabilities, or (¢) increasing containment heat
removal capability,

4.1.1 Definition of Challenge. Overpressure
challenges due to an imbalance between the ener-
gy addition rate to containment and the energy re-
moval rate from containment typically are the
result of either loss of long-term heat removal
(TW) or AT'WS sequences. The most recent Draft
NUREG/CR-4550 analysis of Grand Gulf found
TW to be a nondominant sequence, principally
because early containment {ailure does not pres-
ent a challenge to core integrity at Grand Gulf * In
this respect, Grand Gulf differs from the earlier
Mark I and Mark Il designs, in which contain-
ment failure can lead to a loss-of-coolant injec-
tion. This result may be generic to the Mark [I1
plants, because the BWR/6 ECCS pumps are
capable of pumping saturated water, and because
the likely containment failure location may not
present an operability threat to equipment located

in the auxiliary building. However, ATWS is sig-
nificant and results in both long- and short-term
plant damage states. The long-term plant demage
state, by definition, will result in suppression pool
heating of sufficient duration to cause an early
overpressure challenge, i.e., before core degrada-
tion. However, the CDF associated with ATWS at
Grand Gulf may have been overestimated, as dis-
cussed below.

In the ATWS sequences analyzed for Grand
Gulf in Draft NUREG/CR-4550.* failure to actu-
ate the SLCS was combined in the human factors
analysis with failure to depressurize ihe RPV;
these two events, although separate on the event
tree, were treaied as one dependent event in the
sequence cut sets. If failure to actuate the SLCS
were to be treated as a separate event in the se-
quence cut sets, the mean ATWS sequence fre-
quency could decrease by approximately one
order of magnitude from the curren” NUREG/
CR-4550 result* As a result of combining the
SLCS actuation failure with failure to depressu-
rize, no SLCS hardware faiiures appear in the se-
quence cut sets. Table 4.8-4 in the 1989 draft of
NUREG/CR-4550 indicates that these probabili-
ties are dependent, although treating them as in-
dependent (i.e., multiplied together) may be more
accurate.! If SLCS initiation failure were sepa-
rated from failure to depressurize, and a large:
human error probability were used, the SLC¢
hardware failures could become more important

The two dominant cut sets in the long~term
ATWS plant damage state involve failure of the
HPCS suction transfer from the CST to e sup-
pression pool (sequence 74-B in Reference 4).
The fault tree model used to generate these cut
se(s appears to be excessively conservative and,
although the HPCS fault tree does not explicitly
show it, the discussion in Reference 4 indicates
that this transfer is questioned at the point of low
level in the CST, not high level in the suppression
pool (which occurs first).* With a minimum of
100,000 gal in the CST reserved for HPCS, and
with HPCS injecting at ~1000 gpm (the reactor is
not depressurized in this sequence), low level in
the CST would not be reached for at least
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4.1.2 Potential Fallure Modes The specific
containment failure mode associated with inade-
quate containment heat removal will be leakage
of rupture caused by quasistalic overpressuriza-
tion. The most likely failure location is at the head
knuckle for steel containments, although both the
cylinder wall and the personnel airlock have also
been identified as possible failure locations.'
(Reference | summarizes the probable contain-
ment failure locations for quasistatic overpressur-
ization.) Estimated failure pressures range from
55 10 100 psig, depending on analysis technigue
and failure criteria used. The Perry containment,
with its free-standing steel construction, is pre-
dicted to have an ultimate pressure of 100 psig,
with failure occurring at the head knuckle. The
Grand Gulf containment, with its reinforced
concrete design, is predicted to fail a1 55 psig.
with failure oceurring at the cylinder near the
springline,

4.1.3 Potential for Mitigation. Containment
venting could be used to proect the containment
from inadequate heat removal. Venting proce-
dures that ase in accordance with the EPGs are in
place at Grand Gulf, and the existing vent path
could reasonably be expected to prevent over-
pressurization during ATWS scenarios. The vent
path is composed of twe 20-in. lines made up of
hard pipe and heating, ventilating, and air condi-
tioning (HVAC) ducting. Failure of the HVAC
duct portion of the path would not necessarily
create adverse environmental conditions in the
auxiliary butiding that would force an end to
recovery efforts.

4.2 Hydrogen-Related
Challenges

Hydrogen deflagrations and detonations could
lead to containment failure from both quasistatic
and dynamic overpressurization. Prolonged dif-
fusion burns can cause failure of sealing materials
in the drywelt, and at the containment boundaries.
The consequences of failures resulting from
hydrogen combustion are aggravated by the pos-
sibility of simuitaneous failure of both the con-
tainment and drywell. This creates the possibility
of a highly energetic release that is unfiltered by

suppression pool scrubbing. The probawility that
combustion will occur and create a pressure load
capable of faiiing containment is relatively high
for the dominant Grand Guif plant damage
states.” Because of the relatively high probability
of combustion-induced overpressure failures,
and because of the severity of the resulting re-
leases, hydrogen-related challenges are the most
risk-significant category of containment chal-
lenge at Grand Gulf.

Hydrogen—-induced overpressurization is
prominent at Grand Gulf because the contain-
ment is not inerted, and because the ac-powered
HIS will not function during SBO sequences,
which dominate the core damage and risk pro-
files. During short-term SBOs, hydrogen defla-
grations and detonations can occur as the result of
spontaneous ignition. During some long-term
SBOs, the containment is postulated to become
steam-inerted. However, should the plant recover
power after the onset of core damage, hydrogen
deflagrations and detonations can still occur, be-
cau-* containment spray operation (if available)
will ondense steam from the containment atme-
sphere. An ignition under these circumstances is
likely and could have severe consequences due to
the large wmount of hydrogen available for
combustion.

Actions with the potential to reduce the conse-
quences of combustion are: (a) ensuring ignition
oceurs while hydrogen concentrations are within
the range of 4-6 v/o, (b) post-accident inerting of
the containment, and (¢) removal of hydrogen
and oxygen (along with fission products) via con-
tainment venting.

4.2.1 Definition of Challenge. Oxidation of
Zircaloy and stainless steel core components dur-
ing core damage produces the hydrogen that
threatens containment integrity in severe acci-
dents, The source of Zircaloy is the fuel cladding
and channel boxes. The stainless steel in the con-
trol rod sheaths may also react to generate hydro-
gen, but to a much lesser extent. Several analyses
have heen documented that predict the amount of
hydrogen generated during postulated core dam-
age events at Grand Gulf. The results obtained
differ widely depending on the analytical tool and
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key assumptions used in developing the analyt-
cal model.

IDCOR published (in March of 19585) the re-
sults of MAAP calculations for T,QUYV, AE,
T51QW, and T3C sequences.” These sequences,
as defined by IDCOR, differ substantially from
the current Draft NUREG-1150 dominant core
damage sequences, making useful comparisons
difficult. However, the T\QUYV sequence 1s simi-
lar enough to the Draft NUREG-1150 short-term
SBO sequence to provide useful insights into the
kinds of results that are obtained with the MAAP
code. The IDCOR T,QUYV sequence assumes -
initiator that results in the complete loss of injec-
tion when both the main feedwater and conden-
sate systems are unavailable. Thus, neither the
primary injection system nor containment heat
removal is available, The key difference between
the IDCOR sequence and the Draft
NUREG-1150 short-term SBO sequence 1s that
the IDCOR analysis assumes the operators de-
pressurize the reactor when reactor water level
drops to Level | (~<20-30 in. above TAF), Core
damage occurs at low pressure, resulting in the
release of up to 0.05 Ibm/sec of hydrogen gas.
Because MAAP assumes channel blockage by
molten fuel and cladding, the reaction is pre-
dicted to become limited by steam starvation, and
to result in the release of only 10 Ibm of hvdrogen
from in-vessel production sources. A total re-
lease of 3000 Ibm is predicted, nearly all of which
results from reactions occurring in the debris bed
after vessel failure,

IDCOR ran a variation of the T\QUYV sequence
to study the effects of failure o depressurize on
the amount of hydrogen generated. This se-
quence, in which core damage occurs at high
pressure, is very similar to the short-term SBO
sequences currently responsible for 94% of the
core damage frequency at Grand Gult. With no
depressurization before vessel failure, MAAP
predicts 430 Ibm of hydrogen will be generated
by in-vessel oxidation, as opposed to 10 Ibm
when the vessel is depressurized at Level 1. The
total amount of hydrogen produced in this case is
also higher, at 3,200 [bm as opposed to 3000 1bm
when the vessel is depressurized at Level |

Battelle has publizhed the results of STCP cal-
culations for short-term SBO, long-term SBO,
and ATWS sequences.* Their short-term SBO
analysis (TBS in their nomenclature), which is
very similar to the IDCOR T,QUYV sequence with
depressurization at Level |, shows 39% of the ac-
tive fuel cladding will oxidize before ve.ou.
breach. The referenced report does not state the
mass of hydrogen released, either before vessel
breach or later, during reactions in the debris bed.
However, the long-term SBO sequence is stated
to result in the oxidation of 32% of the active fue!
¢lad, 12% of the Zircaloy in the channel boxes,
and 10% of the stainless steel in the control blade
sheaths, for a total of 26% of the Zircaloy in the
core. With only 32% of the clad reactad, this se-
guence resulted in the generation of 2000 Ibm of
hydrogen by the time of vessel breach. Because
the long-term SBO sequence assumes injection
from RCIC until battery failure at 6 hours, and
subsequent core damage at high pressure due to
failure to depressurize, this sequence is not direct-
ly comparable to any of the IDCOR analyses de-
scribed above.

The Draft NUREG 1150 analysis of the short-
term SBO sequence is based on preliminary
MELCOR and BWR-LTAS calculations.® These
calculations have not yet been published, but re-
sults have been made available to CPI personnel
in the form of a pre~draft report. The MELCOK
portion of the analysis, used to determine con-
tainment response after core uncovery, predicts
an average hydrogen production rate of 0.24 Ibm/
sec from the onset of Zircaloy oxidation until ves-
sel breach, which occurs approximately 3 hours
later. A total of 2700 Ibm of hydrogen is gener-
ated before vessel bru ¢h, followed by an addi-
tional 820 Ibm after vessel breach. Another 1320
Ibm is predicted to be generated during CC1.

The SNL MELCOR analysis utilizes a hybrid
BWR/6 model that was scaled up from an
existing La Salle BWR/S input deck. In addition,
the containment model was designed with a

a S E. Dingmanetal, MELCOR Analyses for Ac-
cident Progression Issues, to be issued.



relatively coarse nodalization scheme in the inter-
est of time

Most of the hydrogen generated from in-vessel
oxidation is trunsported to the suppression peal
through the SRVs, Hydrogen is noncondensible
and has minimal solubility in water; therefore,
hydrogen released into the suppression pool will
generally relocate into the containment air
spaces. Hydrogen leaving the suppression pool
will tend to stratify in the upper regions of the
containment in the absence of a mixing force.
Quarter Scale Test Facility results have provided
some evidence that enough mixing occurs in the
containment to prevent this stratification. There-
fore, if the ignitors have been turned on and are
operational during core degradation, hydrogen
should ignite as it evolves from the pool surface,
as was evidenced in the Quarter Scale Tests, The
result would be a diffusion flame that may persist
at locations above the SRV discharge into the
suppression pool. The nature of the containmeni
challenge resulting from a diffusion flame will
depend very strongly on the rate and duration ¢!
the hydrogen release through the SRV, If the
burn persists long enough, elastomeric seals in
both the containment and drywell could be threat-
ened by overtemperature. In addition, there is a
chance that the wetwe!! <to-drywell vacuum
breakers could be failed by the hot gases that re-
su!t from the diffusion burns. This failure would
create a large suppression pool bypass path. This
tailure mechunism was modeled in the latest
Draft NUREG--1150 accident progression analy-
sis for Grand Gulf.® Analysis by ORNL for the
CPI program indicates that this is an unlikely fail-
ure miode at Grand Gualf® Finally, containment
overpressurization is not considered to be a likely
result of a diffusion burn,

In sequences where there is some probability
of an SRV tailpipe vacuum breaker sticking open,
some of the hydrogen generated in-vessel will re-
lieve through the stuck-open vacuum breaker to
the drywell. Pre~draft NUREG~1150 MELCOR

i S R, Greene et al., The Response of BWR Mark
HI Containment to Short-Term Station Blackour Se-
vere Accident Sequences, to be issued

analyses (S.E. Dingman et al. draft report) indi-
cate that blowdown of steam and hydrogen to the
drywell will tend to push air out into the wetwell
through the suppression pool vents, leaving the
drywell atmosphere inert to hydrogen bumns, A
stuck-open tailpipe vacuum breaker could, if it
failed open during peak release, cause flammable
conditions in the drywell for approximate!y 20
min before the drywell inerted from e‘ther steam
buildup or oxygen depletion The referenced
analysis states that, under these conditions, the
hydrogen released from the RPV would be hot
enough to autoignite and would burn as a jet at the
release point. Calculations predict that it would
take 500 sec for the hydrogen burn to deplete the
oxygen in the drywell and that the resulting pres-
sure rise would not challenge containment integ-
rity. Therefore, while there is some chance of a
hydrogen burn in the drywell prior to vessel
breach, containment integrity is not likely to be
challenged as a result.

During SBO, none of the installed hydrogen
control systems will be operable because of the
unavailability of ac power, and the possibility ex-
ists that hydrogen may accumulate in the wetwell
in explosive concentrations before a random igni-
tion trigger occurs. However, the absence of an
assured ignition source creates a very uncertain
situation in these sequences. Hydrogen burns
nave occurred in systems with no moving parts or
elecirical components. However, there is no guar-
antee that sponrtaneous ignition will occur at hy-
drogen concenirations low enough for the
resulting burn to be benign. If either a deflagra-
tion or detonation occurred, it would likely occur
in the wetwell and both the drywell and contain-
ment would be vuli erable to overpressure failure,

In long-term SBO sequences, the SRV dis-
charge will heat the suppression pool to its satura-
tion temperature prior to the onset of core
degradation. This makes steam~inerting of the
wetwell likely, Assuming recovery of offsite
power after the onset of core damage, operation
of containment sprays could potentially deinert
the containment atmosphere after large amounts
of hydrogen have accumulated in the wetwell.
Should this happen, both the containment and
drywell could be faiied by a deflagration or



detonation. Note that if the operators at Grand
Culf cannot verify that power has not been lost to
the ignitors, procedures instruct them to prevent
power from being restored to the ignitors. Fur-
thermore, during site visits to Grand Gulf as part
of the NUREG-1150 effort and separately, as part
of the CPI program, no trigger sources for hydro-
gen ignition could be identified. Therefore, igni-
tion under blackout conditions would have to be
either spontaneous or the result of operator error.
Finally, it should be noted that containment
sprays are unavailable in the dominant long~term
SBO PDS at Grand Gulf as a result of failures in
the service water system. Therefore, recovery of
sprays is not possible. However, this may not be
applicable to the other two Mark 111 plants with
containment sprays, Perry and Clinton.

When the accident progresses to the point of
vessel failure, - ny hydrogen remaining within the
reactor vessel will be released to the drywell,
where the molten core material will provide an ig-
nition source, but the hydrogen will be released
along with any water or steam remaining in the
vessel. This may result in immediate inerting of
the drywell atmosphere as air, steam, and hydro-
gen are pushed out of the drywell through the
suppression pool vents. Furthermore, the molten
fuel will likely be released into a flooded reactor
cavity. Sufficient water 1s likely 10 be present to
quench the fuel and slow any oxidation pro-
cesses. However, the presence of water in the in-
pedestal area at the time of vessel failure presents
the possibility of an energetic FCI (steam spike or
steam explosion),

After vessel breach, hydrogen production may
continue, both in core debris remaining in the
vessel, and in debris scattered about the drywell
and in—-pedestal cavity. However, the main source
of hydrogen preduction will be the thermal de-
composition of concrete floors and walls in the
drywell. CCI generates large amounts of carbon
dioxide and steam. When these gases pass
through partially molten core debris, they oxidize
the zirconium and other metals in the debns, pro-
ducing hydrogen gas and carbon. Later, the car-
bon will react with steam and carbon d.oxide,
evolving more hydrogen along with carbon non-

oxide.” The MAAP calculations in Reference 7
predict hydrogen production after vessel breach
to be the dominant source of hydrogen during
short<term SBO sequences., The above-
referenced STCP and MELCOR calculations
both indicate that hydrogen production after ves-
sel breach is secondary in importance to in-vessel
production.

4.2.2 Potentlal Failure Modes. The Con-
tainment Performance Working Group (CPWG)
analyzed local pressure and temperature histories
during diffusion-type hydrogen burns.” Their
analysis covered the case where hydrogen is re-
leased to the wetwell through the SRVs during
core degradation, Local heat fluxes on the dry-
well and containment walls were caloulated and
the impact on elastomeric sealing materials was
assessed. The CPWG concluded that local heat
fluxes caused by diffusion burns at the suppres-
sion pool surface do not degrade either the dry-
well or containment seals,

The containment response to the slow pressur-
ization caused by a diffusion burm was also ana-
lyzed. The CPWG analysis assumed that 65% of
the zirconium in the cladding was oxidized, and
that the resulting hydrogen was bumned continu-
ously as it was released into the wetwell. The re-
sulting pressure increase was calculeted to be no
more than 15 psi. The CPWG assessed the proba-
bility of containment failure by this mecnanism to
be extremely low.”

More recent SNL MELCOR studies (S, E.
Dingman et al. draft report) generally confirm the
CPWG conclusions for diffusion burns and pro-
vide additional insight into the likelihood of con-
tainment failure from the more rapid burns that
characterize deflagration or detonation. MEL.-
COR will identify detonable mixtures based on
user~ supplied detonation limits, but cannot pre-
dict hydrogen detonation or the pressure spike
caused by a detonation. Only rapid hydrogen
burns at user-specified concentrations and flame
speeds can be analyzed. Note, also, that
MELCOR cannot accurately model diffusion
burns because it is a control volume code that
assumes a uniform concentration throughout the
control vohune, Again, it should be noted that the
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Mark 111 MELCOR containment model used by
SNL was coarsely nodalized, which means that
more hydrogen would be required to be inside
containment before the code would predict bumn-
ing (or pseudo-detonation), thus resulung in larg-
er than anticipated pressure spikes. A more
detailed model should allow burning at the pool
surface. MELCOR calculation performed by
ORNL used a finer nodalization for Mark 111
containment analysis. The ORNL calculations
showed a significantly lower containment pres-
sure for diffusion burns. The ORNL results com-
pare favorably with the HCOG Quarter Scale
Test. Some SBO sensitivity calculations by SNL
indicated that wetwell hydrogen deflagrations are
capable of simultaneously failing both the con-
tainment and drywell by overpressure. These
high--pressure burns correspond to relatively high
values for initial containment pressure, hydrogen
concentration, flame speed, and percent burn
completion, and are characteristic of deflagra-
tions or detonations rather than diffusion burns,

The results from the MELCOR analyses, as
well as the HECTR, MARCH2, MARCH3, and
MAAP analyses published in a number of sepa-
rate reports, were evaluated by an expert panei.
The panelists estimated the probability of hydro-
gen combustion generating enough of a pressure
load to threaten containment integrity.® The issue
was defined both in terms of the probability that
hydroger. combustion will occur prior 10 vessel
breach, and in terms of the probability that, given
combustion occurs, either the containment or the
drywell will fail from the resulting pressure load.
The panelists did not address the possibility of ig-
nition, or the probability of containment failure
after vessel breach, They presented their results in
terms of cumulative probability distributions for
the expected containment load resulting for each
of four distinet ranges of hydrogen concentration.
These curves, reflecting the experts’ degree of
belief that a particular combustion event would
be capble of failing containment, were used in
quantifying the Draft NUREG-1150 Grand Gulf
accident progression event trees.

The findings of the expert panel indicate that
the probability of ignition in the wetwell can be as

high as 0.8 when core damage occurs with the
reactor at high pressure For hydrogen concentra-
tions between 4 and 8 v/o, the probability of the
containment surviving the maximum deflagra-
tion is essentially 1.0. At concentrations above
16 v/o, the probability that the containment will
survive the maximum deflagration arops to near-
ly 0, and the probability that the drywell will sur-
vive drops to less than 0.20. These numbers are
for high initial steam concentrations in the
containment. At low initial steam concentrations,
these numbers vary somewhat but are still indica-
tive of a high probability of containment and dry-
well {ailure for high hydrogen concentrations,

4.2.3 Potential for Mitigation Mitigating the
consequences of hydrogen—related challenges s
dependant on the ability to burn the hydrogen in a
controlled manner as it is formed, so that danger-
ous concentrations are avoided. This approach
has a high probability of success as long as power
1s maintained to the KIS. It is during SBO, when
the normal ignitor power supply is lost, that this
approach tails, Possible solutions include provid-
ing uninterruptible backup power that will be
available during SBO, or relying on catalytic ig-
nition systems that do noi require electric power.

During some long-term SBO sequences, the
potential for the accumulation of dangerous con-
centrations of hydrogen exists even with the igni-
tors turned on. In these sequences, the
containment is inert dunng hydrogen generation
due to the presence of large amounts of steam.
Containment deinerting can result from contain-
ment spray actuation when power is restored. A
solution to the steam-inerting aspect of the hy-
drogen challenge might be to ensure that the con-
tainment can be inerted intentionally and kept
inert for the duration of any postulated severe
accident. This could be accomplished by post-
accident inerting with gas injection systems,
Haion injection systems, or water fog systems, all
of which have been considered in previous
studies.

Post-accident inerting by gas injection was
studied in the April 1987 draft of NUREG/
CR-4551 for Grand Gulf.'"” The system studied
relied on the njection of carbon dioxide gas to
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approximately two-thirds uncovered, in accor-
dance with Revision 3 of the EPG.

4.3 Rapid Steam Pressure,
Missiles, and Direct
Containment Heating

The containment challenges described in this
section all occur very near the time of vessel fail-
ure and belong to the broader classification of
carly containment failure challenges. Included
are in-vessel phenomena such as rapid steam
pressurization and missiles generated at the time
of core collapse, and ex-vessel phenomena oc-
curring at the time of vessel failure, such as direct
containment heating (DCH) and ex-vessel steam
explosions. Because the creation of missiles with
sufficient energy to fail the containment is not
considered likely,'? the predominant containment
failure mechunism in this caiegory is dynamic
overpressurization.

4.3.1 Definition of Challengé. Rupid steam
pressurizations and steam explosions, both within
and external to the reactor vessel, are character-
ized by rapid fragmentation of molten fuel as it is
quenched in water, resulting in & large and rapid
transfer of thermal energy to the coolant. This in
(urn leads to steam generation, shock waves, and
possible mechanical damage. The Severe Acci-
dent Risk Reduction Program (SARRP) analysis
of these phenomena relied on expert opinion to
quantify the vessel failure mode, the amount of
core participating in the reaction, and the result-
ing pressure rise from both in-vessel and ex~
vessel reactions. '’

Experts determined from the NUREG-1150
analyses that the status of the in-pedestal cavity
at the time of vessel breach has a major impact on
the probability of a rapid steam pressurization
event. They agreed that it is statistically certain
that the Mark [l drywell wiil be flooded at the
tume of vessel failure during ATWS sequences
with upper containment pool dump, and that the
probability of flooding is greater than 80% during
SBO sequences that preclude upper pool dump.
The primary cause of drywell flooding is the ma-

nomeier effect that results from quasistatic pres-
surization of the wetwell, This flooding occurs
when the pressure in the wetwell becomes high
enough to lift the suppression pool level in the
drywell over the top of the weir wall. The pres-
sure differential required is at a minimum when
both the suppression pool and the upper contain-
ment pool are both filled to the top of their reéspec-
tive operating ranges, and the upper containment
pool is then dumped into the suppressior pool.
The Grand Gull FSAR states that, under these
conditions, a wetwell pressure 0,16 psi higher
than the drywell pressure will cause overflow of
the weir wall, The ~=ouired pressure will be high-
er when the respc...ve pool levels are at their
lower limits, or whe - 1., “2per containment pool
has .ot been dumpea, . would be the case in
SBO sequences. The amount of water in the sup-
pression pool prior to vessel breach, and hence
the differential pressure required to cause flood-
ing, is sequenrce-specific. During sequences in
which core d. mage occurs in the long term, a sig-
nificant volume »f water may have been injected
into the reactor vessel from the CST, or from oth-
er sources such as fire water. Most of this water
will be boiled off to the suppression pool before
the onset of core damage. In addition te the extra
inventory from reactor vessel blowdown through
the SRVs, the suppression pool water will be
undergoing volumetric expansion caused by
energy addition from condensation of the SRV
discharge.

The extent to which the wetwell is pressurized
with respect to the drywell is also sequence-
specific. During SBO accident sequences, the
wetwell-to-drywell vacuum breakers will not be
functional, because the motor-operated Jamper
is normally closed. and would require ac power to
open. Leakage from the wetwell back to the
drywell can still occur but only at Technical
Specification-allowed leakage rates, which are
estimated to be too low te offset wetwell pressur-
ization from evaporation of the suppression pool,
and frem the accumulation of hydrogen released
throug | the SRVs during core degradation,

A number of calculations have been performed
to determine the extent of drywell flooding. Cal-
culations performed with BWR-LTAS did not



predict drywell flooding, perhaps because the
drywell-to-weiwell leakege a 2 used was
four tmes the nominal velue dewimined from
leak rate tests ot Grand Gulf. A second calcula-
tion performed using the HECTR code with the
same assumed leakage area and drywell heat load
did predict drywell Nlooding (to a depth of 3 ftin
the drywell and 9 to 10 ft in Ui o0 ped. tal cay-
ity). SNL MELCOR calculations in the dral’ se-
port by Dingman have confirmed the HECTR
cesult and have indicated that flooding during
SBO is very dependent upon the rate of in- essel
hvdezen production, with higher generi.ton
rates auking flooding more likely. These caleu-
la* ons have also shown that hydrogen bumns in
the wetwell can cause a sufficient pressure differ-
ential 1o flood the drywell. MELCOR calcula-
tions performed by ORNL for the CPl program
also predict Arywe!l flooding as a result of hydro-
gen diffusion burns when no or inadequate mi*
pative actions are taken (see S.R Greene et al,
draft report).

In addition to the above mechanisms for dry-
well flooding, some experts thuught the suppres.
sion pool level would osc.dlate as a result of the
release of noncondensibie gyses through the
SRV, " The level oscillations were thought to be
sufficient to cause drywell flonding regardless of
the amount of wetwell pressurization from the
aoncondensibles.

With flooding of the drywell virtually ensured,
a secondary issue becomes the path by which
water ¢can flow into the in-pedestal cavity. Flow
15 expected to pass through the in-pedestal access
doorway or through the drain lines to the drywel!
floor drain sump. Three feet of water on the dry-
well floor (predicted by HECTR caleulations)
will not reach the access doorway. This leaves
sump overilow as the primary mechanism for fill-
ing the in-pedestal cavity. It is anticipated that
drainage from the drywell floor into the cavity via
sump overflow will occur with sufficient speed to
ensure cavity flooding prior to vessel breach.

Given that the cavity is flooded at vessel
breach, the possibility of an ex-vessel steam ex-
plosion has to be considered. If a steam explosion

occurs, the potential exists 10 create a pressure
impulse sufficient 1o collapse the reactor vossel
pedestal. Pedestal collapse ¢« \d cause the reac-
tor vessel to relocate, por. - 'y damaging the
drywell wall, or damaging » - al piping pene-
trations through the drywell or containment. The
result would be the creation of a large suppre -«
pool bypass path with the potential for a high
sequence fission product release.

The likelihood o an ex-vessel steam explo-
sion sufficient o challenge containment integrity
was evaluated in terms of three parameters:
(@) the probability that the explosion will ogcar,
contingent on a flooded in-pedestal cavity,
(b) the probability that the pedestal will fail,
contingent on the occurrence of an explosion, and
(¢) the probability of drywell failure due to
collapse of the pedestal.’ In Reference 6, the
conditional probability of an explosion was eva-
luated as 0.86, based on intermediate~scale tests
using molten thermite and water. The conditional
probability of pedestal failure, given an explo-
sion, was assigned # uniform distribution over the
interval 0.0 to 1.0 (1L.e., a point estimate probabili-
ty of 0.50). The conditional probability of drywell
failure given failure of the pedestal was estimated
as 0.17. The probability of containment failure
resulting from the explosion was not stated in
Reference 6. Recent work on Mark 11 contain-
ments, using state-of <the—art corium discharge
computations 1o estimate the prossure response in
Mark [l containments, indicates that steam pres-
sure spikes at vessel breach due v fuel-coolant
interactions will not fail containmerd,'” While
this work is not directly appiicable to the Mark Il
containment, it does provide data that suggest the
threat from steam explosions may be conserva-
tively overstated in the Draft NUREG- i 150 anal-
yses. A July 1983 report specific to Mark 11l
containments also concluded that direct failure by
steam explosion would be extremely wnlikely,'
Corraclini has aiso concluded 1 his 1981 repont
that steam explosions are extremely unlikely.'s

In-vessel steam explosions can result in
two types of vessel failures, both of which could
lead to sudden containment pressurization. In the
a mode steam explosion, upper head failure oc-
curs with sufficient energy to fail containment
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5. POTENTIAL IMPROVEMENTS

Improvements for the Mark 111 plants can be
obtuined by reducing the likelihood of core dam-
age, by increasing the contwnment’s capabiiity
{or resssting challenges, or by reducing the offsite
consequences of contanment failure. The basic
event importance analysis performed us parnt of
draft NUREG/CR-4550 identified those events
most capable of lowering CDF if reduced or elim-
inated * The top CDF reduction events identificd
are as follows:

e Failure 1o recover diesel gencrators
¢ Fulure to recover offsite power

¢ Falure of the RCIC turbine pump to
run.

These events and & number of other diesel gen-
erutor-related faults dominate the CDF reduction
potential for Grand Gulf. 'vote that these events
are specific to Grand Gulf; evaluations ol other
Mar. HT plants would probably identify a differ-
ent .et of events. Therefore, in the discussion that
follows, “or.e attention will be given to systems
that, while not important at Grand Gulf, might be
of unportance at other Mark 111 plants

A comprehensive strategy to reduce offsite risk
should address the timing and reliability of reac-
tor vessel depressurization. First, depressurizing
the reactor allows injection from low-pressure
systems. At Grand Gulf, a sigmficant portion of
the SBO CDF could be eliminated if a backup
source of de power were availsble to the SRV so-
lenoids. In this respect, depressurization is tied to
the backup water supply to be discussed later, be-
cause depressurization could also greatly reduce
the short-term SBO CDF if an alternative source
of vessel injection, such as the fire water system
(FWS), were available within a short period of
time following depressurization. Secondly, the
reactor should be depressurized at a water level
that minimizes the in-vessel production of hydro-
gen. Revision 4 of the EPGs requires depressuri-
zation at approximately one~third core uncovery.
However, BWRSAR calculations performed by
ORNL for the Mark 11 CPl Program indicate that
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the reacter should be depressurized when the core
is approximately two-thirds uncovered if in-
vessel hydrogen generation during SBO is to be
minimized. Two-thirds core uncovery is the de-
pressurization level specified in Revision 3 of the
EPG, a lower level than in Revision 4. #

Neat, the installed hydroger ignition syste.n
(HIS) should function throughout a SBO i order
to prevent the accumulation of a quantity of hy-
drogen in the containment that could threaten
containment integrity in the event of an uncon-
trolled burn. This would provide a large reduction
in the likelihood of the most risk-significant con-
tainment challenge at Grand Gulf,

The in-pedestal floor should also be dry
before, and kept flooded after vessel breach. This
wili reduce the likelihood of FCI and CCI, and
will enhance fission product retention shauld CCI
occur.

The above actions are those expected to pro-
vide the most economical reduction in offsite
risk. The following section. <lso include discus-
sions of alternative injection systems, improved
vacuum breaker operation, and containment vent-
ing (with and without an external filter), These
improvements partially address issues already
covered by previous potential improvements, and
provide small, or highly uncertain benefits at
Grand Gulf. They are included because the plant
nsk profile, and hence the value of the improve-
met nay be different at other Mark 11 facili-
ties. e benefits and drawbacks of each of the
proposed improvements are summarized in
Tabic S~ and discussed in following sections,

5.1 Enhanced Reactor
Depressurization Capability

If no high-pressure injection is availabie for
coolant makeup, the vessel must be depressurized

a. S R Greene et al., The Response of BAWR Mark
1 Comtainment 1o Short-Term Station Blackout Se-
vere Accident Sequences, 10 be issued
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Table 5-1,
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Quelitative assessment of benefits and drawbacks of potential Mark L1 containment
improvements

Potential Improvement

Enhanced reastor
depressurization system
($0.5M-1 4M)

Post-core dmnage reactor
depressurization system
($0.5M-] 4M,

Backup water supply
system ($0.81M-2.4M)

Hydrogen control by
umproved ignition
system-—backup power (0
the ignitors ($300K)

Potential Benefits

Reduces frequency of some
core damage sequences

Reduces amount of
hydrogen generated
in-vessel

Reduces likelihood of
Direct containment
heatng (DCH)

Increases the ability to
add water to the RPV

Reduces likelihood of DOH

Increases the ability ©
add water to the RPV

Reduces frequency of some
core damage sequences

Increases likelihood of
cavity Nooding (see
below)

Relatively low cost if
fire protection system is
used

Reduces containment
failures due to hydrogen
deflagrations and
detonations [short-term
station blackout (ST-SBO)
sequences |
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Potential Drawbacks

Increases likelihood of
ex-vessel FCl

Increases likelihood
of ex-vessel FCI

Does not change
frequency of core damage

Increases amount of
hydrogen generated
in-vess#!

New hardware may be
expensive

Increases likelihood of
containment failure for
[long-term statior
blackout (LT-SBO)
sequences |

P ——



I e e e, S

et e Bl TETEEENS | N ENSEEEDE -

Table 8-1. (continued)

Potential Improvement

Prevention of weir wall
overflow

Cavity flooding via upper
pool dump

Contmnment venting
Hard-pipe vent system

with dedicated power
soarce ($0. 69M-6.1M)

Filtered containment vent

system with dedicated power

source (38M-S0M)

Potential Benefits

Reduces likelihood of
ex-vessel FCl

Reduces likelihood of dry
CCl

Provides scrubbing of fission
products should suppression
pool bypass ocour

Prevents late
overpressure failures for
transients with scram

Preemptive venting
reduces containment base
pressure prior (o core
damage

Reduces probability of
ex-vesse! steam explosion
by reducing weir wall
overflow

See above

Ensures scrubbing of
releases

Potential Drawbacks

May increase likelthood
of suppression pool
bypass

Increases likelihood of
dry CCl

Increases likelihood of
FCl

Increases likelthood of

hydrogen burn if dump
occurs after core damage

High likelihood of
suppression pool bypass
may lead to increase in
risk

Moderately high cost

May noi prevent thermal
failure or FCI

Can lead to inadvertent
release

See above

High cost

to allow injection from low-pressure systems
This can be done using the ADS, with manual de-
pressurization by the operator as a backup, should
ADS fail. Since the issuance of the TMI Action
Plan in NUREG-0737, the imitiation logic for the
ADS has been modified at some plants to increase
the Likelthood that the reactor will be depressurized

o R TS e i B L i e

when needed. A dedicated source ot dc power 1o
the SRV solenoids would increase the operability
of the SRVs during severe a~cidents. Because of
the possibility of concurrent failure of both the ac
and de power systems, the addition of a dedicated
dec power supply for the SRV solenoids could po-
tentially reduce the core damage frequency.
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system. Interconnections between the
condensate transfer system and the
RHR and LPCS systems could allow
the condensate transfer pumps to be
used 1o nject water (ol the vessel via
the RHR or LPCS piping. Two restnic-
tions apply, however. First, the con-
roCtions are via manual valves in the
auriliary building: an operator wouid
have to be dispatched to the auxiliary
building to open these valves. Under
some circumstances, the environment
in the auxiliary building could prohibit
doing this. Second, the lines are rather
small (on the order of 4 in. in diame-
ter), thus limiting the injection flow
rute. However, this is a source that
should be considered when evaluating
the overall fadure probability of low-
pressure injection. As for the above
systems, the condensate transfer
pumps would be unavailable during
SBO.

Fire protection system: Plants typical-
ly have bath motor<driven and diesel-
driven fire pumps, which are used to
supply water to the fire mains for fire
protection. However, via a hose or
spoolpiece connection from *he fire
main to the service water system or
some other system, thev could also be
used 1o inject water o the reactor
vessel or the containment. The above
restrictions on the use of the conden-
sate transfer pumps also apply to the
fire pumps. An operator must manual-
Iy connect the fire main to some other
system, like the service water systerm,
and the flow rate is imited by the size
of the hose or spoolpiece used 10 make
the connection. Note that ac power s
required, even if the diesel fire pumps
are ased, unless the MOV connecting
the service water svssem to the RHR
system can be opened manually. Man-
ual operation of these valves would re-
quire cerator entry into the auxiliary
building.

6. Service water system: As & last-ditch
effort, plant EOPs direct the operator
10 line up the service water system to
inject into the vessel from the ultimate
heat sink connection 10 the RHR sys-
tem. These two systems are isolated
from one another by two MOV,
which are operated from keylock
switches in the main control room.
The valves could also be opened local-
ly. using a manual handwheel attached
10 the valve operator. This means of
injection would also be unavailable
during SBO, because ac power is
needed to operate the service water

pumps.

Typical PRAs only give credit to the first three
of these systems when evaluating the availability
of low-pressure mjection. The lack of operator
familiarity with using the systems for this pur-
pose is the reason the other systems are not in-
cluded. This is not felt to be a valid reason for
excluding them from consideration, because op-
erators receive extensive training on potential
sources of water (o be used in an emergency. The
use of these systems is spelled out in Revision 4
to the EPGs, further reducing the likelihood that
operators would overlook them in an emergency.
Inclusion of these sources would result in a reduc-
tion in the CDF contritution from TQUYV se-
quences. At Grand Guif, this sequence was not a
dominant ¢antributor to CDF or risk. However, it
might be found to be a more important contribu-
tor at some other Mark IHI plant.

The ollowing information is provided from
the ORNL work documented in the S.R. Greene
et al. draft report:

“The BWRSAR calculations were per-
formed, however, with one very imporiant
difference in assumed operator action as op-
posed to the procedures currently in effect at
Grand Gulf. This difference has to do with
the time in the short-term station blackout
accident sequence at which the operators
would manually actuate the ADS. Grand
Gulf has implemented Revision 4 of the
BWR Owners Group Emergency Procedure
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Table 5-2

5.3 Hydrogen Control by
Improved ignition Systems




nstruct the op . stors o turn off the power 1o the
ignitors for the long-term SBO hefore initiation
of containment sprays (i.e., deinerting contain-
ment,. This would allow the burning of the hy-
drogen until the containment became inerted and
would prevent detonations when the containment
became deinerted (due 10 operation of the sprays)
from the operation of the ignitors. While this
would not ensure that there would be no detona-
tion from other ignition sources, it would mini-
mize the hydrogen available and the potential for
detonation. The second possibility could be to op-
erate only selected ignitors. For example, opera-
tion of the drywell ignitors could burn the
hydrogen until the oxygen had been consumed.
thereby reducing the amount of hydrogen avail-
able for participation in later deflagrations or det-
onations. Additiona) analysis or experimentation
might reveal a potential pattern of operable igni-
tors and sprays that could gradually deinert con-
tatnment and burn the hydrogen without any
deflagration or detonation. The possibility of det-
onation under these circumstances is uncertain,
According to Draft NUREG-1150, the short-
term SBO sequences clearly dominate the oftsite
risk 80 it is expected that the decrease in risk from
short-term SBO will be significantly greater than
any increase in risk for the long-term SBO *
Again, these conclusions are specific to Grand
Gulf and may not apply to other Mark 111 plants
with a different core damage profile.

A 10-15 kWie) generator would be needed to
power the existing hydrogen ignitors. A non-
Class IE generator of this size would have the ad-
vantage of being able to supply other emergency
loads if desired. A dc system capable of supply-
ing the required load could also be installed, and
would have the advantage of increased reliability,
However, a d¢ system would pose additional in-
stallation and maintenance problems.

The use of powerless catalytic ignitors is a very
promising means of mitigating the threat from
short-term SBO. During long--term SBO, slow
ATWS, and TW sequences, steam-inerting of the
contatnment would reduce the effectiveness of
the ignitors. However, at Grand Gulf, these se-
quences are much less significant to nisk than

short-term SBO. The risk reduction is therefore
expecied to be significant even though inert se-
quences are not affected. Such a system would be
relatively inexpensive, simple, passive, and inde-
pendent of any power system, However, because
the powerless catalytic ignitors are larger and
therefore heavier than the existing ignitors, a seis-
mic re-analysis of the containment may be re
quired. Further, hanging these powerless catalytic
ignitors from the existing structures (such as the
containment dome) poses 4 new potential threat
10 equipment below from a gravitational missile,
and would thus require additional analysis. San-
dia Nationa! Laborgtories at Livermore has de-
veloped a prototype dytic ignitor that is
capable of buming hydrogen-air mixtures at hy-
drogen concentrations as low as 5.1 v/o.'® The
Sandia design is a wetproof improvement to an
carlier design that was impaired by steam-
condensing environments, Also reported is the
development of a low-power design that uses a
fraction of the power currently required by in-
stalled systems, and that would be well suited 1o
battery ~backed operation. Siemens/Krafiwerk
Union (KWU) in West Germany has also devel-
oped a passive ignitor. The KWU desig, has been
fully tested and qualified for use in German reac-
tors, and would presumably be available in the
United Staies. Reference 16 provides a compari-
son of the KWU and Sundia designs. Either
would be suitable for use in the Mark 111 contain-
ment and the passive design is potentia.ly less ex-
pensive to install than an additional power supply.

5.4 Modifications to Ensure a
Dry Cavity at Vessel Breach

Drywell-to-wetwell vacuum breake ¢ in-
stalled at three out of four of the Mark 11 plants.
Operation of the vacuum breakers would allow
hydrogen from the wetwell to flow into the
drywell and would create the potential for sup-
pression pool bypass should they fail open or par-
tially open. However, operation of the vacuum
breakers could reduce the pressure transient from
hydrogen diffusion burns and deflagrations (and
~me detonations, depending on the length of the
pressure pulse as compaied to the operating time
Gf the vacuum breaker). This could prevent the
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Venting the containment is not without poten-
tial negative consequences, also, Given an as-
sumed drywell-to-wetwell leakage area, the
Draft NUREG- 1150 MELCOR calculations
(S5.E. Dingman et al. draft report) show the gener.
aton of gases will not oceur at a high enough rate
10 clear the wetwell vents. The result will be re-
leases that are unfiltered by suppression pool
scrubbing if the containment is vented.

There is concern in some BWRs with Mark |
and Mark 11 containments that saturated suppres-
sion pool water canditions could lead 1o injection
fatlure following venting. In BWRs with Mark 111
containments, the ECCS pumps can pump satu-
rated water, thus imjection will continue even with
& saiurated pool. Therefore, sequences that are
vented will not lead automatically to core damage.

The vent path at Grand Gulf is considered to be
a hard-pipe system. It consists of 20-in. diameter
containment supply and purge exhaust lines, The
exhaust line discharges to the roof after passing
through approximately 20 ft of the auxiliary build-
ing. Most of this path consists of 20-in. diameter
hard pipe, with about 10 ft of HVAC ducting mid-
way along the path. Should the HVAC ducting
segment fail, the compartment at the failure loca-
tion would be filled with steam. This compartment
15 connected 1o the blowout tunnels via a vent that
would probably be capable of relieving enough
pressure to prevent failure of the compartment
door. This compartment pressure relief capability
and the location of ECCS pumps in separate wa-
tertight compartments provide a measure of assur-
ance that failure of the ductwork will not result in
environmental conditions that would fail the in-
Jection systems. This venting arrangement is most
likely different at each Mark [l plant,

Hardenad vent modifications have been consid-
ered at other BWR facilities. However, it i1s doubt-
ful that the risk reduction provided by the
improved systems would be sufficient to justify
the cost. A minimal upgrade could consist of re-
placing the short segment of HVAC pipe with pip-
ing capable of handling containment pressures of
17.24 psig (the current venting limit). The addi-
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tion of ac-independent vent valves that can be re-
motely operated wouid increase the usefulness of
the system during SBO sequences. as the existng
valves would have 1o be opened manually during
SBO and would require entry into containment to
complete the valve lineup. This would have to be
done in anticipation of a severe containment chal-
lenge, because the only guidance provided in Re
vision 4 of the EPGs is to vent before reaching the
PCPL ard environmental conditions in the con-
tainment would likely preclude entry into contain-
ment after the onset of severe core damage.

Venting could encompass the use of an external
filter, such as the Filtra svstem proposed by the
Long Isiand Lighting Compeny (Lilco) for
Shoreham or the Multi-Venturi Scrubbing Sys-
tem (MVSS). Briefly, the Filtra system would be
a gravel-filled concrete structure separate from
the secondary containment, but connected 1o the
primary contsinment by a high capacity hardened
vent line. The system would be actuated by oper-
ator action. The gravel bed would scrub non-
noble gas fission products and the height of the
structure would provide for an elevated release.
Reference 17 analyzed the proposed Shoreham
installation ar  .ound that reductions in both core
melt frequency and risk could be achieved. The
decontamination factor (DF) for the Filtra design
could be on the order of 1000 for fission product
particulates, as compared to a DF of 100 100 for
the suppression pool. Such a system is currently
in use at the Barseback Nuclear Power Station in
southern Sweden. The MVSS (Asea-Atom de-
sign) is being incorporated at the Oskarshamm,
Forsmark, and Ringhals reactor facilities, This
design uses approximately 80,000 gal of water
and does not .;ly on ac or dc power. This design
is less expensive than the gravel bed Filtra design
(approximately $5M as compared to $10-$50M
for Filtra). Given that there is normally some
amount of suppression poal bypass in the
Maek 1T containment because of drywell-to-
wetwell leukage, and that venting exacerbates the
release of fission products from containment, the
external filter could significantly reduce the re-
lease of non-noble gas fission :roducts.
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6. QUANTITATIVE ANALYSIS METHODOLOGY

This section « * the report describes the process
used to analyzt the severe p~cident response
of the contairment. The June 1989 Draft
NUREG-1150 models for Grand Gulf were used
for the quantitative analysis. The Grand Gulf-
specific computer codes, databases, and inputs
were provided on tape from Sandia National
Laboratory (SNL).

The process begins at core damage, with the re-
sponse of the containment modeled using an acci-
dent progression event tree (APET). The APET
models relevant severe accident phenomenology
up until the point at which the sequence is termi-
nated, either by a release of fission products from
containment or by recovery of the sequence. The
end states of the APET describe the possible final
conditions of the containment, that s, failed,
vented, or intact. Also contained in the APET end
states is information describing the fission prod-
uct release from containment *f there is a release,
This information is used to  roup APET end
states with similar sharacteristics into accident
progression bins, For each of the accident pro-
gression bins, a source term is parametrically
generated. These source terms are then used to
caleulate the offsite consequences of the release.
A flowchart of the overal! analysis process is pro-
vided in Figure 6-1.

The APETs constructed for the June 1989
Grand Gulf Draft NUREG-1150 analysis were
used to model containment response in this re-
port. Bach APET contains 125 guestions, or top
events, with many questions having several pos-
sible outcomes or branches. Therefore, the APET
cannot easily be visualized, it is too large for
graphical representation and the large number of
end states makes it amenable only to computer
manipulation.

In the Draft NUREG-1150 analysis of Grand
Gulf, an APET was constructed for each of the
12 plant damage states (PDSs) identified in the
front-end accident sequence analysis.* The

APETs themselves were analyzed using the
EVNTRE event progression analysis computer
code,'* which was provided, along with the nec-
essary input data files, by SNL.

Because the APETs are so large, there are gen-
erally thousands of end states produced for each
PDS that is evaluated. This is particularly true
when evaluating an APET in the EVNTRE san-
pling mode (mode 4), where several hundred ob-
servations of the same APET produce extremely
large output files. Because it is not practicable to
calculate a fission product source term and offsite
conseguences for each end state that is generated,
end states with similar characteristics are grouped
into a smaller number of accident progression
bins prior to performing the sour-e term calcula-
tions. This grouping is done witi the PSTEVNT
computer code.'” The output from PSTEVNT
consists of a set of accident progression bins asso-
clated with each PDS, along with the conditional
probability of occurrence of each bin.

Source terms are then calculated for each ac ci-
dent progression bin using the GGSOR paran. *t-
ric source term generation code * GGSOR's
output consists of the isotopic release fractions
and release information (timing, energy, etc.) as-
sociated with each accident progression bin.

The MELCOR Accident Consequence Code
System (MACCS) is used to calculate the offsite
consequences of a release.” However, because of
the large number of accident progression bins
involved, consequence calculations could not
be performed for each bin. To reduce the re-
quired number of MACCS calculations, the
PARTITION code was used to map the accident
progression bins into source (erm groups.?' The
output of PARTITION is a set of source term
groups, along with their associated characteris-
tics. The mapping assignments of the APET acci-
deni progression bins are also contained in the
PARTITION output. This information has to be
retained for input into the final risk calculation.
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The next step in the analysis is to caleulate
conditional Gffsite consequences for each source
term group generated by PARTITION. The fol-
lowing consequence measures are used in this
report: (a) mean number of early fatalities,
(b) mean number of latent fatalities, (¢) mean
population dose within a S0-mile radiv of the
plant, (d) mean population dose over the entire
calculational grid <" 20-mile radius;, and
(e) mean offsite cos sted with the release.
Only item (¢) 1s usen. . .ogulatory analysis of
a potential plant improvement. The Draft
NUREG-1150 MACCS input deck for Grand
Gulf provided the required meteorological data,
emergency response information, etc.

The final step in the analysis is to combine
the plant damage state frequencies with the
PARTITION source term group conditional prob-
abilities and the conditional offsite consequences
from MACCS 1o produce an annual risk (nsk per
reactor-year of operation) for each of the re-
ported consequence measures.

R R AR~ I—

The above discussion has presented a brief
overview of the analysis process. Appendix A
provides more details of the individual steps in
the process, with the objective of tracking the
flow of information through the analysis. Some
of the computer files discussed in these sections
are listed in Appendix B. however, some of the
larger files are not listed because of space limita-
tions, Furthermore, some details of the process
are omitted, either because of lack of detailed
knowledge or a decision that the information was
not especially pertinent to the report.* Current
plans call for a revision to these codes by SNL
to simplify the analytical process, and for
these codes to be available from the National
Energy Software Center at the Argonne National
Laboratery in Argonne, Hinois.

a. Computer models and data not provided in this
report may currently be obtuined by sending a formal
request to the Director, Division of Systems Research,
Office of Nuclear Regulatory Research, USNRC,
Washington, D.C. 20855
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7. BASE CASE BENCHMARK ANALYS!S

7.1 Results of Accident
Progression Analysis

7.2 Results of Risk Analysis




Table 7-1.

Results of the accident progressson analvsss for PDS |

Condiional
Order Bin Probabiliies® ASeq ZrOwd VB DCH-SE SPFB CF  Sprays MOCT
Vo bt poviit: W
1 ABBDDGCCB 32038E 02 Fa-SB LoZrOx LoP ol Pl LoEXSE SPBEOL3Z CL-Rp LCS FLDCOY
2 ABEEAICEB 29264E 2 Fst-SB LoZrOx VB nDCH-SE SPBEOLO  COnFaml LCS nolC1
3 ABEEAGCEB 2736% 02 Fst-SB LoZrOx aVB nDCH-SE SPBEOLC CL-Rpt LCS noCCl
4 ABEEAFCEB 26079E 42 Fst-SB LoZrOx nVB nDCH-SE SPREOLO  CL-1k LCS noCCl
5 ABEEAHCER 19375E-402 Fst-SB LoZrOx nVB sDCH-SE SPBEOLD CL-VENT LCS nol C1
6  AAEEAFCEB 1 373E402 Fs+-SB HZrOx VB aDCH-SE SPBEOLO CL- 1k LCS nol"Cl
7 AAEEABAEB 12Ri4E02 Fst-SB HiZrOx aVB aDCH-SE SPBELD CE-Rp nolS nol"CH
R AAEEAICEB 12597E42 Fs-SB HiZrOx n»VB nDCH-SE  SPBEMLO  CaFal LCS noCCl
9  ABDDDGCCB 1.1660E-02 Fst-SB LoZrOx LoP-LPl  Lo®=XSE SPBEOLY CL-Rm LCS FLDOCT
10 AAFEEBAEB 1 1197E-92 Fa-SB HiZrOx aVhE nDCH-SE SPBE2LY CE-Rpt nolCS nol"Cl
o Five most probable bins that have VB
1 ABBDDGCCB 32038FE-902 Fst-SB LoZrOx LoPalP! 1LoEXSE SPBEM Y CL-Rpt iLCS FLDOCT
9  ABDDDGCCB 11660FE-02 Fst-SB LoZrOx LoP-IPI  LoEXSE SPREOL3 CL-Rpt LCs FLDOOY
12 ABBDDGACB 10164E-02 Fs-SB LoZhOx LoP-alPl LoEXSE SPBEOLY CL-Rpe nol’S FLDOCT
il ABBDLAGCCA 10150E-02 Fst-SB LoZrOx LoP-nl Pl [1oEXSE SPBEOLY CL-Rp LS FLDOCT
14 ABBDAICEB RSOS3E03 Fst-SB LoZsOx LoP-alPl 1oEXSE SPBEMD CnFal LCS no'Cl
Five most probable bins that have early CF
7 AAFFABAEB 12514E 02 Fs+SB HiZrOx oVB nDCH-SE SPBEMLO CE-Rp noC’S noCCl
10 AAEEEBAEB 11197E402 Fs-SB HiZrOx aVR nDCH-SE SPBE2I.2? CE-Rpt nol’S noC'Cl
15 AAEEAACEB 78431E 03 Fst SB HiZrOx nVB nDCH-SE SPBEOLO  CE-1Lk Lcs nekCl
18 AAEEHBAFB 71MIE03 Fst-SB HiZrOx nVB nDCH-5E SPBEM.3 CERm noCS nol "1
31 AABDABACB 42698F 03 Fst-SB HiZrOx LoP-al Pl LoEXSE SPBEOLD CE-Rpt no(’S FLDCCT

Probabikity of occurrence. given the occurrence of the PDS. averaged over 250 observations of the APFT
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Table 7-4. Results of the accadent progression anaivsis for PDS 4
Condtional
Order Bin Probabilities® ASeq ZrOwid VB DCH-SE SPB CF  Sprays MOCi SRVBAr
Ten most probable bins
1 BABDAGACB 32412E02 Slw-SB HiZrOx 1oP alPl LoEXSE SPBEOLOD CL-Rm noCS FLDOCT <SRVBkr
2 BABDAEACB 3099802 Siw-SB HiZrOx 1oP-alPl LoEXSE SPBEOLO CVB-Rpt  no(CS FLDOCT  <SRVBkr
3 BABDHBACB 26422E-02 Slha-SB 1iZ:Ox LoP-alPl LoEXSE SPBE3L3 CE-Rpt noCS FLDOCT SRVBEr
1 BBBDAGACB 2571SE02 Siw-SB LoZrOx LoP-al P! LoEXSE SPBEMO CL-Rpe no(’S JLDOCT  cSRVBKr
S BABDAEAEB 21786E-02 Siw-SB HiZrOx LoP-alPl LoEXSE SFBEMO CVB-Rpt  noCS noCT  “SRVBkr
6 BABDBEACB 19932E42 Siw-SB HiZrOx LoP-alP! LoEXSE SPBEO CVB-Rpt no(CS FLDOCT <SRVBkr
7 BABDAGAEB 1992302 Shw-SB HiZrOx [oP-alPl LoEXSE SPREMO CL-Rpt noCS polCCl cSRVBkr
8 BABDHBAEB 1760SE-42 Siw-SB HiZrOx LoP-nalPl LoEXSE SPBE3IL3 CE-Rm noCS noCl  ~SRVBkr
b 9 BBBDAEACB 1 6412E02 SiwSB LoZrOx LoP-alPl LoEXSE  SPREMNO CVB-Rpt  ne(CS FLDOCT <SRVBAr
10 BBBDAGAEB 1SHSE02 Siw-SB LoZrOx LoP-nlP! LoEXSE  SPBEOLO CL-Rpt noCS noCCl cSRVBkr
ﬁchMbusMbnainF.deﬁywmm
3 BABDHBACB 26422E2 Siw-SB HiZrOx 1oP-nlPl LoEXSE SPBE32 CE-Rpt nol"S FLDOCT cSRVBkr
6 BABDBEACB 19932E42 Sw-SB HiZrOx lLoP-nlPl 10EXSE  SPBEOI: CVBRp xS FLDOCT  ¢SRVBkr
R BABDHBAEB 1 760SE492 Siw-SB HiZrOx LoP-nlPl 1oEXSE SPBE33 CE-Rpt noCS nolCCT <SRVBkr
BABDBEAEB 13284E-02 Slw-SB HiZrOx loP-alPl LoEXSE  SPBEOI CVB-Rpt  noCS nol’Cl  <SRVBkr
12 BBBDBEACB 1. 1899E 02 Siw-SB 1oZrOx Lo nlPl LoEXSE  SPBEOD CVB-Rpt  noCS FLDOCT ¢SRVBkr
a de.mumdkm.mmlﬂ)w\

wis of the APFT.

RTINS SR



Table 7-5. Reuults of the accident proeression analy=as for PDS 5

9s

Condihonal
Order Bin  Probabilines® ASeq ZrOxud VB DCH-SE MOCT
Ten most probabie bins
i BABDAGACSB 360MME 02 Siw-SB HiZrOx 10PalPl LoEXSE SPREAO CL Rpm noCS FLDOCT
2 BABDAEACE 33705E-02 Siw-SB HiZrOx LoP-olPl LeoEXSE SPBEMO CVB-Rpt ne(CS FLDOCY
3 BABDHBACB 31036FE 02 Slw-SB HiZrOx LoP-olPl 1LoEXSE SPBEM: (CERp no(CS FLDOCT
4 BBBDAGACB 28669E-02 Siw-SB LoZrOx LoP-al P 1oEXSE SPREOLO CL-Rpt noCS FLDOCT
5 BBBDAEACB 27134E-02 Slw-SB LoZrOx LoP-alPt LoEXSE SPBEOLO CVB- Rpt  »ae(S FLDOCT
6  BABDAFAEB 23639E02 Siw-SB HiZsOx LoP-alPl LoEXSE SPBEMO CVBRpt ne(S noCCl
7 BABDAGAEB 22245E- 02 Siw-SB HiZrOx LoP-nlPl LoEXSE SPREOLO CL-Rpt noCS ol Ci
8 BABDBEACB 22193E-02 Siw-SB HiZrOx LoP «iPl LoEXSE SPBFEOI3 CVB-Rpt ao(S FLDOCT
9  BABDHBAEB 2019E 92 Siw-SB HiZrOx [LoP-ulPl LoEXSE SPREA3 CE-Rp roC’S aol'Cl
10 BBBDAGAEB 19726E-02 Siw-SB LoZrOx LoP-olPl [1LoEXSE SPBEMH CL -Rpt no(’S noCCl
3 BABDHBACB 30306E-02 Siw-SB HiZrOx LoP-alPl [oEXSE SPBEIL3 CE-Rp nol’S FLDOCT
] BABDBEACB 22193E-42 Siw-SB HiZrOx LoP-alPl LoEXSE SPBEMI CVB-Rpt ne(CS FLDOCT
9 BABDHBAEB 201%E 2 Shw-SB HiZrOx LeoP-alPl [oEXSE SPBE3L3Y CERp noC'S noCCH
12 BBBDEFACB 15054E-02 Slw-SB LoZrOx LoPniPl 1LoEXSE SPBEOIZ CVB-Rpt neCS FLDOCT
i3 BABDBEAEB 147T9E-02 oSlw SB HiZrOx LoP-alPl LoEXCF  SPBENZ CVB-Rpt  no(S noCCl

a.  Probability of occurrence. given the occurrence of the PDS, averaged over 250 observanons of the APET.
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Table 7-6. Resuits of the acordent progression analysis for PDS 6

Conditional
Ten most probable bins
i BABDHBACB 44345E-02 Siw- SB HiZrOx LoP-alPl LoEXSE SPBEM3I CERp noCS FLDOCT  <SRVBkr
2 BABDAGACB 4.1411E-02 Siw-SB HiZrOx LoP-alF; 1oEXSE SPELMLO CL-Rp noC’S FLDOCT <SRVBkr
3 BABDAEACB 36972E-02 Siw-SB HiZrOx LoP-«alPl LoEXSE SPBEMO CVB-Rpt noCS FLDOCT <SRVBkr
4  BBBDAGACE 32926E 02 Shw-SB LoZrOx LoP-alPl 1oEXSE SPBEOLO CL-Rm noCS FLDOCT <SRVBkr
5 BABDHBAEB 29551E-02 Slw-SB HiZrOx LoP-alPl LoEXSE SPBE33 CE Rm nolCS nol’Cl  ¢SRVBkr
6  BABDAEAEB 25963FE 42 Siw - SB HiZrOx LoP-alPl 1LoEXSE SPRENO CVB Rpt no(S nol’CT <SRVBkr
7 BABDAGAEB 2591E-02 Siw-SB HiZrOx LoP-alPl [LoEXSE SPBEMLO CL-Rp nolCS noC’CT ¢SRVBkr
8 BBBDAEACB 25750E-02 Siw-SB LoZrOx LoP-alPl LoEXSE SPBEOLO CVB-Rpt no(CS FLDOCT <SRVBkr
9  BABDBEACB 24213E02 Siw-SB HiZiOx 1oP-alPl LoEXSE SPBEO CVBRp neCS FLDOCT <SRVBkr
10 BBBDAGAEB 20052E- 02 Slw-SB LoZrOx LoP-al Pl 1oEXSF SPBEMO CL-Rp noCS noCCl  <SRVBkr
Five most probable bins that have early CF and early suppression pool bpass
i BABDHEBEACB 443M5E-02 Siw-SB HiZrOx LoP-al’1 LoEXSE SPBE3LI CE-Rpt nolCS FLDOCT <SRVBkr
5 BABDHBAEB 29551502 Siw-SB HiZrOx LoP-o/ Pl LoEXSE SPBE33 CERp nol’S noCCT  <SRVEBAr
9  BABDBEACB 24213E02 Siw-SB HiZrOx LoP alPl 1eEXSE SPBEOIZ CVBRpt no(S FLDOCT  ¢SRVBkr
12 BBBDBEACE 1 6483F 02 Slw-SB LoZrOx LeP-alPl LoEXSE SPBEOIZ CVB-Rpt  noCS FLDOCT ¢SRVBkr
13 BABDBEAEB 16138E-02 Shw-SB HiZrOx L+P-alPl LoEXSE SPBEOIZ CVB-Rpt noCS noCCl ¢SRVBkr

Probability of ocourrence. given the occurrence o the PDS, averaged over 250 observations of the APET.
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Table 7-10. Results of the accident Progression analysis for PDS 10

Order

Bin

Condmonal

Probabilities®  ASeq

Ten most probable hins

S L XN B W -

FAABAADEB
FACBAADEB
FACBABDEB
FAABABBEB
FBABAADEB
FACBBADER
FAABAADDR
FAABABDEB
FBABABDEB
FAABABBDB

4 7479F-M2
2.6238E-02
2.5470E-02
24590E-02
L6I00E42
1.6055E-02
1. 5188E-02
1 S020E-02
1.42R4E-02
1.3589E-02

Siw-TC
Siw-TC
Stw-TC
Stw-TC
Siw-—TC
Stw-TC
Stw-TC
Siw-TC
Siw-Tu
Shw-TC

BOws _ V8

DCH-SE  SPB

Five most probable bins that have early C¥ and carly suppression pool bypass

6
13
16
17
22

FACBBADEB
FBABBADED
FAABBBBEB
FAABBADEB
FAABBBDEB

a  Prohahlity of occurrence, given the occurrence of the PDS, averaged over 250 observations of the APET.

L6G55E-02
1.1330E-02
1 OOS6E-12
9. 7688E-03
KO123E-03

Stw-TC
Stw-TC
Stw-TC
Shw-TC
Shw-TC

HiZrOx HiP-LP1

LoZrOx HiP-nl Fi
HiZrOx HP-alPl
HiZrOx HiP-al PI
HiZrOx HiP-alP1

SPREOI
SPBEOI
SPBEOI3
SPBEO3
SPBEOIS

Sprays MCCT  SRVBkr

CE-1k

ECS noCCl  cSRVBkr
ECS poCCT  cSRVB&r
ECS noCCT  cSRVRKr
ECSnol. noCCi  cSRVBkr
ECS  noCCl  cSRVBkr
ECS poCCl cSRVBkr
ECS DIVOCT  cSRVBkr
ECS poCC!  ¢SRVBkr
ECS poCCl  cSRVBkr
ECSnol. DIyCCT  ¢SRVBkr
ECS noCCl  cSRVBkr
ECS n0CCT  ¢SRVBkr
FCSnol.  noCCT  cSRVBAr
ECS 40CCT cSRVBkr
ECS noCCT  cSRVBEs




Table 7-11. Resuli; of the accident progression analvsss for PDS {1

Order

Bin

Ten most probable bins

N oalile L B R e L

-
-
-

4
5
13
IR
20

Conditional

Probabilities® ASeq ZrOwd VB DCH-SE SPB CF Sprays
S9874E-02 Fsi-72 HiZrOx HiP-alPl  LoDCH SPBEOLC CVB-Rpt LCS
29842E-02 Fst-T2 LoZrOx HiP-nlPl  LoDCH SPBECIO CVB-Rpt LCS
25372E-02 Fst-T2 HaZiOx HP-IPI  LoDCH SPBEOLO CVB-Rpt 1LCS
18297E-492 Fst-T2 LoZrOx HiP-anlPI LoDCH SPBEOI3 CVB-Rpt ICS
LKIZOE-02 Fa-T2 HiZrOx Hif 'Pl  LeDCH SPOEOI3 CVB-Rpt 1LCS
16248E-02 Fst-T2 LoZrOx HiP 1 LoDCH SPBEOLO CVB-Rpt LCS
LSMOE-02  Fst-T2 ZrOx HiP-al Pl LoDCH SPBEOLO CVB-Rpt LCS
14554E-02 Fst-T2 HiZrOx HP-nlPl  LoDCH SPBEOLO CVB-Rpt LCS
F4449E-02  Fst-TZ HiZrOx HiP-alPl  LoDCH SPBEOLD CL-1k LCS
F2698E-02  Fst-T2 HizaOx HiP-nlPl LoDCH SPBEOLO  CnFail LCS

Five most probable bins that have early CF and early suppression nool bypass

1 8297E-02 Fst-T2 LoZrOx HiP-nlPl LoDCH SPBEOI3 CVB-Rm LCS
18I39E-02 Fst-T2 HiZrOx HP-nlPl LeDCH SPBEOI. CVB-Rpt ICS
LH69E-02  Fse-T2 HiZrOx HWP1P1 LoDCH SPBEOIZ CVB-Rpt 1LCS
9MO0E-03  Fst-T2 HiZrOx Hiw-aolFl  LoDCH SPBEOI3 CVB-Rpt LCS
T9503E-03 Fst-T2 H7rOx H#®-1P!  LoDCH SPBE3L3Y CVB-Rmt ILCS

CAABAECEB
CBABAECEB
CACBAECEB
CBABBECEB
CAABBECEB
CBCBAECEB
CAABAECEA
CAABAECCB
CAABAFCEB
CAABAICER

CBABBECEB
CAABBECEB
CACBBECEB
CAABBECEA
CACBHECEB

a.

Probabihity of occurrence. siven the occurrence of the PD5

‘eraged over 250 obserztions oi the APET.
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PHITERY

EEEE

cSRVBks
cSRVBkr
cSRVB&r




Table 7-12. Results of the

7 rOxid VB DCH-SI SP8 't Spray M S|RVBLr

{ Wwilpr Rin Prosbhahiline \ Seda J/

ik

4F 7 Slw-T? HiZrOx HiP-+d Pl LoDCH SPREOLO CVB-iIlpt  LCS "ol SRVI

DAABAECEB 598 )
IV Bkr

DBABAECEB 29842E-02 Slw-T2 LoZrOx !iP-nlPl LoDCH SPBEOLD CVB-Ipt LCS = Sk
DACBAECER §372E4) Slw-12 HiZrOx HiP-LP1 LoDCH SPBEOLD? CVB Rpt LCS I cSRVBkr
! DBABBECER 1 8297E-02 Siw-T2 LoZrOx HiP-al Pl LoDCH SPREOI3 CV3-Rpt LS noC'C] SRVBk:
- DAABBECER 1 £139E-02 Siw-T2 HiZrOx HiP-alPl LoDCH SPBEOI3 CVB-Rpt LOS noCCl SRVBks

A DBCBAECEB 1 6248E-42 Siw-T2 LoZrOx HiP-'¥I LoDCH SPBEOLO CVB-Rpt LS noCCl cSRVBkr
DAABAECFA | S046E-2 Siw—T2 HiZrOv thP-nolPl  LoDCH SPEE O CVB-Rpt LOS noCCl oSRVBia

§  DAABAECCB 14554E-42 Siw-T2 HiZ-Ox HiP-nlPl LoDCH  SPBEOLO CVB-Rpt LES FLDCCI cSRVBks

. > Q DAABAFCEB 1444902 Siw-T2 Hi, fOx HiP-nlPl LoDCH SPBEOLO  CL-Lk LCS noCCl SRVBkrs

0 DAABAICEB 12698E-02 Siw-T2 HiZrOx HiP-nlPl LoDCH  SPBEOLO CnFal LCS noCCl  cSRVBkr
Five most D7 hahle hin !;‘7_. have ¢ Ayt ; an ' ariy POresSsicn ‘In’(-é hvpa
L
! DBABBECER | S Siw-T2 LoZrO- HiP-nl P! LeDCH SPBE! CVB-Rp
;:\\H;”( R ! X1 We-4) shw -1 H 'Y H:P-nl Pi i olX'H yPREOE VB """l"
. 3 DACBBECEB 1 M69E-02 Shw-T7 . HiP-LP1  LoDCH SPBEOI CVB-Rpt
DAABBECEA 90260E-03 Shw 12 HiOx HiP-alPl LoDCH SPBEA CVB-Rpt

x

DACBHECEB 79503E 03  Stw-T2 HizOx HiP-LPI  LoDCH SPBE



Table 7-13 Grand Crulf base case risk comparison
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8. QUANTITATIVE RISK ANALYSIS OF STAND-ALONE
IMPROVED HYDROGEN IGNITION SYSTEM

8.1 Effects of Improved HIS on gnitors on femaining
Containment Response ase value. The prob:



Table 8-1. Conditional probabilny of accident progression bins at Grand Gulf —mproved HIS case

(imnal run)
Condstional Probability s
Accident PDS | PDS 3 PDS 7 PDS R PDS i0

~ Progression Bir: (ST-SBO) __ {ST-SBO) {(ST-SBO) (LT-SBO) (ATWS)___
VB, early Ct" early HIS: 39TE2 HIS: 143E-01 HIS: L77E-01 HiS: 2. 93F-01 HIS: 1.04F-03
SPB.“ no CS¢ Base: 963E42 Base: 200E-0; Base: 2 84E-01 Base: 2 94E-O1 Base: 1.03E-03
VB, early CF, early HIS: 6.96E-02 HIS: O.00E+00 HIS: 0.00E+00 HIS: O 00E+30) HIS: 2 4ARE-
SPRB.CS Base: 4RIE-O2 Base:  0.00E+00 Base:  O.00E+00 Base:  000E+00 Base: 2 46E-01
VB, early CF, late SPB HIS: S61E-O3 HIiS: 1.02E-O2 HIS: 4 14E-O HIS: 142E43 HIS: 366E-03

Base: T91E-03 Base: 839E-03 Base: 3.15E-03 Base: 142E-03 Base:  3.63E7
VB, early CF, no SPB HIS: 191E-90] HIS: 2 42E-01 HIS: 3 7TE-01 HIS: 6 58E-M HIS: 591E-1

Base: 1.13E-01 Base: 168E-O1 Base- 304E-0O1 Base:  6.58E-01 Base: 5 86E-01
VB, late CF HIS: 247E-01 HIS: 2 85E-O1 HIS: 3.55E-01 HIS: 4 65E-02 HIS: 0.00F+00

Base: 2 B8E-01 Base: S H0E-01 Base: 331E-» Base: 465E-02 Base: 0.00E+00
VB, vented HIS: 5.32E-02 HIS: 5.84E-02 HiS: 0.00E+00 HIS: 000 +00 HIS: 147E-01

Base: 493E42 Base: SO07TE-02 Base:  0.0GE+00 Base:  0.00E+00 Base: 1 55E-01
VB, no CF HIS: 5.56E-2 HIS: 4 30E-02 HIS: T.3RE-02 HIS: 0.00E+00 HIS: 0.00E+00

Base: S61EAR2 Base: 3. 75E-2 Base: 6.53E-42 Base:  0.00E+00 Base: 0.00E+00
No VB HIS: 3.24E-01 HIS: 2 08E-O1 HIS: 1 O6E-2 HIS: 0.00F+00 HIS: 84303

Base: 3.24E-01 Base: 2.09E-01 Base: 1LOSE02 Base: 00FE+00 Base: B 87E-03
a.  Vessel breach.

b Contamment falure.

€. Suppression pool bypass.

d.  Containment sprays.




wetwell result in a reflux of water over the weir
wall, which decreases the probability that the cav-
ity will be dry at the time of vessel breach.

Table 8- also indicates an increase in early
containment failure in the short-term SBO PDSs.
There is an especially large increase in the condi-
tional probability of early _ontainment failure
with no suppression pool bypass, This result was
unexpected, and led to a detailed investigation of
the Grand Gulf APET model and the user
functions used to caloulaie various parameters in
the APET.

The investigation began with a detailed exami-
nation of the frequency output files {rom
EVNTRE. The first event with an unexpected be-
havior in the improved HIS sensitivity is Ques-
tion 57, which addresses the ievel of hydrogen in
the drywell hefore vessel breach. In the improved
HIS case, there is an increase in the probability
that the drywell hydrogen concentration will be
detonable or combustible at this point in the se-
quence. This immediately leads to two questions:
(a) how is the hydrogen getting into the drywell,
and (b) why isn't it burned by the drywell
ignitors?

The second question is easier to answer, The
hydrogen is not burned by the drywell ignitors
because the Draft NUREG-1150 model for
Grand Gulf did not include these ignitors. This
was confirmed by discussions with Sandia per-
sonnel, who indicated that these ignitors were not
thought to be important for the sequences of in-
terest, because of the very limited time window of
drywell tlammability expected in the base case
sequences,

The question about ho - the hydrogen gets into
the drywell is harder to answer. The obvious
place to begin looking is with those questions that
address suppression pool bypass prior to vessel
breach. Question £.2, which addresses pnol by-
pass following early combastion events, turns out
to be the relevant question. As mentioned avove,
the overall conditional probability of pool bypass
is lower in the i'nproved HIS case than in the base
case. However, there is an increase in Case 4 of

67

Cuestion 52. The mode of pool bypass in Case 4
involves failure of the large drywell-to-wetwell
vacuum breakers as a result of diffusion bumns in
the wetwell. Recovery of ac power makes these
vacuum breakers operable, and when wetwell
pressure exceeds drywel! pressure by a predeter-
mined amount, these vacuum breakers are
opened to eliminate the pressure differential. If
diffusion burns are occurring in the wetwell when
these valves open, hot combustion gases can pass
through the valves, potentially causing them to
fail in the open position. Although the probability
of valve failure is low (mean failure probability is
0.05), the large increase in the likelihood of diffu-
sion burns in the improved HIS case causes a sig-
nificant increase in this mode of pool bypass.

The next step in the investigation was to ex-
amine how the hydrogen concentrations in the
drywell and wetwell are manipulated within the
APET user function, The function of interest is
IBASP, which is called by Question 55 and calcu-
lates containment pressure prior to vessel breach,
The portion of this user function that evaluates
~ase 3 of Question 55 (large pool bypass) calcu-
lates the concentration of hydrogen in the drywell
by multiplying the wetwell hydrogen concentra-
tion by the ratio of drywell-to--wetwell volume,
In other words, the drywell and wetwell volumes
are assumed to be well-mixed and a fraction of
the wetwell hydrogen ‘s transported by the user
function into *he drywell via the bypass path af-
forded by the failed vacuum breaker. This “extra”
hydrogen that goes back into the drywell in-
creases the drywell flammability, leading to an in-
creased probability of drywell feilure from
impulse loading at the time of vessel breach, as a
result of hydrogen detonation in the drywell.

However, answering the two questions above
about hydrogen concentration in the drywell does
not resolve all the difficulties with the improved
H1S sensitivity, Although the path by which
hydrogen enters the drywell from the wetwell has
been identified, a question remains ¢ - to why this
hydrogen s not consumed by the diffusion burns
in the wetweli. The answer to this question,
and the real deficiency with the Grand Gulf
model, lies in Question 46, which asks about the



efficiency with which hydrogen is burned in the
containment prior to vessel breach.

There are two parameters in Question 46: the
effective efficiency and the actual efficiency. The
meaning of these parameters is not documented
in the APET, so a discussion of these parameters
was held with personnel from SNL. SNL ex-
plained that the effective efficiency is used as a
non-adiabatic ~orrection factor in calculeting the
pressure ©  _sulting from a hydrogen burn. The
actu .o<tency is used in calculating the amount
of hydrogen (and oxygen) consumed in a burn,
These parameters are inputs tc user function
EPBRN, which calculates the peak pressure rise
in containment from a hydrogen burn prior to
vessel Lreach. EPBRN also calculates the fraction
of hydrogen consumed by the burn, based on the
actual bum efficiency read in from the APET.

Case | of Questic.n 4v addresses diffusion
burns. Both the effective and actual burn efficien-
cles are sec Lo zero in this case. Therefore, the
diffusion bums consume no hydroge.; the molar
fraction of hydrogen is the same before and after
a diffusion burn. This effect was acknowledged
by SNL personnel, who suggested thai ai. 2ctual
efficiency of 100% would more ciosely approxi-
mate available data from the Quarter-Scale Tests.

An actual diftusion burn efficiency of 0% al-
lows hydrogen to build up in the wetwell even in
those case where the ignitors operate. When the
vacuum breakers fail, a fraction of this hydrogen
I8 transported into the drywell, where it can deto-
nate at vessel breach. However, the larger prob-
lem is the hydrogen that remains unbumed in the
wetwell, because this hydrogen presents a partic-
ularly severe threat to containment integrity as a
result of deflagrations and detonations following
vessel breach. Because the improved HIS reduces
the probability of deflagration- and detonation-
induced containment failure before vessel breach
(via APET logic, not via user function calcula-
tion), hydrogen that does not bum early (betore
vessel breach) is more likely to burn at or follow-
ing vessel breach if an ignition source is avail-

able. This is the reason for the increased
probability of containment failure at the time of
vessel breach in the improved HIS case.

To more realistically model the HIS improve-
ment, Question 46 was modified by replacing the
actual diffusion burn efficiency of 0% with the
recommended efficiency of 100%. With this
change, a diffusion bum in the wetwell removes
all of the hydrogen, unless the reaction becomes
oxygen-limited. No attempts were made to mod-
e! ignitors in the drywell, because they are not ex-
pected to have a significant effect on the
progression of the sequence.

Changes were made to the improved HIS
APETs and sampling files for PDSs 1, 3, and 7.
No changes were made for PDSs 8 and 10, be-
cause no hydrogen burns were predicted in the
base case for these sequences (containment is in-
ert). The base case APET and sampling files for
PDS | were also modified to ensure that the
change in actual burn efficiency does not signifi-
cantly alter the base case results. No significant
change to the base case was observed, because
the dominant PDSs are SBOs, where the HIS is
generally unavailable due to a lack of ac power.
Table 8-2 indicates the presentation bins for PDS
1, for the original and revised base case,

As Table 8-2 indicates, increasing the diffu-
sion burn actual efficiency from 0% to 100% pro-
duces cnly slight changes in the base case
conditional containment failure probabilities.
There is a siight decrease in early containment
failures, due to the elimination of detonations in
the drywell at the time _f vessel breach. The
slight increase in late containment failures is the
result of shifting some failures that originally
would have nccurred early to late failures occu.
ring after vessel breach,

Table 8-3 shows the effects of increasing the
diffusion burn ¢ “iciency in the improved HIS
case. Results ~re ~.esented only for PDSs 1, 3,
and 7, bec. .se no hydrogen burns were predicted
for PDS’s 8 and 10.
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Table 8-2
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Table 8-3. Effect of diffusion bum efficiency on containment failure probabilities—improved HIS

case
Containment
____ Failure Bin PDS | PD3 3 PDS 7
VB! early CF" carly 0% 3.97E02 0% 1 43E-01 0%: 1.77E-01
SPB.f no CSY 100%:"  2.59E-02 100% 7.47E-02 100%: 1.34E-01
VB, early CF, carly 0% 6.96E-02 0%: 0.00E+00  0%: 0.00E+00
SPB, CS 100%: 2. 10E-02 100%: 0.00E+00 100%: 0.00E+00
VB, early CF, 0% 9.61E-03 0%: 1.02E-02 0%: 4 14E-03
late SPB 100%: | 90E-03 100% 2.19E-03 1 3. 10E-03
VR, early UF, 0%: 1.91E-0] 0% 242E-01 0%: 3.77E-01
no SPB 100%: S31E-02 100% 9 87E-~02 100% 2.92E-01
VB, late CF 0%: 247E-01 0% 2.86E-01 0%: 3.55E-01
100%: I 88E-01 100%: 45'E01 100%: 4. 54E-01
VB, vented NG “32E-02 J%: € B4E-02 0%: 0.00E+00
100%:; £ 47E-02 100% 9 WE-02 100%: 0.00E+00)
VB, no CF 0% 5. 56E-02 0% 4.30E-02 0%: 7 48E-02
1009 9. 14E-02 100%:: 6.61E-02 100%:: 1.OSE-01
No VB 0%: 324E-01 0% 2.08E~01 0%: 1. 06E-02
10% 1 24E-01 100%: 2.08E-01 100% 1. 06E-02
A, Vessel breach.

b, Containment failure.

¢ Suppression pool bypass.

d.  Containment sprays.

e 0%: Original improved HiS case with diffusion burn efficiency of 0%

f 100%:. 2« { HIS improvement with diffusion bumn efficiency of 100%
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Table 8-4 Weighted average acoident




9. QUANTITATIVE RISK ANALYSIS OF STAND-ALONE
POST-CORE DAMAGE REACTOR DEPRESSURIZATION

8.1 Effects of Post-Core
Damage Depressurization

on Containment Response




tL

Talle 9-1. Conutiona probability of accident progression bins at Grand Gulf —post—core damage res-tor depressunized case

Conditionai Probebility
Accident PDS 1 PDS 3 PDS 7 PDS® PODS 10
Progression Bin {ST-SBO)) (ST-SBO) (ST-SBO) (LT-SBO) (ATWS)
VB * early CF" Dep.: 1.13E-01 Dep.: 174E-01 Dep . 147E-01 Dep.. 3.56E-0i Dep: 411E14
early SPB.“ no CS$* Base: 963E-m Base: 2 00E-01 Base: 2 R4E-01 Base: 2 94E-01 Base: 1.03E-03
VB, early CF, early Dep.: S42E-02 Dep.: 000E+00 Dep.:  0.00E+00 Dep.: 0.00E+00 Dep.:  1.46E-01
SPR. C3 Base: 4 R1E-02 Base: 0.00E+00 Base: 000E+00 Base:  000E+0 Base: 246E-01
VB.early CF late SPB Dep.: 1.23E-02 Dep.: 1.24E-02 Dep.: 1.06E-02 Dep.: 122E-02 Dep.: 22502
Base: TO9IEO3 Base: R 39E-03 Base. 3.15E-03 Base: 142E-03 Base: 363E-03
VB, early CF, no SPR Dep.: 128E-01 Dep: 133E-01 Dep.: 1.59E-01 Dep.: 26901 Dep.: 435E-01
Base: 1.13E-01 Base: 1.68E-0O1 Base: 304F 01 Base: 6.58E-01 Base: S R6E-0O1
VB, late CF Pep.: 295E-0% Dep: 3 0BE-O! Dep.:. 366E-41 Dep.: 3160E-0i Dep.:  000E+00
Base: 2R88E-01 Base: 3 10E-0O1 Base: 331E-01 Base: 465E-02 Base:  000E+00
VB, vented Dep: 467E-02 Dep: 470E-02 Dep.: 0.00E+00 Dep.:  0.00E+00 Dep.: 1. 1R8E-0O1
Base: 493E2 Base: SO7TE-O2 Base: 0.0CE+00 Base: 0.00E:00 Base: 1.55E-0!
Va3 no CF Dep.. 486E-02 Dep.: 357TE-02 Dep.: 487642 Dep.: 237E-03 Dep.:  0.00E+00
Base: S61E-02 Base: 3 75E-02 Base: 653E-02 Base. 0.00E+00 Base: 0.00E+00
No VB Dep.: 291E-01 Dep.: 2 7RE-01 Dep: 267E-0i 2 DOOE+00 Dep.: 2 78E+01
Base: 324E-01 Base: 209E-01 Base: 1.05E-2 Base: 0.00E+00 Base: R R7TE-03
a  Vessel breach
b, Contamment failure.
¢. Suppression pool bypass.
d.  Comamment sprays.




notably Peach Bottom. Thus, issues that were
considered to be potentially important at Peach
Bottom were carried over to Grand Gulf, at least
as a starting point. Secondly, the important issues
are those that were perceived (o have the greatest
probabilities or consequences. Once they were
identified, the remaining small issues were ig-
nored. And finally, this project is considering the
effects of the “small” issues after the “large” is-
sues have osteosibly been significantly reduced.
in a Mark | plant, the reacter head is within a few
feet of the containment (or drywell) head. If the
reactor head in a Mark 1 were to ve failed by in-
vessel steam explosion, it would nave a reason-
able ~~chability of hitting the containment head,
and possibly a non-trivial probability of ‘ailing
containment. In a Mark III (or a large dry con-
tainment such as at Zion), the reactor head is lo-
cated approximately 100 feet below the
containment. In this case, the reactor head would
have to fail and travel a significant distance and
still maintain sufficient energy to fail contain-
ment. In thy case of Grand Gulf, this means fail-
ing the steel liner and a reinforced concrete
structure. This result should not be of concern, n
any event, because APET end states with alpha
mode failure are of very low probability and do
not have a large impact on offsi sk,

In PDSs 3, 7, and 10, the increase in the proba-
bility of recovenng injection during core degra-
dation is large enough to offset the increased
probability of in-vessel steam explosion, thus
giving rise to a decrease in the probability of ves-

sel breac’y, and a corresponding decrease in the
probabiiity of early containment failure.

There is also an effect on the amount of zirco-
nium oxidized at the time of vessei breach, and
thus on the amount of hydrogen produced (Ques-
tion 69). This question addresses ex-vessel oxi-
dation phenomena, namely high-pressure melt
ejection and ex-vessel steam explosion. In all
PDSs except PDS 1, there is a signilicant shift to-
ward lower zirconium oxidation, because of the
elimination of high—pressure melt ejection. In
PDS 1, there is an increase in the probability of
ex-vessel steam explosion because of the in-
crease in the probability of vessel breach at low
pressure (see the discussion of in-vessel steam
explosion above). Additional hydrogen is gener-
ated during the ex-vessel steam explosion, so
there is a shift away from the lowest oxidation
category toward the next higher one. This is ac-
companied by a decrease in the highest oxidatioi
category, also, because of the elimination of high-
pressure melt ejection in the depressurized case.
Overall, there is a shift from th. sighest and low-
est oxidation categories to the muddle categories.

Table -2 presents the conditional accident
progression bin probabilities weighted by the
PDS frequencies. Post-—<ore damage depressuri-
zation results in a slight overall decrease in the
probability of early containment failure. Late
containment failures have increased slightly, as
has the probability of in-vessel recovery. This lat-
ter change oceurs in spite of the decreased proba-
bility of in-vessel recovery in PDS 1| as
previously discussed.



Table 8-2. Weighted averuge accident progressior: bin probabilities—enhanced depressurization

Accident
Prggression Bin

VB.* carly CF early
SPB.f no CS¢

VB, early CF early
SPB, CS

VB, early CF, late SPB
VB, early CF, no SPB
VE, late CF

*'B, vented

v 8, no CF

No VB

a.  Vessel breach.
b.  Containment failure.
¢ Suppression pool bypass

d. Containment sprays.

Base Case
Conditional Probability

1.22E-01

461E-02

7.23E-03
1.S7E-01
2.85L-01
4 49E-02
S.44E-02

2.70E-01

Depressurized Case
Conditional Probability

1L.21E-01

4.93E-02

1.21E-02
| 44E-01
2.98E-01
4.21E-02
4.68E-02

2.77E-01
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16. QUANTITATIVE RISK ANALYSIS OF STAND-ALONE
ENHANCED VACUUM BREAKER OPERABILITY
(NO WEIR WALL OVERFLOW)

Enhanced vacuum breaker operability was
discussed earlier as a potential means of ensuring
no weir wall overflow in order to mitigate the
threat to containment from ex-vessel steam ex-
plosions. However, recent work by ORNL (5. R
Gireene et al. draft report) indicates that enhanced
vacuum breaker operability alone may not ac-
complish this task Therefore, improvements to
the vacuum breakers will not be examined fur-
ther. The evaluated improvement is still preven-
tion of weir wall overflow, but the means by
which this could be ensured have not been ex-
amine 1 in this analysis. Possible ways f imple-
mentir g this improvement would be to increase
the height of the weir wall or vent the contain-
ment prior to depressurizing the reactor vessel.

10.1 Effects of No Weir Wall
Overflow on “ontainment
Response

Table 101 presents the effects of not having
weir wall overflow on the conditional probabili-
tics of the accident progression presentation bins
used in \ . wae 1989 draft of 'VUREG-1150.
These bins are arranged in decreasing order of se-
verity of the failure modes (in terms of offsite
consequence potential). See Appendix D for a
dis~1ssion of the APET modifications used to
model this improvemcnt.

Table 10-1 indicates that preventing weir wall
overflow results in a shift in easly containment
failures with early suppression pool bypass to
carly containment failures with either late pool
bvpass or no bypass. This shift appears to be due
to the decrease in ex—-vessel steam explosions;
however, ex-vessel steam explosions are not

eliminated. The conditional probability of an ex-
vessel steam explosion is still quite large, even if
weir wall overflow is prevented. This is especial-
ly so in PDSs | and 8, where there is little or no
reduction in the conditional probability of an ex-
vessel steam explosion. Eliminating weir wall
overflow does not ensure a dry cavity. Water can
still accumulate as a result of recirculation pump
seal leakage or drywell upper head failure. If
there . no water in the reactor pedestal cavity
(i.e., <656 ft') before failure of the reactor vessel
but injaction is present, the assumption is made
that sufficient water will come out of the reactor
vessel concurrent with, or shortly after, the co-
rium then there wiii be & possibility of an ex-
vessel steamn explosion,

Table 10-1 also indicates an increase in the
conditional probability of late containment fail-
ure, with an accompanying decrease in the proba-
bility that the containment survives intact (VB,
No CF). This increase is primarily att - buted to a
large increase in the probabili'y «  APET end
states in which CCI occurs in a dry cavity. In this
context, dry means there is insuft.cient water
present to prevent a prompt and vigorous CCIL
The CCI generates hydrogen and noncondensible
gases, which can threaten containment integrity
via hydrogen combustion and gradual overpres-
surization, respectively. With the prevention of
weir wall overflow, there is generaily a signifi-
cant increase in the probability of late hydrogen
deflagrations and detonations, accompanied by a
smaller decrease in the probability of eventual
overpressurization by noncondensible gases. The
net effect is an increase in the probability of late
containment failure gnd a decrease in the proba-
bility of containment survival, as indicated in
Table 10-2.
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Table 10-2. Weighted average accident progression bin probabilities-—no weir wall overflow

Accident Base Case No Weir Wall Overflow
Progression Bin Conditional Probability Conditional Probability
VB.® carly CEP early 1.22E-01 1.0RE-01
SPB.f no C§¢
VB. early CF, early 4.61E-02 3 48E-02
SPB, CS
VB, early CF, late 7.23E-03 2.12E42
SPB
\ B, carly CF, no SPB 1.57E-01 1.67E-01
VB, late CF 2.83E-01 3.25E-01
VB, vented 4 49E-02 4 08E-02
VB, no CF 5.44E-02 2.24E-02
No VB 2.70E-01 2.70E-01

a. Vessel breach.
b.  Containment failure.
¢ Suppression pool bypass.

d.  Containment sprays.
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11. QUANTITATIVE RISK ANALYSIS OF STAND-ALONE
CONTAINMENT VENTING

' 11.2 Risk Results
POy
MACCS
11.1 Effects of Venting on
Conteinment Response t
;\'. k
n ol Dra 50. ORNL MELCO}




Table 11-1
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¢ | -4 Bast | 65801 R a< I (M- Bass A SRE_M Base 5 REE._D =
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i Ve | breach
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d  Containment sprays




Toble 11-2. Weighted average accident progression bin probal

Table 11-3 Risk results for containment venting




12. QUANTITATIVE RISX ANALYSIS OF STAND-ALONE
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Table 12-1. Conditional probability of accident progression bins at Grand Gulf —pool dump case

Conditional Probabili
Accident PDS 1 PDS 3 PDS 7 PDS & PDS 10
Progression B (ST-SBO) (ST-SBO) (ST-SBO) (LT-SBO) (ATWS)
VB _* early CE" BCP: 1.02E-01 UCP: 2 08E-9O1 uce: 3 1E-01 UucP:  294E-01 ucP: 10303
early SPB* CS* Base: 9.63E-02 Base: 2 00E-01 Base: 2R4E-O. Base: 294E-01 Bawe: 103E-03
VB, early CF, early ucCe:. 5.0SE-40 UCP: 0.00E+06 UCP:  0.00E+00 UCP: 0.00E+00 UCP:  246E-01
SPB.CS Base: 4R1E-W Rase: GO0E+00 Base:  000E+00 Base: 0.00E+00 Base:  246E-01
VB, early CF, uce: TAIE-03 UCP: TR9E-0O3 ucCe: 7. 83E-0a ucr:  1.42E-03 UCP:. 363E-03
late SPB Base: 7.91E-03 Base: R.39E-03 Base: IISE-03 Base: 142E-03 Base: 363E-43
VB, ~arly CF. uce: 1 ORE-0O1 uCe: 1L.63E-01 uce: 272E-0 UCP: 6.58E-01 UCP:  586E-01
no SPB Base: HI3E-O1 Base: i 68E-01 Base: IME-O: Base: 6.58E-01 Base: S R6E-O1
VB, late CF UCP: 283E-01 UCP: 3.06E-01 UCP: 3.38E-01 UuCeP: 46502 Ucep:  000E+00
Base: 2 88E-O1 Base: 3 10E-01 Base: I31E01 Base: 465E-02 Base: G.00E+00
VB, vented UCP: 4 93E-02 UuCe: 5. 06E-02 vee: 0.00E+00 UCP: 0.00E+00 UuCP:  1.55E-01
Base: 4 93E-02 Base: SO7TE-O Base: 0 00E+GD Base:  000E+00 Base: 1.55E-01
VB, no CF U, . S.65E-02 UCe: 3. 76E-02 UCe: 6.49E-02 UCP:  000E+0 UCP. 0.00ED0
Base: SH6IE-02 Base: 3.75E-02 Base: 6.53E-02 Base: 0.00E+00 Base: 0.00E+00
No VB ucCe: 3.24E-01 ucCe: 2.09E-01 ucCe: 1L.OSE-02 UCP: 0.00E+00 UCP: RR7E-03
Base: 3.24E-01 Base: 2.09E-01 Base: 1OSE-02 dase:  0.00E+00 Base: S R7E-03

a  Vessel breach.

b Contamment falere.
¢.  Suppression pool bypass.

d. Containment spravs.




Table 12-2. Weighted average accident progression bin probabilities—pool dump case

Accident
Progression Bin

Vi, " early CF) early
SPB.‘ no €8¢

VB, early CF, early
SPB, CS

VB, early CF, late SPB

VB, early CF, no SPB

VB, late CF
VB, vented
VB, no CF

No VB

@ Vessel breach.
b, Containment failure.
¢. Suppression pool bypass.

d.  Containment sprays.

Base Case
Conditional Probability

1.22E-01

461E-02

7.23E-403

1.57C-01

2.83E-01
4 49E-02
5.44E-02

2.70E- J1

Conditional Probability
With UCP Dump

1.30E-01

4.79E-02

6.56E-03

1.S0E-01

281E-01
4 49E-0.
SATE-02

2.70E-01




13. QUANTITATIVE RISK ANALYSIS OF
COMBINED IMPROVEMENTS

13.1 Combined Improvements
with No Weir Wall
Overflow

13.1.1 Effects on Containment Response
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explosion at low pressure, . hich offe_s the In
creased probability of recovering vessel injection
prior to vessel breach. However, the decrease in
in-vessel recovery was not as large for the com
nsitivity as 1« was for the stand- alone
posy _ore damage reactor depressurization sensi
tivity. The assumed 5% unavailability of post
core damage reactor depressurization causes the
combined sensitivity case to behave more like the
base case than the stand-alone improvement
which assumed 100% availability of post—core
damage depressurization. The increased proba
bility of aligning the FWS for vessel injection in
creases the percentage ol sequences witt
injection to 97,7% from the base case percentage
of 87%; for post-core damage reactor Jepressuii
zation alone, the percentage was 95% (these per
centeges are tor PDS | only). This increase in

core injection contributes to increasing the proba

bility of in-vessel recovery in PDS 1 to (.3

from 0.291 for the case with post-core damé

S

reacto. depressurization alone

In PDSs 3 and 7, the effect of the combined in
provements on the probability of in-vessel recoy
ery is somewhat different from that in PDS 1. In
PDS 1, depressurization restricts in-vessel recoy
ery because of an increased probability of steam
explosions failing the vessel. In PDSs 3 and 7, the
increase in core injection oftsets the increased
probability of steem expiosions, resulting in an
overall increase in the probability of in—vessel r
covery. Therefore, the assumed 5% unavailability
of post-core damage reactor depressurization in
hibits core recovery by increasing the number of
sequences that remain at high pressure without in
jection. However, for PDSs 3 and 7, the percent
age of sequences with injection has increased a
little above that of the stand-alone post-core dam
age depressarization sensitivity, and significantly
above that for the base case. For PDS 3, the per
centages of sequences with injection are 92, 91

and 69%, for the combined improvements, stand

alone post—Core J.i",m_;".‘ rea re depressuriza
tion, and base cases, respectively. For PDS 7, the
correspondiing percentages are %0, 8/, and 3%

combine

‘SS¢

(

recovery 1§ Gifferent from that seen in the SBO

PDSs discussed above. The percentage of

} agt
quences with in=vessel recovery is increased
significantly from 0.9 to 26.5 n the base cas
but | ightly less than the 27 X ¢ ntt

stand--alone post-core damage reactor depressi

rization case. This PDS. a long-term ATWS

not aftected by the modifications to the fire water

system, so the percentage ol sequences will
e 't N | tey th . sntage of deores r7e
JECLION 15 egual 10 K ;)(Mku‘dh.l\.«’, ESSL Fd

sequences, 95%. With 100% post-core damage
reactor depressunzation availability, 100% of the
sequences had injection and, thus, there w
greater potential tor 1ni—-vessel recovery

As indicated in Table 13-2, the net effect

the Draft NUREG '[\ ntaton bins

sntit from early containment failure 1 ¢ Cor
tainment fatlure and venting. T'his increase in the
probability of late containment failure j

mented by an increase in the overall probat

of containment failure. The small increase th
probability of in-vessel recovery (No VB) help
to mitigate the increase in late centainment fa
ure. These findings would be expected to char
it steam explosions were not a credible result of

corium pours at vessel breach

13.1.2 Risk Results. MACCS calculat
were performed using the MACCS 1511 u

decks to determine the effect of the first

cavity combined sensitivity with no weir wa
overtiow on offsite conseguences l‘l" ¢
r

presents these results along with those of the base
case. As this table indicates, the combined ser

tivity with no weir wall overfiow has mix

ettects on the offsite risk measures. Wi it
mean number of earty fatalities and oftsite St
increased, the mean 50— and 1000-mile dose

decreased, and the mean number of latent fata

ities remained tne ¢. consdering tt It
stantial decrease in the probat ty of ¢
containment talure in the comvined sensitivit
these resulis—insigniricant decreases 1n aose and
SNArp Increases in earty ratalities and Costs—were
not expected However, careful scru I u

PARTITION output files revealed that ener

he ndit \ nrohab o f 1} ’
al, the conditiona 10D
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Teble 13-2. Weighted average accident progression bin probabilities—combined improvements
with no weir wall overflow

Accident Base Case Combined Case
Progression Bin Conditional Probability Conditional Probability
VB * early CF" early 1.22E-01 2.711E-02
SPB.f no CS§¢
VB, early CF, early 4.61E-02 1.§7E-02
SPB, CS
VB, early CF, late SPB 7.23E-03 8.01E-03
VB, early CF, no SPB | S7TE-0] 6.03E-02 |
VE, late CF 2. R3E-O1 4.76E-0)
VB, vented 4 49E-02 8.15E-02
VB, no CF S.44E-02 347E-02
No VB 2. 70E-01 2.90E-01

a.  Vessel breack.
b.  Containment faiiure

¢, Suppression pool bypass.

d. Containment sprays.

Table 13-3. Grand Gulf combined improvements with no weir wall overflow risk comparison

Mean Early  Mean [ atent Mean Mean Mean
Fatalities Fat-dties 50-Mile Dose  1000-Mile Dose  Offsite Costs
(per ry*) (perry) (man-rem/ry) (man-rem/ry) ($/ry)
Base case 6.2E-00 1.7E-03 7.8E-01 10.4 2.2E+03
Combined 6.8E-09 1.7E-03 7.6E-01 10.3 2. 7E+03

improvements
with no weir
wall overflow

a.  Reactor year.
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Table 13-8. Weighted average accident progression bin probabilities—combined improvements
with and without weir wall overflow

Accident Conditional Probability Conditional Probability
Progression Bin Without Weir Wall Overflow With Weir Wall Overflow

VB, early CF" early 2.71E<02 3.12E-02

SPB.‘ no C§¢

VB, early CF, early 1.8TE-02 2.38E-02

SPB, CS

VB, early CF, late SPB 8.01E-03 2.93E-03

VB, early CF, no SPB 6.03E-02 5 04E-02

VB, late CF 4.76E-01 4 30E-01

VB, vented 8.15E-02 8.10E-02

VB, no CF 347E-02 7.79E-02

No VB 2.70E-0] 2.90E-~01

8. Vessel breach.

b, Containment failure.

¢.  Suppression pool bypass,

d.  Containment sprays.

weir wall overflow with those for the base case.
Compared with the base case, as indicated in
Table 13-6, the net effects are decreases in every
early containment failure mode and increases in
the conditional probabilities of late containment
failure, venting, no containment failure, and
in-vessel recovery.

13.2.2 Risk Results. MACCS consequence
calculations were performed for the combined
improvement sensitivity permitting weir wall
overflow, again using the MACCS 1.5.11 input
decks. Table 13-7 presents these results, along
with those for the base case. As indicated in the
table, the offsite risk for the combined sensitivity

0]

permitting weir wall overflow is less than that for
the base case.

Preventing weir wall overflow decreases, but
does not eliminate, the probability of an ex-
vessel steam explosion, In addition, preventing
weir wall overflow increases the probability that
dry CCI will occur. A comparison of the results in
Tables 13-3 and 13-7 indicates that the effects on
risk of the increased probability of dry CCI (mini-
mal scrubbing of fission products through an
overlying pool of water) in the case without weir
wall overflow outweigh those brought about by
the decrease in the probability of ex-vessel steam
explosions. It should be remembered that this
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Table 13-8. Weighted average accideni progression bin probabilities—no weir wall over v and
no ex-vessel steam explosion

Conditional Probability
Accident Conditional Probability Wit No Weir Wall
Progression Bin of the Base Case Overflow and No EVSE *
VB early CFf early 1.22E-01 2.56E-02
SPB.? no CS*
VB, early CF, early 461E-02 | 4SE-02
SPB, CS
VB, early CF, late SPB 7.23E-03 6. 78E-03
VB, early CF, no SPB 1.57E-01 395E-02
VE, late CF 2 83E-01 4 95E-01
VB, vented 4 49E-02 8 46E-02
VB, no CF 5.44E-02 3 93E-02
No VB 2.70E-0! 2.90E-0|
a. Ex-vessel steam explosion.
b.  Vessel breach.
¢.  Containment failure,
d.  Suppression pool bypass.
e. Containment sprays.
Table 13-10. Grand Gulf combined improvement with no weir wall overflow and no ex-vessel
steam explosion risk comparison
Mean Early  Mean Latent Mean Mean Mean
Fatalities Fatalities 50-Mile Dose  1000-Mile Dose  Offsite Costs
(per ry*) (per ry) (man—rem/ry) (man-rem/ry) ($/ry)
Base case 6.2E-00 1.7E-03 7.8E-01 10.4 2.2E+03
Combined 5.3E-09 {.SE-03 74E-01 10.0 1.SE+03
improverment
with no weir
wall overflow
and no EVSE®
a.  Reactor year.
b. Ex-vessel steam explosion.
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14. SUMMARY OF TECHNICAL FINDINGS FROM
GUANTITATIVE ANALYSIS

This section summarizes the significant results
of the quantitative analysis presented in Sections
8-13. The discussion in this secticn is organized
around the potential improvemeats evaluated in
these previous sections.

14.1 improved HIS

Continuously available hydrogen ignitors pro-
vide a distributed ignition source that burns the
hydrogen released during core ‘degradation in a
diffusion flame whenever flammable conditions
exist in containment, The improvement to the
HIS that was modeled was the installation of a
backup de power supply to the existing ignitors,
50 that the HIS would be operable under SBC
conditions. The backup de power supply was
modeled as having an availability of 0,95, The
probability that the operators fail to actuate the
HIS when required was retained from the base
case APETs,

A hydrogen burn efficiency of 100% was also
used to more closely approximate available hy-
drogen burn data from the Quarter-Scale Tests.
With this burn efficiency change, a diffusion bum
in the wetwell removes all of the hydrogen pres-
ent, unless the reaction becomes oxygen-limited.

The improved HIS (with high burn efficiency)
produced a significant decrease in the conditional
probability of early containment failure, and an
increase in the probabilities of containment sur-
vival and late containment failure, Although off-
site consequences were not caleulated for the
stand-alone HIS improvement, this shift away
from early containment failure is expected to
bring abaut a reduction in offsite risk.

14.2 Post-Core Damage
Reactor Vessel
Depressurization

This improvement consists of a backup supply
of de power to the SRV solenoids, allowing the

reactor to be depressurized during sequences in
which the station batteries (the normal source of
power to the SRV solenoids) are failed or de-
pleted. There are three aspects to this improve-
ment. Enhanced depressurization can (a) prevent
core damage in those sequences where a low-
pressure injection system is available, (b) allow
sequences that have progressed to core damage to
be recovered in-vessel, and (¢) prevent high-
pressure melt ejection in those cases where in-
vessel recovery is not successful, The first of
these aspects was not analyzed quantitatively.

Reactor depressurization has a number of in-
teresting effects on the progression of the acci-
dent sequence after the onset of core degradation,
First, depressurization decreases the probability
that an SRV tailpipe vacuum breaker will stick
open. This effect is due to the fewer number of
demands placed on the SRVs when the RPV is
depressurized. Secondly, the prokability of in-
vessel recovery is higher in the depressurized
case for all PDSs except PDSs | and 8, where it is
decreased for PDS |, The increase in vessel
breach probability in PDS | occurs in spite of the
fact that the probability of recovering injection
during core degradation is higher for all PDSs in
the depressurized case, except PDS 8, where it is
0.0 in both the sensitivity and base case, The
reason for this occurrence 1s the increased proba-
bility of in-vessel steam explosions that fail the
RPV in the depressurized case.

The increased probability of in-vessel steam
explosion is also the reason for the increased
probability of early containment failure for PDSs
| and 8. The increased probability of in-vessel
steam explosions makes a mode failure of the
containment more likely in the depressurized
case, resulting in an increased probability of early
containment failure at the time of vessel breach.
InPDSs 3,7, and 10, the increase in the probabili-
ty of recovering injection during core degradation
is large enough to offset the increased probability
of in—vessel steam explosion, thus giving rise to a
decrease in the probability of vessel breach, and a
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corresponding decrease in the probability of early
containment failure.

Overall, post-cote damage reactor depressuri-
zation results in a slight decrease in the condition-
al probability of early containment failure, Late
containment failures increase slightly, as does the
probability of in-vessel recovery. If steam explo-
sions are not credible, as some researchers con-
tend, then the probabilities would be further
reduced. If the reactor were depressurized before
core damage (in accordance with Revision 3 of
the EPGs), significant reductions in core melt and
containment failure probabilities and risk would
be expected.

14.3 Enhanced Vacuum
Breaker Operability (No
Weir Wall Overflow)

Enhanced vacuum breaker operability is a
potential means of ensuring that no water will
overflow the weir wall, thus mitigating the threat
to containment from ex-vessel steam explosions.
However, because recent work by ORNL (S.R
Greene et al. draft report) indicates that enhanced
vacuum breaker operability alone may not ac-
complish this task, the improvement that was eva-
luated was prevention of weir wall overflow, but
the means by which this could be ensured were
not examined. Possible ways of implementing
this improvement would be to increase the height
of the weir wall or vent the containment prior to
depressurizing the reactor vessel.

Preventing weir wall overflow results in a shift
in early containment failures with early suppres-
sion pool bypass to early containment failures
with either late pool bypass or no bypass. This
shift appears to be due to the decrease in ex~
vessel steam explosions; however, ex-vessel
steam explosions are not eliminated. The condi-
tional probability of an ex-vessel steam explo-
sion is still quite large even if water is prevented
from overflowing the weir wall.

There is also an increase in the conditional
probability of late containment failure, with an
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accompanying decrease in the probability that the
containment survives intact. This is due primarily
to the very large increase in the probability of CCl
if the suppression pool is prevented from flooding
the drywell, and hence the reactor cavity. The
CCl generates hydrogen and noncondensible
gases, which can threaten containment integrity
via hydrogen combustion and gradual overpres-
surization, respectively. The net effect was an in-
crease in the probability of late containment
failure and a decrease in the probability of con-
tainment survival,

14.4 Containment Venting

Containment venting was examined quantita-
tively by assuming that a backup source of dc
power is available to the solenoids of the contain-
ment vent valves, so that the valves can be opened
remotely during SBC. The enhanced venting sys-
tern was assumed to have an availability of 0,95,
For short-term SBO, the containment was as-
sumed to be vented prior to core degradation
{preemptive venting), with no later closure of the
vent valves. For long~term SBO and ATWS se-
quences, venting was again assumed (o occur
prior to core degradation with a probability of
0.95; however, in this case the venting is not pre-
emptive, because containment pressure will reach
the PCPL prior to core degradation.

Containment venting was found to greatly re-
duce the conditional probability of containment
failure. However, venting (without an external
filter) leads to an increase in offsite risk because
of the relatively high probability of suppression
pool bypass in the Mark 1l containment.

14.5 Upper Containment Pool
Dump

Because the valves used to dump the Mar, [ll
upper containment pool to the suppression pool
are operated by ac motors, they are ncot available
during SBO. A potential impros ement would be
to supply these valves with operators that could
be actuated independently of ac power, or with
operators supplied from an independent source of



ac power. This would allow makeup to the sup-
pression poo! from the upper containment pool.

The upper pool dump modification was found
to cause a significant increase in the conditional
probability of early containment failure with pool
bypass in the short-term SBO PDSs. Pool dump
results in a higher probability of a flooded or wet
cavity at the time of vessel breach (the probability
of having a dry cavity is 0.0). This increases the
probability of a large ex-vessel steam explosion
at the time of vessel breach, which increases the
impulse loads on the drywell and produzes large
quantities of hydrogen, which can ignite, further
increasing the probability of containment failure
at the time of vessel breach.

14.6 Improvement
Combinations

Three sensitivities were examined in which
several individual improvements were combined,
The first combined sensitivity included an im-
proved HIS with 100% diffusion burn efficiency,
post-core damage reactor depressurization capa-
bility, no water refluxed over the weir wall and
an increased probability that tiie operators get the
fire water system (FWS) aligned so that low-
pressure injection into the RPV occurs in short-
term SBO sequences with the FWS available and
either no power recovery or all other emergency
injection systems failed. The second combined
sensitivity was identical to the firsi except that
water was allowed to reflux over the weir wall.
The third combined sensitivity was also like the
first, but with all ex-vessel steam explosions
eliminated. The enhanced containment venting
and upper pool dump modifications were not in-
cluded in any of the combined improvement sen-
sitivities because of the observations in the
stand-alone analyses.

The first combined improvement case without
weir wall overflow generally reduced the early
threat to containment integrity. However, this
combined improvement significantly increased
the late threat to the containment, primarily as a
result of the CCI that occurs after vessel breach.
As illustrated in Table 14-1, there were mixed ef-
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fects on the offsite risk measures, While the mean
number of early fatalities and offsite costs in-
creased from the base case, the mean S0~ and
1000-mile doses decreased, and the mean num-
ber of latent fatalities remained the same. Consid-
ering the substantial decrease in the probability of
early containment failure in this first combined
sensitivity, these results—minor decreases in
dose and increases in early fatalities and corts—
were not expected. However, careful scrutiny of
the PARTITION output files revealed that, in
general, the conditional probabilities of the re-
leases were down, but the severity of the releases
was increased from the base case. Not allowing
water to overflow the weir wall increases the se-
verity of a given release, because scrubbing of the
release is reduced, Also, the conditional probabil-
ity of containment failure increased and this was
partially responsible for the increase in late con-
tainment failures, given vessel breach,

To further investigate these results, the com-
bined improvement sensitivity was reanalyzed
permitting reflux of water over the weir wall.
Compared with the effects of the first case, there
was @ decrease in the conditional probability of
late containment failure and a corresponding in-
crease in the probability of containment survival,
Although, the probability of early containment
failure remained virtually the same, there was
some shifting among the four early containment
failure bins, with the probability of late and no
suppression pool bypass decreasing, and the
probability of early suppression pool bypass in-
creasing. Compared to the base case, the net ef-
fects were decreases in every early containment
fatlure mode and increases in the conditional
probabilities of late containment failure, venting,
containment survival, and in-vessel recovery.

The offsite risk, presented in Table 141, for
the second combined sensitivity was less than
that for either the base case or the combined case
with no weir wall overflow described above. Pro-
hibiting water from overflowing the weir wall de-
wiwases, but does not eliminate, the protability of
an ex- vessel steam explosion, In addition, this in-
creases the probability that dry CCiw 1 occur. A
comparison of these two com'anea sensitivities



Table 14-1. (irand Gulf combined improvement risk comparison

Mean Early  Mean Latent
Fatalitics Fatalities

per ry*) (perry)

Mean Mean Mean

50--Mile Dose 1000--Mile Dose  Offsite Costs
(man-rem/ry)

(man-rem/ry) ($/ry)

Base case 6.2E-09 1.7E-03

Combined 6.8E-09 1.7E-03
improvement

with no weir

wall overflow

Combined 2.7E-09 1.2E-03
improvement

with weir

wall overflow

permitted

Combined 5.3E-00 1.6E-03
improvement

with no weir

wall overflow,

no EVSE?

a.  Reactor year.

b. Ex-vessel steam explosion,

7.8E-01 104 2.2E+03

7.6E-01 103 2.7E+03

6.2E-01 7.66 1.SE+03

74E-01 10.0 1.5E+03

indicates that the effects on risk of the increased
prababiuty of dry CCI (minimal scrubbing of fis-
sion products through an overlying pool of water)
outweigh those brought about by the decrease in
the probability of ex-vessel steam explosions.

A combined sensitivity was also gnalyzed in
which there was no weir wall overtlow, and ex~
vessel steam explosion was eliminated. In com-
parison with the no-weir wall overflow
combination, this combination provided a slight
additional reduction in the conditional probabili-
ty of early containment failure, ilong with a
corresponding increase in the conditional proba-
bilities of late containment failure and contain-
ment survival. In comparison with the base case,
however, both sensitivities with no weir wall
overflow showed decreases in all early contain-

ment failure modes, at the expense of an in-
creased probability of late containment failure
and » decreased probability of containment sur-
vivau. The risk recults for this combination are
also presented in Table 14-1. Eliminating weir
wall overflow and ex-vessel steam explosion
reduced all categories of risk except cost and
1000 mile dose when compared to the base case
and to the case where only weir wall overflow
wias eliminated.

14.7 Sun.mary

As can be seen from these studies, each of the
potential improvements can have an effect on oth-
ers and thus the potential benefits of the combined
improvements can have greater benefit than indi-
vidual improvements. The combinations of im-
provements that have been discussed in this report
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are not necessarily the only or best combinations
for Grand Gulf or any other Mark 111 facility, but
were those that could have the greatest potential
for reduction in containment failure probability or
risk. The offsite risk and core damage frequency
at Grand Gulf are low and are made up of many

small contributors. Thereicre, the potential bene-
fits from these improvements are small. This anal-
ysis should not be viewed as a complete
evaluation of the benefits (reductions in core dam-
age frequency or in offsite consequences) for any
BWR/6 with a Mark [l containment.
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