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ABSTRACT

This report describes the risk significant challenges posed
to Mark III containment systems by severe accide“*s. Design
similarities and differences between the Mark III pl:. ¢s that are
important to containment performance are summarized. The accident
sequences responsible for the challenges are described, and the
postulated containment failure modes associated with each challenge
are identified. Improvements are discussed that have the potential
either to prevent core damage or containment failure, or to
mitigate the consequences of such failure by reducing the off-site
release of fission products. For each of these potential
improvements, a gualitative analysis of the impact upon core damage
frequency and risk is given. Those modifications with the
potential for cost-effective risk reduction are described.
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EXECUTIVE SUMMARY

In SECY-87-297, dated December 8, 1987, the NRC staff
presented to the Commission its program plan to evaluate generic
severe accident containment wvulnerabilities via the Containment
Performance Improvement (CPI) program. This effort is predicated
on the conclusion 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 adeguacy of the existing Commission policy. The
bases for the conclusion that such assessments are needed include
the relatively large uncertainty in the ability of LWR containments
to successfully survive some severe accident challenges, as
indicated by draft NUREG-1150.° All ILWR containment types are to
be assessed beginning with the boiling water reactors (BWRs) with
Mark I containments. This effort is 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. Any new regulatory requirements from this
program would be developed consistent with the safety goal and
backfit rule and would constitute closure of generic containment
performance issues. The present report concerns BWR plants with
a Mark III containment design.

This report focuses on the identification of potential
challenges to containment integrity that can arise from a severe
accident and the potential improvements that could reduce the
frequency of a severe accident or mitigate the off-site
consequences in the event that a severe accident should occur.
The impact of these improvements upon core damage frequency and
risk is examined qualitatively.

. As the result of phenomenological uncertainties, and the state
“of flux of the ongoing research efforts, the conclusions about
potential improvements contained in this report should be viewed
as tentative. The estimated costs for selected improvements wcre
taken from previously published information and are not meant to
be interpreted as final estimates, since no cost-benefit analysis
was performed for this report.

The most recent draft NUREG-1150 (dated June 1989) analysis
of Crand Gulf has identified the dominant containment failure
challenges to be the result of station blackout (SB0O) accident
sequences. The most significant challenges arising from these
sequences are due to hydrogen deflagrations and detonations, fual-
coolant interactions, and containment over-pressurization by non-
condensible gases from core-concrete interactions.

Potential improvements to reduce the risk from station
blackout include enhanced depressurization capability, the
installation of a backup power supply for the existing hydrogen
ignition systems or a backfit with powerless ignitors, enhanced
operator control over the upper containment pool dump valves, and
a method of venting the containment through a hardened pipe that
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is independent of AC power. The backup power supply for the
ignitors could be sized to also provide power for the upper
containment pou.: dump valves. The backup power supply would
provide an "uninterruptible" hydrogen ignition system which would
burn the hydrogen before it reached detonable concentrations.
Providing enhanced operator control over the upper containment pocl
dump valves would permit dumping of the water at advantageous times
when the normal pool dump initiation signals would not function and
would alsc provide the operators with the ability to prohibit
dumping at other times. Venting the containment via "soft™ HVAC
ductwork could result in a failure of the ductwork and thus raise
concerns about the habitability of the auxiliary building and the
survivability of the equipment in the affected area. A hardened
vent would eliminate these potential concerns.

The table below summarizes the gualitative benefits, as well
as any negative aspects, of each of the proposed improvements.
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QUALITATIVE ASSES"MENT OF BENEFITS AND DRAWBACKS OF PROPOSED

MARK III CONTAINMENT IMPROVEMENTS

Potential
| mprovement

. Enhanced reactor
depressurizetion
system (80.5-14M)

. Backup water supply
system (80.81-2.4M)

Hydrogen control by
improved ignition
systems (8$300K)

Extended vecuum
bresker operation

Extendec’ suppression

pool mekeup
capability

Contairment venting
8. Fard-pipe vent
system with

dedicated power

source (80.69-6.1M)

Potentisl
Benefits

Reduces core damege
frequency of some
sequences

Hay rechce amount of
hydrogen generated
Redces the

Llike! ihood of DCH

Recdhuces fregquency

¢! some core damege
sequences

Incresses possibility
of cevity flooding
(see 5. below)
Relotively low cost

if fire system is used

Recuced conteirment
foilures (STS8 seq.)
due to hydrogen
deflegretions/
detonations

Mey reduce the chance
of ex-vessel steam
explosion

May rechce the pressure
tremsient caused by
hydrogen burns in the
wetwell

Rechuces Likelihood of
dry CCI

Provides scrubbing of
fission proctxts
should suppression
pool bypess occur
Rechces charxe of DCH

Prevents late over-
pressure failures for
transients with scram

Potentisl
Drewbacks

-~

Increases chance of
ex-vess.| steam
explosion

Ootimm RPV level
for depressurization
has not been
determined

New harchere will
be expensive

Risk reduction will
probebly not be
lorge

Incresses chence
of conteirment
failure for
LTSE sequences

Incresses chance

of suppression pool
bypess

May increase chance
of dry CCI .
May incresse chance
of DCH

Increases chance
of steam explosion
Incresses chence of
K2 burn 1f UCP is
duped after core
demege

Nigh Likelihood of
suppression pool
bypess may lesd to
en increase in risk
Moderstely high cost
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CONT I NUED

- o

Potentiel Potentiel Potential
lsprovement Benefits Drasbacks

6. laproved contsirment

vent system
(cont inued)

o Preemptive venting © Does not prevent
reduces the contairment therma! failure,
base pressure prior to steam explosions,
core damege or steam spikes

© Rechces hydrogen © Can lead to
ovailable for inadvertent relesses
secondary containment
burning

© Reduces the driving
pressure (relesse
rote) for other
feilure modes
base pressure prior to
core damege

b. Filtered contairment © See 4.0 © See 4.0
vent system with © May relisve pressure © Filtrs - very high
dedicated power from hydrogen burns cost (830-50M)

© Assures all releases WVSS - high cost
will be scrubbed (85x)

© Can prevent therms!
feilure
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ACRONYMS

ADS automatic depressurization system
ARI alternate rod insertion
ATWS anticipated transient without scram
BWR boiling water reactor
CcCI core-concrete interaction
CDF core damage fregquency
CLWG Containment lLoads Working Group
CPI containment performance improvement
CRD control rod drive
CST condensate storage tank
DEA design basis accident
DCH direct containment heating
ECCS emergency core cooling system
EPG emergency procedure guideline
FCI fuel-coolant interaction
FSAR final safety analysis report
HEP human error probability
HIS hydrogen ignition systew
HPCS high pressure core spray
HVAC heating ventilating and air conditioning
IPE individual plant evaluation
KWU Kraftwerk Union
LOCA loss of coolant accident
LOSP less of off-site power
LPCI low pressure core injectien
LPCS low pressure core spray
LTSB long-term station blackout
MAAP Modular Accident Analysis Program -
MSCWL minimum steam cooling water level
MSIV main steam isolation valve
PCPL primary containment pressure limitation
PCS power conversion system

- PDS plant damage state

) PRA probabilistic risk assessment
PSIA pounds per square inch absolute
PSID pounds per square inch differential
PSIG pounds per sguare inch gauge
PWR pressurized water reactor
RCIC reactor core isolation cooling
RHR residual heat removal
RPS reactor protection system
RPT recirculation pump trip
RPV reactor pressure vessel
SARRP Severe Accident Risk Reduction Program
SBO station blackout
SCFM standard cubic feet per minute
SGTS standby gas treatment system
SLCS standby liquid control system
SPC suppression pool enoling
SRV safety relief valve
SSW standby service water systenm
STCP Source Term Code Package
STSB short-term station blackout
TAF top of active fuel
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PRELIMINARY
EAILURE MODES, AND POTENTIAL
IMPROVEMENTS IN PERFORMANCZ

1. INTRODUCTION

In SECY-87-297, dated December 8, 1987, the NRC staff
presented to the Commission its program plan to evaluate generic
severe accident containment wvulnerabilities via the Containment
Performance Improvement (CPI) program. This effort is predicated
on the conclusion there are generic severe accident challenges to
each light water reactor (LWR) contzinment 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 zonclusion that such assessments are needed include
the relatively large uncertainty in the ability of IWR containments
to successfully survive some severe accident challenges, as
indicated by draft NUREG-1150". The present report addresses BWR
plants with a Mark III containment design. Previously, the CPI
Program has analyzed potential improvements for BWRs with Mark I
containments''. 'Puture and in-progress CPI studies will address
BWRs with Mark II containments, pressurized water reactors (PWRs)
withh ice condenser containments, and P¥ks with large dry
containments, both atmospheric and subatnosppcric.

The present report focuses on dominant severe accident
challenges, as identified by current severe accident research,
which can threaten Mark III containment integrity. Potential
improvements are evaluated as to their ability to arrest the core
melt progression, prevent or delay containment failure during
postulated severe accidents, or mitigate the off-site consequences
of a fission product release. A subsequent report will perform a
risk analysis in order to correlate containment challenges,
resulting consequences, seguence frequencies, and potential
improvement benefits. Potential improvements and benefits are
considered for each containment challenge.

In this report, a preliminary gualitative risk analysis
is presented to relate severe accident sequence fregquencies,
containment failure mode conditional probabilities, and the
magnitude of the off-site consequences. The risk from operation
of a nuclear power plant is the sum over all sequences of the
frequency of the accident times the conditional probability of each
potential containment release mode for each accident sequence times
the mean magnitude of the conseguence, given the source term for
the particular combination of the release mode and the seguence.
Consequently, all factors affecting plant risk should be considered
in a program to improve containment performance.

The containment challenges identified in this report
involve many phenomenological issues that are still the subject of
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considerable uncertainty. Therefore, while the material in this
report relies primarily on the findings of NRC-sponsored research,
other viewpoints are presented where appropriate. Controversial
and highly uncertain issues are dercrired in order to provide a
reference for further discussion.

The BWR Mark III 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 seguences that coul.d challenge containment
integrity. Section 4 describes the containment challenges and
failure modes resulting from the dominant accident seguences.
Section 5 describes plant improvements that have the potential to
prevent core damage or to mitigate containment failure or off-site
conseguences. A qgualitative assessment is provided to identify the
benefits and drawbacks associated with each potential improvement.
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2. MARK III PLANT FEATURES

A general summary of design information for the U.S. BWRs
with Mark III containments is presented in this section. As
indicated in Table 1, there are presently four nuclear power plants
in the U.S. with Mark III containments, located at four different
sites. As seen in Table 1, many different architect/engineer and
construction firms were used to build the four plants. Design
similarities and differences are presented in Tables 2 and 3.

The discussion in the following sections focuses on
variations in design features among the four units currently
licensed, and is limited to those features of the reactor and
containment design thought to be most significant in determining
the plant response to severe accidents. Section 2.1 describes some
of the more important features of the BWR/6 reactor line, and
Section 2.2 describes the primary containment design. Unless
otherwise noted, the plant-specific information for the following
discussion was obtained from tnf.gﬁgpoctivo Final Safety Analysis
Reports (FSAR) for the plants,®*

2.1 Reactor Design

BWR plants with Mark III containments feature the General
Electric Company (GE) BWR/6 reactor product line. Table 2
summarizes some of the important reactor design information for the
reactors in the Mark III plants.

A comparison of the emergency core cooling systems (ECCS)
is also included in Table 2. The BWk/6 reactors feature a high
pressure core spray (HPCS) system, a low pressure core spray (LPCS)
system, the low pressure coolant injection (LPCI) function of the
recidual heat removal (RHR) system, and the automatic
depressurization system (ADS). These systems are segregated into
three divisions tc¢ provide separation of redundant functions.
Division 1 is comprised of one train of LPCI, LPCS, Division I of
ADS, an independent standby AC-power source, and an independent DC
battery to provide emergency DC power to vital loads.
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TABLE 1. UNITED STATES WUCLEAR POMER PLANTS WITH MARK 111 CONTAIWENTS®

Wi

Dete of
Utility / Plant Name Architecturs! Corstruction Commercial
Engineer Firm Operestion
Cleveloand Eilectric
Iiluminating Co.
Perry 1 6ilbert Utility 1"“er
Gulf States
Utilities Co.
River Bend 1 Stone § Webster Stone & Webster 6/86
Ilinois Power Co.
Clinton 1 Sargent & Lundly Balawin 4/87
System Energy
Resources, Inc.
Greand Gulf 1 Sechtel Bechtel i)

8. "orld List of Nuclesr Power Plants®, Nucleer Mews, Vol. 3x, No. 2, Americen Mucleer Bociety, Februsry,

1989.
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TABLE 2. COMPARISON OF BWR MARK 111 REACTOR DESIGN CHARACTERISTICS

Plent
Pareneter Clinton Grend Gulf Perry River Bend
Renctor Degign
© Model Nerk & Kark 6 Merk 6 Mark 6
© Vessel ID [in.) 218. 1. 238, 218.
© Nunber of Fuel 624 800 768 624
bundies
© Ratec Power 28%.. 3833. nw. 209,
Dth)
© Power Dersity $2.4 5.1 8.1 $2.4
tkw/L)
© VYurbine Bypass (X0 3§ b 1 35 10
ECCS
o NPCS
- Flow (gpm)
ot 1147 psid 14600. 1650, 1550, 1400,
ot 200 psid $010. 7115, 6000. $010.
- Minimm S. 4. S. S.
KOSK [ft)
- Design AC motor AC sotor AC motor AC motor
= Injection Above cr Above cr Above cr  Above cr
Location aperger sperger sparger sparger
© LPCS X
* Flow [gpm) $010. 7115, 6000 $010
128 psid
- Design AC motor AC motor AC motor AC motor
- Injection Above cr Above cr Above cr  Above cr
Location sparger sparger sparger sperger
o iPCI
« Flow [gem) $050.* 3 7450.* 3 6500.* 3 S050. *3
24 psid 24 psid 20 psid 24 paid
* Design AC motor AC motor AC sotor AL motor
= Injection Cr shroud Cr shroud Cr shrouwd
Locetion
© ADS desigreted
SRV's 7 [ ] [ ] 7
o RCIC
* Flow [gem) 600, 800. 700. 600,
- Design Turbine Turbine Turbine Turbine
Injection RPY Wead Feeciater RPY Nead RPV Nead
Location

Division II is comprised of the remaining two LPCI trains of RHR,
Pivision II of ADS, and independent AC and DC power sources
analogous to those in Division I. Division III consists of HPCS,
a dedicated diesel generator as an independent standby AC-power
source, and an independent DC-power source. As summarized in Table
2, the basic design features of the ECCS for all of the BWR/6 units
studied are essentially identical except for differences in flow
capacity, which correspond to the relative size scale of each
plant. The ECCS systems associated with the BWR/6 plants are
designed with sufficient net positive suction head (NPSH) to ensure
pumping capability with the suppression pool water at saturated
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conditions. This feature becomes significant during accident
sequences that challenge the heat capacity limits of the
suppression pool. It is also important for sequences that involve
containment venting or containment failure before vessel failure,
conditions that could result in rapid containment depressurization
with accompanying saturation of the suppression pool.

The HPCS system delivers water to the reactor core 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 to maintain reactor vessel
inventory after small breaks that do not depressurize the reactor
vessel. It also acts to depressurize the reactor vessel under
these circumstances and provides spray cooling heat transfer during
seguences involving core uncovery. The HPCS system can drawv a
suction from either the condensate storage tank (CST) or the
suppression pool. The transfer of suction from the condensate
storage tank to the suppression pool is fully autoratic, occurring
on either low CST level or high suppression pocl level. HPCS is
automatically actuated on either lower reactor 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/feedvater system, the reactor core isolation cooling
(RCIC) system, and the control rod drive (CRD) hydraulic system.
The RCIC and CRD systems are nct part of the ECCS and have a lower
makeup flow rate than the ECCS. However,;  in postulated high
pressure severe accidents, these systems may be important sources
of makeup flow. The RCIC makeup flow rates are included in Table
2. The turbine-driven RCIC system delivers approximately 10% of
the maximum HPCS flow rate. Although a survey of plant-specific
- CRD flow rates was not made, it is expected that tha2 CRD injection
rate during normal operations would be approximately 65 gpm. With
optimum manual valve lineup, each CRD pump could probably deliver
more that 100 gpm to the reactor vessel.

All the Mark III plants include an automatic depressurization
system (ADS) as part of the ECCS to depressurize the reactor vessel
and allow 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 located near the bottom of the suppression pool.
Discharging effluent into the bottom of the suppression pool
maximizes the condensation of steam and the scrubbing of any non-
noble gas fission products. 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 are provided as part of the
ECCS, LPCS and LPCI. LPCS is an independent loop similar to the
HPCS, except that LPCS is a low pressure system, it does not have
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a dedicated independent power supply, and the suction path from the
CST is not available. The LPCI system is a subsystem of the
residual heat ramoval (RHR) system and is a large capacity, low
pressure system.

RCIC is steam turbine-driven and is capable of taking a
suction from either the CST or the suppression pool to supply high
pressure makeup flow., Alternatively, a suction path from the RHR
system can be established to support the steam condensing mode of
RHR. Unlike the ECCS, RCIC is only designed to operate with
suction temperatures up to 140°F. Automatic actuation of RCIC
occurs on a low reactor water level signal (Level 2) to provide
makeup flow to the vessel. As with HPCS, suction transfer from the
CST to the suppression pool occurs automatically.

The 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. The stean
co>ndensing mode of RHR, in conjunction with the RCIC return, is
designed to condense all of the steam generated 1.5 hours following
a scram from 100% power. Except for Grand Gulf, the discharge line
of RCIC injects into the vessel head spray connection. The head
spray injection produces a steam-quenching effect, which
depressurizes the reactor vessel. At Grand Gulf RCIC injects into
a feedwvater line. A comparison of RCIC systems is provided in
Table 2.

Reactivity control is prov.ded by cruciform-shaped bottom
entry control rods. The reactor protection system (RPS) monitors
several system parameters and, if necessary, generates a reactor
scram signal to rapidly insert the contrcl rods into the core.
Anticipated transient without scram (ATWS) protection is provided
by the alternate rod insertion (ARI) and recirculation pump trip
_(RPT) functions. The ARI system provides a backup scram signal
should the RPS fail. The ATWS RPT function trips the field
breakers to the recirculation pump motors, increasing the core void
fraction and thus reducing core thermal power to the natural
circulation rod line limits. Redundant reactivity control is
provided by the standby liquid control system (SLCS). The SICS is
manually initiated from the control room to pump a sodium
pentaborate solution into the reactor if the reactor cannot be shut
down, or be kept shut down with the control rods.

2.2 Primary Contajinment Design

The BWR Mark III containment consists of two regions, the
drywell and the wetwell (see Figure 1). The wetwell consists of
an annular region around the drywell and is separated from the
drywell by a weir wall. The drywell atmosphere is in contact with
the suppression pool water surface in the annular region between
the weir wall and the drywell wall. When the drywell airspace is
pressurized, the suppression pool water is depressed in the drywell
and gases from the drywell are forced through submerged holes in
the drywell wall into the suppression pool. Since the holes in the
drywell wall are below the normal water level of the pool, all
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effluent entering the wetwell first passes through the water in the
suppression pool. The benefits of the suppression pool include (a)
scrubbing of the non-noble gas fission products, (b) a source of
water for the ECCS, ard (c) a large Poat sink for stean
condensation. For example, a 140,000 ft" pool 4is capable of
absorbing 100 MW-hr of energy with only a 40°F temperature rise.

Table 3 summarizes the general containment design information
for the four Mark III plant sites. The Mark III containment has
a much larger free volume (1.8 MCF) than previous BWR designs (.5
MCF for Mark IIs and .2 MCF for Marks Is). Because of the larger
size of the Mark III containment, containment inerting was not
included in its design, and hydrogen control systems are provided
for hydrogen control during design basis accidents.

Figures 1 through 4 show the general containment layout at
each of the Mark III units studied. Two basic containment
construction types are employed. At Perry and River 3end the
containment boundary is a free-standing steel shell that is
contained within a concrete reactor building. The Clinton and
Grand Gulf containments are both constructed from a steel-lined
reinforced concrete shell. Grand Gulf, which was chosen as the
Mark Il1I NUREG-1150 study plant, has a concrete containment
boundary consisting of the foundation mat, the cylindrical wall,
and the reactor building dome. The flat circular foundation mat
is 9'~6" thick and has an outside diameter of 134'. The foundation
mat supports a right circular cylindrical wall 3'-6" thick, with
an inner radius of 62', and a height of 144'-9" from the top of tlre
foundation mat to the springline. Above the cylindrical wall is
the hemispherical shell of the containment dome. The dome is 2'-6"
thick with an inside radius of 62'. The inner surface of the
concrete is completely lined by welded steel plate to form a gas-
tight barrier. The volume within the containment boundary consists
of the drywell and suppression pool. The drywell wall is a
cylindrical structure made of reinforced concrete. The drywell is
connected to the wetwell by 28-inch diameter vents in the drywell
wall located below the surface of the suppression pool. A water
seal is maintained over the vents by a 17-foot weir wall located
inside of the drywell wall. Steam released within the drywell
boundary is relieved through the annulus between the weir wall and
drywell wall, out through the submerged vents, and into the wetwell
water volume, where the remainder of the steam is condensed.
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TABLE 3. CONPARISON OF BWR WARK 111 PRIMARY CONTAINMENT DESIGN CHARACTERISTICS

Plont

Parameter Clinton Grond Guif Perry River Bond

Conteirment Design
© Totgl Free Volume  1.006+6 16766 1.20646 1,196+
tt

© Poo) Volume 0.136E+6 0.V6k+6 0.128+6 0.138+¢
Ift

o Contairment 0.6 0.64 0.8 0.41
Volume/Therma!

'n,r reting
[(ft5/kM)

© Contsirment 0.047 0.037 0.034 0.045
pool Volume/
Thermal Power
reting
[(1t5/kv)

0 DrywellNetwel |l
Vents
*  humber 102 135 120 129

© Desipn Pressure
lpsig)
« Internsl 15. 15. 15. 15.
~ Externsl 3.0 3.0 0.8 9.6

o Drywell
Desipn Pressure
(psig)
* Interma! 30. 30. 30.
* External 17. 21. 21,

.

0  Naximm Leakage 0.65 0.35 0.20 0.26
Xvol /Dey)

o BNR NX's
* Removal Rate 37.8%2 $0.0%2 £6.9*2 s7.8%2
(1066 Btu/hr)
- % of Core
Therma!
Power
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TABLE 3. (CONTINUED)

—

Plant

Parameter Clinton Grend Gulf Perry River Bend

£8A Peak Response
© Drywell [psig) 1.
¢ Contairment [psig) 8.

Combustible Ges

gontrol

° Mixing Drywell to 800.%2 1000.%2 500.%*2 600.%2
teirment (scfm)

© Conteirment Purge  300.%2 65.°2 50. 2500,

to SGTS [scfm)

° Recombiner T0.%2 100.%2 100.%2 100.%2
n

° I' Ignitors (¥ 15 L1 ” 104

Secondery ’ln .n 3.64 0.393 0.357
Volume [ft¥ * 1.E+6)
- Avulus 0.393 0.357
« Aux Bldg. 3.04
- Encl Bldg. 0.60

Operating Pressure

[in wg)
- Avvwilus g -0
- Aux Bldg. -0.2% «0.125 0.
- Encl Bldg. 0.0

In-leakage Rote 0.65 100. >
(Xvol /day)

fission Product

Control Systems

° l:qcuy 4000 . *2 12500.%2 700.%2 12500.%2
(ft%/uin)
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Figure 1. Clinton contairment layout,
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The SRVs discharge through guenchers located at the bottom of
the suppression pool. Vacuum breakers located in the drywell on
the SRV tailpipes prevent the tailpipes from drawing fluid up from
the suppression pool as the steam in the lines condenses following
SRV closure.

The Grand Gulf reactor vessel is supported by a cylindrical
pedestal 5.75 feet thick. Exterior to the pedestal is a nine-foot
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 pedestal is 21'-2" in
diameter and 6'-3" deep from the basemat to the top of the reactor
pressure vessel (RPV) pedestal mat. Molten core debris from a
postulated failure of the RPV bottom head would likely be contained
within the pedestal cavity. The Mark III pedestal design is less
susceptible to failure from corium attack than the earlier Mark II
designs, since the lower region of the Mark III pedestal is
surrounded by the pedestal mat as opposed to the Mark II designs,
which are either surrounded by or placed directly into the
suppression pool. Should corium attack fail the pedestal,
containment failure and suppression pool bypass would likely result
from vessel movement breaking the seals of attached piping at the
drywell and containment boundaries.

During normal plant operations, eguipment and floor drains in
the drywell drain to sumps located in the in-pedestal cavity.
There are two 460-gallon sumps, each of which is equipped with two
50 gpm AC-powered level control pumps. Each sump has a single
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 will automati-
cally close on reactor vessel low water level - Level 2, high
drywell pressure, loss of control air, or loss of power .o 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-gallon auxiliary building drain
transfer tanks, and from there to equipment and floor drain collec-
tion tanks in the radwaste building. The drywell floor drain
collection tank has four floor drain lines from the 100'~95" level
of the drywell. The floor drains are each 4-inch lines that feed
two 8-inch drain headers, one of which is reduced to six inches
before discharging to the floor drain sump. During severe
accidents, the sump discharge lines will isolate and the sump pumps
may experience loss of power, allowing the sumps to overflow. The
drain lines into the sump will provide a flow path for water
accumulating on the drywell floor. Since the sumps are equipped
with well-fitted, but not water-tight steel plate access covers,
flooding of the pedestal will be possible before water levels on
the drywell floor reach the pedestal access and CRD removal
opening. 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" line) or from around the sump cover. There should also be
2 flow path from the pedestal cavity floor into the sump, but it
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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 turns out to be an important consideration in
determining the potential for a steam explosion should a severe
accident progress to the point of RPV failure.

The containment design pressure is 15 psig at all Mark IIIs.
There is a significant margin between the design pressure and the
maximum 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 steamline break when the peak suppression pool
temperatures are reached. Several analyses have estimated the Mark
II1I ultimate containment pressures to be significantly higher tha%
the design pressure, with values ranging from 55 psig to 100 psig.’
The higher ultimate strengths are associated with the free~-standing
steel designs of Perry and River Bend.

All of the Mark III plants, with the exception of River Bend,
have similar residual heat removal (RHR) systems. In addition to
the LPCI mode discussed earlier, RHR can alsc be used to remove
heat from containment when lined up in either the suppression pool
cooling mode or the containment spray mode. Two RHR pump trains
circulate suppression pool water through two heat exchangers and
back to the suppression pcol or to the containment spray nozzles.
Containment sprays are initiated automatically during a loss-of-
coolant accidenct (LOCA) ten minutes after the containment pressure
ex~eeds the spray initiation setpoint. The containment sprays will
condense steam in the containment and scrub fion-noble gas fission
products. Vacuum breakers are installed in the drywell, which
communicate to the suppression pool air space to control rapid weir
wall overflow in a large break LOCA that could cause drag and
impact loadings to essential equipment and systems in the drywell
above the weir wall. Drywell vacuum relief is not required to
assist in hydrogen dilution or to protect the structural integrity
of the drywell following a large break LOCA.? (River Bend has
neither a containment spray system nor drywell vacuum breakers.)
The Perry FSAR specifies elemental and particulate iodine removal
rates of 2.5/hr and .88/hr, respectively for the containment spray
system. The Grand Gulf containment spray system elemental and
particulate iodine removal rates are stated as 6.7/hr and 1.66/hr,
respectively. The Clinton FSAR does not take credit for the
containment sprays for fission product control.

Combustible gas control is provided by hydrogen mixing systens,
containment purge systems, post-LOCA hydrogen recombiners, and
hydrogen ignition systems. Hydrogen mixing systems are installed
in each of the four plants studied, although the specific designs
vary from plant to plant. At Grand Gulf and Perry, containment air
is forced into the drywell where it mixes with hydrogen in the
drywell volume. Return air flow tc the containment passes through
the suppression pool vents. At Clinton, air from the drywell is
exhausted to spargers located below the suppression pool surface;
return air flows through the containment vacuum breakers into the
drywell. At River Bend, fans in the upper drywell exhaust to the
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containment air space while return air enters through two lines
located just above the su~pression pool. Containment purge is
provided at each of the piants. The purge system utilizes the
filter trains of the standby gas treatment systems (SGTS) (annulus
exhaust gas treatment system at Perry) to filter releases from
containment. Containment makeup air is provided by compressors
which draw from outside air.

The post-LOCA hydrogen recombiners, which are present at each
of the plants, are designed to control long-term containment
hydrogen concentrations produced as a result of:

1. Metal-water reactions involving the rirconium fuel
cladding and the reactor coolant,

- P Radiclytic decomposition of the post-accident emergency
cooling solutions,

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

When AC-power is available, the recombiners can be used from the
onset of an accident in which severe core damage has resulted. The
recombiners cannot, however, control the large scale generation of
hydrogrn that would be expected to sccur during a core degradation
event. Their recombination 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 degradation phase of a severe accident. At these
higher rates, hydrogen prcduction will overwhelm the recombiners,
allowing flammable concentrations to be reached, and the
recombiners to become an isolated ignition source.

Hydrogen control during postulated degraded core accidents
relies, instead, on distribuced ignition systems which are
installed at each of the plants. AC-powered ignitors, distributed
throughout the primary containment and drywell, are designed to
burn the hydrogen in such a manner that containment over-
pressurization from hydrogen detonations does not occur.
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3. DOMINANT CORE DAMAGE SEQUENCES

In this section the dominant accident sequences leading to core
damage are discussed, with Grand Gulf being used as the reference
plant. The latest draft NUREG/CR-45%0 analysis of Grand Gulf (June
1989) has defined the dominant sequences to be those with a
frequency greater than 1.0!-8/yr.' Four types of seguences have
been identified that meet this criteria. They are short-term
station blackout (STSB), 1long-term station blackout (LTSB),
anticipated transients without scram (ATWS), and transients with
loss of the power conversion systemn.

The importance of each type of seguence with respect to total
core damage freguency is shown in Table 4.'' The most important
sequences are clearly those involving station blackout (8BO).
Station blackout as a class is described in Section 3.1. Next in
importance are the ATWS sequences (designated as TCUX) which are
described in Section 3.2. Least significant among the dominant
segquences are those that result from transients with a loss of the
power conversion system (PCS), designated as TQUX and discussed in
Section 3.3. Together these seguence types contribute more than
99% of the total Grand Gulf core damage frequency.

3.1 gStation Blackout

There are five dominant station blackout sequences that
together comprise ¥7% of the total core damage frequency (CDF) at
Grand Gulf. The dominant sequence (89% of CDF) is initiated when
a loss of off-site power (LOSP) generates -a successful reactor
scram, followed by a loss of all three divisions of on-site AC
power. The SRVs function to relieve the pressure transient caused
by the closure of the turbine stop valves, and reactor water level
drops below Level 2 as a result of steam loss to the suppression
pool. RCIC fails to start and the core is uncovered, resulting in
core damage at high reactor pressure.

The second most significant seguence is responsible for 4% of
the total CDF. This sequence is 1ike the previous one, except that
one SRV fails to close prior to the failure of the RCIC system.
With one stuck open SRV there

TABLE 4. GRAMD GULF DOMINANT ACCIDENT SEQUENCE CONTRIBUTIONS TO CORE MELT FREQUENCY

- —

Accident Type Sequence Mean Frequency X Contribution to Core
Des ignetor (per reactor-yser) Damage Frequency
$T88 TSU or TBUX 3.86-6 . 2x
LTS8 T 1.1€-7 2.6%
ATWS TouX 1.1-7 .M
Loss of PCS Toux 1.%-8 <1%
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is an increased probability that the reactor will be depressurized
during core damage.

In the third most significant station blackout ~egquence (2%),
RCIC operates groperly 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 connected as a source of reactor
water makeup. The SRV:i eventually fail due to battery depletion,
ané the reactor is maintained depressurized by using the RCIC stean
line. The operators fail to maintain pressure below the firewater
shutoff head, and core damage results when firewater injection is
lost.

In the fourth station blackout sequence (1%), the 3RVs fail to
reclose, thus creating a leak beyond the makeup capacity of the
RCIC. As a resuit of the relief flow/RCIC mismatch, the core
eventually uicovers, leading to short-term core damage at low
reactor pressure,.

The last significant staticn blackout sequence (1%) is very
much like the third except that when the RCIC turbine trirl on high
back pressure, the firewvater system alignment for injection fails.
With no other snurce of injection available the core uncovers and
results in core damage.

3.2 Anticipated Transient Without Scram

Approximately 3% of the total CDF 2t Grand Gulf is attributable
to a single ATWS seguence (TCUX). §%is segquence is initiated by
a transient, which is followed by closure of the main stean
isclation valves (MSIVs). The reactor scram fails (RPS and ARI
failures) but the recirculation pumps are successfully tripped,
thereby reducing reactor powver. The operators are then
unguccessful in actuating the standby liquid contiol system (SLCS)
and the reactor continues to steam to the suppression pool through
the SRVs. The {'PCS systenm fails to function either when demanded
or ut sone point during the required mission time. When HPCS
fails, the operators fail to depressurize the reactor, resulting
in core damage at high pressure.

The draft NUREG-4550 analysis'' grouped the cutsets from this
segquence into both long-term and short-term plant damage states
(PDSs). The short~term PDS results when HPCS fails to operate upon
demand. The long-term PD3 results when HPCS initjally operates and
then fails in the long term (> 12 hours) due to either loss of room
coeling, or failure to transfer suction to the suppression pool
wren the CST is depleted.

3.3 Loss of Power Conversion System

The dominant seqguence in this plant damage state is initiated
by a transient witn failure of the PCS followed by a reactor scram.
Since the main condenser is unavailable as a heat sink, reactor
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pressure rises until the SRVs open to allow steam to flow to the
suppression pool, thus maintaining pressure below vessel safety
limits. The high pressure coolant injection systems (. 'CIC and
HPCS) do not function on demand or are not actuated by the sperator
and the turbine~driven feedvater pumps are unavailable due to the
loss of the main condcnser. The reactor is not depressurized,
either by the ADS or through operator action, resulting in core

damage with the reactor at high pressure. The low pressure systens
are available for injection but cannot inject into the vessel with
the reactor at ; igh pressure.
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4. CONTAINMENT CHALLENGES AND FAILURE MODES

This section provides a discussion of the risk significanc
containment challenges and faillure modes resulting from the
segquences defined in Section 3. These challerges include gradual
(static) overpressurization, hydrogen~induced overpressurization,
steanm spike~induced overpressurization, and overpressurization from
core~concrete interaction (CCI).

4.1 Inadeguate Containment Heat Removal

Inadeguate containment heat removal will gradually pressurize
the containment building over a period of several hours to several
days. Pressurization occurs because the containment heat removal
capability is inadequate for the energy addition rate, resulting
in eventual saturatior of the suppression pool and lose of the
pressure suppression function. The associated containwent failure
mode is Jleakage that is sufficient to prevent further
pressurization. The potential for mitigation is dependent on (a)
reducing the rate of heat addition to containment, (b) enhancing
containment venting capabilities, or (c¢) increasing containment
heat removal capability.

4.1.1 Definition of Challenge

Overpressure challenges due to an imbalance between the hest
addition raie to containment and the heat removal rate from
containment typ.cally are the result of either seguences involving
the failure of long-term heat removal (TW) or ATWS sequences. The
most recent draft NUREG/CR-4550 analysis of Grand Gulf found TW to
be a non-dominant seguence, principally because early containment
failure docf not present a challenge to core integricy at the Mark
111 plants.'' In this respect, the Mark III plants differ from the
earlier Mark I and Mark I designs, in which containment failure
can lead to a loss of coolant injection. However, ATWS is
significant and results in both long-term and short-term plant
damage states. The long-term plant damage state, by definition,
will result in suppression pool heating of sufficient duration to
cause an early overpressure challenge. However, the CDF associated
with ATWS at Grand Gulf is believed to be overestimated, as
discussed below.

In the ATWS seguences analyzed for Grand Gulf in draft
NUREG/CR-4550,'' failure to actuate the SLCS was combined in the
hunan factors analysis with failure to depressurize the RPV; these
two events, although separate on the event tree, were treated as
one dependent event in the segquence cut sets. If failure to
actuat: the SLCS were to be treatel as a separate event in the
seguence cut sets, the mean ATWS sequence freguency woculd decrease
by approximately one order of magnitude from the current NUREG/CR-
4550 result.'' As a result of combining the SLCS actuation failure
with failure to depressurize, no SiCS hardware failures appear in
the seguence cut sets. Table 4.8-4 in the most recent draft of
NUREG/CR-4550 indicates that these probabilities are dependent
while they should be treated as independent probabilities (i.e.,
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multiplied together).' 1If SLCS initiation failure were separated
fron failure to depressurize, and a larger human error probability
vere used, the SLCS hardware failures could become more important,

The two dominant cut sets in the iong-term ATWS plant damage
state involve failure of the HPCS suction transfer from the CST to
the suppression pool (seguence 74-B in draft NUREG/CR-4550). The
fault tree model generating these cut sets appears excessively
coneervative and, although the HPCS fault tree does not explicitly
phow it, the discussion in draft NUREG/CR-4550 indicates that this
transfar is guestioned at the point of low level in the CST, not
high level in the suppression poel (whic* occurs tirst)." with a
pinimum of 100,000 gallons in the CST rei.rved for HPCS, and with
HPCS injecting at ~1000 gpm (the reactor is not depressurized in
this seguence), low level in the CST wouid not be reached for at
least 100 minutes. With continued steaming to the suppression poel
at 18-20% of rated pover (level assumed to be controlled at top of
active fuel (TAF)), the containment will be overpressurized or
vented before the CST is depleted (this assumes that the automatic
HPCS transfer to the suppression pool on high pool level either
failed or was overridden). Therefore, seguence 74~B is not
considered in this report to be a contributor to CDF. It may
contribute to early ccntainment overpressurization but should not
result in core danage, since neither venting nor containment
failure (failure ascumed to be at the springline) should impair
injection.

Another failure that appears ir the cut sets for long-term ATWS
is loss of HPCS roum cooling, specifically due to failures in the
standby service water (SSW) system. However, the text of draft
NUREG/CR-4550 states that HPCS will continuo to operate for 12
hours following a loss of roow cooling. Again, the containment
would be overpressurized long Lefore this time or the reactor would
be successfully shut down. Neither ~¢ these outcomes will result
in core damage. Also, it is not creuible that an ATWS sequence
could continue for 12 hours without the reactor being shutdown by
either manual rod insertion or by SLCS injection (even with failure
of the SLCS pumps, boron can be injected via alternate means, or
repairs can be made to the SICS).

Based on pricr understanding of the long-term ATWS sequence,
and upon discussions with Sandia National Laboratory,” a dominant
mode of HPCS failure was thought to be failure of the operator to
override the automatic suction transfer to the suppression poel on
high pool level. Failure to override this transfer wculd be
postulated to tail HPCS, since the hot suppression pool water would
provide inadeguate lube oil cooling. However, this failure does
not appear in any ATWS cut sets; therefore, we had to awsume that
it was not modeled. This was confirmed in a telephone conversation
with Mary Drouin of Science Applications International Corporation,
who performed the Grand Gulf front-end analysis described in draft
NURZG/CR~4550., She indicated that this transfer was not nmodeled
as a HPCS failure, since the HPCS motor bearings could withstand
a fluid temperature of 350°F for up to 24 hours. Seal failure
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would occur prior to bearing failure, but seal failure was not
postulated to rail HPCS.

Furthermore, the existing analysis is based on Revision 3 of
the BWR Owners Group Emergency Procedure Guidelines (EPGs).
Revision 4, which is scheduled to be implemented at Grand Gulf in
the Fail of 1989, would require significant revisions to the ATWS
event trees. Under the new procedure guidelines, injection would
be maintained from the CST and RPV level control would first be
attempted using CRD flow and systems that inject outside the core
shroud (this ascumes *hat the feed pumps are unavailable due to
closure of the MSIVs). At Grand Gulf this implies use of only the
RCIC, CRD, and condensate systems. Since the condensate system is
a low pressure system, and RCIC and CRD are inadequate to maintain
lavel above the minimum steam cooling water level (MSCWL) defined
in the EPG, the result is that depressurization would be called for
sarly in the sequence, even if HPCS and RCIC were available. After
depressurization, several systems would be available for level
control. Because of the high injection flow rates available at low
pressure, control of flow rate and reactor power would be more
difficult, hence human error probabilities should also change
because of the increased complexity of actions required to maintain
level. The result is that the existing ATWS seguences will not
make sense in the context of the Rev 4. EPGs.

Thus, the current draft NUREG/CR-4550 estimate of ATWS core
damage freguency appears to be significantly over-conservative.
Reguantification may eliminate ATWS as a dominant ccre melt
challenge and therefore, the associated overpressure containment
failure mode occurring prior to core damage may become
insignificant.

4.1.2 Potential Failure Modes

The specific containment failure mode associated with
inadequate containment heat removal will be leakage or rupture
caused by static overpressurization. The most likely failure
location is at the head knuckle for steel containments, although
both the cylinder wall and the personnel lir}ocx have also been
identified as possible failure locations. ' (NUREG/CR~3653
summarizes the probable containment failure locations for static
over-pressurization.) Estimated failure pressures range from 55
psig to 100 psig, depending on analysis technigue and failure
criteria used. The Perry containment, with its free-standing steel
construction, is predicted 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 at 55 psig, with failure occurring at the cylinder near the
springline.

4.1.3 Potential for Mitigation
Containment venting could be used to protect the containment

from inadeguate heat removal. Venting procedures that are in
accordance with the EPG are in place at Grand Gulf, and the
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existing vent path could reasonably be expected to prevent
overpressurization during ATWS scenarios. The vent path is a 20-
inch line made up of both hard pipe and heating, ventilating, and
eir conditioning (HVAC) ducting. Failure of the HVAC duct portion
of the path would not necessarily create environmental conditions
in the auxiliary building that would force an end to recovery
efforts, since the compartment containing the soft ducting is
equipped with an opening to the steam tunnel blowout panel that
should protect the compartment door from failure, thus preventing
the spread of steam throughout the auxiliary builiing.

4.2 Hydrogen-Related Challenges

Hydrogen deflagrations or detonations can lead to containment
failure fror either static or dynamic ~Zverpressurization.
Prolonged diffusion burns can cause failure of sealing materials
in the drywell, and at the containment boundaries. The
consequerces of failures resulting fror hydrogen combustion are
aggravated by the possibility of simultaneous failure of both the
containment and drywell. This creates the possibility of a highly
energetic release that is unfiltered by suppression pool szrubkbing.
The probability that combustion will occur and create a pressure
load capable of failing containment is relatively high for the
dominant Grand Gulf plant damage states. Because of the relatively
high probability of combustion-induced overpressure failures, and
because of the severity of the resulting releases, hydrogen-rela*ed
challenges are the most risk significant category of containment
challenge at Grand Gulf. )

Hydroger -induced overpr:ssure is prominent at Grand Gulf
because the containment is not inerted, and because the AC-powered
hydrogen ignition system (HIS) will not function during station
- blackout seguences, which dominate the risk profile. During
short-term station blackouts, hydrogen deflagrations and
detonations can occur as the result of spontaneous ignition.
During long-term station blackouts, the containment is postulated
to become steam-inerted. However, should the plant recover powver
after the onset of core damage, hydrogen deflagrations and
detonations can still occur, since containment spray operation will
condense steam from the containment atmosphere. An ignition under
these circumstances is likely and will have severe consequences due
to the large amount of hydrogen avajilable for combustion.

Actions with the potential to reduce the conseguences of
combustion are: ensuring ignition occurs while hydrogen
concentrations are within the range of 4-6 v/o, post-accident
inerting o the containment, and removal of hydrogen and oxygen via
containment venting.

4.2.1 Definition of Challenge

Oxidation of 2Zircaloy and stainless steerl core components
during core damage produces the hydrogen that th.eatens containment
integrity in severe accidents. The primary source of Zircaloy is
the active fuel cladding. The Zircaloy in the channel boxes and
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the stainless steel in the control rod sheaths also may react to
generate hydrogen. Several analyses have been documented that
predict the amount of hydrogen generated during postulated core
damage events at Grand Gulf. The results obtained differ widely
depending on the analytical tool and key assumptions used in
developing the analytical model.

IDCOR published the r&fultl of MAAP calculations for T.QUV, AE,
T,,Qw, and T,.C sequences. These sequences, as defined by IDCOR,
df&tor substantially from the current NUREG-1150 dominant core
danage seguences, making useful comparisons difficult. However,
the T.QUV sequence is similar enough to the NUREG-1150 short-term
station blackout segquence to provide useful insights into the kind
of results that are obtained with the MAAP code. The IDCOR T,QUV
seguence assumes an initiator that results in the complete loss of
injection when both the main feedwater and condensate systems are
unavailable. Thus, neither the primary injection system nor
containment heat removal is avzilable. The key difference between
the IDCOR sequence and the NUREG-1150 short-term station blackout
segquence is that the IDCOR analysis assumes the operators
depressurize the reactor wvhen reactor water level drops to lLevel
1. Core damage occurs at low pressure, resulting in the release
of up to 0.05 lbm/sec of hydrogen gas. Since MAAP assumes channel
blockage by molten fuel and cladding, the reaction is predicted to
become limited by steam starvation, and to result in the release
of only 10 lbm of hydrogen from in-vessel production sources. A
total release of 3000 1bm is predicted, nearly all of which results
from reactions occurring in the debris bed after vessel failure.

-

IDCOR ran a variation of the T QUV seqguence to study the
effects of failure to depressurize. *hio sequence, in which core
damage occurs at high pressure, is very similar to the short-term
station blackout seguences currently responsible for 94% of the
core damage freguency at Grand Gulf. With no depressurization
before vessel failure, MAAP predicts 430 lbm of hydrogen will be
generated by in-vessel oxidation, as opposed to 10 lbm when the
vessel is depressurized at Level 1. The total amount of hydrogen
produced in this case is also higher, at 3,200 lbm a&as opposed to
3,000 1bm when the vessel is depressurized at Level 1.

Battelle has published the results of STCP calculations for
short-term station blackout, long-term station blackout, and ATWS
ooqucncos.“ Their short-term station blackout analysis (TBS in
their nomenclature), which is very similar to the IDCOR T,QUV
sequence with depressurization at Level 1, shows 39% of the active
fuel cladding will oxidize before vessel breach. The referenced
report does not state the mass of hydiogen released either before
vessel breach, or later during reactions in the debris bed.
However, the long-term station blackout sequence is stated to
result in the oxidation of 32% of the active fuel clad, 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 reacted, this sequence
resulted in the generation of 2,000 lbm of hydrogen by the time of
vessel breach. Since the long-term station blackout segquence
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assumes injection with RCIC until battery failure at 6 hours, and
subseguent core damage at high pressure due to failure to
depressurize, this segquence is not directly comparable to any of
the IDCOR analyses described above.

The draft NUREG-1150 analysis of the short-term station
blackout seguence is based on preliminary MELCOR and BWR-LTAS
calcuiations.'’ These calculations have not yet been published, but
results have been made available to CPI personnel in the form of
a pre~draft report. The MELCOR portion of the analysis, used to
deternmine containment response after core uncovery, predicts an
average hydrogen production rate of 0.24 lbm/sec from the onset of
Zircaloy oxidation until vessel breach, which occurs approximately
3 hours later. A total of 2,700 lbm of hydrogen are generated
before vessel breach, followed by an additional 820 lbm after
vessel breach. Another 1,320 lbn are predicted to be generated
during CCI.

The MELCOR analysis utilizes a hybrid BWR/6 model that was
scaled up from an existing La Salle BWR/5 input deck. 1In addition,
the containment model was decigned with a relatively coarse
nodalization scheme in the interests of time. Because of questions
about the adequacy of the scaliny and nodalization used, CPI
program contractors are currently performing independent MELCOR
calculations that may be used to verify some of the existing
calculations. No results from the CPI program calculations are
presently available for comparison, however.

Most of the hydrogen generated from in-vessel oxidation is
transported to the suppression pool through the SRVs. Hydrogen is
non-condensible 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
poel 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. Therefore, if the
ignitors have been turned on and are operational during core
degradation, and the suppression pool is subcooled, hydrogen should
ignite as it evolves from the pool surface. The result would be
a diffusion flame that may persist at locations above the SRV
discharge into the suppression pool. The nature of the containment
challenge resulting from a diffusion flame will depend very
strongly on the rate and duration of the hydrogen release through
the SRVs. If the burn persists long enough, elastomeric seals in
both the containment and drywell could be threatened by
overtemperature. Overpressurization is not considered to be a
likely result of a diffusion burn.

In segquences wvhere there is some probability of an SRV tailpipe
vacuum breaker sticking open, some of the hydrogen generated in-
vessel will relieve through the stuck-open vacuum breaker to the
drywell. Pre-draft NUREG-1150 MELCOR analyses indicate that
blowdown of steam and hydrogen to the drywell will tend to push air
out into the wetwell through the suppression pool vents, leaving
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the drywell atmosphere inert to hydrogen burns. A stuck-open
tailpipe vacuum breaker could, if it failed open during peak
release, cause flammable conditions in the drywell for
approximately 20 minutes before the drywell inerted from either
steam buildup or oxygen depletion. Under these conditions, the
hydrogen released from the RPV would be hot enough to szlf-ignite
and would burn as a jut at the release point. Calculations predict
that it would take 500 seconds for the hydrogen burn to deplete the
oxygen in the drywell and that the r,sulting pressure rise would
not challenge containment 1nt0qrity.' Therefore, while there is
some chance of a hydrogen burn in the drywell, containment
integrity is not likely to be challenged as a result.

During station blackout, none of the installed hydrogen control
systems will be available because of the unavailability of AC
power, and the possibility exists that hydregen may accumulate in
the wetwell in explosive concentrations before a random trigger
causes detonation. However, the absence of an assured ignition
source creates a very uncertain situation in these segquences.
Hydrogen burns have occurred in systems with no moving parts or
electrical components. However, there is no guarantee that
spontaneous ignition will occur at hydrogen corcentrations low
enough fer the resulting burn to be benign. If either a
deflagration or detonation occurs, it would likely occur in the
vetwell and both the drywell and containment would be vulnerable
to overpressure failure.

In long-term station blackout sequences, the SRV discharge will
heat the suppression pool to its saturation-temperature prior to
the onset of core degradation. This makes steam-inerting of the
wvetwvell likely. Assuming late recovery of off-site power (after
the onset of core damage), operation of containment sprays could
potentially de-inert the containment atmosphere after large amounts
of hydrogen have accumulated in the wetwell. Should this happen,
both the containment and drywell could be failed by a deflagration
or detonation. Note that if the operators at Grand Gulf cannot
verify that power has not been lost to the ignitors, procedures
instruct them to prevent power from being restored to the ignitors,
as per Revision 4 of the EPGs. Furthermore, during site visits as
part of the NUREG-1150 effort and separately, as part of the CPI
program, no¢ trigger sources for hydrogen ignition could be
identified. Therefore, ignition under blackout conditions would
have to be either spontaneous or the result of operator error.

When the accident progresses to the point of vessel failure,
any hydrogen remaining within the reactor vessel will be released
to the drywell. The presence of molten core material will likely
guarantee an ignition source, but the hydrogen will be released
along with any water or steam remaining in the vessel. This will
likely result in immediate inerting of the drywell atmosphere as
air, steam, and hydrogen 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 is
likely to be present to qguench the fuel and slow any oxidation
processes. However, the presence of water in the in-pedestal area
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at the time of vessel failure presents the possibility of a fuel-
coolant interaction, steam spike, or steam explosion.

After vessel breach, hydrogen production may continue, both in
core debris remaining in the vessel, and in debris scatterad about
the drywell and in-pedestal cavity. However, the main source of
hydrogen production will be the thermal decomposition of concrete
floors and walls in the drywvell. Core-concrete interactions
generate large volumes of carbon dioxide and steam. When these
gases pass through partially molten core debris, they oxidize the
girconium and other metals in the debris, producing hydrogen gas
and elemental carbon. Later, Zhe elemental carbon will react with
stean und.Fn