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ABSTRACT

This report assesses challenges to BWR Mark II containment integrity that could poten-
tially arise from severe accidents. Also assessed are some potential improvements that
could prevent core damage or containment fatlure, or could mitigate the consequences of
such failure by reducing the release of fission products to the environment. These chal-
lenges and improvements are analyzed via a limited quantitative risk/benefit analysis of a
generic BWR/4 reactor with a Mark I containment. Point estimate frequencies of the domi-
nant core damage sequences are obtained and simple containment event trees are con-
structed to evaluate the response of the containment to these severe accident sequences. The
resulting containment release modes are then binned into source term release categories,
which provide inputs to the consequence analysis. The output of the consequence analysis
is used to construct an overall base case risk profile. Potential improvements and sensitivi-
ties are evaluated by modifying the event tree split fractions, thus generating a revised risk
profile. Several important sensitivity cases are examined to evaluate the impact of
phenomenological uncertainties on the final results.

FIN. No. A6885—BWR Mark II Containment Challenges, Failure Modes,
and Potential Improvements



EXECUTIVE SUMMARY

In SECY--88-147, dated May 25, 1988, the NRC
staff presented to the Commission its plan to evaluate
potential generic severe accident containment vulnera-
bilities in a research effort entitled the Containment
Performance Improvement (CPI) Program. This effort
is predicated on the presumption that there are generic
severe accident challenges to 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. These assessments are
needed because of the uncertainty in the ability of
LWR containments to successfully survive some
severe accident challenges, as indicated by the
NUREG-1150 results. All LWR containment types
are to be assessed in the CPI Program, beginning with
the boiling water reactors (BWRs) with Mark 1
containments. The potential improvements for BWRs
with Mark I containments were documented in
NUREG/CR-5225 (including Addendum 1) and
SECY-89-017, dated January 23, 1989. This effort is
integrated closely with the Individual Plant Examina-
tion (IPE) Program and is intended to focus on hard-
ware and procedural issues related to potential generic
containment challenges.

The results of work performed under NRC sponsor-
ship are presented here. This work is related to severe
accident challenges and potential enhancements that
could improve containment performance in plants with
a BWR Mark II containment design. An additional re-
port is to be published in the future providing more in-
formation on BWR Mark II accident response. The
purpose of these reports is to providle BWR Mark II
owners with information they may find useful in as-
sessing their plants as part of the IPE. This report con-
tains no requirements and is being provided for
information only. The present report concentrates on
identifying potential challenges to containment integ-
rity that could arise from a severe accident and poten-
tial improvements that could reduce the frequency of a
severe accident or mitigate the offsite consequences of
arelease. The impact of these improvements upon core
damage frequency and risk is examined both qualita-
tively and quantitatively.

As a result of the limited analysis done for pheno-
menological uncertainties, the benefits from potential
improvements contained in this report should be
viewed as tentative. Similarly, the estimated costs for
selected improvements were taken from previously
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published information and should not be interpreted as
firm estimates.

Severe accident sequences at the Mark II plants can
be grouped into two general categories: one where
containment integrity is challenged before core degra-
dation, the other where core damage precedes any
threat to containment integrity. In the first category,
which includes loss of long—term containment heat re-
moval with reactor scram (TW) and anticipated tran-
sient without scram (ATWS) sequences, the challenge
to containment is from overpressurization due to inad-
equate containment heat removal. In the second cate-
gory, which includes station blackout (SBO) and other
transients where reactor scram occurs, the challenge
can be from either overpressurization at or near the
time of reactor vessel failure or overpressure or over-
temperature failure several hours after vessel failure.
These later challenges are generally a result of core—
concrete interaction (CCI) in the containment, but also
may be associated with core—concrete-water interac-
tions, especially in the case of the Shoreham Nuclear
Power Station and Nine Mile Point Unit 2 reactor
pedestal designs.

Potential improvements addressing the first catego-
ry of containment challenges include containment
pressure control. Examples could include venting from
the wetwell through a hardened vent pipe, and contain-
ment pressure control and fission product scrubbing,
such as the use of containment sprays with a backup
water supply. A hardened vent line would allow excess
energy in the containment to be rejected to the environ-
ment, while avoiding concems associated with venting
through existing “soft” heating, ventilating, and air
conditioning (HVAC) ductwork. However, with the
high estimated probability of suppression pool bypass
in the base case via failure of in—pedestal drain lines
shortly after vessel breach, the vent systems would
need an external filter, such as the Swedish multi—
venturi scrubbing system, to prevent a severe offsite
release of fission products. Containment sprays could
be used to condense steam in the containment, thus de-
laying overpressurization failure. Use of a backup wa-
ter supply for the sprays would avoid any problems
associated with pumping saturated water from the sup-
pression pool. One utility has shown that the reactor
water cleanup system is capable of removing sufficient -
decay heat from the reactor to eliminate the need for
containment venting in the TW sequence.

For the second category of containment challenges
{core melt before containment failure), potential im-
provements include: (a) containment pressure control,



such as a hardened vent from the wetwell, (b) im-
proved means of depressurizing the reactor, such as en-
hancements to the automatic depressurization system
(ADS) and the safety/relief valves (SRVs), (c) contain-
ment temperature control and fission product scrub-
bing, such as containment sprays with a backup water
supply and external cooling of the drywell head, and
(d) mitigation of the fission product releases, such as
the use of reactor building fire protection sprays to en-
hance fission product retention in the secondary con-
tainment. The hardened vent line (with or without an
external filter) could be used to mitigate late overpres-
surization challenges. Enhancements to the ADS and
to the SRVs would lower the probability of vessel fail-
ure at high pressure, thus reducing the contribution of
high pressure sequences to core damage frequency
(such as TQUX, which is a loss of feed with the loss of
all high pressure injection capability and failure to de-
pressurize the reactor). These enhancements would
also allow diesel fire pumps, which operate at low
pressure, to be used for vessel injection in those se-
quences, such as long—term SBO, where loss of DC
power would normally cause the SRVs to reclose, pre-
venting injection from low pressure systems. Contain-
ment sprays have the potential to mitigate both late

overpressure and thermal challenges. However, a
backup water supply would be needed. In addition, the
minimum spray flow rate required for successful miti-
gation of overpressurization has not yet been identi-
fied. External cooling of the drywell head by flooding
it with water has the potential to mitigate late thermal
challenges, as well as to scrub any fission products re-
leased through leakage in the drywell head seal. Leak-
age past the drywell head seal might be considered to
be an alternative method of containment pressure con-
trol, thus allowing the containment atmosphere to
“burp” into the flooded refueling water cavity could
provide some scrubbing. Finally, some plants may
have the ability to spray large areas of the reactor
building with the installed fire protection sprays. In the
event of primary containment failure or venting into
the reactor building, these sprays could remove aerosol
fission products from the secondary containment at-
mosphere, lessening the offsite consequences of a
release.

Table ES—-1 summarizes the qualitative benefits, as
well as any negative aspects, of each of the potential
improvements.

Table ES—1. Qualitative benefits and drawbacks of potential Mark II containment improvements

Potential Drawbacks

Potential Improvement Potential Benefits
1. Vent Systems
a. Filtered ¢ Prevents overpressure failures for transients o Filtra — very high
containment vent with scram cost ($30-50M)
system 2 ¢ Delays overpressure failures for ATWS MVSS — high cost
e Preemptive venting reduces base pressure (~$5M)
before core damage Minimal benefit if
¢ Mitigates hydrogen burms in secondary containment release is scrubbed
¢ Ensures scrubbing of aerosol releases by suppression pool
¢ Unaffected by suppression pool bypass
b. Hard—pipe vent ¢ Prevents overpressure failures for transients with ‘Moderately high cost
system with scram : ($2.9M at Pilgrim)
dedicated power e May delay overpressure failures for ATWS No decontamination
source ¢ Preemptive venting reduces base pressure before of release in second—~
core damage ary containment —

* Mitigates hydrogen bumns in secondary containment increased risk if
suppression pool is
bypassed

2. Alternate ¢ Maintains suppression pool subcooled Very high costs for
containment heat ¢ Prevents overpressure failures for TW ARHR ($183M+) -
removal systems? ¢ May reduce pressurization rate for less severe ATWS other methods may

' ¢ Low cost for use of RWCU blowdown be less expensive



Table ES—1. (continued)
Potential Improvement Potential Benefits Potential Drawbacks
3. Enhanced reactor e Can prevent high pressure core damage None identified

depressurization
capability

4. Improved
hydrogen control

5. Backup water
supply to RPV
injection and
containment
sprays

6. Core debris control

a. Eliminating in—
pedestal
downcomers

b. Adding in—
pedestal
downcomers

and RPV failure

Relatively low cost ($0.5M)

May reduce vacuum breaker failure

Can prevent core melt in long—term SBO

¢ None for Mark II plants (inerted)

o Can prevent core damage in low pressure transients
with scram

¢ Ex-vessel debris cooling and aerosol scrubbing

e May mitigate thermal failure

¢ Independent of RHR

¢ Relatively low cost for use of fire systems

¢ Decreases probability of suppression pool bypass
after RPV failure

e Decreases probability of steam explosion or rapid
steam spike

» Increases probability of quenching core debris
ex—vessel
¢ Reduces need for containment sprays and venting

Interferes with con—
tainment access for
maintenance, testing,
and leak identification

RPV must be at low
pressure for injection
Analysis of EPG spray
initiation limit
required
Procedures for
concurrent fire if
fire systems used
Low spray flow rate
of fire systems will
limit pressure
reduction capability
Requires many
operator actions and
additional piping
May increase potential
for ex—vessel steam
explosions

Benefits uncertain
due to FCI
uncertainties
Increases probability
of CCI

and ex—vessel
fission product
release

Requires reanalysis
of containment
pressure suppression
capability

Increases probability
of steam explosion/
steam spike



Table ES-1.

(continued)

Potential Improvement

Potential Benefits

Potential Drawbacks

6. (continued)

b. (continued)

c. Strengthening
ex—pedestal
downcomers?

d. Plug in—pedestal

cavity
penetrations

7. External cooling
of drywell head

8. Use of fire
protection
sprays in the
reactor
building?®

o Decreases probability of suppression pool
bypass after RPV failure

e Decreases probability of suppression pool
bypass after RPV failure

¢ Decreases probability of steam explosion/steam
spike

e Mitigates or prevents drywell head seal failure
o Leakage scrubbed by overlying water pool
e Low cost

e May scrub aerosol fission products released from
primary containment
¢ Hardware already in place at some plants

a. These improvements are not quantitatively analyzed in this report.

Increases probability
of suppression pool
bypass after RPV
failure

May be very
expensive

Few suitable
materials available
(high cost)

Increases probability
of CCl

Does not reduce
ablation of drywell
floor

Requires system
modifications

May increase
probability of steam
explosion in deep
cavity

Requires seismic
reanalysis of
primary containment

Must be manually
initiated early in
the accident
Benefits uncertain
Does not prevent
leakage of other
isolation valves or
penetrations

Limited spray
coverage

May provide greater
benefit as alternate
containment spray or
RPV injection system
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A limited quantitative risk analysis was performed.
A base case risk profile for a generic BWR Mark I
plant was established to evaluate the effects of several
potential plant improvements te reduce the offsite con-
sequences of a severe accident. The first step in the
analysis was the construction of accident sequence
event trees to model the dominant core damage
sequences. The dominant sequences were selected
based on a review of past probabilistic risk asses-
sments (PRAs) of BWR Mark IT plants and do not in-
clude sequences initiated by external events
(earthquake, fire, flood, etc.) or plant—specific special
initiators. The sequences chosen for modeling are SBO
(both short— and long-term), ATWS at full power with
the reactor isolated from the main condenser (isolation
ATWS), and transient—initiated sequences with
successful shutdown of the reactor by the reactor pro-
tection system.

A simplified approach was taken in constructing
these generic front—end event trees. First, the scope is
parrower than in a typical Level 1 PRA. For example,
there are undoubtedly areas where support system in-
terdependencies have been neglected. These interde-
pendencies would be important in an analysis with the
goal to rigorously determine the core damage frequen-
cy for aspecific plant. Here, however, the goal is to de-
termine the change in the core damage frequency
effected for a generic BWR Mark II plant by a change
in hardware or operating procedure. Component fail-
ure rates, buman error probabilities, and system un-
availabilities were obtained largely from studies
previously performed for similar plants.

The result of the accident sequence analysis is a
point estimate profile of the core damage frequency for
a generic BWR Mark II plant. This profile is shown in
Table ES-2.

Table ES-2. Base case core damage frequencies

for a generic BWR Mark II plant
Frequency
Accident Sequence (per year)
Long—-term SBO 3.75E-06
TQUX 3.54E-06
Short—term SBO 1.57E-06
ATWS (CM <CF) 2.30E-06
ATWS (CF < CM) 1.27E-06
™ 3.47E-07
Total 1.28E-05

The next step in the analysis was the construction of
base case simple containment event trees (SCETs) to
model the containment response to the dominant core
damage sequences. SCETs were constructed for all of
the above sequences, except TW. Containment re-
sponse to the TW sequence was not modeled, because
its low frequency of occurrence (<1 x 10~%/y) and long
duration (>20 h) make it a small contributor to risk.
Each SCET has approximately 15 top events, rather
than the 100 or more in the BWR accident progression
event trees developed for NUREG-1150. The current
uncertainties (both stochastic and due to lack of
knowledge) in many important phenomenological is-
sues tend to offset attempts to include a great amount

" of detail in the containment event trees. Even in the

SCETs used here, the quantification of several impor-
tant events remains indeterminate because of a lack of
data, both calculational and experimental, and because
some events can only be precisely and accurately
quantified on a plant—specific basis.

Analysis of the SCETs produces a set of contain-
ment release modes for each core damage sequence.
These release modes are then binned into 10 release
categories, which provide the source term inputs for
the calculation of offsite consequences. The offsite
consequences were calcnlated under the assumption
that the generic BWR Mark II plant is located at the
Peach Bottom site. This assumption allowed the
NUREG-1150 MACCS input deck for Peach Bottom
to be used in the consequence calculations. Other sites
with different population distributions, emergency
response plans, etc., will have consequences that vary
from those in this report. This should be taken into
account if the results of this report are to be applied to
a specific plant.

The dominant containment failures at the generic
BWR Mark II plant were found to be the result of early
containment overpressurization with suppression pool
bypass due to failure of in—pedestal drain lines or drain
plate covers shortly after vessel breach. There also is a
significant probability of late containment failure, with
the drywell head seal being the likely failure location;
this type of failure also produces an unscrubbed re-
lease. If the assumption of early suppression pool by-
pass due to drain line failure is removed, these late
unscrubbed releases dominate risk (as measured by the
offsite dose). Table ES—3 shows the conditional con-
tainment failure probabilities as calculated from the
SCETs. These probabilities are a frequency—weighted
average over all plant damage states. A brief descrip-
tion of each failure mode is provided below for
reference.

viii



Containment Containment

Failure Mode Characteristics Failure Mode Characteristics

REC-IV Core melt recovered in—vessel, LCFE-OP-nSP Late overpressure containment
noble gas release or no contain— failure, release bypasses the
ment failure. suppression pool.

REC-EV Core melt recovered ex—vessel, LCF-OT Late overtemperature contain—
noble gas release or no contain— ment failure, release bypasses the
ment failure. suppression pool.

REC-TOTAL Sum of in—vessel and ex—vessel
recovery. Table ES-3 shows that, given a severe core damage

ECE_OP—SP Early overpressure containment accident,.there is a 5?% chapcq of recovering the
failure, release scrubbed through ~ Sequence in—vessel, with no significant release from
the suppression pool. containment. Should the sequence progress to vessel

) failure, there still is a 24.9% chance of establishing a

ECF-OP-nSP Early overpressure containment  coolable debris bed inside containment, again with no
failure, release blypasses the significant release to the environment. However, there
SUppIression poot. is an 11.8% chance that a severe core damage sequence

LV-SP Late vented release through the will lead to early overpressure containment failure. Of
suppression pool. these early failures, ~90% will involve suppression

) pool bypass, because of either in—pedestal drain line

LV-nSP Late vented release bypassingthe  failure or a failure location in the drywell. Should the
suppression pool. containment survive the early challenge to its integrity,

LCE-OP-SP Late overpressure containment there still is a significant late challenge. By far the

failure, release scrubbed through
the suppression pool.

most significant late challenge is failure of the drywell
head seal, primarily due to high temperature
accompanied by elevated pressure.

Table ES—3. Summary of Mark II conditional containment failure probabilities

Alternate Water
Containment Supply and No Drain Line
Failure Enhanced Blackstart Gas Drywell Head or Downcomer
Mode Base Case Hardened Vent Depressurization Turbine? Flooding Failure
REC-IV 5.50E-01 5.50E-01 4.76E-01 4.71E-01 5.50E-01 5.50E-01
REC-EV 2.49E-01 2.49E-01 3.47E-01 3.23E-01 2.50E-01 2.49E-01
REC-TOTAL 7.99E-01 7.99E-01 8.23E-01 7.94E-01 8.00E-01 7.99E~01
ECE-OP-SP 1.18E-02 1.16E~02 1.62E-02 1.64E-02 1.18E-02 6.51E-02
ECF-OP-nSP 1.06E-01 1.04E-01 1.45E-01 1.47E-01 1.06E-01 5.28E-02
LV-SP 5.40E-08 3.07E-05 3.75E-08 7.52E-08 5.40E-08 2.72E-06
LV-nSP 5.24E-04 3.56E-03 3.60E-04 7.30E-04 5.24E-04 5.20E-04
LCE-OP-SP 1.94E-05 1.94E-05 5.82E-06 9.92E-06 7.08E-04 9.71E-(4
LCE-OP-nSP  1.93E-03 1.93E-03 5.77E-04 9.82E-04 7.02E-02 9.71E-04
LCF-OT 7.55E-02 7.55E-02 1.49E-02 4.09E-02 5.32E-03 7.55E-02

a. Blackstart gas turbine improves containment response by reducing SBO core damage frequency.



Each of the suggested improvements will alter some
or all of these conditional failure mode probabilities.
The primary effect of the altemate water supply (with
enhanced depressurization capability) is to decrease
the conditional probability of late containment failure.
Note that the conditional probability of recovering the
sequence in—vessel decreases, with this decrease being
more than offset by the increase in the conditional
probability of ex—vessel recovery. Because the only
effect of the blackstart combustion turbine is to reduce
the SBO core damage frequency, a slight decrease in
the late challenge to containment is seen. Flooding the
drywell head during SBO changes all late thermal
failures to late overpressure failures or to end states
with ex—vessel recovery. With no early failure of the
in—-pedestal drain lines, the probability of an early
unscrubbed release decreases by approximately 50%,
while the probability of a late unscrubbed release
decreases by only about 1%. This very significant
latter result is due to the high probability of a late
unscrubbed release, given a long—term SBO plant
damage state.

The calculated offsite consequences are conditional
upon the occurrence of core damage and a release of
fission products from containment. To obtain the
absolute risk per year, these conditional consequences
are combined with the conditional containment release
probabilities from the SCETs and with the core
damage sequence (plant damage state) frequency from
the accident sequence analysis. The resulting
consequences per year, for each of the three risk

measures selected for use in this report, are shown in
Table ES—4.

This table shows that the risk (as measured by the
population dose per year) associated with the generic
BWR Mark II plant at the Peach Bottom site is quite
low. A majority of this risk is due to early overpressure
containment failures, with a release of fission products
that bypasses the suppression pool, because the in-
pedestal drain lines in the generic reference plant are
postulated to fail shortly after vessel breach. For plants
that do not have these drain lines (the Susquehanna
plants), early suppression pool bypass is expected to be
considerably less likely, and the offsite risk is domi-
nated by late containment failures. Plants with in—pe-
destal downcomers are expected to have a risk profile
that is very similar to that of the reference plant,
because the in—pedestal downcomers are also assumed
to fail shortly after vessel breach.

Because the Mark II base case risk profile is domi-
nated by early containment failure (although the
absolute frequency of the early containment failure is
very low), with a release that bypasses the suppression
pool, hardened venting is considered not to be benefi-
cial in reducing offsite consequences. Because a sig-
nificant fraction of the offsite risk comes from late
containment failures, improvements that focus on mit-
igating either the late challenges to the containment or
the severity of the release are expected to yield the
highest benefit in terms of reducing the offsite dose.
Examples of such improvements are as follows. The

Table ES—4. Offsite consequences for the generic BWR Mark II plant (per reactor—year)

Plant Mean Latent Mean Population Mean Offsite
Damage State Fatalities Dose (Man-Rem)? Costs ($)

TQUX 3.29E-05 5.98E-02 99.4
ST-SBO 2.01E-04 1.95E-01 1.09E+03
LT-SBO 2.98E-03 2.80 1.07E+04
ATWS (core melt 1.13E-03 1.02 6.21E+03
before containment
failure)
ATWS (core melt 4.60E-03 4.60 1.91E+04
after containment
failure)
Total 8.94E-03 8.67 3.72E+04

a. The population dose is calculated for the Peach Bottom site, and is that received within a 50—mi radius of the plant.




first improvement is the installation of a blackstart
combustion generator. This is an AC generator with
the ability to start independently of onsite or offsite
sources of power. Such a generator is expected to re-
duce the core damage frequency due to SBO and, con-
sequently, the frequency of late containment
challenges resulting from blackout sequences. A sec-
ond potential improvement is using diesel fire pumps
for injection of water into the vessel during long—term
SBO. This improvement needs to be used in conjunc-
tion with a dedicated source of DC power to the safety/
relief valve (SRV) solenoids and the containment vent
valves. These modifications would help to ensure that
the vessel remains at a low enough pressure to allow
the fire pumps to inject. A third potential improvement
is using the diesel fire pumps to inject water into the
containment after vessel failure to cool the debris. This

could mitigate late containment failure and provide
some scrubbing for any release that might occur.
Fourth, flooding the drywell head could mitigate late
thermal failure of the drywell head seal (or other elas-
tomeric seals in the drywell head region) and might
scrub any leakage past the seal. The relative benefit of
these first four improvements is greater for plants
without in—pedestal drain lines or in—pedestal down-
comers, because offsite risk in these plants is domi-
nated by late containment failure, with the likely
failure location being the drywell head seal. Finally,
plugging in—pedestal drain lines to prevent early sup-
pression pool bypass results in a significant decrease in
all offsite consequence measures. Table ES-5 presents
a summary of the calculated quantitative benefits of
these potential improvements.

Table ES-5. Summary of quantitative benefits of potential Mark II improvements

Alternate Water
Supply and No Drain Line
Enhanced Blackstart Gas  Drywell Head  or Downcomer
Hardened Vent Depressurization Turbine? Flooding Failure

CM Frequency l L X o =N
Latent d AR (3 d AN
Fatalities
Population T W A d 4
Dose
Offsite Costs ! W A { W

a. Blackstart gas turbine improves containment response by reducing SBO core damage frequency.

T = slight increase (< 5%)
l = slightdecrease (< 5%)
W = large decrease (> 20%)
o o= no change
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SYMBOLOGY

X) - Event X. Generally refers to the lower
event tree branch at event X.

X)- The complement of event X.
P(/X) =1 - P(X). Generally refers
to the upper event tree branch at

event X.
PX) - The probability that event X occurs.
PXIY) - The conditional probability that event

X occurs, given that event Y has occurred.

XUY)- The union of events X and Y.
Interpreted as X or Y. P(X U Y)
=PX)+P(Y)-PX N Y). If P(X)
and P(Y) are both << 1, then the rare
event approximation can be used to
evaluate PX U Y): PXUY)
= P(X) + P(Y).

XNnY)- The intersection of events X and Y.
Interpreted as X and Y. P(X N Y)
=PXIY) * P(Y) =P(YIX) *
PX). PX N Y) =P(X) * P(Y)if,
and only if, events X and Y are
stochastically independent.

P(mOSP @ th)—  The probability that offsite power is not recovered within t hours.

CF<CM- Containment integrity challenged prior
to core melt

CM<CF~ Containment integrity challenged after
core melt



e



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

1. INTRODUCTION

On May 25, 1988, the NRC staff presented to the
Commission its program plan to evaluate potential ge-
neric severe accident containment vulnerabilities in a
research effort entitled the Containment Performance
Improvement (CPI) Program.! This effort is predi-
cated on the presumption that there may be generic se-
vere accident challenges to each light water reactor
(LWR) containment type that should be assessed to de-
termine whether additional regulatory guidance or re-
quirements conceming needed containment features
are warranted, and to confirm the adequacy of the ex-
isting Commission policy. These assessments are
needed because of the uncertainty in the ability of
LWR containments to successfully survive some se-
vere accident challenges, as indicated by
NUREG-1150.1-2 The present report concerns boiling
water reactor (BWR) plants with a Mark II contain-
ment design. Previously, the CPI program has ana-
lyzed potential improvements for BWRs with Mark 1
containments.? Other studies will address BWRs with
Mark III containments, pressurized water reactors
(PWRs) with ice condenser containments, and PWRs
with dry containments.

This report focuses on dominant severe accident
challenges, as identified by current severe accident re-
search, which can potentially threaten Mark II contain-
ment integrity. Potential improvements are evaluated
as to their ability to arrest core melt progression, pre-
vent or delay containment failure during postulated se-
vere accidents, or mitigate the offsite health
consequences of a fission product release. According-
" ly, a risk analysis is performed in order to correlate
containment challenges, resulting consequences, se-
quence frequencies, and potential improvement bene-
fits for each containment challenge. As seen in
Equation (1-1), the risk that arises from the operation
of a nuclear power plant is a function of all of these
factors:

RISK, = ZZ FREQ, * CRMP, * CONS\(FPy)
=1 j=t
(1-1)

where,

RISKyx = the risk associated with conse-
quence measure k

FREQ; = the frequency of accident sequence i
CRMP;; = the conditional probability of con-

tainment release mode j, given acci-
dent sequence i

FP; = fission product source term for con-
tainment release mode j of accident
sequence i

CONSyx = mean magnitude of consequence k,

given fission product source term
(FP;;) for release mode j and
sequence i.

Consequently, all factors affecting plant risk should be
considered in a program to improve containment

performance.

The Mark Il BWR plants and their important safety

- design features, along with the differences and similar-

ities among the various plants, are discussed in Sec-
tion 2. In Sections 3 through 5, the important accident
sequences and containment failure modes are intro-
duced. Section 3 discusses those sequences, originat-
ing from inadequate containment heat removal, that
could challenge containment integrity prior to exten-
sive core damage. Examples of these accidents are an-
ticipated transients without scram (ATWS) and
sequences with a loss of long—term containment heat
removal (TW). Section 4 discusses sequences where
core damage occurs prior to a significant challenge to
containment integrity. Station blackouts (SBO), loss of
coolant accidents (LOCA), and transients with a loss
of coolant injection are the primary constituents of this
sequence class. Section 5 briefly considers primary
containment bypass sequences, which result from fail-
ures of low pressure valves and‘piping that release
reactor coolant outside containment. Section 6 qualita-
tively analyzes potential improvements based on the
existing risk profiles of BWR Mark II containments,



as established in past probabilistic risk assessments
(PRAS) of the Limerick Generating Station* and the
Shoreham Nuclear Power Station,>% and on the Indi-
vidual Plant Examination (IPE) of the Susquehanna
Steam Electric Station.”

A limited quantitative risk analysis of several poten-
tial improvements is presented in Sections 7 through
10. Simple event trees were used to analyze the system
and containment response to selected dominant severe
accident sequences. The findings of this analysis are a
frequency of occurrence for each sequence (core dam-
age frequency) and a set of containment release modes
and their conditional probabilities of occurrence. The
containment release modes are then binned into release
categories and the source term associated with each re-
lease category is used as an input to the consequence
analysis. The output of the consequence analysis is the
conditional probability of occurrence associated with
each of the risk measures, for example, latent fatalities
and population dose.

Simple containment event trees (SCETs) were used

for the quantitative containment response analysis,
with each tree having approximately 15 top events,
rather than the 100 or more used in the BWR accident
progression event trees developed for NUREG-1150.8
The current uncertainties in many important phenome-
nological issues (both stochastic and due to lack of .
knowledge) tend to offset attempts to include a great
amount of detail in the containment event trees. Even
in the SCETs used here, the quantification of several
important events remains indeterminate because of a
lack of data, both calculational and experimental. For
more details on the SCET methodology, see
Reference 3.

Source terms used in the consequence analysis were
not determined from original fission product transport
calculations. Instead, the source terms calculated in
Reference 9 were used as inputs to the MELCOR Ac-
cident Consequence Code System (MACCS),!0 using
the NUREG-1150 MACCS deck for Peach Bottom
(see Appendix D for more details). Because this report
is primarily concemed with changes in offsite conse-
quences effected by a proposed improvement, this
methodology is considered to be adequate.



2. DESCRIPTION OF MARK Il PLANT FEATURES
AND CONTAINMENT DESIGNS

This section presents a general summary of design
information for the U.S. BWR nuclear power plants
with Mark II containments. As Table 1 indicates, there
are nine Mark II nuclear power plants in the U.S., lo-
cated at six sites.!! All of the reactors have been li-
censed for operation in the 1980s. As seen in the table,
many different architect engineers and construction
firms 'were used to build the nine plants. Tables 2 and 3
present design similarities and differences. Section 2.1

discusses and compares general reactor design charac-
teristics and the safety systems for water injection.
Similarly, Sections 2.2 and 2.3 discuss the primary and
secondary containment designs. When available,
plant-specific design information is presented. Such
information was taken from the Final Safety Analysis

Reports (FSARs) for each of the plants, unless other-
wise roted.1213,14,15,16,17

Table 2. United States nuclear power plants with Mark II containments?

Utility/Plant Architect Engineer Constractor Commercial Date
Commonwealth Edison
La Salle 1 Sargent & Lundy Utility 10/82
La Salle 2 Sargent & Lundy Utility 6/84
Long Island Lighting
Co.
Shoreham Stone & Webster Utility —b
Niagara Mohawk Power
Corp.
Nine Mile Stone & Webster Stone & Webster 4/88
Point 2
Pennsylvania Power &
Light Co.
Susquehanna 1 Bechtel Bechtel 6/83
Susquehanna 2 Bechtel Bechtel 2/85
Philadelphia
Electric Co.
Limerick 1 Bechtel Bechtel 2/86
Limerick 2 Bechtel Bechtel 9/89
Washington Public
Power Supply System .
WNP-2 Bums & Roe Bechtel 12/84

a. “World List of Nuclear Power Plants,” Nuclear News, 32, 2, American Nuclear Society, February 1989.

b. Shoreham received a full power operating license on 4/20/89. However, the future of the plant remains uncertain
because of the pending agreement between Lilco and N.Y. State, which would result in the permanent closure of
Shoreham. :




Table 2. Comparison of BWR Mark II reactor design characteristics

Nine Mile
Parameter Limerick Susquehanna La Salle Point 2 Shoreham WNP-2

BWR Type 4 4 5 5 4 5

Vessel ID 251 251 251 251 218 251

(in.)

Number of fuel 764 764 764 764 560 764

bundles

Rated power 3293 3293 3293 3300 2436 3293

MW1)

Power density 4871 43.711 50.00 50.00 49.16 49.16

(&W/L)

Linear power 534 534 5.40 5.40 541 5.40

density

(kW/ft)

Turbine bypass 26 30 25 25 25 25

capacity (%)

HPCI/HPCS HPCI HPCI HPCS HPCS HPCI HPCS
gpm 6250 5000 6250 6250 4250 6250
NPSH (ft) — 21 12 12 18 —
Design Turbine Turbine AC motor AC motor Turbine AC motor
Injection Feedwater Feedwater Abovecore  Abovecore  Feedwater Above core
Location — — — — — —

LPCS
gpm 6250 * 2 6250 *2 6250 6250 4625 *2 6250
NPSH (ft) - 9 1 14 13 —
Design AC motor AC motor AC motor AC motor AC motor AC motor
Injection Abovecore  Above core Abovecore  Abovecore  Abovecore  Above core
Location — — — — — —

LPCI
gpm 10000 * 4 7500 * 4 7067 *3 7400 * 3 9650 * 2 7067 *3
NPSH (ft) 5 9 6 14 14 —
Design AC motor AC motor AC motor AC motor AC motor AC motor
Injection Core shroud  Recirc. Lines 3 places Core shroud  Recirc. lines  Core shroud
Location — — — — —_ —

RCIC
gpm 600 600 600 600 400 600
Design Turbine Turbine Turbine Turbine Turbine Turbine
Injection Feedwater Feedwater Feedwater Feedwater Feedwater Feedwater
Location — — — — — —




Table 3. Comparison of BWR Mark II primary containment design characteristics

Parameter Limerick Susquehanna La Salle Nine Mile ~ Shoreham WNP-2

Total volume 536,759 520,294 526,880 650,100 406,812 457,727
(f%)
Wetwell volume 289,100 281,500 297,000 346,800 215,400 256,400
(%)
Containment 87.79 85.48 90.19 105.09 88.42 77.86
volume/power
rating (ft3/MWt)
In—pedestal Same Same Below Below Same Below
relative to DW
floor
Downcomer area 257 242 295 363 242 309
(2
No. ex—pedestal 87 82 82 121 88 99
Height (in.) 18 18 18 3-6 6 ?
No. in— pedestal 0 0 0 8 4 0
Height (in.) n/a n/a n/a ? 0.5 n/a
Design pressure
(psig)
Intemnal 55 53 45 45 48 45
External -5 -5 -5 -5 -5 -2
DW floor design
AP (psid)
Downward 30 28 25 25 30 25
Upward 10 ? 5 10 10 64
RHR capacity
(MBTU/) 122 *2 134 *2 156 * 2 95*2 89*2 122*2
% of core 22 2.4 27 1.7 2.1 22
thermal power
DBA Peak
Response
DW (psig) 46 44 40 40 46 34.7
WW (psig) 34 29 31 34 34 27.6
DW floor load 23 22 24 17 23 19
(psid)
Design Temperature
DW (°F) 340 340 340 340 340 340
WW (°F) 220 220 275 212 225 275




2.1 Reactor Design

BWR Plants with Mark II containments feature the
General Electric (GE) BWR/4 and BWR/5 reactor
product lines. Table 2 summarizes some of the impor-
tant Mark II reactor design information. Three of the
sites, Limerick, Susquehanna, and Shoreham, use
BWR/4 reactors while the other sites use BWR/S reac-
tors. The thermal power ratings for the nine plants are
very similar except for Shoreham, which has a smaller
reactor vessel, a smaller number of fuel bundles, and a
lower thermal power rating than the other Mark II
plants.

Table 2 also includes a comparison of emergency
core cooling systems (ECCS). The BWR/4 reactors
feature turbine—driven high pressure coolant injection
(HPCT) with DC controllers, AC—powered low pres-
sure core spray (LPCS), and an AC-powered low pres-
sure coolant injection (LPCI) system. As noted in
Table 2, LPCI at Limerick injects into the core shroud
rather than into the recirculation lines (typical BWR/4
LPCI injection location). The BWR/5 reactors use a
different ECCS featuring AC-powered high pressure
core sprays (HPCS) with backup power from a dedi-
cated diesel generator, AC-powered low pressure core
spray (LPCS), and an AC—powered LPCI system. Un-
like the BWR/4 ECCS configuration, the HPCS and
LPCl injection is over the core and into the core bypass
region, respectively. It is important to note that BWR/5
plants do not use turbine—driven high pressure ECCS
pumps.

Other high pressure injection systems common to
both reactor models include the condensate/feedwater
system, reactor core isolation cooling (RCIC) system,
and 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 accidents,
these systems can become important sources of high
pressure makeup flow. The RCIC makeup flow rates
are included in Table 2. The turbine—driven RCIC sys-
tem delivers approximately 10% of the HPCI/HPCS
flow rate. A survey of plant-specific CRD flow rates
was not-made. At Limerick, the CRD injection rate
during normal operations is a maximum of 63 gpm.
However, with optimum manual valve lineup, each
CRD pump could deliver more than 100 gpm to the
reactor vessel.

All the Mark II plants include an automatic depres-
surization system (ADS) as part of the ECCS to de-
pressurize the vessel and allow low pressure ECCS to

inject water. Upon receipt of an ADS initiation signal,
the ADS opens a subset of the safety/relief valves
(SRVs). Effluent leaving the vessel through the SRVs
is piped to spargers near the bottom of the suppression
pool. Discharging effluent from the SRVs into the bot-
tom of the suppression pool maximizes steam conden-
sation 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 different pressure
set point to provide graduated pressure relief with in-
creasing reactor system pressure.

Once the vessel is depressurized, two redundant sys-
tems of low pressure injection are available from the
ECCS: LPCS and LPCI. As seen in Table 2, LPCl is a
high capacity injection source while LPCS has a some-
what lower injection capacity. At the BWR/5 plants
and Limerick, the licensees have verified with the
manufacturers that the LPCI pumps are capable of
pumping saturated water without failure. Conversely,
the other BWR/4 LPCI pumps are postulated to fail
while pumping saturated liquid. (Alternate, or non—
ECCS, injection systems are discussed in other sec-
tions of the report related to potential improvements
and plant response during postulated transients.)

Reactivity control in the event of an accident is pro-
vided by two redundant systems: the CRD system and
the standby liquid control system (SLCS). During con-
ditions that call for a reactor scram, the CRD system
rapidly inserts the boron carbide (B4C) control rods
into the core. The altemate rod insertion (ARI) system
provides a backup scram signal should the reactor pro-
tection system (RPS) signal fail. If the CRD system to-
tally fails to control core reactivity in response to the
RPS and ARI signals, several manual operator actions,
including actuating the SLCS, are prescribed by the
BWR Emergency Procedure Guidelines (EPGs). The
SLCS injects a sodium pentaborate solution into the
lower plenum just below the core plate (the Limerick
SLCS injects into the core spray sparger). A more de-
tailed discussion of reactivity control during accidents,
including manual operator actions, is provided in
Section 3.1.

2.2 Primary Containment
Design

The BWR Mark II containment consists of two re-
gions, the drywell and the wetwell (see Figure 1). The
wetwell region lies directly below the drywell and is
separated from it by the drywell floor. Vertical down-
comers with a nominal diameter of 2 ft connect the
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Shoreham containment.



drywell airspace to the suppression pool (WNP-2 em-
ploys 84 2-ft downcomers and 18 28-in.
downcomers). When the drywell airspace is pressur-
ized, gases from the drywell are forced through these
downcomers into the suppression pool. Because the
downcomers discharge below the water level of the
pool (approximately 8 to 12 ft), all effluent entering
the wetwell must pass through the suppression pool.
The benefits of the suppression pool include (a) scrub-
bing of the non—noble gas fission products, (b) a
source of water for the ECCS, and (c) a large heat sink
for steam condensation. For example, a 140,000 fi3
pool is capable of absorbing 100 MW-h of energy
with only a 40°F temperature rise.!8

Table 3 summarizes general containment design in-
formation for the six Mark II plant sites. The total free
volume is approximately the same at Limerick,
Susquehanna, and La Salle (within 30%). Shoreham,
due to its smaller reactor thermal power rating, has a
smaller primary containment. Washington Nuclear
Project Number 2 (WNP-2) has the same pool volume
as the larger Mark II plants, but has a smaller total con-
tainment volume. Comparison of the containment free
and pool volumes to thermal power rating also illus-
trates that the Shoreham containment free volume ap-
pears to be sized consistently with the other plants, but
the pool volume ratio is slightly lower.

The reactor pressure vessel is supported by an annu-
lar pedestal that extends to the vessel from the contain-
ment basemat through the drywell floor. The design of
this in—pedestal region varies from plant to plant (see
Figures 1 through 6). The Shoreham and Nine Mile
Point 2 containments have downcomers inside the
pedestal region (referred to as in—pedestal downcom-
ers). At La Salle, WNP-2, and Nine Mile Point 2, the
in—pedestal region is at a lower elevation than the ex—
pedestal drywell floor. WNP-2 has two sumps cast
into the in—pedestal floor. The design of the in-pedes-
tal region can have a significant influence on severe
accidents in which debris is discharged onto the dry-
well floor. The presence of downcomers in this region
could allow relocation of a larger fraction of the co-
rium debris to the suppression pool than would be like-
1y in plants without in—pedestal downcomers (see
Figures 7 and 8). This design could eliminate problems
associated with core—concrete interactions (CCI) but
there could be significant problems with energetic
fuel-coolant interactions (FCI). Conversely, a re-
cessed cavity would tend to retain more of the corium
in the cavity. La Salle has the largest recessed cavity,
which is capable of holding approximately two entire
core volumes of molten debris. This design would

probably result in the maximum CCI and the minimum
potential for cooling the core ex—vessel. The Limerick
and Susquehanna plants have a flat in—pedestal floor at
approximately the same elevation as the ex—pedestal
floor. This design likely would result in significant
CCI and large uncertainties associated with the timing
of suppression pool bypass, but with a significant po-
tential for ex—vessel cooling of the corium with con-
tainment sprays. However, as identified in the FSARs,
all designs, except for Susquehanna, have in—pedestal
drains into the wetwell. Although there is no analysis
to support or refute this hypothesis, failure of these
lines is postulated to result in suppression pool bypass
shortly after reactor vessel failure. The containment
cavity designs for the six sites are summarized in
Figures 2 through 9.

The ex—pedestal downcomer pipes extend approxi-
mately 3 to 18 in. (site—specific value) above the dry-
well floor to prevent clogging. The ex—pedestal
downcomers for all plants have a steel cover to prevent
direct impingement damage and localized suppression
pool heating during LOCAs. The number of down-
comers varies from site to site as indicated in Table 3.
Other penetrations in the drywell floor include floor
drains, sumps, and SRV penetrations.

Figure 9 shows the drywell floor layout and floor
penetrations at the Susquehanna Steam Electric
Station. While the in—pedestal drywell floor at
Susquehanna does have a thin steel liper, this liner is
not considered to significantly delay initiation of CCI.
At Shoreham, an inflatable boot is used to seal the gap
between the drywell floor and the side of the
containment. WNP-2 uses a steel “ring girder” em-
bedded in the drywell floor and welded to a steel pe-
ripheral seal assembly, which in tumn is attached to the
linér of the primary containment. Failure of a drywell
floor penetration, the drywell floor seal, or the floor it-
self (by core—concrete attack or from excessive differ-
ential pressure across the floor) would allow-fission
products in the drywell to bypass the suppression pool.

The wetwell airspace communicates with the dry-
well through normally closed check valve vacuum
breakers. These vacuum breakers are designed to
(a) open when there is a positive wetwell airspace—to—
drywell pressure difference (valves typically begin
opening between 0.25 and 0.50 psid), and (b) provide
sufficient flow to maintain the pressure difference be-
low the drywell floor upward design pressure (see
Table 3). The maximum upward design pressure load-
ing for the drywell floor ranges from 5.0 to 10.0 psid.
Currently, no information is available on the drywell
floor’s ultimate pressure loading capability or the
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relationship of this capability to the loading capacity of
the penetrations and floor seals.

The containment could also be damaged by a nega-
tive pressure difference between the primary
containment and the reactor building. However, the
BWR EPGs provide some procedural guidance for sit-
vations where rapid condensation could reduce the pri-
mary containment pressure too rapidly.!® The primary
containment external design pressure ranges from
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4.7 to 10.0 psig. Only WNP-2 (a steel contain-
ment), which has three 24—in. vacuum breakers con-
necting the reactor building to the wetwell airspace,
has the ability to equilibrate a pressure differential be-
tween the primary and secondary containment.

The Mark II containments were constructed using
three general methods (see Reference 18).
Susquehanna 1 and 2, Limerick 1 and 2, and Nine Mile
Point 2 were constructed using deformed steel bars
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with concrete reinforcement, a flat base, a 1/4 to
3/8—in. thick steel internal liner, and a steel dome clo-
sure cap. La Salle 1 and 2 were constructed from pre-
stressed concrete with a steel cap, steel liner, and a flat
base. WNP-2 was built with steel surrounded by con-
crete with an ellipsoidal base.

The primary containment design pressure ranges
from 45 to 56 psig. However, the ultimate containment
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pressure has been estimated to be significantly higher
than the design pressure. Examples of assessed ulti-
mate Mark II containment failure pressures are as fol-
lows: 133 psig by Ames Laboratory for WNP-2,
140 psig by General Electric for Limerick, 150 psig by
Sargent and Lundy (Architect Engineer for La Salle)
for a standard Mark I1,20 and 135 psig by Stone and
Webster for Shorecham (see Reference 5). In addition,
the NUREG-1150 expert elicitation panel revised the
La Salle failure pressure upward to 190 psig. '
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The most limiting containment pressure response to
a set of design basis accidents (DBAs) is included in
Table 3. Comparison of the DBA results with the con-
tainment design pressure and the design differential
drywell floor pressure reveals various safety margins
for the different plants. The calculated response is de-
pendent upon geometric differences, core thermal
power rating, and safety equipment differences. How-
ever, it is interesting to note that the larger number of
downcomers at Nine Mile Point 2 reduces the drywell
floor loading relative to the other plants.

The main system for removing energy from-the con-
tainment during an accident is the residual heat remov-
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180°

24's  DOWNCOMERS
(TYP}

PRIMARY CONTAINMENT WALL

al (RHR) system. The RHR system is considered as
part of the ECCS and can be operated in several differ-
ent modes, such as LPCI (discussed in Section 2.1).
Another mode of operation is the suppression pool
cooling mode, in which the RHR system takes suction
from the suppression pool, cools the water in one of
two redundant heat exchangers, and returns the cooler
water back to the pool. The nominal ratings of the heat
exchangers are provided in Table 3. In general, the ref-
erenced conditions were for a peak pool temperature
near 212°F. As seen in Table 3, the RHR heat exchang-
ers are capable of removing 1.7 to 2.7% of rated core
thermal power.



M.8. RELIEF VALYE (M.S.R.V.)
OISCHARGE PIPE (TYP)

Figure 9. Susquehanna drywell floor.

The RHR system can also be aligned to take suction
from the suppression pool, cool the water in the heat
exchangers, and discharge the water through the con-
tainment spray headers in both the drywell and the
wetwell. In most accidents, the peak wetwell airspace
temperature is expected to be at or below saturation
conditions due to the presence of the large water pool.
Conversely, temperatures above saturation can be ex-
pected in the drywell, especially if molten corium is
present on the floor. Most plants distribute approxi-
mately 95% of the spray flow to the drywell and only
5% to the wetwell. While the spray distribution was es-
tablished to enhance DBA performance, it could also
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be beneficial during severe accidents. However, use of
drywell sprays is constrained by the EPG limits on dry-
well pressure and temperature. Drain pumps, sumps,
and downcomers in the drywell floor are used to return
the water to the suppression pool. Nine Mile Point 2
also has a sloped floor to direct water to the sumps.

As noted previously, the BWR/5 (and Limerick)
RHR pumps are capable of pumping saturated water. If
the RHR pumps are taking suction from the suppres-
sion pool, three conditions could cause the suppression
pool to boil as a result of containment depressurization
and fail BWR/4 RHR pumps: (a) containment



venting,2! (b) rapid depressurization caused by con-
tainment spray operation (see Section 4.3), and
(c) containment failure.

Three methods are provided for controlling combus-
tible gas concentration in the primary containment fol-
lowing an accident. First, the primary containment is
inerted with nitrogen to maintain the maximum oxy-
gen concentration below 5%. (However, the plant
Technical Specifications permit de—inerting of the
containment for short periods prior to shutdown and
during startup.) Second, the hydrogen concentration
from long—term radiolytic generation following a
DBA is maintained below 4 to 5% by use of hydrogen
recombiners. The hydrogen recombiners take suction
from the containment, chemically combine the oxygen
and hydrogen into water, and return the effluent back
to the containment. As seen in Table 3, the low capac-
ity of the hydrogen recombiners is consistent with a
slow radiolytic hydrogen generation rate. The recom-
biners were intended to be manually initiated several
hours after a DBA was terminated and would be of
little use during a severe accident and might actually
compound problems by exceeding the recombiner in-
fluent composition design specifications (potential for
release path). Finally, the nitrogen purge system and

the standby gas treatment system (SGTS) in the sec-
ondary containment dilute, filter, and vent gases from
the primary containment. As specified in the EPG, hy-
drogen control via venting through the nitrogen purge
system is used only if all other control measures are
unsuccessful.

2.3 Secondary Containment
Design |

A secondary containment, consisting of the reactor
building and refueling bay, surrounds the primary con-
tainment. The design of the secondary containment is
site—specific, as determined by the architect/engineer.
However, secondary containments for Mark II plants
are generally similar to those for Mark I plants. Gener-
al secondary containment characteristics are discussed
below for completeness.

The secondary containment, in conjunction with the
SGTS, serves as the final barrier to prevent or mitigate
the release of fission products to the environment. As
seen in Table 4, the Mark II secondary containments
are large structures. At multi-unit sites, a single sec-
ondary containment is divided into separate zones,
which may be isolated from one another.

Table 4. Comparison of BWR Mark II secondary containment design characteristics

Parameter Limerick Susquehanna La Salle Nine Mile Shoreham WNP-2
Secondary
containment
vol. (108 ft3)
RB #1 1.8 1.5 45 4.6 1.4 3.5
RB #2 1.8 1.6 45 n/a n/a n/a
RF Bay 22 2.7 ? ? 0.7 ?
Design pressure 0.25 0.25 0.25 0.25 0.25 0.25
(psia)
Operating -0.25 -0.25 -0.25 -0.25 -0.25 -0.25
pressure
(in. H20)
Leakage rate 100 100 100 100 100 100
(v/o per day)
Fission RERS + SGTS SGTS SGTS SGTS RBSVS SGTS
product
Control (0.5-8.4)*2 (3-10.5)*2 4*2 4*2 1.16 %2 45*2
Systems SGTS (exhaust)
Capacity 60*2 ‘ 45*2
(kft3/min)- RERS (recirculate)
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The operating pressure of the secondary contain-
ments is typically —0.25 in. of water gauge to prevent
leakage to the environment. The secondary contain-
ment atmosphere recirculation and filter systems are
redundant and sized to maintain the system operating
pressure with 100% leakage per day. The buildings
generally are protected against overpressurization by
blowout panels near the top of the refueling bay. How-
ever, at Susquehanna, the blowout panels are located in
the lower and middle levels of the reactor building
(Shoreham has no blowout panels). If the building
pressure were to exceed the design pressure, the blow-
out panels would open to prevent gross structural dam-
age. The ultimate failure pressure of the secondary
containments is plant—specific. However, the struc-
tures were only designed to withstand differential pres-
sure created by the maximum anticipated external
wind loadings, not large internally generated pressure
loads. For example, the aboveground secondary con-
tainment design pressure rating at the Browns Ferry
BWR Mark I is only 3 psid. Therefore, the secondary
containment might fail as a result of hydrogen burns in
a severe accident.22

Fission product control in the secondary contain-
ment is provided by different systems at the various
Mark 11 sites. In the event of an accident, the SGTS
[the reactor building standby ventilation system
(RBSVS) at Shoreham] operates to filter all releases to
the environment and to maintain a negative pressure
inside the secondary containment. The filtered effluent
is discharged to the plant stack or to an elevated release
point. The SGTS, or the filtered exhaust section of the
RBSVS, utilizes two filter trains to remove the non—
noble gas fission products. At Limerick, Susquehanna,
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and Shoreham, high capacity fans recirculate gases
within the secondary containment. At Limerick, the
reactor enclosure recirculation system (RERS) mixes,
filters, and recirculates the effluent to the reactor
building and the refueling bay. Conversely, the
RBSVS at Shoreham simply takes a suction from the
reactor building and discharges the effluent to the re-
fueling bay without a significant amount of filtering
(see References 16 and 22).

Oak Ridge National Laboratory has analyzed the re-
sponse of BWR systems (e.g., reactor vessel, primary
containment, and secondary containment) to postu-
lated severe accidents. Preliminary review of second-
ary containment performance by ORNL has led to
several insights (see Reference 22). First, as mentioned
above, the designs of BWR secondary containments
are highly plant—specific. Plant—specific parameters
affecting system performance include (a) degree of
secondary containment compartmentalization, (b) fil-
tering and exhaust capacities of the secondary contain-
ment atmospheric fission product control systems,
(c) mixing and filtering by reactor building ventilation
systems, (d) area coverage of the fire protection spray
system in the reactor building, and (e) effects of a se-
vere reactor building environment on the systems lo-
cated there. Other transient—specific insights affecting
fission product retention in the secondary containment
include (a) primary containment failure location, (b)
availability of AC power to operate the secondary con-
tainment atmospheric fission product control systems,
and (c) likelihood of secondary containment hydrogen
burns capable of damaging the structure. Specific de-
tails about secondary containment performance during
accident situations are provided in Sections 3 and 4.



3. CONTAINMENT CHALLENGED PRIOR TO CORE MELT

This section discusses severe accident sequences
that challenge containment integrity prior to core melt.
The primary sequences with this characteristic are
ATWS and TW. In ATWS sequences, scram is not
successful and the vessel steaming rate to the contain-
ment exceeds the capacity of the available containment
energy removal systems. High pressure conditions in
the containment can lead to containment failure and
loss of vessel injection. During a TW transient, the
reactor scram is successful, but without containment
heat removal, the containment slowly pressurizes. If
the sequence is not mitigated, the containment either
fails from overpressurization or the high pressure con-
ditions lead, directly or indirectly, to a loss of vessel in-
jection. Section 3.1 discusses plant system response
during sequences that lead to containment overpres-
sure challenges prior to core melt. Section 3.2 dis-
cusses the containment response to the pressure
loading. Section 3.3 presents a qualitative discussion
of systems or actions that could potentially mitigate
the consequences from these sequences.

3.1 Definition of. Sequences

3.1.1 Anticipated Transients Without Scram.
An ATWS is, by definition, a transient where all con-
trol rods (typically 180+) fail to insert as the result of
the failure of both divisions of the RPS. The alternate
rod insertion (ARI) system is also assumed to fail in
cases where the RPS failure was in the electrical por-
tion of the system. The transient is assumed, for this
discussion, to eliminate the feedwater system and iso-
late containment from the main condenser, with the
control rods still at their full power rod positions.

ATWS sequences can, for convenience, be divided
into two general classes, depending upon whether core
melt occurs before containment integrity is chal-
lenged, or whether containment failure induces core
melt (see Reference 6). In the first case, the ATWS ini-
tiating event leads to a loss of all high pressure injec-
tion and a failure to depressurize the vessel. Core melt
proceeds with the reactor at high pressure and the con-
tainment intact. This sequence is more appropriately
grouped with sequences in Section 4 and will not be
discussed further here. In the second case, the ATWS
sequence results in a high pressure condition in the
containment, which leads to loss of injection systems
or to containment failure and induced core melt.

Initially during the sequence, injection is provided
by the high pressure systems (HPCI/HPCS, RCIC, and
CRD) and energy is transferred to the suppression pool

via SRV actuation. Due to the high energy addition rate
to the suppression pool during a severe ATWS se-
quence, the pool temperature increases rapidly. The
EPGs instruct the operator to depressurize the reactor
to prevent exceeding the suppression pool heat capac-
ity temperature limit (HCTL) (see Reference 19). Ini-
tially, the HPCI/HPCS and RCIC systems take suction
from the condensate storage tank (CST). Upon receipt
of a high suppression pool or a low CST level signal,
the HPCI/HPCS (and RCIC at some plants) suction is
automatically realigned to the suppression pool (this is
likely in TW and ATWS sequences). Because some of
the injection water is used to cool the lube oil in the
HPCS/HPCI and RCIC pumps, with high suppression
pool temperature, the HPCS/HPCI injection systems
may fail due to inadequate lube oil cooling (e.g., the

‘Peach Bottom HPCI design water temperature for lube

oil cooling is 140°F) (see Reference 21). However, the
NUREG-1150 expert panel has concluded that the
HPCS pump at La Salle is not likely to be disabled by
high suppression pool water temperature. Therefore,
this may not be an issue at all Mark I plants. As the
containment continues to pressurize, RCIC would iso-
late on high exhaust back—pressure (e.g., set point of
40.0 psig at Shoreham). The CRD system would con-
tinue to inject, and with both pumps running, would
provide adequate core cooling in all sequences except
the most severe ATWS.23 If the operator successfully
depressurized the reactor when the HCTL was exceed-
ed or after HPCI/HPCS and RCIC failed, several low
pressure injection systems (LPIS) would be available.
However, as the containment continued to pressurize,
the SRVs could close at high containment pressure.
Closure of the SRVs would repressurize the vessel and
leave limited injection capability (for reasons stated
previously).

The point in the sequence at which the SRVs close is
dependent upon SRV design, reactor pressure/contain-
ment pressure, and control air (nitrogen) pressure. For
example, two—stage Target Rock SRVs use the reactor
vesselto—drywell pressure differential and the control
air-to—drywell pressure differential in tandem to repo-
sition the pilot valve and cause the main disc to open.
Increasing the reactor pressure would increase the dif-
ferential pressure between the reactor and the drywell
and cause the SRVs to reopen. If the reactor pressure
exceeded the low pressure shutoff head of the LPIS
during this pressure excursion, injection would be tem-
porarily stopped. Reopening the SRVs would depres-
surize the reactor and reestablish low pressure
injection (see Reference 21). However, a reactivity ex-
cursion following coolant entering the core during an
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ATWS sequence could repressurize the reactor and
again terminate low pressure injection.?* Although
this response might be self—correcting and result in ad-
equate core cooling, there are many uncertainties in
neutronic response, valve operation, and core thermal-
hydraulics (potential for instabilities, density wave os-
cillations, and system chugging).?’ Further
plant—specific complications may include the possibil-
ity of the plant instrument air being isolated by the
containment isolation signal and decaying with time
due to system leakage (see Reference 21).

If adequate vessel injection were provided but the
transient were not mitigated, the containment would
continue to pressurize to failure. Failure of the contain-
ment or venting to prevent containment overpressur-
ization could lead to failure of injection systems as the
result of inadequate net positive suction head (NPSH),
followed by core degradation.2!:26

3.1.2 TW, Loss of Long—Term Containment
Heat Removal. A sequence with adequate coolant
injection, but with a loss of long—term containment
heat removal, is a slowly developing accident. After a
transient initiator, the reactor is successfully scrammed
and the main steam isolation valves (MSIVs) are
closed. Decay heat is transferred from the reactor to
the suppression pool via the SRVs. Because the RHR
heat exchangers are not available in this sequence, the
suppression pool will heat up slowly. Coolant injection
is provided by the HPIS until the suppression pool
HCTL is exceeded. At this time, the operator would be
expected to depressurize the vessel and maintain
vessel inventory with low pressure systems. Note: The
CRD pumps, with manual valve realignment, should
be capable of providing adequate core cooling within
approximately 30 min after the reactor is shutdown
(see References 7 and 23). As in the ATWS, there is a
concemn that the SRVs could eventually close on high
containment pressure, causing low pressure injection
to be lost. This would not affect injection by the CRD
pumps. Because the containment pressurization rate is
much slower and the reactor is shut down, there would
be no large power spikes accompanied by rapid prima-
ry system pressurization. Continued heating of the
containment would occur until (a) injection systems
failed, (b) containment failed catastrophically, (c) con-
tainment leakage matched the energy addition rate, or
(d) heat removal systems were recovered (see
Reference 8).

Because the TW sequence is such a slowly develop-
ing accident, ample time is available to attempt to es-
tablish some means of heat removal before
containment integrity is challenged. There is little or

no chance that operators would overlook the need for
decay heat removal. Consequently, following a tran-
sient with successful scram (event T), loss of contain-
ment heat removal (event W) is dominated by
equipment unavailability. The functionally redundant
means of heat removal (see Section 3.3), along with
the time available to make repairs, are generally felt to
result in TW contributing very little to the overall core
damage frequency. Accident sequences involving a
loss of containment heat removal were not found to be
a significant contributor to the total core melt frequen-
cy in the Limerick, Shoreham, and Susquehanna PRAs
(see References 4, 5, 6, and 7).

A survey of a few PRAs indicated that, in those
PRAs that used simplistic WASH-1400 models, and
gave little or no credit for operator actions in
recovering from the accident, a high TW frequency
(10-3 — 103 per reactor-year) was calculated. When
detailed models were used and operator actions (in-
cluding, in some instances, containment venting) were
considered, the calculated TW frequency was relative-
ly low (10~ — 10~8 per reactor—year). As a result, the
Limerick, Shoreham and Susquehanna PRAs identi-
fied a low core damage frequency for TW.27

3.2 Discussion of Containment
Challenges and Failure
Modes

The principal containment challenge from TW and
ATWS sequences is containment overpressurization,
which can lead to core melt. As stated in Section 2.2,
the ultimate containment failure pressure of the Mark
1I containment is much greater than the design pres-
sure. For example, the ultimate static failure pressure
for Limerick was assessed to be 140 psig versus a de-
sign pressure of 55 psig (see Reference 20). This large
difference provides significant time for mitigative
action. In the absence of any mitigative actions, con-
tainment overpressure failure at Limerick during the
TW sequence is expected to occur in approximately
30 h versus only 40 min for the case of a full isolation
ATWS sequence (see Reference 18). Further, operator
actions can be very effective in changing the base case
responses (see Section 3.3).

Containment leakage at high pressure conditions
may also affect the containment response. The Con-
tainment Performance Working Group (CPWG) eva-
luated the effect of leakage from typical containment
penetrations during severe accident loads.?8 Limerick
was selected as the Mark II reference plant. The results
from the study are shown in Table 5. At 75 psig, the
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Table 5. Containment Performance Working
Group leakage estimates for Limerick

Containment
Pressure Drywell Leakage Wetwell Leakage

(psia) (in?) (in?)
0 0.003 0.002
55 0.003 0.002
75 0.003 0.22
85 1.0b 0.3
140 420 03

a. Wetwell personnel hatch unseats at 75 psig.
b. Drywell head unseats at 85 psig.

equipment hatch in the suppression pool unseats and
causes a small increase in the wetwell leakage area. At
85 psig, the drywell bead unseats, and by 140 psig, the
amount of drywell leakage is substantial. Leakage dur-
ing steam loading has both positive and negative im-
plications. A simple steam critical flow calculation
shows that the leakage at 140 psig (equivalent to
approximately 3.5% of rated thermal power) would
easily exceed decay heat removal requirements. Con-
sequently, catastrophic failure of the containment dur-
ing a TW sequence may be unlikely. On the negative
side, leakage of high temperature steam into the reac-
tor building would likely terminate repair operations
and might cause failure of injection systems. However,
because most of the leakage is predicted to occur at the
drywell head, the injection pumps located in the lower
elevations of the reactor building likely would not be
affected. Flooding the reactor cavity above the drywell
head might minimize the negative effects from drywell
head seal leakage (see Section 4.3.8). While it may be
possible to operate the containment at 140 psig without
leakage, it may not be prudent to operate at that pres-
sure or rely on containment integrity during a severe
accident at a pressure so close to the anticipated ulti-
mate failure pressure.

Temperature-induced containment leakage is also a
concem. However, since the early containment chal-
lenge from sequences in this section is due only to
steam loading, the temperature in both the drywell and
the wetwell would be close to saturation (360°F at

140 psig). Significant seal degradation due to a high
temperature environment is not expected until much
higher temperatures are reached (see Section 4.2.2.2).

Research by the CPWG supports a high likelihood
of large leakage rates prior to reaching the containment
ultimate failure pressure (sce Reference 28). However,
there is a possibility that the containment leakage rates
have been overestimated and catastrophic containment
overpressure failure could still occur. Several probable
failure locations have been identified through finite
element analyses and simplified analysis methods (sece
Reference 20). The deformation predictions are gener-
ally regarded as reliable, assuming the containment
configuration is described accurately, that is, known
geometry, materials, and loads. However, actual pre-
dictions of leakage are uncertain. Consequently, the
ultimate strength results should be regarded as predic-
tions of deformation failure.

In failure analysis calculations for WNP-2, the low-
er circumferential unstiffened cylinder was assessed to
be the most likely failure location (see Reference 20).
This region encompasses the top half of the wetwell
cylinder. Since the downcomers extend below this
region, gross failure in this region would not necessari-
1y lead to suppression pool bypass. If the downcomers
were intact, failure above the suppression pool water
line would simulate venting, except that the release
would be uncontrolled and could not be isolated. This
type of failure would be relatively benign, since the
suppression pool would still scrub non—noble gas
fission products.

The results from the Limerick failure analysis show
that the yield stresses at the middle section of the cylin-
der and the wall-to-base junction exceed the allow-
able value of 150 psig (see Reference 20). Other
critical sections inclnde the diaphragm slab—to—wall
junction and the removable drywell head—to—wall
junction as indicated in Figure 10. Failure at the wall-
to-base junction would drain the suppression pool into
the reactor building. Although the suppression pool
function would be lost, fission products would be re-
tained in the containment until the pool drained. Fur-
thermore, the release point would be low in the reactor
building. However, site—specific flooding problems
after lower wetwell failure and loss of a water supply
could lead to more severe consequences. Failure at
either of the other two critical locations, the drywell
head-to—wall junction and the diaphragm slab—to—
wall junction, would canse immediate suppression
pool bypass and tend to increase the magnitnde of the
source term.
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Figure 10. Postulated Mark I containment failure locations.

In the containment analysis performed for the 1988
Shoreham PRA,2? a probabilistic analysis was done to
couple the early containment failure modes to the
sequence class, containment failure pressure, break
size, and break location. A continuous failure
probability density function was used to characterize
the comtaimment failure pressure, with failure deemed
most probable between 130 and 145 psig. Subsequent-
ly, sequence—specific failure mode event trees were

constructed to quantify the distribution of the different
failure modes. Slow pressurizations, such as in the TW
sequence, would be more likely to lead to a small break
above the wetwell water line, Conversely, in an ATWS
sequence with rapid containment pressurization, small
and large breaks were deemed equally probable at
three different locations. Small breaks led to increased
leakage and prevented further pressurization, whereas
large breaks depressurized the containment rapidly.
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In summary, sequences that challenge the
containment prior to core degradation can lead to
containment leakage or catastrophic failure. Two
important leakage locations for Mark II containments
are the drywell head seal and the wetwell personnel
hatch. For sequences with slow containment
pressurization, leakage might prevent catastrophic
_containment failure. However, significant leakage
probably would not occur until the containment pres-
sure was significantly higher than the containment de-
sign pressure. Temperature—dependent leakage is not
considered important until after core degradation oc-
curs. In the event of a containment pressurization rate
greater than the leakage rate, gross containment failure
could occur. The failure location, hole size, and con-
tainment failure pressure are both plant-specific and
sequence—specific. Eliminating the drywell head
flange failure, overpressurization failures are more
likely to occur in the wetwell than in the drywell.

3.3 Potential Inprovements

ATWS or TW sequences can challenge containment
integrity before core damage begins. In both cases, the
danger lies in (a) high containment pressure leading to
an overpressure containment failare, which in turn
fails injection systems and leads to core melt in a
breached containment, and (b) SRV reclosure on high
drywell pressure, causing the vessel to repressurize
_ above the shutoff head of the LPIS (injection from the
CRD system may be adequate to prevent core dam-
age). Mitigation of this challenge focuses on prevent-
ing overpressurization by removing excess heat from

the containment. Several suggestions have arisen as to

how this might be accomplished, both in terms of us-
ing existing plant equipment and improvements that
might be made to increase the probability of successful
mitigation. Each improvement is discussed below.

3.3.1 Containment Venting. Containment venting
as been touted as a means of both relieving primary
containment pressure and preserving the integrity of
the secondary containment.3%-3! Venting could reduce
the likelihood of core damage from TW sequences.
Venting could also delay or prevent core degradation
and containment failure for some ATWS sequences.
Mark I plants currently have the ability to vent via
existing piping and ductwork to the reactor building
HVAC systems; Revision 4 to the EPGs provides di-
rection for when this should be ‘done (see
Reference 19). However, vent paths for some Mark IIs
may be via reactor building ductwork, which is not de-
signed to withstand the internal pressure associated
with venting at the EPG primary containment pressure
limit (PCPL).3.21,2630,32 Using these existing “soft”

vent systems could induce core melt {(due to loss of
injection).

Foremost among the concerns expressed in the
above references is the effect of venting on the sup-
pression pool and upon the reactor building environ-
ment following failure of the HVAC ductwork or the
neoprene boot that typically connects the vent piping
to the ductwork. Because venting at the PCPL would
likely lead to saturated conditions in the suppression
pool, pumps that take suction from the pool could fail
due to loss of NPSH (see Reference 8). At BWR/5
plants such as La Salle, where the ECCS pumps are
designed to operate with the suppression pool satu-
rated (see Reference 13), this is less of a concern than
at plants where a positive suction head is required to
prevent pump cavitation damage. For these plants, op-
erator realignment of pump suction to another water
source prior to venting would eliminate this problem
(assuming that another water source is available).

References 22, 32, 33, and 34 discuss in detail the
calculated effects of venting upon the atmosphere in
the reactor building. Based upon this work, Refer-
ence 26 assigned a very low probability to survival of
reactor building equipment following venting at one
plant, and a high probability to bypassing the reactor
building fission product control systems during core
melt. As Reference 22 points out, not all BWR second-
ary containments are equally vulnerable to the effects
of venting. However, venting at the PCPL via existing
“soft” ductwork would be expected to cause some
problems at ail plants, and at the very least, it would
make at least some sections of the reactor building un-
inhabitable for personnel who might need to enter to
repair equipment, align alternate injection, etc.

One solution to this problem is to install a “hard-
ened” vent pipe, which would be designed to withstand
the pressure associated with venting at the PCPL. The
vent pipe would lead from the wetwell airspace to an
elevated release point above the reactor building, such

.as the plant stack. As long as the suppression pool was
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not bypassed by downcomer failure, drywell floor
failure, or some other means, the release would be
filtered by scrubbing through the suppression pool. If
the suppression pool was saturated, this would result in
a decontamination factor (DF) on the order of 10 for
non-noble gas fission products and 1 (no scrubbing)
for noble gases. The DF for a subcooled suppression
pool has been estimated to be on the order of 100 for
non-noble gas fission products and 1 for noble
gases.33 However, all of the Mark II plants (except
Susquehanna) have between two and four 4—in. drains
from the in—pedestal area to the wetwell air space. No
analysis has been performed to estimate the



susceptibility of these drain lines to failure by corium
attack. However, the lines at La Salle were postulated
to fail within 20 min after vessel breach in most se-
quences.? Philadelphia Electric Company has esti-
mated that the drain plate covers at Limerick would
fail within approximately 6 min after reactor vessel
breach.36 Thus, fission products could be released to
the environment if an unfiltered vent system were
used.

There are several factors that should be considered
to ensure operability of the hardened vent system when
itis needed (see Reference 3). First of all, the vent pip-
ing should be sized to accommodate the expected con-
tainment pressure rise for each sequence that the
system is required to mitigate. The limiting sequence
in this respect is a high power ATWS where the reactor
may be producing 25 to 30% of rated steam flow fol-
lowing shutdown of the recirculation pumps. Howev-
er, the lower pressurization rate associated with the
TW sequence (reactor power at decay heat levels) may
be accommodated at a more moderate cost. Second,
the system should be able to be actuated under all con-
ditions, including SBQ. Most existing vent systems do
not meet this criterion since AC control power re-
quired to open the valves typically is not supplied from
an uninterruptible source. Also, interlocks would cur-
rently have to be bypassed with electrical jumpers
since the isolation valves in the vent lines receive a clo-
sure signal during an accident. Therefore, even with
power available, venting would require numerous op-
erator actions. Utilities have indicated that local manu-
al operation of the vent valves is possible; however,
unless the vent valves are opened very early in the se-
quence, radiation levels and the post—venting steam
environment in the reactor building could present an
unacceptable hazard to the operators (see Refer-
ence 30). Because of this concem, a proposal has been
made to open the vent lines immediately during a SBO
or ATWS.37 While this could be effective in prevent-
ing containment overpressurization, it could also result
in an unnecessary release to the environment. This
problem could be eliminated by installing an uninter-
ruptible power supply for the vent valves. Third, the
vent valves should be capable of being reclosed to iso-
late containment under certain conditions, such as

when suppression pool bypass occurs.

Another possible modification is the construction of
an external filtered vent system, such as the Supple-
mental Containment System (SCS) proposed by the

a. A. Payne, Sandia National Laboratory (SNL)
conference call with PK. Niyogi, NRC, on May 1,
1989.

Long Island Lighting Company (Lilco) for Shoreham
(see Reference 6). Briefly, the SCS would be a gravel-
filled concrete structure separate from the reactor
building, but connected to the primary containment by
a high capacity hardened vent line. The system would
be actuated by operator action. The gravel bed would
scrub particulates and the beight of the structure would
provide for an elevated release, as well. Reference 26
analyzed the proposed Shoreham installation and
found that reductions in both core damage frequency
and risk could be achieved. The DF for the SCS design
could be on the order of 1000 for fission product par-
ticulates, as compared to the DF of 10 to 100 for the
suppression pool. However, because of the high cost
associated with the SCS, its installation at U.S. BWRs
is not expected to be cost—beneficial. Such a system is
currently in use at the Barseback Nuclear Power
Station in southem Sweden. A Multi—Venturi Scrubber
System (MVSS) (Asea—Atom design) is being incor-
porated at the Oskarshamm, Forsmark, and Ringhals
reactor facilities. This design uses approximately
80,000 gal of water and does not rely on any AC or DC
power.3® This design is expected to be less expensive
than the filtra design (approximately $5M as compared
to $30 to $50M for the Filtra). However, because of the
relatively high cost associated with both designs, ex-
ternal vent filters will not be quantitatively analyzed in
this report. ‘

In summary, venting has the potential to effectively
mitigate the containment pressure rise during TW
sequences, and delay core failure and containment fail-
ure in ATWS sequences. However, if the existing
“soft” vent systems were to be used to vent contain-
ment as specified in the EPG, the soft vent systems
would be likely to result in core melt (due to loss of in-
jection) and contamination or failure of the secondary
containment (direct failure of equipment or preventing
equipment repair due to radiation considerations).
Suppression pool bypass is likely to occur shortly after
vessel failure. To overcome these problems, a filtered
system capable of withstanding expected venting pres-
sures would be required. To prevent problems with in-
adequate suction head to ECCS pumps, the EOPs
could instruct the operator to realign the suction of
ECCS pumps to another source of water, such as the
CST, prior to venting. To allow operation during SBO,
the vent valves would need an uninterruptible source
of power. And finally, for ease of operation, inteocks
could be bypassed with a keylock switch in the control
room or by providing ex—panel connections for bypass
jacks.

3.3.2 Containment Sprays and Backup Water
Supply. Containment sprays could be utilized to low-
er containment pressure through the action of steam
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condensation (the use of containment sprays for debris
cooling will be discussed later). Revision 4 to the Pri-
mary Containment Control portion of the EPGs directs
the initiation of containment sprays when suppression
chamber pressure reaches the suppression chamber
spray initiation pressure, as long as suppression pool
level is not too high (see EPGs for precise definition of
“not too high”) and drywell temperature and pressure
are within the drywell spray initiation limit (also speci-
fied in the EPGs). Note that containment sprays, under
the guidance given in the EPGs, would typically be ini-
tiated prior to venting, since the spray initiation pres-
sure is less than the PCPL, at which venting is
required.

The normal source of water for the containment
sprays is the suppression pool, with motive force
supplied by the RHR pumps. If the suppression pool
flashes following venting, two problems arise. First,
the suction head to the RHR pumps may be insufficient
for pump operation without cavitation and damage to
the pumps. Second, saturated water would not be very
effective at condensing steam inside the containment.
An alternate source of water, such as from the fire
pumps, could be manually connected to the RHR
system. Drawbacks to using the fire pumps include the
manual connection that must be made to align the
system, and the limited flow rates and lower discharge
head that the fire pumps can produce in comparison
with the RHR pumps. Note also that AC power or local
manual operation would be required to operate valves,
unless the valve operators are DC—powered, which
typically is not the case. Another source of water could
be the condensate transfer connection to the RHR
system. However, the injection capacity of the conden-
sate transfer pumps is limited by the size of the connec-
tion between the condensate transfer and RHR
systems, which is typically only a few inches in diame-
ter. Revision 4 to the EPGs does not specify either of
these systems as alternative sources of water for
containment spray.

The above discussion brings to light several possible
improvements that could be made to enhance the avail-
ability of containment sprays for mitigating overpres-
surization. First of all, if the RHR pumps are capable
of taking suction from a source other than the suppres-
sion pool, problems with pump cavitation could be
eliminated. This would also have the benefit of provid-
ing cooler water to the sprays, thereby allowing better
steam condensation in the containment. However, the
more rapid depressurization associated with the cooler

sprays could increase the differential pressure loading:

on the drywell floor beyond the ability of the vacuum
breakers to relieve this differential pressure. Some
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plants may already have the capability to align the
RHR pumps to the CST. Others, such as Shoreham and
Susquebanna, have RHR pumps that can only take
suction from the suppression pool (see References 6
and 7). Using an external source of water would also
add mass to the suppression pool, increasing its ability
to absorb heat from the reactor. This mass addition
cannot be carried out without consideration of the lim-
its that exist on suppression pool level, and also upon
drywell water level, in order to prevent structural fail-
ure of the wetwell walls or the drywell floor.

Another improvement related to the use of fire
pumps for containment sprays would be a high capac-
ity connection from the altemate water source to the
RHR system. Some plants may already have such a
connection; others may have only a small diameter
spoolpiece or a hose connection, which would severely
limit the flow rate into containment. Such an improve-
ment could be of benefit (relative to drywell floor load
considerations, see below).

If the reactor vessel has been depressurized when
the backup water supply becomes available, the back-
up water could be directed into the reactor vessel. For
accident sequences other than ATWS, the backup
water supply would only have to remove the decay
heat and thus could prevent core degradation or termi-
nate core damage. For the ATWS sequence, the reactor
may still be producing 25 to 30% of rated steam flow
and thus, using the backup water supply would delay
core damage but might not completely prevent or
terminate core degradation. In both cases, injecting the
water into the reactor would not prevent and might not
even delay containment failure.

3.3.3 RHR Heat Exchanger Capaclty. The rate at
which heat can be removed from the suppression pool
(and thus from containment) when the main condenser
is not available is limited by the capacity of the RHR
heat exchangers. Table 6 shows the design heat remov-
al capacity for RHR heat exchangers at Mark II plants,
both as an absolute value and as a percentage of rated
thermal power (see References 12, 13, 14, 15, 16,
and 17). As can be seen from this table, each of the
Mark II plants has the ability to remove fission product
decay energy from the containment via the suppression
pool cooling mode of RHR. Bear in mind, also, that
these numbers are design values; if flow and heat
transfer in the RHR heat exchangers were impeded by
corrosion or biofouling, the values could be signifi-
cantly lower.3940 Biofouling of RHR heat exchangers
could result in 100% bypass of the heat exchangers and
thus, no cooling of the reactor or suppression pool
water.



Table 6. RHR capacity as a percentage of plant

thermal power rating
Percent of
RHR Capacity of
Plant (MBTU/M)®*  Thermal Power®
Limerick 244 22
Susquehanna 268 24
La Salle 312 2.8
Nine Mile Point 190 1.7
Shoreham 178 21
WNP-2 244 2.2

a. Rated RHR capacity was obtained from the FSAR for
DBA conditions. Typically, the pool temperature was
near 212°F At higher pool temperatures, the RHR heat
exchangers would be more efficient.

b. Total RHR capacity divided by the reactor thermal
power rating.

Installation of larger capacity heat exchangers is
possible but not cost—effective, because of both space
limitations and radiation concerns [the RHR heat
exchangers are typically a “hot spot” and thus an as
low as reasonably achievable (ALLARA) maintenance
concemn]. However, to maximize the heat removal ca-
pacity of the installed heat exchangers, biofouling and
corrosion need to be controlled; this requires a reliable
means of controlling aquatic life, such as Asiatic clams
(freshwater) and mussels (seawater), which can quick-
ly clog the heat exchanger tube sheets. Modifications
to increase the availability of the chlorination system,
periodic cleaning, and heat balance (performance test-
ing) and nondestructive examination of the heat
exchangers might be required. Performance trending
of vital heat exchangers can be a valuable aid in early
detection of a degraded heat exchanger.

A recent review of operating experience feedback
concerning service water system failures and degrada-
tions, performed by the NRC Office for the Analysis
and Evaluation of Operational Data (AEOD) (see
Reference 39), found that “...service water system fail-
ures and degradations have significant safety implica-
tions.” The core melt frequency (for all commercial

power reactor types) was found to be in the range of
1 x 103 to 1 x 10-5 per reactor-year, based on the
estimates derived from the review. As a result of this
review, AEOD made a number of recommendations
for improving service water system reliability. These
recommendations did not encompass major hardware
modifications; they were generally in the same vein as
those discussed above. Similarly, Generic Issue 51,
“Proposed Requirements for Improved Reliability of
Open-Cycle Service Water Systems,” made recom-
mendations related to proper chlorination levels, oper-
ation and maintenance of the water treatment facilities,
and inspection and testing of heat exchangers and
piping. However, these recommendations were not
found to be generically cost—effective. They might be
cost—effective for some plants. The probability of non-
recovery for an event (due to common mode failure
from biofouling) resulting in an unmitigated severe
accident has not been considered in current PRAs. This
should be considered on a plant—specific basis; there-
fore, these recommended improvements will not be
considered further in this report.

Anothber possibility for improving containment heat
removal reliability is the installation of a dedicated
heat removal system, such as the alternate residual heat
removal (ARHR) system described in Reference 41.
This system would utilize a high pressure injection
pump, a low pressure injection pump, a separate
ARHR heat exchanger sized to remove decay heat fol-
lowing reactor scram, a dedicated ARHR service water
system, and a dedicated power supply. Most, if not all,
of these components were assumed to be housed in
Category I structures outside the reactor building.
Because construction costs alone would be quite high
($90 to $500M),%2 addition of such a system would
have to reduce risk substantially for it to be cost bene-
ficial. It seems more likely that specific improvements
on a smaller, more affordable scale could be found.
Furthermore, Unresolved Safety Issue A-45,
“Shutdown Decay Heat Removal Requirements,” has
concluded that an ARHR system would not be cost
beneficial; therefore, it will not be considered any
further in this report.

Another potential method of preventing contain-
ment failure from the TW sequence is to use the
reactor water cleanup (RWCU) system in the blow-
down mode of operation for decay heat removal. This
system has proven to be capable of removing enough
decay heat from the reactor to prevent overpressuriza-
tion of containment in the TW sequence, thereby elim-
inating the need for containment venting (see
References 7 and 37). This improvement is quantita-
tively analyzed in Section 9.
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In summary, although the addition of larger RHR
heat exchangers or a dedicated heat removal
system does have the potential for reducing the
challenge to containment from TW and some ATWS
sequences, such modifications do not appear to be
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cost—effective. The use of the blowdown mode of the
RWCU system for decay heat removal to preserve
containment integrity may be cost—effective (probably
only costs related to changing procedures and operator
training).



4. CONTAINMENT CHALLENGED AFTER CORE MELT

The sequences leading to containment challenges
after core melt are discussed in this section. The prima-
ry sequences with this characteristic are transients with
scram, SBO, and LOCAs. For transients, reactor scram
is successful, but vessel injection is assumed to be lost.
In these sequences, containment integrity is not chal-
lenged until the time of reactor vessel failure or later.
Similarly, SBO sequences are a special case of tran-
sients with scram, where there is a loss of all AC pow-
er. The final sequence class is the LOCA, which was
found to be a very minor contributor to core melt fre-
quency in past PRAs (see Section 6). Containment
challenges and mitigation opportunities for LOCAs
are similar to transients with scram. Consequently,
LOCAs will not be specifically discussed further. Note

- that peculiarities of design may make certain plants
vulnerable to accident initiators that are not a generic
concem to all Mark I BWRs. Examples of these are
loss of a DC bus, loss of service water, loss of a reactor
vessel level instrument reference leg, and reactor
building internal flooding. Because these initiators
bave to be evaluated on a plant—specific basis, they
also are not discussed further. The containment chal-
lenges and potential improvements are addressed in
the discussion related to transients with scram.

Section 4.1 discusses the plant response during tran-
sients that lead to core damage prior to containment
overpressurization. A discussion of the containment
response to the challenges presented at or near the time
of vessel failure is given in Section 4.2.1. Similarly,
unique long—term challenges not discussed in
Section 4.2.1 are presented in Section 4.2.2. A qualita-
tive discussion of systems or actions that could poten-
tially mitigate the consequences of these sequences is
presented in Section 4.3.

4.1 Definition of Sequences

4.1.1 Translents with Scram. Transient—initiated
sequences are characterized by reactor scram with a
loss of coolant inventory makeup to the reactor vessel.
The sequences can be divided into two groups: those
where the reactor vessel remains at high pressure, and
those where the vessel is depressurized enough to
allow low pressure injection. The core is expected to
melt rapidly in these sequences, leading to reactor
vessel failure and a potential early challenge to con-
tainment integrity. The containment challenges posed
by vessel failure are discussed in Section 4.2. Potential
improvements to prevent core melt or delay contain-

ment failure for this class of accidents are discussed in
Section 4.3.

_4.1.2 Station Blackout. SBO sequences are a sub-

set of the transients with scram. AC—powered vessel
injection systems are presumed not to have failed but
are unavailable due to a loss of power. SBO sequences
are typically divided into two groups. If vessel injec-
tion is lost soon after the loss of all AC power, because
of common—mode failure of the emergency batteries or
mechanical failure of HPCI/HPCS and RCIC, the
sequence is referred to as a short—term SBO. If injec-
tion is initially available, but is lost several hours
hence because of battery depletion or by some other

" means, core damage is delayed and the sequence is re-
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ferred to as a long-term SBO. In terms of preventing
core damage, the challenge is to maintain vessel injec-
tion from DC-powered sources until AC power can be
restored.

4.2 Definition of Containment
Challenges and Failure
Modes

Challenges to containment integrity that arise fol-
lowing melting of a significant portion of the core can
be divided into two time periods: challenges at or near
the time of vessel failure (early challenges), and chal-
lenges that occur several hours after vessel failure,
generally after the commencement of core—concrete |
interactions (late challenges). Because of phenomeno-
logical uncertainties, challenges to the containment
after core melt are more difficult to analyze than early
overpressure challenges occurring before core melt.
However, some general remarks can be made, and
areas of uncertainty can be identified.

4.2.1 Challenges At or Near the Time of Vessel
Fallure. These challenges can conveniently be
divided into two categories: pressure loadings in ex-
cess of the containment ultimate pressure capacity, and
rapid ex—vessel steam pressurizations (including ener-
getic fuel—coolant interactions, such as steam explo-
sions). Overpressure challenges could result from a
number of sources, including hydrogen burns (when
the containment is de—inerted), direct containment
heating, and failure of the containment vapor suppres-
sion function. Ex—vessel steam explosions could be the
result of energetic molten fuel—coolant interactions
(FCIs) in either the drywell or the wetwell. Each of
these categories of containment challenge is discussed
in more detail below.



4.2.1.1 Overpressure Challenges.In general,
the containment pressure loading (not including that
from steam explosions) at the time of vessel failure is
likely to be lower than in a Mark I containment due to
the larger size of the Mark II design. A review of past
PRA calculations*%18.26,31,43,4445.46 shows that this
type of loading has not been found to be a dominant
contributor to Mark II containment failure. This is due
to several factors. First, as past NUREG-1150 studies
for Mark I plants have shown,847 the melt progression
in a BWR is more likely to be a flow—type melt than
the slump-type predicted by the MARCH code (see
Appendix A). Second, these same studies found that a
high ADS reliability resulted in a corresponding high
likelihood that the vessel will have been depressurized
by the time of failure. Both of these factors contribute
to making the likelihood of direct containment heating
(DCH) low. Third, because the Mark II containment is
inerted with nitrogen, there is only a small probability
of hydrogen deflagration or detonation at or near the
time of vessel failure. (This probability is nonzero but
small, since Technical Specifications do allow opera-
tion for limited periods of time with the containment
deinerted.) Finally, the high reliability of the vapor
suppression function in the Mark II containment
makes the probability of vapor suppression failure
very small.

4.2.1.2 Rapid Steam Pressurizations. Fuel-
coolant contact after vessel failure results in two con-
tainment challenges: steam explosions and rapid steam
pressurizations. Steam explosions, as the name im-
plies, result from a rapid transfer of energy from the
melt to the coolant (time scale on the order of micro-
seconds). Containment failure from a steam explosion
would be a result of the dynamic pressure loading or
impact of a missile generated by the explosion. Con-
versely, rapid steam pressurizations occur on a longer
time scale (on the order of seconds). Here, the contain-
ment challenge is from quasistatic overpressurization.
In—vessel stcam explosions are believed to be far less
likely than originally predicted in WASH-1400, espe-
cially for BWRs.>48 However, ex—vessel explosions
and steam pressurizations due to ex—vessel FCI remain
a'concemn for the Mark II containment. Considerable
uncertainty, as well as some controversy, surrounds
this issue, particularly in regard to plant—specific
Mark II designs that might increase the vulnerability to
this challenge. The discussion below presents both
sides of this controversy for each of the U.S. Mark II
design variations.

An ex—vessel steam explosion at low pressure is
postulated to consist of four phases.4? First, there is
coarse mixing of the molten fuel and coolant, with heat

transfer at the fuel-coolant interface via film boiling.
Next, a trigger (pressure pulse) is required to bring the
fuel and coolant into liquid-liquid contact, resulting in
arapid increase in the rate of heat transfer from the fuel
to the coolant. The third phase of the process is explo-
sion propagation, where the heat transfer rate increases
still further as the fuel fragments and steam is gener-
ated at high pressure. The final phase is expansion of
the high pressure steam against its surroundings, con-
verting thermal energy into mechanical energy. The
theoretical maximum conversion ratio is approximate-
ly 30%. Note that without a sufficient triggering mech-
anism, the process cannot proceed beyond coarse
fuel-coolant mixing. What constitutes a sufficient
trigger is one of the major uncertainties surrounding
the issue, and this uncertainty is compounded by a lack
of applicable experimental data.

As discussed in Section 2, the Mark 1T design is not
identical for all plants. In particular, the design of the
area underneath the vessel (referred to as the in—
pedestal region) differs among the Mark II plants. For
the purposes of this report, the design of the in—pedes-
tal region has been used to segregate the Mark II plants
into three classes. First, there are those plants, repre-
sented by Limerick and Susquehanna, that have alevel
concrete floor underneath the vessel with no down-
comers connecting the in—pedestal region to the sup-
pression pool. The next group, represented by La Salle
and WNP-2, has a rather large dry cavity underneath
the vessel. The third group, represented by Shoreham
and NMP-2, has downcomers connecting the area un-
derneath the vessel to the suppression pool, along with
some means of directing the molten corium into these
downcomers. All plants, except Susquehanna, have
two or four drain lines leading from the in—pedestal
floor to the wetwell. The failure of these drains has
been estimated to occur within 20 min after the time of
vessel failure for La Salle and within approximately 6
min for Limerick (see Reference 36).2 These three
classes are discussed below.

(1) Flat Floor Cavity with No In-Pedestal Down-
comers (Limerick and Susquehanna)

For the first group, calculations performed by the
Containment Loads Working Group™? indicate that a
wetwell ex—vessel steam explosion, if one occurred,
would not threaten the integrity of the vessel pedestal
or the outer containment wall. This is because the rate
processes associated with debris—spreading and heat
transfer between the debris and the concrete, along
with the limited flow area of the ex—pedestal
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downcomers, limit the amount of debris available to
participate in a vigorous fuel-coolant interaction. Rap-
id quenching of the debris in the drywell cavity is not
expected to fail the containment, since the resulting
steam could be condensed in the suppression pool. The
amount of water available to participate in the drywell
cavity steam spike is determined by the accident
sequence, that is, by LOCA or operation of contain-
ment sprays, operation of the sumps and drains, and
the height of the downcomers above the drywell floor
(18 in. at both Limerick and Susquehanna). Because
LOCAs are expected to occur with low frequency (see
Section 6) and spray operation during core damage is
unlikely (see Section 4.3.3), and because the cavity
floor is at the same level as the ex—pedestal drywell
floor, significant quantities of water are not expected
to be available for ex—vessel steam explosions in the
drywell. The presence of drains in the in—pedestal
region contributes to this low likelihood at Limerick.

Ex—vessel steam spikes in the wetwell of sufficient
magnitude to fail containment are also not expected. In
Brookhaven National Laboratory’s review of the
Limerick PRA (see Reference 4), quenching of large
quantities of corium in the ex—pedestal wetwell region
was not found to result in containment failure. Further-
more, time—dependent corium pour rates consistent
with a flow-type melt (such as those calculated by Oak
Ridge National Laboratory (ORNL) with BWRLTAS/
BWRSAR/MELCOR) (see Appendix A) are expected
to further reduce the likelihood that large quantities of
corium would participate in ex—vessel FCls.

(2) Deep Cavity Below the Drywell Floor
(WNP-2 and La Salle)

For the second group of plants, which have a large,
dry cavity undemeath the vessel, steam explosions
could be a concemn if a significant amount of water
were to be present in the cavity at the time of vessel
failure. As in the previous discussion, the amount of
water participating in the drywell cavity steam spike is
determined by the accident sequence, that is, by LOCA
or operation of containment sprays, operation of the
sumps and drains, and the volume of the cavity (e.g.,
~3072 ft3 below the level of the ex—pedestal drywell
floor at La Salle). As above, since LOCAs are ex-
pected to occur with low frequency (see Section 6) and
since spray operation during core damage is unlikely
(see Section 4.3.3), significant quantities of water are
not expected to be available for ex—vessel steam explo-
sions in the drywell. At La Salle, two 4—in. lines drain
the in—pedestal cavity. These two lines pass through
the suppression pool air space and have been assumed
for most sequences to fail within 20 min after reactor

vessel breach by the expert panel associated with the
NUREG-1150 effort.? If the in—pedestal drain lines
became plugged and the cavity were flooded, steam
explosions could be a concern. The coolant from the
ex—pedestal drywell floor communicates with the
in—pedestal cavity via 8—in. lines, which extend 12 in.
above the drywell floor. If the ex—pedestal drain lines
became plugged, essentially no containment spray
water would reach the corium and the probability of
cooling the corium would be very low, that is, the CCI
would continue unabated until the in—pedestal floor (or
walls) failed. Structural failure of the pedestal walls
and gross vessel movement capable of shearing con-
tainment penetrations are two possible failure modes.
On the other hand, there is a possibility that any of the
molten fuel that fell into the water—filled cavity would
be quenched, without significant FCI. This is an area
of uncertainty, where experimental data are needed
before conclusions can be drawn.

As in the previous cavity design, the pressurization
due to an in—pedestal drywell steam spike could be
absorbed by the suppression pool. Steam explosions
and/or steam spikes in the syppression pool at or near
the time of vessel failure are considered to be unlikely
for this cavity design.

(3) Cavities With In-Pedestal Downcomers
(Shoreham and NMP-2)

For the two Mark II plants with in—peaestal down-
comers, there is considerable uncertainty surrounding
the outcome of fuel-coolant interactions. Shoreham
has installed a concrete “corium ring” to direct corium
into the suppression pool via the four in—pedestal
downcomers. The Shoreham PRA indicated that 33 to
47% of the corium would enter the downcomers
without the corium ring, and up to 90% with the
corium ring (see Reference 5). Although NMP-2 does
not have a corium ring, its recessed cavity and eight
in—pedestal downcomers should also direct most of the
corium to the suppression pool. FCls were considered
in both the in—pedestal drywell cavity and the suppres-
sion pool at Shoreham. To eliminate concerns about
in—pedestal drywell steam explosions, the amount of
water that could accumulate in the in—pedestal region
was reduced by lowering the height of the four
in—pedestal downcomers to 1/2 in. above the drywell
floor. Consequently, a maximum of 600 1bm of water
at a 1/2 in. depth could participate in a steam explo-
sion. The in—pedestal downcomer height at NMP-2 is
not known. The FSAR for NMP-2 states that all
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downcomers range in height from 3 to 6 in. above the

drywell floor.

Because there are no known analytical tools that can
accurately predict steam explostons, there is a possibil-
ity that the Shorebam analysis could be nonconserva-
tive. Wetwell steam explosions and rapid
pressurizations leading to containment failure were
assessed in the Shoreham PRA to have a conditional
probability of 4.8 x 10~ to 3.5 x 10~4, depending upon
the sequence (see Reference 5). (For comparison, the
Limerick PRA and the Reactor Safety Study used
values ranging from 1 x 10~2 to 1 x 10-3, These proba-
bilities are conditional upon the occurrence of a severe
accident accompanied by flow of corium into the sup-
pression pool. Thus, the differences in the probabilities
are not considered to be significant, given the total
uncertainty in predicting steam explosions.) Four con-
tainment failure modes were identified in the Shore-
ham PRA: (a) gross movement of the vessel due to a
drywell cavity steam explosion, (b) direct containment
failure due to generation of a small missile, (c) failure
of the outer wetwell wall during a steam explosion in
the suppression pool, and (d) failure of the contain-
ment by quasistatic overpressurization. The original
Shoreham PRA containment response calculations
were performed with the MARCH code and inco-
herent flow—type pour boundary conditions (not char-
acteristic of MARCH but thought to be likely for
BWRs) were assumed to occur with a probability of
0.5. Failure of the containment was assessed to be most
likely due to quasistatic overpressurization. The quali-
tative reasons for this conclusion are summarized
below:

o There is insufficient fuel-coolant premixing.

o There is an insufficient trigger for initiating
an explosion.

e There is no strong coupling mechanism, such
as slug impact, that could transfer enough ki-
netic energy to generate a missile capable of
penetrating the containment wall.

The thermal—to—mechanical energy conversion effi-
ciency for the steam explosion calculations was taken
to be 1% based on experimental data.> This value is
low relative to the maximum theoretical conversion
efficiency (30%) (see Reference 49). However, more
research (analyses or experimental data) is necessary
to make a definitive conclusion.

Although the steam explosion analyses performed
for the Containment Loads Working Group were based

on the Limerick plant and had many uncertainties, the
authors point out that a steam explosion in an
in—pedestal downcomer (which Limerick does not
have) has a much higher likelihood of failing the ped-
estal than does an ex—pedestal explosion (see
Reference 50). This is because an in—pedestal explo-
sion would stress the pedestal ring in tension versus a
compressive stress during an ex—pedestal explosion.
The authors also cautioned about the conservative and
preliminary nature of the calculations.

Other calculations for Limerick show that the result-
ing containment pressurization rate due to rapid
debris—quenching is dependent upon the amount of
pool water participating in the quench (see
Reference 4). Containment failure could result from a
steam spike with large quantities of debris and poor
circulation between the in—pedestal and ex—pedestal

Tegions of the suppression pool. Although the calcula-
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tions are bounding in nature (large corium flow rates),
they do point out the potential for a steam spike chal-
lenge for sites with in—pedestal downcomers. The
Shoreham PRA analyses considered the entire pool as
participating in the quench (see Reference 5).

There is a possibility that wetwell steam explosions
could fail one or more of the in—pedestal downcomers.
Because openings exist between the in—pedestal and
ex—pedestal regions of the wetwell airspace, down-
comer failure would create a flow path from the dry-
well directly to the wetwell airspace, bypassing the
water in the suppression pool. Therefore, any subse-
quent releases, including those resulting from wetwell
venting, would be at least partially unmitigated by
water scrubbing in the pool. On the other hand, if a
significant portion of the debris were successfully
quenched, the accident might be terminated success-
fully, thereby greatly reducing this effect of suppres-
sion pool bypass.

4.2.2 Challenges after Vessel Failure (Late
Challenges). Should the containment survive these
early challenges to its integrity, mitigation of chal-
lenges from CCI and high internal temperature might
be necessary. Although the Mark II containment is
considerably larger than the older Mark I design, late
overpressure or thermal failure could still occur within
a few hours to many hours after vessel failure.

4.2.2.1 Late Overpressure Fallure. Numerous
studies of Mark I and Mark II containments (sece
References 8, 29, 31, 43, 45, 47, 50 and Appendix A)
have indicated that the generation of noncondensible
gases from the interaction of molten core debris with
concrete could cause the internal containment pressure
to exceed the ultimate containment pressure capacity.



The likelihood of CCI cannot be predicted on a generic
basis, just as in the case of ex—vessel steam explosions,
because of the design variations of the in—pedestal re-
gion. However, analyses and experiments have shown
that the rate of the CCI and the gas species produced do
depend upon the chemical makeup of the concrete.
Analysis performed by ORNL for a short-term SBO
indicates that, in the absence of FCI, the concrete floor
would be eaten through by CCI before the containment
would be challenged by overpressurization 15 h into
the sequence.

(1) Cavities With In-Pedestal Downcomers
(Shoreham and NMP-2)

The two plants with in—pedestal downcomers would
appear to be least vulnerable to CCI, because most of
the core debris would be directed into the suppression
pool. This direction of the corium into the suppression
pool is by means of the in—pedestal floor being sloped
toward the center and at a slightly lower elevation than
the ex—pedestal floor (NMP-2), or by means of a curb
to retain the corium until it flows down the in—pedestal
downcomers (Shoreham).

A high pressure failure of the reactor vessel could
result in a more severe early containment challenge.
However, because the debris would be widely dis-
persed during a high pressure melt ejection, there
would be a greater likelihood that the debris could be
cooled. The Shoreham PRA only considered sustained
CClIs to be a threat for the case of high pressure vessel
failure (see Reference 6). Recovery of containment
sprays prior to the occurrence of either containment
failure or gross leakage was assumed to quench the
debris. Failure of the in—pedestal downcomers due to
contact with debris (or failure of the Shoreham drywell
floor seal) would bypass the suppression pool and
could increase the vulnerability of the containment to
overpressurization (loss of suppression pool heat sink
only for the high pressure vessel failure sequence). Un-
mitigated accidents were calculated by Lilco to lead to
overtemperature or overpressure failure prior to com-
plete erosion of the concrete.

Because low pressure vessel failures were assessed
to be more likely than high pressure failures
(see Section 6) in the Shoreham PRA, the most com-
mon end states involved early quenching of the core
debris in the suppression pool. Late venting or recov-
ery of injection to cool ex—vessel debris was effective
in mitigating overpressure challenges following a high
pressure vessel failure (see Reference 6). Thus,
sustained CCI leading to containment failure was not

likely. From this perspective, the in—pedestal down-
comers are a desirable feature.

(2) Deep Cavity Below Drywell Floor (WNP-2 and
La Salle)

On the other end of the spectrum, the pedestal
design with a large, dry cavity undemneath the vessel
would appear to be the most vulnerable to CCI. For ex-
ample, the La Salle cavity is large enough to hold ap-
proximately two entire core volumes below the
drywell floor grade and effectively out of reach of con-
tainment sprays. The 8-in. drain lines provide a path
for spray water to flow from the ex—pedestal drywell
floor to the in—pedestal cavity. The confined in—pedes-
tal geometry would decrease the likelihood of success-
fully cooling the debris. Sustained in—pedestal CCI
would lead to pressure loading from noncondensible
gas generation and erosion of the cavity floor. At
La Salle, failure of the drywell floor (3.75 ft thick) by
erosion would lead to relocation of debris to a dry
in—pedestal chamber in the wetwell. A large reinforced
concrete plug located beneath the cavity would signifi-
cantly delay challenges to the containment basemat.
However, CCI could continue unabated in this region
for an extended period of time. Conversely, at WNP-2,
a pool of water lies below the drywell cavity. Conse-
quently, failure of the drywell floor at WNP-2 could
lead to successful quenching of the debris, but with the
potential for energetic fuel—coolant interactions. An
alternative drywell floor failure mode might involve
the opening of a large hole in the cavity floor by
molten debris flowing through the cavity floor drain
lines and ablating the surrounding concrete (see
Reference 31). These drain lines at La Salle were esti-
mated by the expert elicitation panel for draft
NUREG-1150 to fail shortly after vessel breach in
most sequences.? It is reasonable to expect that as long
as the corium is fluid, it will tend to drain through the
failed drain lines and leave only a small quantity on the
cavity floor. This small quantity may be insufficient to
sustain the CCI in the WNP-2 design.

Wetwell venting to prevent containment overpres-
surization after suppression pool bypass might actually
increase the offsite consequences (an earlier
unscrubbed release). Sustained CCI at La Salle could
lead to containment overpressure failure (see
Reference 31). At WNP-2, the magnitude and rate of
the FCI would determine the challenge to the contain-
ment. Based on observations by the Containment
Loads Working Group (see Reference 50), factors
affecting CCI include:
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¢ Type of concrete—Higher drywell tempera-
tures and pressures are encountered with
limestone concrete, while the deepest vertical
penetration occurs with basaltic concrete.
The concrete composition affects the ablation
temperature and the physics during CCI.
Because CCI is an endothermic process, a
lower ablation temperature (typical of
basaltic concrete) “absorbs” more energy
from the melt, but leads to higher erosion
rates and greater dilution of the corium.
Conversely, less energy absorbed by the con-
crete leads to higher radiative and convective
beat transfer rates from the debris surface to
the atmosphere.

*  Water in the concrete—A higher percentage
of water in the concrete leads to higher dry-
well temperatures and pressures, and greater
vertical penetration. Water released during
CCI promotes oxidation of metals in the melt
(an exothermic reaction).

e Corium temperature—Higher initial corium
temperature increases both the containment
temperature and the pressure loading, as well
as the concrete erosion rate.

¢ Steel in corium—Reducing the steel content
of the corium reduces the pressure and tem-
perature loading on the containment, but in-
creases the concrete penetration rate, thereby
decreasing the time to structural failure of the

drywell floor.

In recent MARCH calculations performed for
La Salle, drywell floor failure is assumed to occur
when the ablation zone has progressed 1 ft into the
concrete floor, that is, prior to complete erosion of the
concrete floor (see Reference 31). This corresponds to
a vertical distance equal to one—third of the floor’s
thickness. Floor failure and containment overpressur-
ization during a high pressure short—term station
blackout (TBUX) were calculated to occur at 80 and
420 min after vessel failure, respectively. As stated
previously, these slump—type MARCH core melt
boundary conditions may have limitations associated
with melt composition and pour rates. Furthermore,
failure of the 4-in. cavity drain lines was not consid-
ered in the analysis.

In summary, sustained CCI is most likely for the
deep cavity design. The confined geometry of this cav-
ity affect. . ~ s coolability by limiting the heat trans-
fer surface area. Sustained CCI could lead to drywell

floor failure and eventual containment failure. The
presence of a pool beneath the WNP--2 cavity versus
no pool beneath the La Salle cavity affects the chal-
lenges following drywell floor failure. Uncertainties
affecting the overpressurization calculation include
(a) phenomenological uncertainties related to the melt
boundary conditions (flow—type versus slump-type),
(b) structural integrity of the drywell floor during CCI,
(¢) FCI after drywell floor failure (WNP-2), and
(d) debris coolability in the cavity given the late recov-
ery of drywell sprays. Failure of the cavity drain lines
is expected to result in early suppression pool bypass
for both plants, although there is no analysis to support
or refute this conclusion. At La Salle, the CCI could
continue unabated on the dry concrete plug below the
in—pedestal cavity, while the corium would be cooled
by the pool below the cavity at WNP-2.

- (3) Flat Floor Cavity With No In—Pedestal Downcom-
ers (Limerick and Susquehanna)

The plants with a level in—pedestal floor at the same
elevation as the ex—pedestal drywell floor appear to lie
somewhere between the other two designs as far as
vulperability to core—concrete interactions is con-
cemed. More of the corium would be expected to
spread into the ex—pedestal region of the drywell, with
less of the corium quenched in the suppression pool
than in the design utilizing in—pedestal downcomers.
In addition to the factors affecting sustained core-
concrete interactions presented in the deep cavity dis-
cussion, the following observations pertain
specifically to the flat floor cavity design (see
Reference 50):

e Corium temperature and spread—A higher
corium temperature, which causes the corium
to spread further, leads to higher drywell tem-
peratures and pressures but less concrete
penetration.

o Failure of downcomers—Failure of the
downcomers, with the failure located in the
wetwell airspace, would lead to suppression
pool bypass and earlier failure of the contain-
ment (loss of suppression pool heat sink).
Downcomer failure was not discussed in
Reference 50. However, further analysis or
experiments appear to be warranted to reduce
the uncertainty associated with downcomer
integrity. The integrity of the downcomers
would have an impact on containment pres-
surization and on the effectiveness of any
venting mitigation strategy.
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¢  Corium drained into the suppression pool—A
higher percentage of corium falling into the
suppression pool via the ex—pedestal down-
comers during the melt relocation reduces the
amount of melt available for CCL

4.2.2.2 Late Thermal Failure. 1f molten corium
is present in the drywell, heat transfer to the drywell
atmosphere and internal surfaces could cause drywell
temperature to increase beyond the containment de-
sign temperature. The Containment Performance
Working Group examined both thermal and pressure
loadings on containments during severe accidents.
Estimated leakage due to pressure loads is presented in
Table 5. However, leakage due to drywell head seal
degradation was not considered for the Mark II plant
(Limerick) (see Reference 28). In the Mark I evalua-
tion, leakage through the containment purge and vent
valves was determined to be significant. However, for
Limerick, the Containment Loads Working Group
accepted the mapufacturer’s evaluation of these
valves. All the isolation valves in Limerick had metal-
to—metal contact and had been used successfully in
conditions ranging from temperatures in the cryogenic
range up to 900°F. Conversely, four 18—in. butterfly
purge valves in the Mark I reference plant did not have
a metal-to—metal seal. Based upon seal life curves, a
temperature—dependent leakage model was developed.
Temperature—induced leakage (of ethylene propylene
seals) amounted to a 14~in.2 equivalent area at temper-
atures above 500°F.

More recent testing performed by the NRC has ex-
amined seal behavior under a variety of conditions.>2
General conclusions from the study were:

1. The thermal (300°F) and radiation aging
(200 Mrad at 1 Mrad/h) specified in these tests had
a negligible effect on the temperature at which
leakage began.

2. Metal-to—metal contact at the sealing surfaces
virtually prevented the occurrence of significant
leakage.

3. The temperature at which leakage began did not
appear to be affected significantly by increasing
the seal compression from 9 to 17%.

4. Leakage onset temperatures ranged from 626 to
669°F for the five tests of ethylene propylene
rubber O-rings with a gap between the surfaces.

5. Leakage onset temperatures ranged from 486 to

592°F for the five tests of silicon rabber O-rings
with a gap between the surfaces.

6. Posttest visual inspection indicated that all gaskets

experienced severe degradation, including those
that were tested without a gap between the sealing
surfaces.

Reference 28 indicates that the Limerick drywell
head originally was designed with a double tongue—
and-groove seal. However, there were problems with
the groove orientation and the design was changed to
double gumdrop with silicon rubber seals.
Reference 52 only tested silicon rubber seals in a
double O-ring configuration. More recent tests in-
cluded silicon rubber seals with double tongue—and—
groove geometry.>3 Six tests were conducted with gaps
0f 0.01 in. or with metal-to—metal contact. No leakage
was observed in these tests for temperatures up to
700°F. The applicability of the results from the ton-
gue—and—groove test with silicon rubber to the double
gumdrop drywell head seal design at Limerick is not
known.

For the Shoreham PRA, a temperature—dependent
leakage model was used (see Table 7).°4 The drywell
head is sealed by a double O-ring. At temperatures
between 500 and 800°F, radial shear at the drywell
head anchorage caused slippage but no loss of
structural integrity or increase in leakage. Seal degra-
dation began at temperatures above 500°F; however,
metal-to—metal contact between the drywell head and
the flange was maintained. Above 800°F, increased
slippage would lead to leakage. An upper bound
analysis of the drywell head concluded that a tension
failure of the drywell head would occur at approxi-
mately 1200°F, at an internal pressure of 60 psig. Tem-
perature—-dependent leakage from other isolation
valves was not considered in the Shoreham PRA.

Thermal leakage can be an important challenge to
the integrity of Mark II containments. Several obser-
vations can be made from existing research. First, seals
with metal-to—metal contact seem to be less suscepti-
ble to leakage. Second, increasing the pressure loading
may unseat seals and increase the likelihood of thermal
degradation. Finally, seal leakage may occur at a
variety of locations, such as at the purge and vent line
penetrations and the drywell head. However, drywell
head seal leakage (without water above the drywell
head) would occur directly to the refueling floor and
has the potential to increase the severity of offsite con-
sequences. With the area above the drywell head
flooded, the release would be scrubbed. The effect
would be similar to that obtained by having the release
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Table 7. Temperature—dependent leakage

estimates for Shoreham?®

Drywell Drywell

Temperature Leakage Area
(3] (in?)®
<500 0.002
> 500 0.025
> 600 0.050
> 700 0.075
> 800 72
> 1100¢ 144
a. References:

1. MAAP Analysisto Support the Shoreham 100%
Power PRA, FAI 87-80, Vol. 1, 1987.

2. Study of the Structural Integrity of the
Shoreham Primary Containment Under
Accident Conditions, 25746-1520145-B4,
Stone & Webster Engineering Corporation,
1988.

b. Allleakage is to the reactor building refueling floor
level.
¢. The drywell head would fail under tension at an in-

ternal pressure of 60 psig.

pass through the suppression pool. The elevated tem-
peratures might also revaporize volatile fission
products that have plated out on surfaces inside the
containment.

4.2.3 Discussion of Containment Failure
Modes. Containment failures resulting from se-
quences with challenges occurring after core melt can
be the result of damage caused by pressure loads,
shock waves, missile impact, or thermal loads. As dis-
cussed in Sections 4.2.1 and 4.2.2, the likelihood and
magnitude of the containment challenges affect both
the size and location of the failure. Each of the postu-
lated containment failure modes is discussed below
and is related to plant-specific effects when
applicable.
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Failures due to pressure loads fall into two classes:
rapid pressurization because of steam spikes or a rapid
pressure loading at vessel failure, and slow pressuriza-
tion due to sustained CCI. As discussed in
Section 4.2.1, the pressure loads at the time of vessel
failure are not likely to cause gross containment fail-
ure, although a rapid steam spike might increase con-
tainment leakage area. As discussed in Section4.2.1.2,
plants with in—pedestal downcomers are the most sus-
ceptible to rapid steam spikes after vessel failure. In
other plant designs, rapid steam spikes might occur
following drywell floor failure. Depending on the
magnitude of the pressure rise, steam spikes could lead
to either increased leakage or containment failure.
Based on the discussion in Section 3.2, increased leak-
age could occur through the drywell head seal and the
wetwell personnel hatch, while a gross failure most
likely would occur in the wetwell airspace or at the
wetwell wall-to—basemat juncture.

Very rapid steam spikes or steam explosions could
fail the containment by a variety of means including
dynamic failure of the wetwell or pedestal walls due to
shock wave impact, creation of a “missile” that pene-
trates the containment wall, and rapid pressurization of
the in—pedestal cavity that causes gross movement of
the vessel, severing lines penetrating the containment
boundary (see References 5 and 50). In Reference 5,
failures as a result of missile generation or gross vessel
movement were assessed as unlikely. Similarly, the
Containment Loads Working Group concluded that the
dynamic loading from an ex—pedestal steam explosion
at Limerick would not likely fail the wetwell wall (see
Reference 50). Dynamic failure of the pedestal wall
was not considered likely in Reference 5 due to the
lack of a mixing trigger. However, the Containment
Loads Working Group suggested that an in—pedestal
steam explosion could challenge the structural inte-
grity of the pedestal walls. Failure of the pedestal walls
would not directly imply containment failure, but it
could lead to gross movement of the vessel, which
could sever lines penetrating the containment walls, or
fail the pipe penetration seals. The failure location
depends on the location of the steam explosion, wheth-
er there is gross vessel movement, and whether a small
missile is created. Gross vessel movement most likely
would lead to failure in the drywell. Direct failure of
the containment structure by shock wave impact most
likely would occur in the wetwell below the water line
(suppression pool shock wave energy is more effec-
tively transported through water than through air).

The final failure mode is due to excessive thermal
loading. Section 4.2.2 provides a detailed discussion
of this failure mode and the likely location of the fail-
ure. Thermal failures are only postulated to occur in
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the drywell, with the primary locations being the dry-
well head seal and the various containment penetra-
tions, including the containment isolation valves and
electrical penetration assemblies. Thermal failures
have potentially severe consequences, since the sup-
pression pool would be bypassed and the release could
be at a high elevation in the reactor building. However,
there could be some fission product retention in the
reactor building (see Section 4.3.6).

4.3 Potential Improvements

With the late challenges to Mark I containment in-
tegrity identified, a discussion of several improve-
ments that have the potential for mitigating these
challenges is in order.

4.3.1 Mitigating Transients with Scram. Mitiga-
tion focuses primarily on termination of core degrada-
tion, preventing or delaying containment failure, and
reducing the offsite consequences. The sequences can
be divided into two subsets: those where the vessel
remains at high pressure, and those where it is depres-
surized to a pressure low enough to allow injection
from low pressure systems. High pressure sequences
will be examined first.

With the reactor at high pressure, that is, near
norma! operating pressure, four systems (excluding
the SLCS) are capable of developing enough discharge
head to inject water into the vessel: feedwater, RCIC,
HPCI/HPCS, and CRD. For plants that have only tur-
bine—driven feed pumps, feedwater injection requires
that one or more main steam isolation valves (MSIVs)
be open and that the main condenser be available. For
plants that have a motor-driven feed pump, feedwater
would be available even with the MSIVs closed,
assuming that flow was throttled to the available
makeup rate to the main condenser from the CST. For
some transients, feedwater would initially be available
and would be the preferred source of makeup to the
vessel. If the transient resulted in isolation of the vessel
from the main condenser, the main steam lines could
be reopened under some circumstances. Otherwise,
RCIC would become the preferred makeup source.
Actuation of RCIC is automatic at Level 2 (RCIC
actuates slightly above Level 2 at Susquehanna),
which is ~10 ft above the top of active fuel (TAF).
Should RCIC be unavailable, HPCI/HPCS must be
relied upon for initial high pressure makeup. The
actuation of HPCI/HPCS is also automatic at Level 2.
Operation of RCIC and HPCI/HPCS is dependent
upon the availability of emergency 125 V DC power;
HPCS (BWR/5 only) also requires AC power, either
from offsite sources or from its dedicated emergency

diesel generator (EDG). Service water is also required
for area cooling and cooling of the EDG that is supply-
ing the HPCS pump. Both RCIC and HPCI/HPCS ini-
tially inject water from the CST. The suction of
HPCI/HPCS, and also RCIC in some plants, automati-
cally transfers to the suppression pool when suppres-
sion pool level increases above a set level (or CST
level decreases below a set level). This suction transfer
becomes a concern in the case of SBO or ATWS
because the high suppression pool temperature would
interfere with lube oil cooling.

Each CRD pump injects at a flow rate of 40 to 70 .
gpm during normal operation, taking suction from the
CST. Following a scram, this flow rate increases to
approximately 100 gpm. Thus, the CRD pumps are a
viable source of high pressure makeup. For cases
where the CRD flow rate is too low to maintain vessel
level, the CRD pumps are still of benefit in delaying
the onset of core degradation. Operation of the CRD
pumps is dependent upon cooling from one of the com-
ponent cooling water systems. At some plants, the
component cooling water system may isolate non—
safety-related loads, such as the CRD pumps, upon
receipt of an accident signal (low vessel level or high
drywell pressure). Without cooling, the CRD pumps
can be expected to fail within approximately 1 h (see
Reference 33). The interlock that isolates component
cooling water can be bypassed with electrical jumpers;
however, guidance for doing so is not typically found
in the current EOPs. For plants like La Salle, where the
reactor building component cooling water (RBCCW)
system is not designed as an Engineered Safety Feature
(ESF), this is not a problem, since RBCCW should be
available to cool the CRD pumps whenever the CRD
pumps are available.

If no high pressure injection is available for coolant
makeup, the vessel must be depressurized to allow in-
jection from low pressure systems. Doing this is the
province of the ADS, with manual depressurization by
the operator as a backup should the ADS fail. Since the
issuance of the TMI Action Plan in NUREG-0737,%3
the initiation logic for the ADS has been modified at
some plants to increase the likelihood that the reactor
will be depressurized when depressurization is needed.
Essentially, this modification involved either the
removal of the coincident high drywell pressure signal
from the ADS initiation logic, or the addition of a
time—delayed bypass of the high drywell pressure
signal if the low vessel level signals are present. Under
this revised ADS logic scheme, the reactor should
automatically be depressurized upon receipt of a signal
indicating that the reactor water level has fallen to
Level 1 (~2 to 3 ft above the TAF), along with a confir-
matory low level signal set at Level 3 (~14 ft above the
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TAF), a signal that low pressure ECCS pumps are
running, and time—out of the ADS timer relay (typical-
ly set at 105 seconds). (The normal operating water
level is ~16 ft above the TAF.) The operator can inhibit
the ADS (e.g., during an ATWS event), through the use
of an inhibit switch that was also added to the system
in response to NUREG—0737 (see Reference 55). The
addition of these modifications is expected to signifi-
cantly lower the ADS failure probability. This would,
in turn, decrease the contribution to core melt frequen-
cy of the TQUX sequences, where core cooling is lost
because of failure to depressurize the reactor.

Other enhancements to increase the operability of
the SRVs during severe accidents have also been pro-
posed. These include a dedicated source of DC power
to the SRV solenoids, assurance that the SRVs would
be capable of being opened by the operator under envi-
ronmental conditions associated with severe accidents,
and improved operator training and EOPs. Because of
the possibility of concurrent failure of both the AC and
DC power systems and the limited life of the batteries
during SBO, the addition of a dedicated DC power
supply for the SRV solenoids could have some poten-
tial for reducing core damage frequency. For those
plants that have incorporated Revision 4 of the EPGs,
the containment vent pressure is set at the primary con-
tainment pressure limit defined in the EPGs (see
Reference 19). This does not approach the con-
tainment pressure at which the SRVs might be pre-
vented from opening by a low differential pressure
between the containment and the instrument air (nitro-
gen) used to open the valves. Therefore, this venting
set point should not be a concem for the plants that
have been evaluated. However, it could become a
concern for plants with a higher venting set point, that
is, a higher PCPL.

Revision 4 to the EPGs discusses various alternative
means of depressurizing the vessel (see Reference 19).
For example, interlocks could be bypassed to allow the
MSIVs to be opened. This would allow use of the tur-
bine bypass valves to reject steam to the main condens-
er, assuming that the main condenser was available,
The use of these alternative methods is indicated if less
than the minimum number of SRVs required for emer-
gency depressurization is open, and the differential
pressure between the vessel and the suppression cham-
ber is above the minimum pressure required to open an
SRV (50 psig is a typical value).

Once the vessel has been depressurized, a number of
other sources can be used for low pressure makeup.
These are: condensate pumps, RHR pumps in the LPCI
mode, LPCS, condensate transfer pumps, fire pumps,

and service water pumps. Each of these sources is dis-
cussed below, along with possible difficulties that
might have to be overcome before the source could be
utilized.

1. Condensate pumps: Use of the condensate pumps

may be limited by two basic interrelated consider-
ations. First, condenser vacuum is required if
makeup to the condenser is via a “vacoum drag”
line from the CST. The available flow rate from the
condensate pumps then is limited to this makeup
rate because the condenser hotwell inventory is
only sufficient for a few minutes of operation at
full flow. Maintaining condenser vacuum could be
difficult if auxiliary steam were not available as a
motive force for the steam jet air ejectors. Steam
from the auxiliary boiler could be used, but this
would of course be dependent upon the availability
of the auxiliary boiler. The mechanical air removal
pumps could also be used, but these pumps dis-
charge directly to the turbine building exhaust
plenum, bypassing the offgas treatment system.
Plant—specific design differences in the balance—
of—plant may affect the condensate pump availabil-
ity. For example, La Salle and NMP-2 utilize
pumped makeup to the hotwell under normal oper-
ating conditions. La Salle also has emergency
makeup pumps, while the emergency makeup at
NMP-2 is via “vacuum drag” from the CST (see
References 13 and 14).

2. RHR pumps in LPCI mode: The RHR pumps get a

signal to start upon receipt of either a low vessel
level signal (Level 1) or a high drywell pressure
signal (approximately 2 psig). These signals also
cause the RHR system to realign to the LPCI mode;
the LPCI injection valves do not open, however,
until vessel pressure decreases below a set value.
At Susquebanna, failure of this valve interlock was
found to be the dominant contributor to failure of
low pressure ECCS systems (see Reference 7).
Typical LPCI flow rates are on the order of
10,000 gpm per loop. The operator cannot throttle
the LPCI injection flow or realign the RHR system
to any other operating mode during the first few
minutes of LPCI operation. However, LPCI flow
can be terminated by stopping the RHR pumps.
This might be an action taken during an ATWS to
prevent injection of large amounts of cold water
into a critical reactor.

3. Low pressure core spray pumps: The LPCS pumps
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generally receive a signal to start at approximately
the same time as the RHR pumps. Either LPCS or
LPCI is capable of independently coping with a
design basis LOCA. The LPCS pumps are capable



of taking suction from the CST at some plants (see
Reference 16); however, this is not true for all
Mark II plants. This possibility has not been given
credit in PRAs that have been reviewed.

Condensate transfer pumps: The above systems
constitute what might be called the “normal”
means of low pressure injection. The next systems
to be discussed are sometimes referred to as “alter-
native”” means of injection. The first of these is the
condensate transfer pumps. The interconnection
between the condensate transfer system and the
RHR and LPCS systems could allow the conden-
sate transfer pumps to be used to inject water into
the vessel via the RHR or LPCS piping. Two
restrictions apply, however. First, the connections
are via manual valves in the reactor building; an
operator would have to be dispatched to the reactor
building to open these valves. Under some circum-
stances, the environment in the reactor building
could prohibit doing this. Second, the lines are
rather small (approximately 4 in. dia), thus limiting
the injection flow rate. However, this is a source
that should be considered when evaluating the
overall failure probability of low pressure
injection.

Fire pumps: Plants typically have both motor—
driven and diesel-driven fire pumps, which are
used to supply water to the fire mains for fire pro-
tection. However, via a hose or spoolpiece connec-
tion from the fire main to the service water system,
they could also be used to inject water into the
reactor vessel or the containment. The above re-
strictions on the use of the condensate transfer
pumps also apply to the fire pumps. An operator
must manually connect the fire main to the service
water system, and the flow rate is limited by the
size of the hose or spoolpiece. Note that AC power
is required, even if the diesel fire pumps are used,
unless the motor—operated valves (MOVs) con-
necting the service water system to the RHR
system can be opened manually. Manual operation
of these valves would require operator entry into
the reactor building.

Service water: As a last—ditch effort, plant EOPs
direct the operator to line up service water to inject
into the vessel from the ultimate heat sink connec-
tion to the RHR system. These two systems are iso-
lated from one another by two MOVs, which are
operated from keylock switches in the main control
room. The valves could also be opened locally,
using a manual handwheel attached to the valve
operator.

Typical PRAs give credit only to the first three of
these systems when evaluating the availability of low
pressure injection. The reason the other systems are
not included is given as lack of operator familiarity
with using the systems for this purpose. This is not felt
to be a valid reason for excluding them from consider-
ation, because operators receive extensive training on
potential sources of water to be used in an emergency.
This generally includes both classroom instruction and
simulator training. 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
areduction in the contribution of the low—pressure se-
quences and TW sequences to core damage frequency.

4.3.2 Hydrogen Control. Because the Mark II con-
tainment is inerted under most operating conditions,
hydrogen combustion is considered to be a low proba-
bility event. The only significant danger is that the
containment could somehow become deinerted, for ex-
ample, through venting. The plant Technical Specifi-
cations provide adequate safeguards to prevent this
from happening. Therefore, no enhancements to the
hydrogen control mechanisms currently in place are
felt to be justified. However, hydrogen burmns in the
reactor building, should the primary containment fail,
or in the vent path, are possible.

4.3.3 Containment Sprays and Backup Water
Supply. There are three mitigative aspects associated
with the use of containment sprays. First, by evapora-
tive and convective cooling, sprays can reduce con-
tainment pressure. Second, they can cool debris
outside the vessel, limiting CCI and drywell heatup.
And third, they provide some scrubbing of aerosol fis-
sion products in the containment atmosphere, reducing
the consequences of a release. The sources of water
that could be used for spraying the containment have
already been discussed (see Section 3.3).

There are also limitations on the use and effective-
ness of containment sprays that have to be considered.
First of all, since all pumps that currently can be used
to spray the containment can also be used for vessel in-
jection, there is a high probability of containment
spray failure given failure of vessel injection (the pres-
ence of core debris outside the vessel implies that ves-
sel injection has failed). Therefore, a realistic
discussion of containment sprays is likely to be predi-
cated upon the assumption that the pumps are recov-
ered late in the sequence, or that an alternative means
of spraying the containment is available, which is inde-
pendent of vessel injection.

If the vessel were at high pressure without injection,
there would be a possibility that containment sprays
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could be available during core melt. The RHR system
would require remote manual realignment from the
LPCI mode to the containment spray mode. There are
several implications to be considered when making
this realignment. First, containment sprays might in-
crease the likelihood of an ex—vessel steam explosion
at the time of vessel failure. Conversely, because the
vessel was assumed to fail at high pressure, the sprays
might promote quenching of the debris during the high
pressure melt ejection that accompanies this mode of
vessel failure and could also reduce the fission product
inventory available for release to the environment.
Second, if the RHR system were still aligned in the
LPCI mode at the time of vessel failure, water would
be injected upon vessel depressurization and could
quench debris left in the vessel and provide a source of
water to the ex—vessel debris through the opening in
the vessel. Steam explosions are thought to be unlikely
when water is added after debris relocation. Conse-
quently, LPCI flooding after the initial relocation of
the core in—vessel could quench in—vessel debris and
reduce the probability of ex~vessel steam explosions.

The EPG currently prohibits use of drywell sprays
under certain combinations of drywell pressure and
temperature in order to prevent containment failure or
deinerting (see Reference 19). Therefore, if drywell
sprays were to be used in accordance with the guidance
in the EPG, they would have to be initiated relatively
early in the sequence. This might be difficult if repairs
had to be made to the RHR system to make the sprays
available. As discussed in Section 4.3.1, other sources
besides RHR can be used to spray the containment.
These sources include the service water system, the
fire pumps, and the condensate transfer pumps, inject-
ing via the existing RHR piping to the containment
spray headers.

To summarize, containment sprays could potentially
mitigate both late overpressure and thermal failure of
the containment, and could arrest or slow down corium
activity and scrub fission products, thereby reducing
the offsite consequences. However, some plant modifi-
cations might be needed, depending on the existing
plant—specific design features and the alternative water
source to be used, in order to ensure the availability of
the alternative water supply. Analysis of the Mark I
containment indicates that a high volume “spray” is
not necessary to provide significant containment cool-
ing and pressure reduction (see Appendix A). Howev-
er, the actual benefits of anything less than a full spray
pattern in the Mark IT containment are uncertain. Note
also that plugging of existing spray nozzles to achieve
an effective spray pattern with low capacity systems
was not considered viable for the Mark I plants; there-

fore, it will not be considered as an improvement for
the Mark II plants.

4.3.4 Containment Venting. Section 3.2.1 dis-
cussed some potential benefits and downsides of vent-
ing to mitigate containment overpressurization prior to
vessel failure. Containment venting might also be of
limited usefulness in preventing or delaying contain-
ment challenges that occur after vessel failure. In order
to keep containment pressure below the PCPL, the
EPG instructs the operator to vent “...irrespective of
the offsite radioactivity release” (see Reference 19).
With core debris outside the vessel, following the EPG
in this regard could lead to an early and possibly un-
scrubbed (if the suppression pool were bypassed)
release of fission products from the containment. If
plants have the intention of using their containment
vents following vessel failure, procedures will have to
be developed to supplement the guidance given in the
EPG, particularly in regard to when the vents should
be reclosed to limit the offsite release. A hard pipe vent
system with an effluent radiation monitor interlocked
to close the vent isolation valves with radiation in the
vent line above a predetermined level would minimize
the downsides of venting during severe accidents and
any pressure relieved would reduce the peak contain-
ment pressure, potentially below the ultimate failure
pressure. However, the entire vent system (actuator,
seals, and control system) would have to be operable
during SBO and designed and tested to ensure the
availability of the sealing function under the harsh
containment environment associated with a severe
accident.

Venting to mitigate late thermal failure or to reduce
the containment base pressure prior to an anticipated
containment challenge is not addressed in the EPGs. A
strategy of venting preemptively, prior to suppression
pool bypass, could lead to a slightly higher risk
because a release of noble gases could occur during the
evacuation. Failure of the downcomers in the wetwell
airspace would cause suppression pool bypass and loss
of fission product scrubbing, and could require that the
vent valves be reclosed in order to limit the offsite con-
sequences, since wetwell venting without benefit of
fission product scrubbing would increase risk. For ex-
ample, a non-venting strategy (after vessel failure)
with successful termination of the accident would like-
ly result in lower consequences than a continuous vent-
ing strategy. Conversely, venting might provide some
benefit in mitigating a late thermal challenge to the
drywell head seal. In the worst case of downcomer
failure and temperature-induced leakage from the dry-
well head seal, venting would reduce the driving force
for leakage and release fission products (potentially at
a higher rate) at a lower location in the secondary
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containment. However, extemally cooling the drywell
head seal (discussed later in this section) appears to
offer a greater benefit.

The design of the in—pedestal region also changes
the effectiveness of the venting strategy. Suppression
pool bypass might occur shortly after vessel failure for
the cavity design with in—pedestal downcomers. In this
design, most of the corium is expected to enter the sup-
pression pool, thereby essentially eliminating CCI and
providing scrubbing for most of the release. The total
containment pressure is not anticipated to exceed the
containment design pressure for this scenario. Sup-
pression pool bypass in the deep cavity design would
likely be delayed until core—concrete erosion failed the
in—pedestal cavity (or the cavity drain lines at
La Salle). The risk of suppression pool bypass for the
flat pedestal design stems from a combination of the
previous two challenges. Specifically, spreading of the
debris could fail ex—pedestal downcomers while in—
pedestal erosion might lead to floor failure. In addi-
tion, plants with in—pedestal drains into the wetwell
might experience early suppression pool bypass as a
result of failure of these lines.

4.3.5 Core Debris Control. The issue of core debris
control is centered around providing a coolable debris
bed following vessel failure and, at the same time,
limiting the extent of CCI. As discussed earlier, indi-
vidual variations in the in—pedestal design of the
Mark IT containments could lead to drastically differ-
ent core debris end states. This section considers
phenomenological uncertainties that affect the
potential benefits of various modifications to enhance
the control of core debris outside the reactor vessel.

4.3.5.1 Cavitles With In-Pedestal Down-
comers (Shoreham and NMP-2). The in-
pedestal design at Shoreham makes use of a “corium
ring” to direct the molten core debris into the suppres-
sion pool via four in—pedestal downcomers located un-
demeath the vessel (see Figure 7). The Shoreham PRA
found this configuration to be a very desirable feature,
since virtually all debris was expected to be quenched
in the suppression pool. As long as the vessel does not
fail at high pressure, there is little concem about ex—
vessel debris—cooling; it is taken care of automatically
by suppression pool debris—quenching. For the same
reason, CCI is not a concem. As discussed earlier, the
potential that this design presents for ex—vessel steam
explosions and suppression pool bypass has to be con-
sidered, since inadequate experimental and calcula-
tional data exist to exclude, with any certainty, these
potential adverse effects.
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A modification to seal up these in—pedestal down-
comers and cover the in—pedestal floor with a layer of
lead bricks has been considered. The rationale behind
this suggestion is that the corium would float on top of
the molten lead, since the lead would be the denser of
the two materials. The molten lead would, in effect, in-
sulate the concrete floor from attack by the corium and
result in a more generic Mark II containment design.
Normal refractory materials would tend to produce
noncombustibles, because they cannot withstand the
postulated high temperatures of the corium, and the
dilution from the refractory materials is less than from
using lead bricks.

The sealing of the in—pedestal downcomers could
have an adverse effect on the vapor suppression capa-
bility of the containment. The design basis LOCA
would have to be reanalyzed for both plants to ensure
that the containment design pressure would not be
exceeded. For example, at Shoreham, the maximum
containment pressure during a design basis LOCA is
46 psig, already very near the containment design pres-
sure of 48 psig. In addition, the added weight of the
lead bricks could be a seismic concern. Seismic analy-
ses would have to be redone to answer this question.

To date, no analysis has been performed quantifying
the risks and benefits of the in—pedestal downcomers,
and analyzing whether these downcomers really do
guarantee ex—vessel debris—cooling, with negligible
amounts of CCI. Furthermore, no inexpensive material
has been identified that would protect the downcomers
from corium attack. Therefore, this modification is not
considered to be cost—effective and will not be
discussed further.

4.3.5.2 Deep Cavity Below Drywell Floor
(WNP-2 and La Salle). The deep cavity design also
raises a number of concerns about the fate of the
molten core debris after it leaves the vessel. The large,
dry cavity underneath the pedestal presents the possi-
bility that significant amounts of debris could become
trapped, out of the reach of containment sprays (based
on drawings in Reference 13, the cavity is over 9 ft
deep). Should this occur, ablation of the concrete
cavity floor would generate large quantities of noncon-
densible gases. Also, the calculated/assumed failure of
the drywell floor in Reference 31 indicates that failure
of the cavity floor would likely occur at about the same
time that wetwell venting would take place. If this hap-
pened, the vented release would bypass the suppres-
sion pool. Another mechanism that could lead to
suppression pool bypass even sooner than failure of the
cavity floor is failure of the cavity floor drain lines



because of corium attack, which has been estimated to
occur shortly after vessel failure for most sequences.?

If the debris attack were extensive enough to fail the
cavity floor at La Salle, the corium could directly at-
tack the large, dry concrete plug that rests on top of the
containment basemat. Beyond this point, uncertainties
overwhelm the ability to make realistic predictions of
the outcome. The SNL analysis of the La Salle con-
tainment response to severe accidents, which is cur-
rently in progress, may help to resolve some of these
issues.

4.3.5.3 Flat Floor Cavity With No In—
Pedestal Downcomers (Limerick and
Susquehanna). For the Limerick and Susquehanna
designs, which have a flat floor in the in—pedestal re-
gion, the issue of core debris control is centered around
preventing suppression pool bypass due to failure of
the ex—pedestal downcomers or in—pedestal drain lines
by debris attack. One proposed modification to en-
hance containment performance is to install sleeves
around the most vulnerable downcomer penetrations
to prevent ablation. The sleeves would have a skirt to
prevent radial ablation and would be anchored to the
drywell floor. However, no inexpensive materials have
been identified that could withstand the high tempera-
ture attack of the corium. Therefore, this proposed
modification does not appear to be cost—effective.
Plugging of in—pedestal drain lines could also mitigate
early suppression pool bypass.

4.3.6 Enhanced Reactor Building Fission
Product Attenuation. As discussed in Refer-
ence 22, the secondary containment of a BWR may
potentially play a significant role in mitigating severe
accidents. However, because there are large differ-
ences in the design of individual secondary contain-
ments, the evaluation of the potential mitigation ability
and severe accident vulnerability can only be done on
a plant—specific basis. Some calculational work on the
secondary containment response to primary contain-
ment failure and venting has been performed at ORNL
and SNL (see References 22, 32, and 34). The follow-
ing discussion is based on this work and is only appli-
cable to the plants for which the analysis was done.
Because the benefits can only be calculated on a plant—
specific basis, no quantitative evaluation of these im-
provements is provided.

The first observation is that aerosol fission product
deposition in the reactor building can be extensive as

a. A.Payne (SNL) conference call to P. K. Niyogi
(NRC) on May 1, 1989
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long as reactor building integrity is maintained. The
intemal surfaces of the reactor building and the equip-
ment located there provide a large beat sink and area
for fission product deposition. Increased deposition is
desirable becanse the smaller aerosol source term pro-
duces a less severe fission product release to the envi-
ronment. The imegrity of the secondary containment
could be threatened by overpressurization as a result of
a mass release rate into the secondary containment in
excess of the exhaust capacity of the ventilation sys-
tems and by hydrogen bums in the reactor building.

Some reactor building design features may heighten
the threat to secondary containment integrity. For
example, Shoreham has an emergency reactor building
ventilation system that rapidly recirculates the atmo-
sphere in the reactor building, but filters and exhausts
only a small portion of this flow to the environment.
This could threaten secondary containment integrity in
three ways. First, the small exhaust rate implies that
the reactor building could very easily be overpressur-
ized by containment failure or venting (recall that the
vent ductwork is predicted to fail, releasing steam and
noncondensible gases, including hydrogen, into the
reactor building). The most likely failure location
would be the refueling bay walls, which are predicted
to fail at approximately (.5 psid (Shoreham does not
have blowout panels in its refueling bay) (see
Reference 34). Second, given that the refueling bay
walls have failed, any fission products released into the
lower elevations of the reactor building by failure of
the primary containment would be rapidly transported
up to the refueling bay by the mixing action of the
ventilation system. This would tend to lessen reactor
building retention of fission products, increasing the
severity of the offsite release. Finally, Reference 34
predicts that global hydrogen bums would be very
likely to occur in the reactor building following prima-
1y containment failure or venting (failure or venting
assumed to induce core damage). Again, this is primar-
ily due to the mixing action of the ventilation sysiem,
which acts to limit the localized buildup of hydrogen
released from the primary containment. These global
hydrogen burns are predicted to result in a peak reactor
building temperature of 1200°F and a peak reactor
building differential pressure of 6 psi. Note that high
connectivity between the different elevations of the
reactor building also aids in promoting global hydro-
gen bums over less severe compartmentalized burmns.
The connectivity of the reactor building is another
feature that varies widely from plant to plant.

The use of fire protection sprays to scrub fission
products in the reactor building has been suggested as
a possibility for some plants.2256 For example, at
Browns Ferry (a Mark I plant), a large percentage of



the reactor building receives coverage from the
preaction (fusible link) fire protection sprays. At other
plants, reactor building fire protection is limited to
deluge sprays in areas where high concentrations of
electrical cable runs are located, with only a small
percentage of the reactor building protected by general
area preaction sprays. In any case, unless the reactor
building fire protection sprays are supplied from an
independent dedicated water source, they cannot be
given much credit for severe accident mitigation. This
is due to the fact that any available fire protection
water likely would be used for vessel injection or for
spraying the primary containment. Furthermore, the
fire protection system pumps are generally sized to
supply water only to some small fraction of the spray
nozzles, not to all of the nozzles simultaneously. Note
that multiple—unit sites might be able to cross—connect
their fire protection systems to overcome this
limitation.

Finally, as pointed out in Reference 22, if the release
from the primary containment could be directed into
the lower elevations of the reactor building, the likeli-
hood of reactor building fission product retention
would be increased. In particular, those failures that
result in a release directly to the refueling bay should
be avoided, since they are the ones most likely to
directly bypass the reactor building. From this aspect,
the critical primary containment failure mode becomes
high temperature deterioration of the drywell head
seal.

4.3.7 Enhanced Reactor Depressurization Ca-
pability. Proposed enhancements to the SRVs (see
Section 4.3.1) would decrease the probability of core
melt at high vessel pressure and, by reducing the
amount of hydrogen generated in—vessel during core
damage, may reduce the probability of suppression
pool bypass due to a stuck open wetwell-to—drywell
vacuum breaker. Enhancing the ability to depressurize
the reactor reduces the likelihood of direct contain-
ment heating, which could potentially cause rapid con-
tainment overpressurization at the time of vessel
failure. It also eliminates dispersive exit of the core
debris from the vessel, which could transport a large
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fraction of the core to areas of the drywell located
outside the pedestal region. Depressurizing also re-
duces the number of vacuum breaker actuations and
thus the overall probability of a vacuum breaker failing

open.

4.3.8 External Cooling of the Drywell Head
Seal. A potential improvement to prevent late thermal
failure of the drywell head seal is to flood the reactor
cavity (the area above the drywell head and below the
missile shield plugs in the refueling floor), allowing
the head seal to be cooled directly. Several means for
implementing this modification exist. For example, a
siphon (to be installed only when needed) could be
used, a hard pipe with manual isolation valves could be
installed in one of the spent fuel pool-to—reactor cavity
gates, or a fire hose could be employed. If cooling to
the head seal were desired, an operator would be dis-
patched to take the appropriate action. Care would
have to be used to ensure that the pool would not be
drained below the minimum allowable water level
needed to cool the spent fuel. Providing a remote
manual capability to flood this area provides a poten-
tial method of inadvertently draining the spent fuel
pool, which is not acceptable under non—severe ac-
cident conditions.

There are some potential drawbacks to this pro-
posal. First, once the accident has progressed to the
point where external cooling of the head seal is needed
to prevent failure, radiation levels in the reactor build-
ing could prohibit operator entry to open the valves.
Therefore, during an accident like SBO, which appears
to present the greatest potential for head seal failure,
the valves would have to be opened early to ensure
cooling. If power is recovered prior to extensive core
damage, which is very likely, the water would have to
be drained and the reactor cavity decontaminated.
However, the frequency of SBO is low enough that this
concem is probably insignificant, particularly in light
of the potential consequences should the initiating
event lead to core melt and vessel failure. The quanti-
tative benefits of flooding the drywell head will be es-
timated later in this report.



5. CONTAINMENT BYPASS

5.1 Definition of Challenges

In this mode of containment failure, a release path-
way is created that bypasses containment. This could
happen in two general ways. First, there could be a fail-
ure to completely isolate the containment. For exam-
ple, isolation valves could fail to close, manual valves
could be left open following a leak rate test of a con-
tainment penetration (unlikely), or an equipment hatch
could be left open (unlikely). The likelihood that a
sizeable containment penetration could be left open
without detection is low, since this would be indicated
by excessive nitrogen makeup flow to the primary .con-
tainment. However, a leak rate test connection for a
primary containment isolation valve could be left
open, with no indication of this condition in the control
room. In an arrangement like the one shown in
Figure 11, which is common to many systems with
lines penetrating the primary containment, if the in-
board isolation valve should fail to close during an
accident, the open leak rate testing line (through the
starred valves) would provide a path to bypass the con-
tainment altogether. Note that this path could be diffi-
cult. or impossible to isolate following a significant
release of fission products into containment, since the
leak rate test valves can only be closed manually. To
reduce the probability of this mode of containment
bypass, the utility could require that all such valves be
administratively locked closed when not in use, or the
leak test piping could be capped. Note that this is a
requirement of the General Design Criteria of
Appendix A to 10 CFR 50; however, experience has
shown that utilities may not always rigidly conform to
this requirement in the case of leak testing, vent, and
drain lines. With bypass through such paths

eliminated, the probability of containment bypass due
to an open"penetration reduces to the probability that
two isolation valves in one line fail to close. This is not
considered to be a significant concem.

The other way in which containment could be by-
passed is by the so—called interfacing systems LOCA,
also known as a V sequence in the terminology of
WASH-1400.57 In this sequence, there is a failure of
one or more valves that form a boundary between the
high pressure reactor coolant system and a low pres-
sure system outside containment. Such sequences have
been found in past PRAs to be insignificant contribu-
tors to the overall core damage frequency and risk
of BWRs. However, the Office of Nuclear Reactor

Regulation (NRR) has initiated an NRC review pro-
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gram to reevaluate the contribution of the V sequence
to risk at U.S. plants. In addition, a recent report by
BNL38 estimated the interfacing systems LOCA core
damage frequency for three U.S. BWRs. The estimate
ranged from 1.02 x 105 per reactor-year for Peach
Bottom to 8.81 x 1079 per reactor—year at NMP-2.
Therefore, depending on the outcome of the NRC
review program, the improvements identified in
Reference 58, and possibly others, may need to be im-
plemented in order to lower the contribution to risk
from this sequence.

5.2 Potential Improvements

Because these sequences have been generally found
to be insignificant contributors to core damage fre-
quency and to risk at BWRs, there is no improvement
that is felt to be cost—-beneficial at this time.
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6. QUALITATIVE RISK ANALYSIS OF CONTAINMENT
CHALLENGES AND IMPROVEMENTS

6.1 Core Damage Frequency

Table 8 summarizes the frequencies of the dominant
core damage sequences from the Limerick,
Susquehanna, and Shoreham risk studies. The primary
challenges to core integrity come from transients,
SBO, and ATWS. LOCAs are not large contributors to
core damage frequency, nor are TW sequences. Note
that ATWS is a fairly minor contributor for Limerick,
as a result of compliance with the ATWS rule
(10 CFR 50.62). For Shoreham, the contribution from
SBO sequences has been drastically reduced by the ad-
dition of three additional emergency diesel generators
(EDGs) (total of six) and the inclusion of a 20 MW
onsite blackstart gas turbine generator in the loss of
offsite power event trees. The Shoreham contribution
from ATWS was reduced by the proposed installation

of the Filtra filtered containment vent system, the use
of highly enriched boron in the SLCS (shutdown in
7.5 min), and the addition of an ADS inhibit switch for
use during an ATWS. Note that transients are a large
contributor to core damage for all of the above plants.
In particular, the sequences involving a loss of feed--
water with high pressure core melt (TQUX) were
found to be dominant. This is in part due to the use of
2.4 x 1073 as the ADS failure probability. This value
was based on the ADS initiation logic in place before
Reference 55 recommended logic modifications to
make ADS failure less likely, such as removal of the
coincident high drywell pressure signal from the set of
required initiators. An updated analysis of the ADS
failure probability should reduce the frequency of de-
pressurization failure (event X), and thus reduce the
contribution from the TQUX sequences.

Table 8. Estimated annual core damage frequencies for BWR Mark II plants (internal initiators only)

Initiator Limerick Shoreham
Transients 5.4E-6 8.2E-6
Blackout 6.7E~6 5.6E-6
ATWSY L1E-6 1.4E-5
LOCA € 1.0E-6
™ 5.5E-7 43E-6
Special® none 6.1E-6
Total 1.5E-5 4.1E-5

Shoreham
Filtra Susquehanna La Salle®

2.1E-5 7.0E-10 ~107%

4.0E-7 7.6E-8 ~10-3

1.5E-6 9.3E-9 ~1077

1.5E-6 6.5E-8 ~10-8

5.9E-7 € ~107°

7.8E~6 £ £
1.5E-7 ~107°

3.3E-5

a. Values for La Salle are preliminary estimates from June 1989.

b. Includes sequences in which core damage occurs both before and after containment failure.

c. Includes sequences initiated by loss of a DC bus, loss of service water, level instrument sensing line break, and

manual shutdown due to high drywell temperature.
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6.2 Sequence and Failure Mode
Risk Significance

As a first step in qualitatively determining the po-
tential impact upon risk of various containment and
systems modifications, several sensitivity studies that
have been performed for Susquehanna, Limerick, and
Shoreham were examined.”-18:26.59 These studies cal-
culated the effects of a particular design feature, such
as containment venting, or of a proposed modification,
such as anenhanced SLCS, upon the frequency of each
identified containment failure mode and upon risk,
with risk being defined in terms of the number of ex-
pected acute and latent health effects in the surround-
ing population. Note: since Shoreham did not have an
approved emergency plan at the time of the sensitivity
study, only dose-versus—distance probabilities could
be used as a measure of risk.

The first study examined was the IPE performed by
Pennsylvania Power and Light (PP&L) for
Susquehanna (see Reference 7). Because this was es-
sentially a scaled—down Level 1 PRA, containment re-
sponse and offsite consequences were not analyzed in
detail. However, for each of the five initiator catego-
ries used in the study, PP&L proportioned the core
damage frequency among four end states: core dam-
age, core melt with vessel failure, core melt with vessel

Table 9.

failure and subsequent loss of containment integrity
due to venting, and core melt with vessel failure and
subsequent overpressure containment failure. The base
case core melt frequency is 1.5 x 10~7 per reactor—year
(refer to Table 9 for additional information).

The first sensitivity study for Susquehanna was to
examine the effects of using the “traditional PRA”
value of 0.1 for the probability that the operator fails to
actuate the SL.CS during an ATWS when SLCS actua-
tion is required by the EOP. The base case values in
Table 9 were calculated using an effective value of 0.0
for this probability, that is, the operator never fails to
actuate the SLCS when it is called for in the EOP. This
changes the ATWS frequency from essentially zero to
9 x 10~? per reactor-year, but does not significantly
affect the total core melt frequency.

In their review of the Limerick PRA, BNL calcu-
lated the effects on core damage frequency, contain-
ment failure mode frequency, and offsite consequences
of not complying with the ATWS rule (see
References 4 and 59). The plant modifications con-
sisted of an ARI system and a three—pump, antomati-
cally actuated SLCS. With these changes, failure of the
SLCS becomes dominated by the probability that the
operator overrides the automatic SLCS actuation sig-
nal. This modification reduces core damage frequency
for ATWS by an order of magnitude, but

Susquehanna plant damage state estimated annual frequencies (base case values)?

Plant Damage Core 'CM With RPV
State Damage Failure
Transients 7.0E-10 1.9E-9
ATWS 9.3E-9 €
Blackout 7.6E-8 3.9E-8
LOCA 5.5E-9 4.9E-10
LOCA/ATWS 5.9E-8 €
Total 1.5E-7 4.1E-8

CM With RPV Failure and Loss
of Primary Containment
Integrity
Wetwell Vent Containment Failure

1.3E-9 14E-9
€ 3.3E-11
1.6E-8 1.6E-9
3.0E-11 2.5E-9
£ £
| 1.7E~-8 5.5E-9

a. Values taken from the 1986 Susquehanna Individual Plant Examination.
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does not significantly affect the total core damage fre-
quency from internal events.

Reference 26 analyzed the effects of venting on core
damage frequency and risk at the Shoreham Nuclear
Power Station. Three sensitivity cases were examined:
venting via the proposed Filtra system, venting via the
existing HVAC ductwork in the reactor building, and
not venting. The study included a bounding analysis of
the effects of venting on systems taking suction from
the suppression pool, and the effects of venting on the
reactor building atmosphere and on reactor building
retention of fission products. The results are shown in
Table 10 for the worst—case assumption that venting
via existing ductwork leads to failure of equipment lo-
cated in the reactor building with a release that effec-
tively bypasses secondary containment.

As can be seen from Table 10, containment venting
was found to affect only the core damage frequency of
TW and ATWS sequences. Venting through Filtra was
found to reduce the total core damage frequency by
approximately 18%. However, with the assumption of
reactor building equipment failure following venting,
the use of thie existing ductwork vent was found to
have no benefit in reducing core damage frequency.
For ATWS sequences, this was primarily due 10 the
vent lines being too small (6 in. dia) to adequately
relieve containment pressure. In the sequences involv-
ing loss of long—term containment heat removal (TW),
the venting-induced equipment failures in the reactor

building were assumed to lead to loss of vessel injec-
tion and subsequent core damage.

In terms of the containment release mode, which can
loosely be thought of as being equivalent to the con-
tainment failure mode used in other studies, the most
favorable results are again obtained by venting through
Filtra: almost 94% of all core damage sequences are
recovered versus approximately 75% recovery for the
existing vent and no—vent cases. In comparison with
not venting, using the existing ductwork vent does re-
duce the probability of early overpressure containment
failure (at or near the time of vessel failure), but this is
offset by an increased probability of late thermal fail-
ure of the drywell head seal, and late venting with an
uncontrolled release of fission products, with essen-
tially no holdup time. Relief of containment pressure
through the drywell head seal would tend to limit any
potential containment pressure increase and could
even reduce containment pressure.

The risk of a release at Shoreham could only be
assessed in terms of the likelihood of exceeding a
specified dose at a given distance from the plant. As
Figures 12 and 13 show, venting through Filtra is
effective in reducing risk by approximately a factor of
five in comparison with both the no—vent and existing
vent cases. This is due to Filtra’s ability to scrub
particulate fission products. On the other hand, use of
the existing ductwork vent is seen, in the worst case, to
actually increase risk in comparison with the no—-vent

Table 10. Effects of containment venting on the estimated annual Shoreham core damage frequency

Frequency With
Accident Class Filtra Venting
Transients 3.0E-5
Blackout 4.0E-7
™ 1.9E-6
LOCA 1.3E-6
ATWS (CM < CF) 1.8E-8
ATWS (CF < CM) 3.5E-7
ATWS With 2.1E-6
Filtra Release
Total 3.6E-5

Frequency With Frequency With
Existing Vent No Venting
3.0E-5 3.0E-5
4.0E-7 4.0E-7
9.0E-6 9.0E-6
1.3E-6 1.3E-6
2.5E-6 2.5E-6
1.1E-6 1.1E-6

0.0 0.0
4.4E-5 4.4E-5
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Figure 12. Shoreham probability of exceeding a dose of S rems as a function of distance.

case by a factor of approximately five. This somewhat
surprising result is, as before, related to the small size
of the vent lines: in order to mitigate a TW sequence,
plant—specific MAAP calculations indicate that both
the wetwell and drywell vent lines would have to be
opened (see Reference 6). Opening the drywell line
would cause fission products to bypass the suppression
pool, resulting in an unscrubbed release. This is com-
pounded by the failure of the reactor building to pro-
vide significant fission product retention, as discussed
in Reference 34. This increase in risk occurs despite
the reduction in the probability of early overpressure
containment failure provided by venting. The reason
for this is that a fraction of the early releases would be
scrubbed through the suppression pool (containment
failure in the wetwell airspace), reducing the severity
of the release. Also, the increased probability of late
thermal failure contributes to higher risk because the
failure location is in the drywell head region. This pro-
duces a release to the refueling floor, directly bypass-
ing the reactor building.
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A gross estimate of the allowable costs for installing
Filtra, based on the perceived reduction in risk (dose)
was performed. The Shoreham base case risk was
estimated at 154 man—rem per reactor—year. Using a
value of five as the Filtra risk reduction factor gives a
Filtra base case risk of approximately 31 man—rem per
reactor-year, a net benefit of 123 man-rem per reac-
tor—year. Therefore, the upper bound total cost benefit
was estimated as

(123 man-rem/reactor—year) x
($1000/man-rem averted) x
(40-year plant life) = $4.9M.

The costs of actually backfitting the Filtra system to
a U.S. BWR are not known. However, because of the
large amount of construction required, and the need to
install new lines passing through the primary contain-
ment, the allowable cost calculated above is probably
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only a small fraction of what the actual cost would be.
Therefore, installation of a Filtra—type filtered contain-
ment vent system is not likely to be cost beneficial at
U.S. Mark II BWRs.

6.3 Summary of Potential
Improvements

Numerous hardware improvements and operator
actions that could improve containment performance
during risk-significant accidents were discussed pre-
viously in Sections 3, 4, and 5. The discussions of the
potential improvements were organized by transient
type, that is, containment challenged prior to vessel
failure, containment challenged long after vessel
failure, or containment bypass. In general, the
improvements were selected to mitigate the contain-
ment challenges identified in Sections 3.2 and 4.2.

The results from the qualitative risk analyses are
summarized in Table 11. Representative costs from
Mark I risk reduction studies are givenin Table 12. Im-
provement 1, a hard—pipe vent system, prevents con-
tainment failure due to overpressure failure.
Containment overpressure challenges are most impor-
tant in sequences where containment integrity is chal-
lenged prior to core degradation (Section 3). In
particular, containment venting with continued vessel
injection could prevent containment failure-induced
core degradation in TW sequences and could prevent
containment failure or reduce the containment
pressurization rate during ATWS sequences. For se-
quences with core degradation prior to containment in-
tegrity challenges (Section 4), venting would at best
mitigate the offsite release and, at worst, could lead to
aninadvertent release orunscrubbed release. Phenome-
nological uncertainties related to suppression pool
bypass (from downcomer or drain line failure) suggest
that scrubbing of the release following vessel failure
cannot be ensured (see Section 4.2 for design—specific
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Table 11.

Qualitative assessment of benefits and drawbacks of potential Mark II containment improvements

Potential Improvement

Potential Benefits

Potential Drawbacks

1. Vent Systems

a. Filtered
containment vent
system 2

b. Hard—pipe vent
system with
dedicated power
source

2. Alternate
containment heat
removal systems?

3. Enhanced reactor
depressurization
capability

4. Improved
hydrogen control

5. Backup water
supply to RPV
injection and
containment
sprays

Prevents overpressure failures for transients
with scram

¢ Delays overpressure failures for ATWS
e Preemptive venting reduces base pressure

before core damage

« Mitigates hydrogen burns in secondary containment
¢ Ensures scrubbing of aerosol releases
¢ Unaffected by suppression pool bypass

Prevents overpressure failures for transients with
scram
May delay overpressure failures for ATWS

¢ Preemptive venting reduces base pressure before

core damage
Mitigates hydrogen bums in secondary containment

Maintains suppression pool subcooled
Prevents overpressure failures for TW
May reduce pressurization rate for less severe ATWS
Low cost for use of RWCU blowdown

Can prevent high pressure core damage
and RPV failure

¢ Relatively low cost ($0.5M)
¢ May reduce vacuum breaker failure
¢ Can prevent core melt in long—term SBO

None for Mark II plants (inerted)

Can prevent core damage in low pressure transients
with scram

Ex~vessel debris cooling and aerosol scrubbing
May mitigate thermal failure

Independent of RHR

Relatively low cost for use of fire systems
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Filtra — very high
cost ($30-50M)
MYVSS - high cost
(~$5M)

Minimal benefit if
release is scrubbed
by suppression pool

Moderately high cost
($2.9M at Pilgrim)
No decontamination
of release in second—
ary containment —
increased risk if
suppression pool is
bypassed

Very high costs for

ARHR ($183M+) -
other methods may

be less expensive

None identified

Interferes with con—
tainment access for
maintenance, testing,
and leak identification

RPV must be at low
pressure for injection
Analysis of EPG spray
initiation limit
required

Procedures for
concurrent fire if

fire systems used
Low spray flow rate
of fire systems will
limit pressure
reduction capability
Requires many
operator actions and
additional piping



Table 11. (continued)

Potential Improvement

Potential Benefits

Potential Drawbacks .

5.  (continued))

6. Core debris control

a. Eliminating in—
pedestal
downcomers

b. Adding in—
pedestal
downcomers

c. Strengthening
ex—pedestal
downcomers?

d. Plug in—pedestal
cavity
penetrations

¢ Decreases probai)ility of suppression pool bypass
after RPV failure

¢ Decreases probability of steam explosion or rapid
steam spike

¢ Increases probability of quenching core debris
ex~vessel
¢ Reduces need for containment sprays and venting

¢ Decreases probability of suppression pool
bypass after RPV failure

¢ Decreases probability of suppression pool
bypass after RPV failure

¢ Decreases probability of steam explosion/steam
spike
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May increase potential
for ex—vessel steam
explosions

Benefits uncertain
due to FCI
uncertainties
Increases probability
of CCI

and ex—vessel
fission product
release

Requires reanalysis
of containment
pressure suppression
capability

Increases probability
of steam explosion/
steam spike
Increases probability
of suppression pool
bypass after RPV
failure

May be very
expensive

Few suitable
materials available
(high cost)

Increases probability
of CCI

Does not reduce
ablation of drywell
floor

Requires system
modifications

May increase
probability of steam
explosion in deep
cavity

Requires seismic
reanalysis of
primary containment



Table 11. (continued)

Potential Improvement

Potential Benefits

Potential Drawbacks

7. External cooling
of drywell head

8. Use of fire
protection
sprays in the
reactor
building?

¢ Mitigates or prevents drywell head seal failure
¢ Leakage scrubbed by overlying water pool

e Low cost

¢ May scrub aerosol fission products released from
primary containment
¢ Hardware already in place at some plants

¢ Must be manually
initiated early in
the accident

¢ Benefits uncertain

¢ Does not prevent
leakage of other
isolation valves or
penetrations

¢ Limited spray
coverage

* May provide greater
benefit as alternate
containment spray or
RPYV injection system

a. These improvements are not quantitatively analyzed in this report.

Table 12. Summary of cost estimates from previous studies

Cost Estimate
Potential Improvement &) Reference
1. Vent system
a. Hard-pipe vent e 0.60M ¢ SEA Report 87-253-07-A:1
system with ¢ 29M ¢ Estimated from Boston Edison Co. (DPU 88-28, Request
dedicated power No. AG 13-6) and does not include Tech. Spec. mods.
source e 0.19M106.1M e Draft NUREG/CR—4551, includes replacement power costs.
Does not include hard pipe (only modified power supplies to
vent valves).
b. Filtered ¢ 14M-33M e Draft NUREG/CR—4451, App. F, several sources
containment vent ¢ 30M ¢ NUREG/CP-0095, Nov. 1988, R. O. Schlueter and
system (Filtra) R. P. Schmitz, estimate of the Swedish Filtra
2. Alternate ¢ 61IM-7TM o Draft NUREG/CR—4551, with $845K recurring costs
containment heat e 0.1IM * Estimate for use of blowdown mode of RWCU
removal system
3. Enhanced e 0.5M ¢ SEA Report §7-253-07-A:1
depressurization + 1.99M + Estimated from Boston Edison Co. (DPU 88-28, Request
capability No. AG 13-6), does not include Tech. Spec. mods.,
training, etc.
¢ 3M-14M ¢ Draft NUREG/CR-4551
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Table 12. (continued)

Reference

Cost Estimate
Potential Improvement 3)
4. Enhanced ¢ 0.81IM
containment e 24M
spray system

5. Downcomers
a. Eliminating in—
pedestal
b. Addingin-
pedestal
c. Strengthening
ex—pedestal
d. Plugging in—
pedestal

penetrations

6. External cooling
to drywell head

7. Improved
hydrogen control

8. Use of fire
protection
sprays in
reactor building

e Not available .

¢ Not available .

e Seel .

e Not available .

* SEA Report 87-253-07-A:1
e Estimated from Boston Edison Co.(DPU 8828, Request

No. AG 13-6), does not include Tech. Spec. mods.,
training, etc.

Any downcomer modification is expected to be very
expensive. Improvement 5.b is expected to be the most
expensive of the three options. Improvement 5.d probably
has the lowest cost, but it may only be applicable to

La Salle.

No cost estimate is available. However, the hardware costs
associated with a small pump or siphon are expected to be
low. Operation with the drywell head water seal, training,
Tech. Specs., etc., should be considered in the system cost.

Primary containment is inerted. Consequently, hydrogen
venting would be used to prevent burns in the secondary
containment in the event of primary containment failure.

Existing fire sprays should initiate on high reactor building
temperature after primary containment failure. Additional
spray protection costs are not available.

discussions), in constrast to the Mark I hardened vent
where all releases through the vent would be scrubbed.
If a reliable method of preventing suppression pool by-
pass were available, wetwell venting would provide a
controlled release and would reduce the driving pres-
sure for other containment failures. Although a filtered
vent system would alleviate the problems associated
with suppression pool bypass, the high cost of the sys-
tem is expected to exceed the benefit.

Similar to containment venting, ARHR systems
could prevent core degradationin TW sequences. How-
ever, the low frequency of TW sequences (see Table 8),
the high system cost, and the potential for operator ac-
tions to mitigate the sequence (see Section 3.4), would
likely keep this system from being cost—effective.

Enhanced reactor depressurization capability would
allow reactor depressurization independently of site

DC power and would ensure operability during high
temperature conditions. This capability would be par-
ticularly important during SBO sequences when
DC power from the emergency station batteries would
be limited or unavailable. A reliable means of depres-
surization would permit successful operation of safety
grade or altemnative low pressure injection systems.
The combination of enhanced depressurization capa-
bility and the variety of low pressure injection systems
would make a reduction in the core damage frequency
of high pressure transients possible. No potential
drawbacks were identified.

An altemnative supply of water for vessel injection or
containment sprays could provide both preventive and
mitigative benefits. If the reactor were at low pressure,
the alternative water source could be injected into the
vessel to prevent or limit core damage. If the reactor
vessel were failed, water injected into the vessel could
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limit further core degradation and would pour out onto
corium that had already exited the vessel. This could
provide cooling of the ex—vessel debris and scrubbing
of the non—noble gas fission products. Conversely, if
the vessel were at high pressure or already failed, the
water could be sprayed into the containment to miti-
gate (possibly prevent) the release of fission products.

However, due to the low flow rate of postulated alter-

native pumping systems and uncertainties associated
with FCI, the benefits are uncertain. In addition to
cooling the debris, the containment sprays would pro-
vide some scrubbing of fission products released from
the melt. Although the cost of this improvement could
be low, many operator actions may be required to
effectively utilize the system.

As discussed in Section 4.4.5, the potential benefits
of core debris control are uncertain and plant—specific.
Due to uncertainties associated with steam explosions,
rapid steam spikes, and debris—spreading and coolabil-
ity, the benefits of debris control improvements are
unknown. In general, the costs associated with modifi-
cations to the drywell floor, downcomers, and changes
in the cavity design are expected to be high. Plugging
drain lines that penetrate the drywell floor may offer
the greatest benefit. For example, at La Salle, drain
lines in the bottom of the cavity are postulated to
quickly ablate and fail in most sequences following
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attack by molten corium.? In a meeting on July 27
between Philadelphia Electric Company (Limerick)
and the NRC, the licensee stated that the in—pedestal
drains would fail approximately 6 min after vessel fail-
ure (see Reference 36). Early failure of the in—pedestal
floor drains would result in suppression pool bypass.

Flooding the drywell head has the potential for pre-
venting or mitigating leakage through the drywell head
seal. As discussed in Section 4.3, high temperature and
high pressure conditions may lead to drywell head seal
leakage. A pool of water above the drywell head could
cool the seal and would scrub particulate fission prod-
uct releases.

Hydrogen control is already provided in Mark II
plants by nitrogen—inerting of the primary
containment.

Past studies were identified in Section 4.4.6 that
showed the potential benefits of reactor building
sprays. However, use of the diesel fire pumps has been
suggested as an alternate source of water for the
containment sprays. It is anticipated that direct cooling
of corium in the containment would provide more
benefit than spraying the reactor building.

a. A. Payne (SNL) conference call with
P. K. Niyogi (NRC) on May 1, 1989.



7. QUANTITATIVE RISK ANALYSIS OF ANTICIPATED TRANSIENTS
WITHOUT SCRAM

ATWS sequences can be grouped into two classes,
depending upon whether the containment is chal-
lenged prior to reactor vessel failure (Class IV), or
upon whether core melt and vessel failure precede any
challenge to containment integrity (Class IC) (see
Reference 5). These accident sequence classes, which
are also referred to as plant damage states, correspond
to the containment vulnerable-core damage and core
damage—containment vulnerable end states used in
NUREG-1150. The analysis in this section was per-
formed under the general assumption that the reactor
systems are those assoctated with the General Electric
BWR/4 product line. Detailed assumptions are
described below.

7.1 Accident Sequence
Analysis

For simplicity, the ATWS accident sequence analy-
sis examined only a full power ATWS with isolation of
the reactor from the main condenser by closure of the
MSIVs. Such a sequence represents an upper bound on
the severity of the BWR ATWS (see Reference 24).

The first step in the risk quantification was the con-
striction of an event tree, which represents the se-
quence from the time of the initiating event until the
time of either containment failure or significant core
damage. Summing the end state frequencies from this
event tree gives the core damage frequency for the full
isolation ATWS, both for the case where loss of con-
tainment integrity precedes core damage (Class IV),
and where extensive core damage occurs prior to aloss
of containment integrity (Class IC).

7.1.1 Event Tree Quantification. The following
discussion gives the quantification scheme for the top
events in the base case ATWS front-end event tree,
which is shown in Figure 14. Changes in the quantifi-
cation that were made to examine potential improve-
ments and to assess sensitivities are discussed in
Section 7.4

Ta. The initiating event is a transient in which the
reactor is isolated from the main condenser. The
frequency of 0.93 per reactor—year, taken from
Table 7.9-5 in Reference 7, is a representative value.
However, some variation in this value from plant to
plant can be expected.

Cm. This is the reactor protection system (RPS)
mechanical failure probability of 1.0 x 10-5 per de-
mand from Reference 60. Since the values derived in
Reference 60 were intended to be generic best esti-
mates, applicable to both BWRs and PWRs, arguments
presented recently by some utilities to reduce this fail-
ure probability are not felt to be sufficiently justified;
based on the data currently available, the value of
1.0 x 10-3 per demand is most likely an upper bound
on the RPS mechanical failure probability. Therefore,
this value has been retained. However, as discussed in
Reference 7, the installation of the ARI system does
allow electrical failures of the RPS 1o be neglected.
The reasoning for this is as follows. The failure prob-
ability of the RPS due to electrical faults was estimated
by Reference 60 at 2 x 10~ per demand. If ARI oper-
ates as designed, electrical failures will be recovered.
Therefore, since the RPS and the ARI operate indepen-
dently, the failure probability of the RPS due to electri-
cal faults is the value of 2.0 x 10~ per demand from
Reference 60 multiplied by the failure probability of
the ARI system, which Reference 7 estimated to be
4.0 x 103 per demand. This probability is furtber
reduced if credit is given for operator action to vent the
scram air header in accordance with the EPG.
Reference 7 estimates that this action would be
successful 90% of the time. ‘

SLC. This is the probability that boron injection is not
initiated in time to prevent the bulk suppression pool
temperature from exceeding the HCTL set by the EPG
(see Reference 19). For ATWS events, Reference 7
uses an elevated HCTL of 208°F, with the reactor at
full operating pressure, but does not give a detailed
basis to support this change. However, if such an
increase in the HCTL is valid, then the allowable time
for operator action to initiate boron injection is sub-
stantially increased, as indicated in Table 7.7-1 in
Reference 7. Hand calculations were performed to es-
timate the final bulk suppression pool temperature for
the case with both SLCS pumps injecting at 86 gpm
and also for the case with one SLCS pump injecting at

-43 gpm, with injection in both cases beginning when
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suppression pool temperature reaches 110°F, as per the
direction given in the EPG.

For the case where both SLCS pumps inject, a final
bulk suppression pool temperature of 156.4°F was
calculated. This compares favorably with the value of
157.3°F calculated in Reference 7, which is well be-
low the modified HCTL of 208°F, but is near the EPG
limit of approximately 165°F. Therefore, even a small
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Figure 14. Base case ATWS event tree.




amount of operator delay in actuating the SLCS likely
would cause the EPG limit to be exceeded. For the case
where only one SLCS pump injects, a final bulk tem-
perature of 198.6°F was calculated. The value calcu-
lated by Reference 7 is 187.1°F. These values are still
below the modified HCTL, but are well above the EPG
limit. Therefore, for this case, if the EPG limit were
followed, emergency vessel depressurization would be
required during boron injection.

For the base case, the assumption is made that the
EPG limit is generally valid for an ATWS sequence.
The success criterion for SLCS injection is that the
SLCS must be actuated in time to allow the reactor to
reach a condition of hot shutdown before reaching the
suppression pool HCTL (as set by the EPG). To meet
this criterion, injection by both pumps is required.
(The assumption is made that the generic plant has
chosen to comply with the ATWS Ruleb! by requiring
actuation of both SLCS pumps. An altemative strategy
would be to increase the boron—10 isotopic enrichment
so that the equivalent flow rate with one pump rupning
wouldbe = 86 gpm.) Reference 7 calculates an SLCS
mechanical failure probability of 2.2 x 10-2, and
argues that this dominates the human error probability
(HEP) for failure to actuate the SLCS. If the EPG limit
is followed, this is not felt to be a valid treatment, since
hand calculations performed for this report and the cal-
culations in Reference 7 show that any significant
delay (more than a few minutes) in actuating the SLCS
beyond the time when suppression pool temperature
reaches 110°F is likely to result in suppression pool
temperature exceeding the HCTL before the hot shut-
down weight of boron can be injected. Therefore, the
quantification of this event in some past PRAs is
followed and a failure probability of 0.1 is used, based
on the HEP dominating the mechanical failure prob-
ability.52 This is felt to be a conservative generic
approach; individual plants may be able to justify the
use of a significantly lower HEP.

Ul. This is the failure probability of high pressure
coolant injection (HPCI), which Reference 7 calcu-
lates to be 4.2 x 10~2 per demand. Following the EPG
would involve initial termination of all injection flow,
except that provided by the CRD pumps and the SLCS,
followed by restoration of flow prior to reaching
Level 1, with level maintained thereafter near the
TAF. The actual point at which vessel level is main-
tained would vary from plant to plant. Therefore, the
assumption is made for the generic plant that the oper-
ators would maintain level at the bottom of the wide
range level instruments, that is, several inches above
the TAF. The validity of this assumption is borne out
by experience and by discussions with licensed BWR
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operator examiners. If HPCI fails, leaving RCIC and
CRD as the only sources of injection, an equilibrium
level is calculated, using the Chexal-Layman
correlation,53 which is about 6 ft below the TAF This
condition would require emergency depressurization
in accordance with the EPG; therefore, the success
criterion for high pressure injection is that HPCI be
available. As an aside, Reference 7 calculates that
HPCI should automatically actuate 95 s into the
sequence, when reactor vessel downcomer water level
reaches Level 2. This is approximately the time when
suppression pool temperature is calculated to reach
110°F. Therefore, if the operator were to follow the
EPG requirement of attempting to lower vessel level to
the TAF after actuating the SLCS, the occurrence of
these two events at roughly the same time would make
this a very difficult action to perform successfully; the
operator actions would have to be extremely well
coordinated.

TAF. This is the probability that the operator does not
take action to lower vessel level to the TAF in order to
reduce reactor power. Because Reference 7 did not
quantify this event, the failure probability of
4.0 x 1072 calculated in Reference 6 is used.

X. This is the probability that the vessel is not depres-
surized, that is, it remains at or near normal operating
pressure. The EPG instructs the operator to inhibit the
ADS for an ATWS sequence, but requires emergency
depressurization when level cannot be maintained
above the TAF (and a source of injection is available),
when level cannot be determined, or when the suppres-
sion pool HCTL is exceeded (there are other condi-
tions requiring emergency depressurization, as well).
Reference 7 strongly emphasizes that depressurization
is to be avoided because of concerns about power/
pressure spikes as a result of uncontrolled low pressure -
injection, limit cycle operation, and inadequate steam
cooling of the core. With the significantly increased
HCTL used in Reference 7, depressurization is not
likely to be required; therefore, it is not quantified in
Reference 7. However, since the base case analysis in
this report is founded on the guidance given in the
EPG, Event X is quantified here.

There are several paths that an isolation ATWS
sequence could take, and depressurization has to be
quantified separately for each of them. In the first case
considered, HPCI fails, causing level to stabilize well
below the TAF. In this case, the probability that the
vessel is not depressurized becomes essentially the
probability that the operator acts to inhibit ADS (since
the ADS is quite reliable, its failure probability can be
neglected for this case). Reference 6 calculated a value
of 2.2 x 10~2 for this situation. In the second case,



SLCS injection is successful, HPCI is available, and
level is controlled near the TAF. Since there is uncer-
tainty in reactor power with vessel level maintained
near the TAF (at the bottom of the wide range level
instruments),% there is a corresponding uncertainty in
the probability of exceeding the suppression pool
HCTL prior to injecting enough boron to shut down
the reactor. Therefore, the probability of depressuriza-
tion was assessed to be highly uncertain. Hence, an
indeterminate value of 0.5 was assigned to Event X for
this case. In the third case, HPCI is running and both
SLCS pumps are injecting boron into the core, with
level not controlled at the TAF. Depressurization
should be required only if the HCTL is exceeded.
Using a limit of 165°F, hand calculations indicate that
the HCTL could be exceeded before the hot shutdown
weight of boron has been injected. Therefore, a prob-
ability of 0.1 is conservatively assumed for Event X
(Reference 6 calculated a failure probability of 0.11).
If the increased HCTL of 208°F were used, this prob-
ability would be essentially 1.0, that is, the probability
of depressurization would be 0.0. The fourth case is the
one where both HPCI and the SLCS fail. For this case,
Reference 6 calculated a failure probability of
1.3 x 1072 The fifth case is the one where the SLCS
fails but level is controlled at the TAF. For an assumed
suppression pool temperature between 200 and 260°F,
Reference 6 calculated a failure probability for
Event X of 6.0 x 10-2. With a limit of 208°F and
revised procedural instructions to not depressurize
with level maintained at the TAF, this probability
could be significantly larger. The last case is the one
where HPCI is operating, the SLCS has failed, but
level is not lowered to the TAF. For this case,
Reference 6 calculated a value of 1.3 x 102,

V1. Event V1 represents the probability that low pres-
sure injection is not available, given that the RPV has
been depressurized. Because the sequence is an isola-
tion ATWS, the conservative assumption is made that
a vacuum cannot be maintained in the main condenser,
resulting in insufficient makeup to the hotwell to allow
use of the condensate system as a sustained source of
low pressure injection. This assumption is supported
by Table 7.5-3 in Reference 7, which gives a mean
power conversion system (PCS) unavailability of 0.9
following an isolation ATWS. The assumption is also
made that the operator will not allow LPCS to inject
because of the uncertainty associated with injecting a
large volume of relatively cold water directly onto a
core without an adequate shutdown margin. Thijs
leaves LPCI as the only adequate source of low pres-
sure injection. Reference 7 does not quantify LPCI un-
availability for an ATWS sequence. However, a value
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of 2.0 x 104 is used for other sequences. This isin line
with the value of 1.0 x 10~4 used in Reference 6.

H. Given that LPCI is available with the vessel
depressurized, the operator must take action to prevent
uncontrolled injection to avoid large power/pressure
spikes. Since the LPCI injection valves typically
cannot be throttled during the first 5 min of LPCI oper-
ation, the operator must tum off the RHR pumps until
this interlock has expired, then restart the pumps with
the injection valves throttled. This action corresponds
to event UH2LP in Figure H-16 in Reference 6. Case 3
(emergency depressurization) is assumed, for which
Reference 6 calculated a failure probability of 0.6. The
ATWS core damage frequency was found to be
especially sensitive to the quantification of this event.

W. This is the probability that long—term containment
heat removal is unavailable. The assumption is made
that only the suppression pool cooling mode of the
RHR system can be used to remove heat (containment
venting is treated as a separate event), because the
RHR pumps will likely be unavailable to provide con-
tainment spray if the suppression pool cooling mode of
RHR is not available. Reference 7 quantifies the un-
availability of the suppression pool cooling mode of
RHR at 2.0 x 105 for an ATWS. Reference 6 generally
used a value of 1.0 x 102, with human error dominat-
ing the hardware unavailability of 1.0 x 10—, For cases
with LPCI injecting, the HEP value of 1.0 x 102 is
used in this report for the failure probability of
Event W, since LPCI operation will make suppression
pool cooling with RHR more difficult. For the case
where the SLCS fails, but level is controlled at the
TAF, a value of 1.0 is used, because the actual power
level will be well above the level of decay heat, render-
ing RHR ineffective as a means of containment heat
removal. For the case of successful SLCS injection
with high pressure makeup, the equipment unavail-
ability of 1.0 x 10~ from Reference 6 is used.

CV. This is the probability that the containment is not
vented or, equivalently, that the vent is too small to
mitigate the pressure rise in the containment. For the
base case analysis, the assumption is made that an
18-in. ductwork vent from the wetwell is available.

Venting is assumed to be initiated at the PCPL, as
defined in the EPG (assumed to be ~60 psig) (see
Reference 19). Critical flow calculations show that an
18-in. wetwell vent line is capable of providing
adequate containment heat‘removal for those
sequences in which reactor power is at decay heat lev-
els. A value of 0.1 (HEP) is used for the vent unavail-
ability in this case. If the reactor has not been shut
down by injection of boron, a failure probability of



1.0 for venting is assumed (because the power level
exceeds the heat removal capacity of the vent), unless
levelis controlled at the TAF, in which case an indeter-
minate value of 0.5 is used to reflect the uncertainty in
reactor power with vessel level near the TAE

V2. This is the probability that venting causes failure
of injection, thus inducing core damage. Several dif-
ferent cases must be examined.

1. IfHPClisinjecting, the suction is assumed to
be from the CST, as per the guidance in the
EPG (see Reference 19). Therefore, venting
‘has no effect on NPSH. However, environ-
mental effects (high temperature steam) in
the reactor building could lead directly to loss
of HPCI. Because of the uncertainty sur-
rounding these effects, Event V2 is assigned
an indeterminate failure probability of 0.5.

2. IfLPClisinjecting and the reactor is subcriti-
cal because of successful boron injection,
then venting would have to fail both LPCI
and CRD, since the CRD pumps are capable
of providing adequate flow to keep the core
cooled with reactor power at decay heat
levels (see Reference 23). The probability of
LPCI failure has a contribution of 0.5 because
of the potentially adverse reactor building en-
vironment, and 0.2 from the possible effects
of venting on NPSH (see Reference 6). The
CRD pumps are assumed to be located in the
reactor building (not true at all plants: at
Susquehanna, for example, they are in the tur-
bine building), with suction taken from the
CST. Therefore, the failure probability of
Event V2 for this case is given by

P(V2)=(0.5+0.2) * (0.5) = 0.35.

Note: The assumption is made that the RHR
and CRD pumps are sufficiently separated in
the generic plant so that environmental
effects are not likely to present a common
mode failure mechanism. Thus, a multiplica-
tive factor of (.5 is used in calculating P(V2).

3. IfLPCI s injecting but the reactor is not shut
down, that is, boron has not been injected or
LPCI has not been throttled, then the CRD
pumps alone are not capable of providing
adequate core cooling if LPCI is lost. There-
fore, for this case, the failure probability of
Event V2 is taken to be 0.7.
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I. EventI probabilistically evaluates whether the con-
tainment fails prior to the onset of extensive core
damage. This event was quantified in Reference 6 for
the cases listed below. These values are quite uncertain
and may not be applicable to all Mark II plants. There-
fore, if they are to be used in a plant—specific analysis
at another plant, care should be taken to ensure the ap-
plicability of the quantification methodology in
Reference 6. An increase in these values will result in
an increase in the Class IV ATWS frequency, whereas
a decrease will result in an increase in the frequency of
the Class IC ATWS sequences.

1. Boroninjected, LPCI throttled, P(I) = 0.15
2. Boroninjected, LPCI not throttled, P(I) = 0.3
3. Boron not injected, LPCI throttled, P() = 0.3

4. Boron not injected, LPCI not throttled, con-
tainment not vented, P(I) = 1.0

5. Boron not injected, level at TAF, vessel not
depressurized, P(I) = 0.15

6. Boron not injected, level > TAF, LPCI
throttled, P(I) = 0.3

7. Boron not injected, level > TAF, LPCI not
throttded, P(I) = 0.5

8. Boron not injected, level > TAF, vessel not
depressurized, P(I) = 0.5

9. Boron not injected, HPCI failed, LPCI
throttled, P(I) = 0.3

10. Boron not injected, HPCI failed, LPCI not

throttled, P(I) = 0.5.

The results of this analysis are the point estimate
ATWS core damage frequencies shown below:

Class Frequency (per reactor—year)
IV (CF < CM) 1.27 x 10
IC(CM < CF) 230x 10

7.2 Containment Event Tree
Analysis

Two base case SCETs were constructed to model the
containment response to the challenges arising from
ATWS sequences. In Class IV sequences, the



challenge to containment integrity occurs prior to core
melt and vessel failure, and the predominant failure
mode is quasistatic overpressurization. Conversely, in
Class IC sequences, the challenge to containment in-
tegrity occurs later, generally after the time of vessel
failure, with the predominant failure mode being over-
pressure failure in the wetwell airspace shortly after
the time of vessel failure. The detailed quantification
of the top events in each of these base case SCETs is
given below. For a discussion of the SCET method-
ology, see Reference 3.

7.2.1 Class IV SCET. The Class IV SCET is
shown in Figure 15.

PD. The initiating event is the Class IV plant damage
state, which is defined to be an ATWS sequence that
results in a challenge to containment integrity prior to
extensive core damage. The conditional probability of
event PD, given a Class I'V end state, is 1.0.

VE. Event VE represents early containment venting
(prior to core damage). For the base case analysis,
venting is assumed to occur at the PCPL defined in the
EPG (assumed to be ~60 psig) via an 18—in. wetwell
vent line. Furthermore, the vent line is assumed to be
connected to HVAC ductwork in the reactor building,
and this ductwork is assumed to fail at the time of vent-
ing. In Class IV sequences, venting has led to a loss of
injection, which results in core melt in a breached con-
tainment if the vent lines are not subsequently
reclosed. However, if they are reclosed, then pressure
will again build up and eventually challenge contain-
ment integrity; therefore, for the Class IV plant
damage state, Event VE is assigned a conditional fail-
ure probability of 1.0.

F1. Event F1 models early containment failure due to
overpressurization prior to the time of extensive core
damage. If early venting is not successful, then early
containment failure is assumed to occur; therefore,
P(F1)=1.0.

PF. Event PFmodels the energetics of the release, that
is, whether there is a large driving force (such as vessel
failure at high pressure), which could rapidly sweep
fission products out through a breach in the contain-
ment, given that early containment failure has
occurred. Because of large uncertainties in the pheno-
menology, event PF was assigned an indeterminate
failure probability of 0.5 (see Reference 29).

BS. Event BS models the size of the containment
break, which in turn affects the source term associated
with the release. For cases of early containment
failure, because of uncertainties, Event BS is assigned

an indeterminate probability of 0.5, that is, large and
small breaks are considered to be equally likely (see
Reference 29).

SP. Event SP models the effectiveness of the suppres-
sion pool in scrubbing particulate fission products from
the release. Success of Event SP implies that suppres-
sion pool scrubbing is effective, while failure of SP im-
plies that the release partially or totally bypasses the
suppressionpool. For this case, the resulting aerosol DF
is assumed to be 1.0, that is, there is no suppression pool
scrubbing. For the base case, the postulated failure of
the in—pedestal drain lines shortly after vessel breach
was assumed to make suppression pool bypass likely
(see Reference 36).? Therefore, the conditional failure
probability of Event SP was taken to be 0.9. Note that
a containment failure in the drywell could also lead to
pool bypass. However, failure of the in—pedestal drain
lines is assumed to dominate these other modes, since
vessel breach is expected to result in drain line failure
and pool bypass regardless of the containment failure
location. In order to constrain the size of the SCETs, no
attempt was made to explicitly model the containment
failure location on the event tree.

RB. Event RB models the effectiveness of the reactor
building in retaining particulate fission products
released from the primary containment. Because of the
large variation in reactor building designs (see
Reference 22), there is a corresponding large uncer-
tainty in Event RB. Therefore, Event RB was assigned
an indeterminate conditional failure probability of 0.5.

The conditional release probabilities are shown in
Table 13 for the base case Class I'V plant damage state.
Refer to Appendix C for a definition of the contain-
ment release modes used in this report.

Note that all SCET end states for this ATWS plant
damage state involve an early release from
containment.

7.2.2 Class IC SCET.
The Class IC SCET is shown in Figure 16.

PD. The initiating event is defined to be an ATWS
sequence in which core melt and vessel failure precede
any challenge to containment integrity. The condi-
tional probability of Event PD, given a Class IC end
state, is 1.0.

R1. Event R1 represents the probability of successful
in—vessel recovery. Since injection is unavailable for

a. A.Paype (SNL)conference call with P. K. Niyogi
(NRC) on May 1, 1989.
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Figure 15. ClassIV SCET.




(4%

class in-
iC PDS vessel
Recovery

No Cont.

tsotati
on Failu
re

RPY
Fatis
at High
Press.

NO H2 Bu

rn After
RPV Fai
lure

RPV Brea
ch Does
Not Fall
Cont.

Non-
Energett
<

Release

Ex-
vessel
fecovery

cont .
Heat
Remova i
Avall,

Late
cont .
Venting

NO Over- | NO Late
cont .

in D¥ Fallure

Smal |
Cont .
Break

Supp.
Pool Is
not
Bypassed

RB Reten
tlon Eff
ective

PD R1

1]

VF

H2

F1

PF

R2

HR

VL

o7 F2

85

SP

8

SEQUENCE
PROB.

SEQUENCE
CLASS

1.0D0E-02

{

.
9.00€-01 7 _00E+00

*445.90§-D]

9.90€-01

1.00E-01

8.80E-01

1.00£-00Q

3.00E-02

1.0C0E+00

9.0QE-01

le.!DE-QI [
1.00€+00

9.90€-01

=01

9,90E-01%

9.00E-0% (5 5pF oy

.00E+00

.DOE~00

00E+00C

.00E+00

.BOE+00
.QOE+00

.20E-09

BN OBONS S A dNOORNANTOBO A A AR I ARNNARNNARNO A A3 A NOONNDOBOO A LW A AW A AWL A WNOAd 4 A INOONNVODROOO
o L3

.00E+00

1/ 29/ 90

Figure 16. Class ICSCET.




Table 13. Conditional containment release
probabilities for the Class IV plant
damage state: base case

Release Conditional
Mode Probability
B1 2.50E-02
B2 1.12E-01
B3 1.12E-01
B4 2.50E-02
BS 1.12E-01
B6 1.12E-01
B7 2.50E-02
B8 1.12E-01
B9 1.12E-01
B10 2.50E-02
Bll 1.12E-01
B12 1.12E-01

the Class IC plant damage state, by definition,
Event R1 is assigned a conditional failure probability
of 1.0.

CI. Event CI models the presence of a preexisting
large containment leak. Failure of Event CI is assumed
to prevent further pressurization of the containment,
and is modeled as a small break (large leak) for pur-
poses of quantifying later events in the SCET and for
assigning the end states of the SCET to release modes.
It is analogous to the & containment failure mode of
WASH-1400 and the Limerick PRA (seec References 4
and 57). The failure probability of 2.1 x 10-3 used for
Event CI is taken from Reference 29. This value is
within the range of probabilities estimated by
Reference 65 for a pre-existing large containment
leak, that is, open valves.

VF. The upper branch of Event VF represents failure
of the vessel at an elevated pressure. In the Class IC
sequences, vessel failure at high pressure can result in
an immediate challenge to containment integrity (see
References 4 and 29), and may disperse core debris

outside the pedestal region, which can worsen the late
containment challenge, especially for those plants with
in—pedestal downcomers. Because the vessel is at high
pressure in the Class IC plant damage state, by defini-
tion, there is assumed to be a 99% probability that the
vessel will fail at high pressure. Therefore, a condi-
tional probability of 1.0 x 102 is assigned to the lower
branch of Event VF (recall that the lower branch of
Event VF represents vessel failure at low pressure).

H2. Event H2 models a primary containment hydro-
gen burn at or near the time of vessel failure. A signifi-
cant (but uncertain) amount of hydrogen will be
present in the drywell as a result of the metal-water
reaction that takes place inside the vessel during core
melt. This hydrogen is transferred to the suppression
pool by SRV actuation and is transported to the dry-
well via the wetwell-to—drywell vacuum breakers.
Because the Mark II plants are allowed to operate for
short periods of time with the primary containment
deinerted, there is a small probability that oxygen
could be present in sufficient concentrations to allow a
hydrogen burn to occur at this point in the sequence.
Reference 29 quantifies this possibility at 1.0 x 1072,
This is also the value used in the Limerick PRA for
containment failures induced by hydrogen burns (see
Reference 4). In this report, a hydrogen burn does not
necessarily result in immediate overpressure contain-
ment failure. However, this value has been re-
tained here as the probability of occurrence of a
hydrogen burn.

VE. Event VE models containment venting prior to or
at the time of vessel breach. Because venting is failed
for the Class IC plant damage state, by definition,
Event VE is assigned a conditional failure probability
of 1.0.

F1. Event F1 models overpressure failure of the con-
tainment at or near the time of vessel failure. The quan-
tification in Reference 29 was followed, where for
those sequences with vessel failure at high pressure,
but with no hydrogen burn inside containment
(/VF * [H2), Event F1 was assigned a conditional
failure probability of 7.5 x 10-2, For sequences in
which vessel failure at high pressure is accompanied
by a hydrogen burn inside containment (/VF * H2),
Reference 29 quantifies Event F1 at 0.9, If the vessel
does not fail at high pressure (VF), then Event F1 is not
questioned, since containment failure is judged to be

extremely unlikely at this point in the sequence.
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PF. As in the Class IV plant damage state, Event PF
models the energetics of the release, given that early
containment failure has occurred. In Reference 29, the
major contributors to an energetic release were judged



to be prolonged suppression pool steaming and vessel
failure at high pressure. Since all sequences with early
containment failure (F1) involve vessel failure at high
pressure, and the suppression pool can be expected to
be saturated in Class IC sequences, Event PF was
assigned a conditional failure probability of 0.99.

R2. Event R2 represents successful ex—vessel cooling
of the core debris, via injection into either the failed
reactor vessel or the containment spray header. The
failure probability of Event R2 is based upon two
factors: the likelihood that adverse suppression pool
conditions (clogging of suction strainers by core debris
or inadequate NPSH) will preclude operation of RHR
and LPCS pumps, and the probability that operators
fail to align alternate injection systems, for example,
service water to the RHR ultimate heat sink connec-
tion. Since the suppression pool is likely to be satu-
rated for these sequences (see References 4 and 9), the
assumption is made that NPSH for the RHR pumps
will be inadequate to prevent cavitation of the pump.
Therefore, the failure probability of Event R2 reduces
to the HEP for failure to align alternate injection
systems. Reference 29 uses a value of 3.0 x 10~2 for the
probability that operators fail to align alternative injec-
tion systems. The source of this value is given as the
Peach Bottom Analysis done for draft NUREG-1150
(draft NUREG/CR-4550, Volume 4, October 1986).
However, Reference 29 includes the diesel fire pump
and the condensate system among the alternative injec-
tion sources considered available.

In the present analysis, the condensate system is
assumed to be unavailable for the reasons discussed in
Section 7.1 above. Additionally, the diesel or electric
motor—driven fire pumps could supply water, but use
of this source is not included in the base case analysis.
Therefore, service water is left as the only viable
means of injection should suppression pool conditions
prevent the use of ECCS pumps. Note: the MAAP
analysis (see Reference 9) performed for Reference 29
indicates that injection at 200 gpm into the pedestal
region with the CRD pumps is sufficient for establish-
ing a coolable debris bed. However, since Shoreham
(the plant for which the analysis was done) has four in—
pedestal downcomers, a large fraction of the core
debris (approximately 75% in this case) is assumed to
flow through these downcomers and be quenched in
the suppression pool. Therefore, with only about 25%
of the debris remaining in the drywell, CRD injection
may be adequate. However, the generic Mark II plant
is assumed not to have in—pedestal downcomers. In
this case, the fraction of core debris present in the dry-
well is expected to be larger than 25% and CRD injec-
tion may be inadequate for establishing a coolable

debris bed. In addition, vessel failure most likely will
also cause failure of the CRD injection lines, making
CRD injection for debris—cooling uncertain. For these
reasons, the CRD pumps were not considered in quan-
tifying Event R2.

Alignment of service water to inject via the RHR
system is assumed to require the operator to open
two MOVs that are normally locked closed via a key-
lock switch in the main control room. If either of these
valves should fail to open upon demand, service water
would be unavailable for debris—cooling. Using data
from Reference 5, the probability of this happening is
estimated to be 1.5 x 10~ per demand. Maintenance
errors could also affect ultimate heat sink availability.
Maintenance unavailability is estimated (again using
data from Reference 5) at 1.4 x 10~4. The Reference 29
estimate of 3.0 x 10-2 for operator alignment error is
probably conservative, since it is based on action
occurring within 2 to 4 h after vessel breach (~4t0 6 h
after the initiating event). As Reference 29 indicates,
the minimum time window for establishing a coolable
debris bed following vessel breach is more likely on
the order of 10 h. However, since there is a large uncer-
tainty associated with this human error probability, the
Reference 29 value has been preserved in this report.
Thus, for Class IC sequences, Event R2 is assigned a
conditional failure probability of 3.0 x 102,

HR. Given successful ex-vessel recovery, some
means of long—term containment heat removal has to
be established to prevent eventual overpressure failure
(see Reference 8). Use of the RHR pumps for either
suppression pool cooling or containment sprays is
considered in quantifying Event HR. However, since
the suppression pool is likely to be saturated for these
sequences, the assumption is made that the RHR
pumps will be unavailable. Therefore, Event HR
is assigned a base case conditional failure
probability of 1.0.

VL. If ex—vessel recovery fails, or if it is successful
but there is a failure to establish long—term contain-
ment heat removal, then heat removal can be provided
by venting the containment. Although the EPGs direct
that venting take place without regard to the offsite
radioactivity release (see Reference 19), the assump-
tion is made that the extremely high radiation levels
present in the containment would preclude venting
90% of the time, since the operators would probably be
extremely hesitant to release a large amount of activity
to the reactor building and the environment by venting.
Thus, for the base case, Event VL is assigned a condi-
tional failure probability of 0.9. Reference 8 did not
consider this limitation and assigned a central esti-
mate failure probability of 1.0 x 10-2 to late venting.
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Another argument against using the Reference 8 value
is that the probability of suppression pool bypass ap-
pears to be much higher for the Mark I containment
than for the Mark I containment analyzed in Refer-
ence 8. Assuming the operators were aware of the
high probability of pool bypass, they likely would be

very hesitant to vent the containment, since any release -

would probably be unscrubbed.

OT. For those sequences in which ex—vessel recovery
is not successful, the presence of molten core debris in
the drywell can lead to very high temperatures and
elevated pressures, particularly in the area of the dry-
well head seal (see Reference 9). Event OT evaluates
the probability that temperatures >700°F will be
reached (accompanied by elevated pressures in the
range of ~80 to 100 psig), temperatures sufficient to
cause failure of the drywell head seal or other elasto-
meric penetration seals. Failure of ex—vessel recovery
is thought to make such high temperatures extremely
likely. Therefore, for the base case, P(OTIR2) is taken
to be 0.99.

Note that a dichotomy exists between the industry
code MAAP and the NRC—sponsored Source Term
Code Package (STCP) in the calculation of late con-
tainment challenges. The MAAP code assumes more
heat transfer into the containment atmosphere than
into the underlying concrete, whereas the opposite is
the case in STCP. Therefore, MAAP tends to predict
lower noncondensible gas generation rates (from CCI)
than does STCP, but with much higher containment
temperatures. STCP, on the other hand, predicts higher
containment pressures at an earlier time than does
MAAP. The net effect is that late containment failure
in the STCP analyses tends to be due to overpres-
surization rather than overtemperature, and occurs at
an earlier time than the thermal failure predicted
by MAAP.

For this report, a choice was made to incorporate the
MAAP methodology. The reasons for this are as
follows. First, STCP assumes that the melt ejection
following vessel failure involves the entire reactor
core and structural material and that it occurs instanta-
neously rather than in a time—dependent manner.% The
majority of BWR severe accident analysts today feel
that a time-dependent pour—type melt is more likely.
Second, the HVAC ducting extending from just above
the surface of the drywell floor to the drywell head
region in the Mark II containment has not been mod-
eled in previous STCP analyses. This ducting has the
potential to allow the transport of very hot gases,
which evoive .rom the surface of the melt as CCI
progresses, to the enclosed drywell head. If this occurs,

the temperature in the vicinity of the drywell head

'seals could reach the experimentally observed seal
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failure temperature prior to a pressure rise sufficient to
challenge the ultimate pressure capacity of the contain-
ment. Finally, STCP does not model the potential reva-
porization release of fission products following vessel
failure (see Reference 66). This phenomenon could
lead to a more severe release than that predicted
by STCP.

F2. Event F2 probabilistically evaluates late contain-
ment failure as a result of temperature and pressure
loads. For those sequences with failure of Event OT,
that is, high temperatures in the vicinity of the drywell
head seal, late failure of the drywell head seal is
assumed to be certain. For these sequences, the condi-
tional failure probability of Event F2 is taken to be 1.0.
For sequences without excessively high drywell
temperatures, the likelihood of late overpressure fail-
ure is highly uncertain. Therefore, for this case,
Event F2 is assigned an indeterminate conditional fail-
ure probability of 0.5.

BS. Event BS models the break size, given that there
has been a breach of containment. Failure of Event BS
signifies a large containment break (>1.0 ft2). If con-
tainment isolation has failed (CI), the failure size is as-
sumed to be small (<1.0 ft2); therefore, P(BSICI) = 0.0.
Early overpressure failure is assumed to be due to a
rapid pressure rise, for which Reference 29 assigns
Event BS an indeterminate conditional failure prob-
ability of 0.5 (small and large breaks equally likely).
Sequences with late containment failure not caused by
high drywell temperature result from a gradual pres-
sure rise or from pressure spikes that are not sustained.
For these sequences, Reference 29 assigns Event BS a
probability of 0.1. For late containment failures in-
duced by drywell temperatures in the range of 800 to
1100°F, containment break size was judged by
Reference 29 to be uncertain and Event BS was as-
signed an indeterminate value of 0.5. However, since
Reference 29 determines the release mode for late
thermal failure, not by break size, but by whether reac-
tor building retention of fission products is effective,
Event BS was not questioned for these sequences in
order to further simplify the SCET.

SP. Success of Event SP implies that the release
passes through the water in the suppression pool where
aerosol fission product scrubbing occurs. Failure
implies that all or part of the release bypasses the pool.
For cases with early containment failure (F1), the con-
ditional failure probability of Event SP was taken to be
0.9, as in Class IV. For late containment challenges and
late venting, this probability was increased to 0.99.



RB. As for the Class IV SCET discussed above, the
large variation in reactor building design leads to
uncertainty in the effectiveness of reactor building fis-
sion product retention. Therefore, for all sequences
that do not involve late thermal failure of the drywell
head seal, Event RB is assigned an indeterminate con-
ditional failure probability of 0.5. Because failure of
the drywell head seal leads to a release directly to the
refueling bay, bypassing the reactor building,
PRBI(OT N F2))=1.0.

The conditional release probabilities are shown in
Table 14 below for the base case Class IC plant
damage state.

Table 14. Conditional containment release mode
_ probabilities for Class IC plant
damage state: base case

Release Conditional
Mode Probability
B1 4.33E-05
B2 1.94E-04
B3 1.94E-04
B4 4.12E-05
B5 1.85E-04
B6 1.85E-04
B7 4.28E-03
B8 1.92E-02
B9 1.92E-02
BI10 4.07E-03
Bl11 1.83E-02
B12 1.83E-02
Early Release 8.42E02
C2 2.74E-07
C3 2.72E-05
C4 2.72E-03
Cs 2.31E-06
Cé 2.29E-(4
C7 2.57E-07
C8 2.54E-05
C9 0.00E+00
c1o . 2.42E-02
Late Release 2.72E-02
D2 8.78E-02
D3 1.09E-02
D4 7.90E-01
Ex—vessel Rec. 8.89E-01

7.3 Consequence Analysis

The severe accident consequence analysis was per-
formed using a personal computer (PC) version of the
MELCOR Accident Consequence Code System
(MACCS) (see Reference 10). Site-specific data for
the reference plant were taken from the most recent
version of the draft NUREG-1150 MACCS 1.5 input
deck for Peach Bottom.

Offsite release data for the veference plant are based
on the results provided in Reference 67 for those cases
that did not take credit for the Supplemental Con-
tainment System (SCS). The offsite release data
(source terms) were generated using the MAAP
program (version 3.0) (see Reference 9). Containment
release modes were binned into source term release
categories according to the scheme presented in
Reference 29 (see Appendix C).

MACKCS is composed of three modules: ATMOS,
EARLY, and CHRONC, which are exercised in
sequence by the code. This set of modules has been
developed for the purpose of evaluating the severe ac-
cident consequences at commercial LWR power
plants. MACCS 1.5 incorporates several improve-
ments over earlier codes like CRAC2 in the treatment
of variable and long—term releases, deposition model-
ing, dosimetry, emergency response, long—term miti-
gative actions, radiological health effects, and
economic impacts. For a further discussion of the
MACCS code, refer to Appendix D.

For this report, three risk measures were selected to
be used as consequence measures: latent fatalities
(cancers), population dose, and offsite costs. No early
health effects are reported, since Peach Bottom is not
felt to be a representative site in terms of the magni-
tude of the early health effects calculated by MACCS.?
The dose results are based on the total whole body pop-
ulation dose within a 50-mi radius of the plant. The
consequence results for the 10 release categories are
summarized in Table 15. Note that all probabilities
shown in this table are conditional upon the occurrence
of a core damage sequence accompanied by a release
from containment.

To obtain the risk associated with a severe accident
sequence, these consequence measures are multiplied
by the release probabilities and the accident sequence
frequency, with a summation over the 10 release
categories, as indicated by Equation 1-1. The base
case results for ATWS are presented in Table 16.

a.  S.A.Acharya(NRC)personal communicationto
R. J. Dallman (EG&G Idaho) on August 31, 1989,



Table 15. Conditional consequence results of the source term release categories

Release Mean Latent Mean Population Mean Offsite
Category Fatalities Dose (man-rem)? Costs ($)
RC1 7.23E+03 5.93E+06 4.81E+10
RC2 4.96E+03 4.26E+06 2.87E+10
RC3 7.58 1.82E+04 1.13E+06
RC4 3.03E+03 3.58E+06 5.77E+09
RC5 4.38E+03 3.94E+06 2.57E+10
RC6 2.08E+03 2.75E+06 2.99E+09
RC7 1.77E+02 3.87E+05 3.48E+07
RC8/9 ’ 3.41E+03 3.17E+06 1.22E+10
RC10 3.97 7.79E+03 1.13E+06
RC12 431 1.23E+04 1.52E+06
a. The population dose is that received within a 50-mi radius of the plant.
Table 16. Base case consequence results for ATWS sequences (per reactor—year)
Mean Latent Mean Population Mean Offsite
ATWS Class Fatalities Dose (Man-Rem)? Costs ($)
IC(CM < CF) 1.13E-03 1.02 6.21E+03
IV(CF<CM) 4.60E-03 4.60 1.91E+04

a. The population dose is that received within a 50-mile radius of the plant.

7.4 Sensitivities and Effects of
Potential Improvements

A number of factors can affect the core damage
frequency and thus the risk of ATWS sequences. First,
a reduction in the RPS mechanical failure probability
has perhaps the most direct effect, via a reduced ATWS
sequence frequency, as shown in Table 17.

As can be seen from this table, lowering the RPS
mechanical failure probability by one order of magni-
tude makes ATWS an insignificant contributor to core
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damage frequency. Lowering it by two orders of
magnitude, as suggested in Reference 7, makes ATWS
truly inconsequential.

The next sensitivity to be evaluated is a decrease in
the HEP associated with SLCS actuation. Table 18
shows the effects of a range of probabilities for
Event SLC.

Note that increasing the probability of successful
SLCS actuation from 0.9 to 0.99 would lower the
Class IV core damage frequency by 26% and the



Table 17. Effect of RPS mechanical failure probability on ATWS core damage frequency

P(Cm) Class IV Frequency Class IC Frequency
1.0E-5/d (base case) 1.27E-6/y 230E-6/y
1.0E-6/d 127E-7ly 230E-7ly
1.0E-7/d 1.27E-8fy 2.30E-8fy

Table 18. Effect of SLCS failure probability on ATWS core damage frequency

P(SLC) Class IV Frequency Class IC Frequency
1.0E-1/d (base case) 1.27E-6/y 2.30E-6/y
1.0E-2/d 940E-7fy 2.12E-6fy
1.0E-3/d 9.07E-Tly 2.10E-6fy
0.0/d 9.03E-7fy 2.11E-6/y

Class IC frequency by 7.8%. Thus, the greater effect of
more reliable SLCS injection is upon the Class IV
sequences, which involve an early containment breach
prior to significant core damage. Note also the some-
what surprising result that making the SLCS perfectly
available actually increases the Class IC frequency
slightly from the case where P(SLC) = 1.0 x 103, This
result, which at first glance appears anomalous, was
examined in some detail. The conclusion reached is
that the high probability of uncontrolled low pressure
injection, which would flush the boron out of the core
and cause large power and pressure spikes, overrides
the benefits of increased SLCS reliability in reducing
the Class IC frequency. (Note that the Class IV
frequency decreases monotonically as SLCS reliabil-
ity increases.) As long as the probability of uncon-
trolled low pressure injection is greater than about
0.29, this “anomaly” is present. Thus, Event H turns
out to represent a crucial point in the sequence, as
discussed below.

One of the mistakes that an operator can make in
responding to an ATWS is to fail to control low pres-
sure injection following depressurization (Event H).
Because depressurization for the ATWS was assessed
to require emergency depressurization to <200 psig in
accordance with the EPG, the conditional failure prob-
ability of Event H was calculated to be quite large, 0.6
for the base case. Because the Class IV frequency is
extremely sensitive to this value, a sensitivity case was

run to examine the effects of varying the conditional
failure probability of Event H. The results are shown in
Table 19.

As can be seen from this table, control of low pres-
sure injection following depressurization has a signifi-
cant impact on the ATWS core damage frequency. The
contribution of Event H to the ATWS core damage
frequency could be decreased in one of two ways. First
of all, the probability that depressurization is necessary
could be lowered. This is examined further below. The
second means could be to decrease the conditional
failure probability of Event H through operator train-

ing on ATWS response.

One means to potentially lessen the contribution of
Event H to the ATWS core damage frequency is the
strategy of not following the EPG direction to lower
level to the TAF, as proposed in Reference 7. This
strategy has the advantage of simplicity from an opera-
tor’s point of view. It also avoids the somewhat
troublesome question of boron mixing efficiency in the
lower plenum under low forced flow or natural circula-
tion conditions (for those plants with a SLCS sparger
located in the lower plenum, below the core plate). The
potential drawback to this strategy is the decreased
time available for operator action to initiate boron
injection (assuming the plant conforms to the mini-
mum requirements of Reference 61, that is, the
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Table 19. Effect of failure to throttle low pressure injection on ATWS core damage frequency

P(H) Class IV Frequency Class IC Frequency
6.0E-1/d (base case) 1.27E-6/y 2.30E-6/y
5.0E-1/d 1.14E-6/y 1.97E-6fy
3.0E-1/d 8.74E-1fy 1.32E-6fy
1.0E-1/d 6.07E-7/y 6.63E-1fy
0.0/d 4.75E-1fy 3.37E-1ly
1.0/d 1.80E-6/y 3.60E-6/y

plant does not use very highly enriched boron, s0 as to
achieve an equivalent SLCS flow rate in excess of
86 gpm) before reaching the suppression pool HCTL.
With an 86—-gpm SLCS injection rate, calculations
show that even SLCS actuation at 110°F in the sup-
pression pool might not shut down the reactor before
exceeding the HCTL specified in the EPG. To avoid
this problem, Reference 7 uses an elevated HCTL of
208°F for ATWS. The validity of this strategy will not
be examined in detail in this report. However, some
support for increasing the HCTL can be found in
Reference 68.

In constructing the base case event tree for the strat-
egy of allowing HPCI and RCIC to inject at full flow
into the vessel, the EPG HCTL was used in quantify-
ing Event X. Using the information in Reference 6,
Event X was assigned a base case conditional failure
probability of 0.1, that is, the reactor will be depressu-
rized approximately 90% of the time if level is not
lowered to the TAF. If the increased ATWS HCTL pro-
posed in Reference 7 is valid, then P(XITAF) would
probably be in the range of 0.9 to 1.0. Thus, if level
were lowered to the TAF in accordance with the EPG,
then the conditional failure probability of Event X
would also have to be in this range for the level control
strategy to be effective in terms of reducing the ATWS
core damage frequency. This is not felt to be likely,
particularly if the EPG HCTL is also followed, be-
cause of the combined effects of suppression pool
heatup and level control difficulties, that is, emergency
depressurization is apt to be required. However, if the
EPG HCTL is followed and injection is not throttled,
then the probability that the reactor will have to be
depressurized is high, and the strategy of lowering
level to the TAF would be more effective in reducing
the ATWS core damage frequency.

69

As discussed in Section 7.1, the current operator
response to an ATWS is quite complicated because of
the coincident actions that are required by the EPG, for
example, the SLCS must be actuated at approximately
the same time that HPCI and RCIC automatically actu-
ate. Therefore, the probability that the operator will not
be able to control level successfully in accordance with
the EPG may be significantly higher than the value
used in the base case analysis. This potential problem
was examined in a sensitivity calculation, where the
conditional failure probability of Event TAF in the
base case was increased from 4.0 x 1072 to 0.1. The
resulting ATWS core damage frequencies were slight-
ly higher than the base case values:

Frv = 1.31 x 1079 per reactor-year and
Fic= 2.38 x 107 per reactor-year.

To compare this to the strategy of not lowering level
to the TAF, the assumption was made that the elevated
HCTL of 208°F is valid, accompanied by an assumed
90% probability that the reactor will not be depressu-
rized if SLCS actuation is successful. If the SLCS
fails, the probability of lowering level to the TAF to
reduce power was also taken to be 0.9, that is,
P(TAFISLC).= 0.1. With these values, the ATWS core
damage frequencies were calculated to be

Frv = 6.15 x 1077 per reactor—year and
Fic= 8.95 x 1077 per reactor-year.

Thus, the strategy of allowing HPCI and RCIC to
inject at full flow during an ATWS seems to have a sig-
nificant potential for reducing the ATWS core damage
frequency; the new frequencies are a factor of approxi-
mately two lower than the base case. The main advan-
tage from an operational point of view is enhanced
simplicity; the current EPG guidance is complex and



operator actions have to be extremely well coordi-
nated. However, the efficacy of not throttling the injec-
tion flow hinges on the validity of the elevated HCTL.
If the HCTL cannot be increased, then allowing HPCI
and RCIC to inject at full flow would essentially guar-
antee that emergency depressurization would be
required, presenting a severe challenge to the opera-
tors. From the perspective of improved containment
performance, any strategy that can reduce the ATWS
core damage frequency will also reduce the challenge
to containment and, therefore, can be viewed as a con-
tainment improvement; even though, in a strict sense,
it may really be an accident management strategy.

The next improvement to be examined is the use of
ahardened vent line leading from the wetwell airspace
to an elevated release point outside the secondary con-
tainment. With a hardened vent line, the containment
could be vented at an elevated pressure without releas-
ing steam and hydrogen into the reactor building. Cal-
culations for an 18-in. dia choke plane show that,
peglecting moisture entrainment and flow resistance in
the vent line, an 18—in. vent should be capable of
removing approximately 10% of rated thermal power
from containment (based on a rated thermal power of
3293 MW), with the containment pressure at 60 psig.
Because the hardened vent is assumed to require man-
val actuation, the conditional failure probabilities
assigned to Event CV in the base case remain un-
changed, since they are dominated by failure of the
operator to actuate the vent. However, the probabilities
of Event V2 do change, because the effects of steam
and hydrogen on equipment in the reactor building will
be absent. The revised probabilities for Event V2 are
listed below.

1. If HPCI is injecting, the suction is assumed
to be from the CST. This is felt to be a reason-
able assumption, because the latest revision
to the EPG directs the operator to defeat the
transfer of the HPCI suction to the suppres-
sion pool (see Reference 19). Therefore,
venting has no effect on NPSH for HPCI.
Because environmental effects in the reactor
building are no longer a concem, Event V2
is assigned a conditional failure prob-
ability of 0.0.

2. If LPClis injecting and the reactor is subcrit-
ical because of successful boron injection,
then venting would have to fail both LPCI
and CRD, because the CRD pumps are capa-
ble of providing adequate flow to keep the
core cooled at this point in the sequence
(see Reference 23). The probability of LPCI
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failure is taken to be 0.2 due to the possi-
ble effects of venting on NPSH (see
Reference 6). The CRD pumps are assumed
to be unaffected by venting, because their
suction is from the CST. Therefore, the fail-
ure probability of Event V2 is 0.0 as above.

3. If LPClis injecting but the reactor is not shut
down, that is, boron has not been injected or
LPCI has not been throttled, then the CRD
pumps alone are not capable of providing
adequate core cooling. Therefore, for this
case, the failure probability of Event V2 is
taken to be 0.2.

With these changes, the base case ATWS core dam-
age frequencies with hardened venting are

Frv = 1.17 x 1076 per reactor~year and
Fic= 2.30 x 1079 per reactor-year.

Note that the Class IV ATWS frequency is only
slightly less than the base case frequency, and the
Class IC frequency did not decrease at all. Therefore,
the use of a hardened vent does not appear to be an
effective strategy for ATWS mitigation. In addition,
because the base case plant is assumed to have in—
pedestal drain lines, which have been postulated to fail
shortly after vessel breach (see Reference 36),? vent-
ing the containment could make the offsite conse-
quences more severe if the vent valves were not closed
prior to a significant release of radioactivity into the
containment.

The use of containment sprays for mitigating an
ATWS was not examined for the following reasons.
First, if suppression pool cooling is not available, there
is a high probability that the RHR system will also be
unavailable for use in the containment spray mode,
since failures that would disable suppression pool
cooling would likely disable containment sprays, as
well. Second, the diesel fire pumps, which are the
other alternative spray source, are assumed to be inad-
equate (because of their low flow rate) for relieving the
containment pressure rise expected for most ATWS
sequences.

However, the diesel fire pumps may be useful for '
establishing a coolable debris bed in the drywell or as
a means of long—term containment heat removal. To
model the first possibility, the base case conditional
failure probability of Event R2 in Figure 16 was
reduced by a factor of 0.5. A reduction of 50% was

a. A. Payne (SNL) conference call with
P. K. Niyogi (NRC) on May 1, 1989.



chosen, since the effectiveness of drywell sprays from

the fire pump for cooling the core debris is highly
uncertain; therefore, the failure probability of the fire
system for performing this function was concluded to
be indeterminate.

The conditional failure probability of Event HR is
also reduced by 50% to model the potential effective-
ness of containment sprays via the diesel fire pumps in
removing decay heat from the containment atmo-
sphere. Any eventual need to remove water from the
suppression pool was neglected for this analysis. The
effects of these changes on the offsite consequences of
an ATWS sequence are shown in Table 20.

As a final sensitivity, the effect of increased HPCI
system unavailability is examined. The reason for per-
forming this sensitivity calculation is the very high

testing and maintenance unavailabilities that have
recently been observed in industry.%® The base case
conditional failure probability of Event Ul was
calculated, using data from Reference 7, with a contri-
bution from maintenance unavailability of 1.1 x 102,
If this maintenance unavailability is increased to the
value of 5.0 x 10~2 recommended in Reference 69, the
conditional failure probability of Event Ul becomes
8.0 x 102, which is rounded to 0.1 for the sensitivity
calculation With this higher value for Event Ul, the
ATWS core damage frequencies are calculated to be

Fry = 1.31 x 1075 per reactor—year and
Fic= 2.40 x 1070 per reactor-year.

Thus, the ATWS core damage frequency appears to
be relatively insensitive to a significant increase in
HPCI unavailability.

Tabte 20. Offsite consequences for ATWS with diesel fire pump containment sprays (per reactor—year)

Mean Latent

ATWS Class Fatalities
IC (CM < CF) 1.00E-03
IV(CF<CM) 4.60E-03
% decrease 23

Mean Population Mean Offsite

Dose (Man—-Rem)? Costs ($)
9.14E-01 5.49E+03
4.60 1.91E+04
1.9

28

a. The population dose is that received within a 50-mi radius of the plant.
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8. QUANTITATIVE RISK ANALYSIS OF STATION BLACKOUT

SBO sequences can be grouped into two categories,
based on the timing of core melt. The first, in which in-
jection is lost soon after the loss of all AC power, is
termed the short-term SBO, because core melt occurs
very soon after the loss of all AC power. The other, in
which injection is available for several hours and is
then lost, is termed the long—term SBO, because core
melt is delayed for several hours. The reference plant
is assumed to be a BWR/4 with two emergency AC
and two emergency DC power divisions. The primary
source for unavailability data was the SBO analysis
performed by SNL as part of NRC Task Action
Plan A-44 (see Reference 70 ).

8.1 Accident Sequence
Analysis

The accident sequence analysis for SBO was per-
formed in a manner analogous to that of the ATWS
sequences in Section 7. The base case front—end event
tree is shown in Figure 17.

8.1.1 Event Tree Quantification. The following
discussion gives the quantification scheme for the top
events in the base case SBO event tree. Changes in the
quantification that were made to examine potential im-
provements or to assess sensitivities are discussed in
Section 8.4

Te. The initiating event is a loss of offsite power. The
frequency of 0.12 per reactor—-year was taken from
Reference 70. Some variation in this value from plant
to plant can be expected.

DC. This event represents a common—mode failure of
the emergency station batteries, which supply power to
HPCI, RCIC, and the SRV solenoids. Loss of DC pow-
er results in an immediate loss of all injection capabili-
ty and the ability to depressurize the reactor. This leads
to rapid core uncovery and core melt with the reactor at
high pressure, a short—term SBO. The failure prob-
ability of 1.0 x 10~5 used was taken from Reference 70.

DG. Event DG models the initial availability of the
onsite emergency diesel generators (EDGs). The fail-
ure probability of 1.7 x 103 used was taken from
Reference 70.

B-. Event B— represents the probability that AC pow-
er is not recovered within 30 min after the initiating
event. The value of 30 min was chosen because it

represents the earliest possible time at which offsite
power recovery is likely (>0.5). The probability was
calculated by modeling the time to recover offsite
power as a random variable, which can be character-
ized by a two—-parameter Weibull distribution.”! Using
the maximum likelihood estimates of the Weibull
parameters computed in Reference 71, the probability
of not recovering offsite power within 30 min is calcu-
lated to be 0.49. No credit is given for recovery of the
onsite emergency diesel generators during the
first 30 min.

Ul. Event Ul represents the probability that neither
HPCI nor RCIC is initially available. Using values
from Reference 70, this probability is calculated to be
23 x 103,

B2. Event B2 represents the conditional probability
that AC power is not recovered within 2 h, given that it
was not recovered within 30 min. Two hours repre-
sents the end of the early time phase of the accident,
when core damage can be avoided by recovery of
AC power (see Reference 70). The conditional prob-
ability of not recovering offsite power was calculated
as for Event B— above:

P(nOSP @ 2 hinOSP @ 0.5 h) = (0.1807)/(0.4942)
= 0.366.

Some credit is also given for recovering the onsite
emergency diesel generators during the first 2 h.
Table E.4-1 in Reference 6 gives a conditional
failure-to—repair probability of 0.75. Thus, the condi-
tional probability of not recovering AC power within
the first 2 h becomes

P(B2) = (0.366) * (0.75) = 0.27.

U2. Event U2 represents the conditional probability
that neither HPCI nor RCIC continues to operate be-
yond the first 2 h, given that HPCI or RCIC was initial-
1y available. Each of the following three possibilities
must be considered in calculating the failure prob-
ability of Event U2,

1. 'HPCI and RCIC are both available initially;
failure of Event U2 requires failure of both
HPCI and RCIC.

2. HPCI available, RCIC failed initially; failure
of Event U2 requires failure of HPCI.
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Flgure 17. Base case loss of offsite power event tree.




3. RCIC available, HPCI failed initially; failure
of Event U2 requires failure of RCIC.

With these three possibilities, the expression for P(U2)
becomes

P(U2) = P[(HPCI, N RCIC)I(/HPCI, U /RCIC,)]
where

HPCI; represents HPCI failure after 2 h because
of conditions resulting from the prolonged loss of
AC power

RCIC; represents RCIC failure after 2 h because
of conditions resulting from the prolonged loss of
AC power

/HPCI, represents initial availability of HPCI
JRCIC, represents initial availability of RCIC.

Using data from Reference 6 for HPCI, and RCIC,,
and data from Reference 70 for /HPCI, and /RCIC,,
the conditional failure probability of Event U2 is cal-
culated to be 5.3 x 103,

B6. Event B6 represents the conditional probability
that AC power is not recovered within 6 h after the ini-
tiating event, given that it was not recovered within
2 h. Six hours was chosen because it represents the
point at which battery depletion is assumed to become
a significant concern. It is also the point at which con-
tinued HPCI operation is threatened by reactor depres-
surization. The conditional failure probability is
calculated analogously to that of Event B2 above,
using a diesel nonrecovery probability of 0.81
from Table E.4-1 in Reference 6. The resulting
value is 0.14.

X. Event X represents the probability that the reactor
is not depressurized at the time that high pressure in-
jection is lost, or that reclosure of the SRVs causes the
reactor to repressurize following the loss of high pres-
sure injection. The failure probability is conditional
upon the path taken through the event tree. Since ADS
will not function during SBO (a discharge pressure
signal from the low pressure ECCS pumps is needed),
only manual depressurization is considered. For se-
quences where high pressure injection is lost in less
than 6 h, the value of 2.4 x 10~3 from Reference 6 is

used. Reference 70 uses a value of 5.0 x 10~3 for
operator failure to depressurize the reactor, but it is felt
this is too conservative. For sequences where high
pressure injection continues through the 6-h point, the
continued operation of these turbine—driven injection
systems is assumed to initially depressurize the reac-
tor. However, battery depletion as a result of extended
HPCI/RCIC operation is assumed to result in SRV re-
closure and subsequent repressurization; therefore, the
conditional failure probability of Event X is taken to
be 1.0 for this case. Reference 8 uses a central estimate
value of 0.99 for this event.

V1. Event V1 represents the use of low pressure sys-
tems to inject coolant into the reactor vessel. Using the
diesel fire pumps as a source of injection is not consid-
ered, since injection would have to be aligned within
approximately the first 2 h. Because all other currently
available means of low pressure injection require
AC power, the base case conditional failure prob-
ability of Event V1 is taken to be 1.0 for sequences
where AC power has not been recovered.

W. Event W models long—term containment heat re-
moval. For sequences in which AC power is recovered,
Event W is quantified as follows. First of all, the as-
sumption is made that equipment unavailability domi-
nates the HEP for the suppression pool cooling mode
of RHR. The RHR equipment unavailability is taken to
be 1.0 x 104 (see Reference 6). Secondly, the prob-
ability of not recovering the PCS is taken to be

P(PCS) = P(MSIV not open in 15 h) + P(PCS not
operable) (see Reference 6).

Using data from Reference 5,
P(PCS)=1.0x1034+50x103=6.0x103.

Finally, credit is given for using the reactor water
cleanup (RWCU) system in the blowdown mode of op-
eration as a viable means of heat removal. This is
based on three supporting references, which indicate
that using the system for this purpose is feasible, even
though past PRAs generally have not taken credit for
this means of heat removal. First, calculations in
Reference 7 show that using the RWCU system in the
blowdown mode can be an effectfve means of remov-
ing decay heat from the reactor vessel and thus from
the containment. Second, a hand calculation was done,
based on temperature and flow data in Reference 15,
which confirms the results in Reference 7. Finally,
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operational experience confirms the adequacy of the
RWCU system to remove decay heat from the reactor.?

Because alignment of the RWCU system to remove
decay heat from the reactor would require fairly com-
plex operator actions, the HEP is assumed to dominate
the equipment unavailability. Since this would be an
uncommon evolution, which would have to be per-
formed under fairly high stress, the HEP is taken
to be 0.9.

Combining these failure probabilities gives the
overall failure probability for Event W for sequences
where AC power is available:

P(W) = (1.0 x 10% * (6.0 x 10-3) * (0.9)
=54 x 107,

For sequences where AC power is not available, the
conditional failure probability is assumed to be 1.0,
since all current means of containment heat removal
are dependent upon the availability of AC power.

CYV. This is the probability that the containment is not

vented. For the base case analysis, the assumption is -

made that an 18—in. ductwork vent from the wetwell is
available. A value of 0.1 is used for the vent unavail-
ability in this case for those sequences where AC pow-
er is available. If AC power is not available, the base
case conditional failure probability for containment
venting is taken to be 1.0.

- V2. Event V2 models the continued availability of in-
jection in those sequences where containment venting
has occurred. The value of 0.35 was derived as for the
ATWS sequence in Section 7.1.

The resulting base case SBO core damage frequen-
cies are:

e ST-SBO 1.57x 1079 per reactor—year
LT-SBO 3.75 x 105 per reactor—year.

8.2 Containment Event Tree
Analysis

Two base case SCETs were constructed to model the
containment response to the challenges arising from

a. NRC Event No. 15451. April 26, 1989, event at
Grand Guif Unit One in which the RWCU system was
proved to remove decay heat from the reactor vessel
and was then considered as an alternate method of
shutdown decay heat removal.
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short—term and long-term SBO sequences. The de-
tailed quantification of the top events in each of these
base case SCETs is given below. For a more detailed
discussion of the SCET methodology, see Reference 3.
8.2.1 Short-term SBO (Class IB1)

The base case short—term SBO SCET is shown in
Figure 18. '

PD. The initiating event is the short—term SBO plant
damage state, which results in early loss of injection
and extensive core damage within a few hours after the
loss of all AC power. The conditional probability of
Event PD is 1.0.

R1. Event R1 models recovery of the sequence prior
to vessel failure through recovery of vessel injection.
Because the dominant mode of failure for vessel injec-
tionis assumed to be the loss of AC power, EventR1 is
quantified by calculating the conditional nonrecovery
probability of AC power at 3 h, where 3 h is the esti-
mated time of core plate failure (with the initiating
event at time 0) calculated by ORNL using
BWRLTAS/BWRSAR/MELCOR.} There is signifi-
cant uncertainty as to the latest point in the sequence at
which recovery of injection could successfully termi-
nate core damage and prevent vessel failure. During
discussions with analysts from ORNL, a consensus
was reached that using the time of core plate failure as
a surrogate for this point in the sequence is a conserva-
tive but reasonable approach. If injection were recov-
ered prior to core plate failure, recovery would be
almost certain. If injection were recovered after core
plate failure,’recovery might still be possible, but there
is uncertainty as to what the recovery probability
would be, with the uncertainty increasing with the time
after core plate failure.

Some of the short-term SBO sequences have injec-
tion initially available, with injection being lost afte
2 h. The fraction of such sequences is ’

(1.42 x 10-7)/(1.57 x 10-5) * 100% = 9.0%.

Thus, 91% of the short—term SBO sequences involve
an immediate loss of injection. In quantifying
Event R1, the simplifying assumption was made that
all short—term SBO sequences involve an immediate
loss of injection. The conditional failure probability of

b. ORNL analysis performed for Mark IT CPI Pro-
gram, as documented in ORNL Monthly Reports.



9L

Claes
181 PDS

in-
vessel
Recovery

No Cont.

Isglat}
on Faliu
re

APV
Falls
at High
Press.

No H2 Bu
rn After
RPV Fal
lure

Early
cont’.
vent

RPV Brea
ch Does
Not Fali
Cont.

Non-
Energeti
c

Release

Ex-
vessal
Recovery

Cont .
Heat
Removal
Availl.

Late
cont.
venting

No Over-
temp.
in DV

No Late
cont.
Failure

Small Supp. RB Reten
Cont. Pool I8 |tion Eff
Break not ective

Bypassed

PO

R1

4]

YF

H2

VE

F1

PF

R2

HR

vL

or

F2

5] SP A8

SEQUENCE
PROB.

SEQUENCE
CLASS

f
1.00E-93

- DOE-01

1. +00

1

19.90E-01

{1 00E+00

=01

2.60E-01

3.00E-01 f5=55¢ 57

.00E»00

00E+00
43€-02
00E+00
30€-03
J1E-06
00E+00
10E-0S
D0E+00
00E+00
00E+DQ
00E+00
00E«00
16E-06
D4E-08
.03€-06
16€-09
15£-07
00£+00
29E-04
26€E-08
82E-07
82E-07
26€-08
826-07
82€-07
19€-06
79€-05
79E-05
19E-06
79€-05
79€-05
43€-02
48E-05
00E+00
03€-04
00E+00
00E+00
93E-03
S6E-0S
$2E-03
93SE-06
91E-04
11E-05
99E- 05
$9E-05
00E+00
S1E-05
.SBE-04
.SBE-D4
.DDE- 0D

O A WO A A R WWWWWODAS A ARNNTRNANORNNONRAND A AL D000 C A0 ONO ALl d A0DOD00 O

1/29/90

Figure 18. Base case shori—term station blackout SCET.




Event R1 then is calculated using the two—parameter
Weibull distribution of Reference 71 for the nonrecov-
ery probability of offsite power, along with the
assumption that the onsite EDGs are not recoverable
during the time period spanned by the calculation. The
result is

P(R1) =P(mOSP@3hinOSP@0.5 h) = (0.1089)/
(0.4942) = 0.22.

CI. Event CI models the presence of a preexisting
large leak in containment. As in the Class IC ATWS,
failure of Event CI is assumed to prevent further pres-
surization of the containment, and is modeled as a
small break (large leak) for purposes of quantifying
later events in the SCET. The failure probability
of 2.1 x 1073 used for Event CI is taken from
Reference 29 and is in line with the estimate given in
Reference 65.

VF. The probability that the reactor vessel fails at high
pressure is calculated by determining the fraction of
short—term SBO sequences where depressurization has
not occurred. The probability of taking the lower
branch of Event VF is then just the fraction of short—
term SBO sequences where the vessel has been depres-
surized. From Figure 17, this fraction is

P(VF) = (3.71 x 10-7)/(1.57 x 10-6) = 0.24.

H2. Event H2 is quantified at 1.0 x 1072 as for the
Class IC ATWS.

VE. Event VE questions whether the containment is
vented prior to or at the time of vessel failure. Given
that early recovery of vessel injection has failed (fail-
ure of Event R1), the assumption is made that AC pow-
er is not available. Therefore, for the base case, the
conditional failure probability of Event VE is taken to
be 1.0, since existing vent systems require AC control
power. Preemptive venting will be considered
in Section 8.4

F1. Event F1 models overpressure failure of the con-
tainment at or shortly after the time of vessel failure.
The Reference 29 quantification was followed for this
event. Since failure of the vessel at high pressure,
per se, is not likely to cause containment pressure to
approach the calculated ultimate pressure capacity (see
Reference 29),2 high pressure vessel failure alone is
assumed to be incapable of causing early overpressure
failure for short-term SBO sequences. If the vessel

a. ORNL analysis performed for Mark II CPI Pro-
gram, as documented in ORNL Monthly reports.
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fails at high pressure, and a hydrogen burn occurs
either during or after core melt, the Reference 29 fail-
ure probability of 7.5 x 10~2is used.

PF. A driving force for an energetic release (also
known as a puff release) exists for sequences involving
failure (the lower branch) of Event PF. Because a puff
release is of concem only in cases of early containment
failure, Event PF is questioned only for sequences with
an accompanying failure of Event F1. For short—term
SBO, the dominant contributor to the puff release driv-
ing force is assumed to be failure of the vessel at high
pressure. Hydrogen burns are not considered, since
they do not provide a sustained driving force; the pres-
sure spike following a hydrogen bum is of too short a
duration to provide a sustained energetic release. If the
vessel fails at high pressure, the early release is ex-
pected to most likely be energetic. Therefore, for
short—term SBO, the probability of a puff release is es-
timated to be 0.99 for sequences where the vessel fails
at high pressure. For sequences involving failure of
containment isolation (Event CI), the probability of a
puff release is estimated from the likelihood of high
pressure vessel failure as

P(PRCI) =P(/VF)=1-0.24 = 0.76.

R2. Asin Class IC, Event R2 models the establish-
ment of a coolable debris bed following failure of the
reactor vessel and release of core debris to the contain-
ment. However, unlike Class IC, the suppression pool
is not expected to be saturated at this point in the se-
quence (see References 4,9,29). Therefore, the quan-
tification of Event R1 above is followed. Thus, the
failure probability of Event R2 is taken to be the condi-
tional probability of not recovering offsite power by
4.5 h (see Reference 8), given that in—vessel recovery
(Event R1) has failed. This gives

P(R2IR1) = P(nOSP@4.5 h)/P(R1) =
(5.65 x 10-2)/(0.37) = 0.15.

Note that there is some simplification involved in this
calculation, since not all short—term SBO sequences
have DC power available. Since DC control power is
needed for circuit breaker control, the restoration of
offsite power will be more difficult if DC power is not
available. However, this added complication has been
neglected. In addition, there is.the assumption
that covering the core debris with water will
ensure coolability.

HR. As in the Class IC ATWS, Event HR models the
availability of long—term containment heat removal,
via either RHR suppression pool cooling or contain-
ment sprays, given that an ex—vessel coolable debris



bed has been established (success of Event R2).
Reference § uses a central estimate failure probability
of 1.0 x 102 for this sequence, assuming that the sup-
pression pool is subcooled. If in—vessel recovery was
successful (/R1), this value has been further reduced
by afactorof 10to 1.0 x 1073, to reflect the additional
time available for operator action.

VL. Event VL models containment venting after the
time of reactor vessel failure. If ex—vessel recovery
fails, or if it is successful but there is a failure to estab-
lish long—term containment heat removal, then heat re-
moval can still be provided by venting the
containment. The quantification of this event given for
the Class IC ATWS above is followed here for those
cases where AC power is available (indicated by suc-
cess of Event R1 or R2). If AC power is not available
(failure of Event R2), then venting is assumed to not be
possible; therefore, P(VLIR2) = 1.0.

OT. Asin the Class IC ATWS, failure of ex—vessel re-
covery is felt to make high temperatures in the vicinity
of the drywell head seal extremely likely. Therefore,
for the base case, P(OTIR2) is taken to be 0.99.

F2. As in the Class IC ATWS, Event F2 models late
containment failure as a result of temperature and pres-
sure loads. For those sequences with failure of
Event OT, that is, high temperatures in the vicinity of
the drywell head seal, accompanied by elevated pres-
sure, late failure due to degradation of the drywell head
seal is considered certain. Therefore, P(F2IOT) is tak-
en to be 1.0. For sequences without high drywell tem-
peratures (/OT), the likelihood of late overpressure
failure is highly uncertain. Therefore, for this case,
Event F2 is assigned an indeterminate conditional fail-
ure probability of 0.5.

The remaining events in the SCET were quantified
exactly as for the Class IC ATWS.

8.2.2 long-term SBO (Class 1B2). The long-
term SBO SCET is shown in Figure 19.

PD. The initiating event is the long—term SBO plant
damage state, in which core melt is delayed for several
hours by the operation of HPCI or RCIC. The condi-
tional probability of Event PD is 1.0.

R1. Event R1 models recovery of the sequence prior
to vessel failure via recovery of vessel injection.
Because the dominant mode of failure for vessel injec-
tion is again assumed to be the loss of AC power,
Event R1 is quantified by calculating the conditional
AC nonrecovery probability at 11.6 h, where 11.6 hiis
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the time by which Reference 8 calculates that injection
must be restored if the sequence is to be recovered in—
vessel. Therefore, the conditional failure probability of
Event R1 becomes the probability of not recovering
AC power by 11.6 h, given that it has not been recov-
ered during the first 6 h. In contrast with short—term
SBO, complications that battery depletion would pres-
ent for the recovery of AC power cannot be neglected.
For example, the assumption is made that battery de-
pletion will prevent recovery of the onsite EDGs, since
power from the site emergency batteries typically is re-
quired to flash the generator field. In addition, all large
circuit breakers ( = 4 kV) will have to be operated lo-
cally, since DC control power is typically required for
remote operation. To account for this, the nominal fail-
ure probability of Event R1 has been increased by an
arbitrary factor of 50%. The nominal P(R1) is
given by

P(R1) =P(nOSP@11.6 hinOSP@6 h)
= (5.16 x 1073)/(3.16 x 102)=0.16.

Accounting for the lack of DC power gives
P(R1)=0.16*1.5=0.24.

The probabilities of not recovering offsite power were
calculated, as for short—term SBO, by assuming a two—
parameter Weibull distribution in accordance with
Reference 71.

CI. Asforshort—term SBO, the probability of a preex-
isting large containment leak is taken to be
2.1 x 1073, the value used in Reference 29.

VE. The probability that the reactor vessel fails at high
pressure is calculated by determining the fraction of
long—term SBO sequences where depressurization has
not occurred. The failure probability of Event VF then
is just the fraction of long—term SBO sequences where
the vessel has been depressurized. As Figure 17 shows,
there is only one sequence resulting in a long—term
SBO plant damage state. For this sequence, battery de-
pletion is assumed to result in closure of the SRVs and
repressurization of the reactor vessel. Therefore, ves-
sel failure at high pressure is extremely likely. Accord-
ingly, the conditional probability for the lower branch
of Event VFis taken to be 1.0 x 10-2.

H2. Event H2 is quantified as before at 1.0 x 10-2.

VE. Event VE questions whether the containment is
vented prior to or at the time of vessel failure. Given
that early recovery of vessel injection has failed (R1)
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Figure 18. Base case long—term station blackout SCET.




the assumption is made that AC power is not available.
Therefore, for the base case, the conditional failure
probability of Event VE is taken to be 1.0, since exist-
ing vent systems require AC control power.

F1. As before, Event F1 models overpressure failure
of the containment at or near the time of vessel failure.
The Reference 29 quantification was followed for this
event. Because failure of the vessel at high pressure,
per se, is not likely to cause containment pressure to
exceed the PCPL (see Reference 29), high pressure
vessel failure alone is assumed to be incapable of caus-
ing early overpressure failure. If the vessel fails at high
pressure, and a hydrogen burn occurs either during or
after core melt, the Reference 29 failure probability of
0.57 is used.

PF. The determination of the probability of an ener-
getic release for long—term SBO is similar to that for
short-term SBO. Because the probability of high pres-
sure vessel failure is taken to be (.99 for long—term
SBO, this becomes the failure probability of Event PF
for all long-term SBO sequences involving early con-
tainment failure (CI or F1).

R2. As in the previous plant damage states, Event R2
models the establishment of a coolable debris bed fol-
lowing vessel failure. As in short—term SBO, the domi-
nant failure mode for coolant injection is assumed to
be the loss of AC power. Therefore, the failure prob-
ability of Event R2 is taken to be the conditional prob-
ability of not recovering offsite power in time to
prevent significant CCI, given that offsite power was
not recovered in time to prevent vessel failure. Be-
cause the batteries are depleted in the dominant long—
term SBO sequence, recovery of the onsite EDGs is
not considered. In addition, the lack of DC circuit
breaker control power will complicate the recovery of
offsite power. Therefore, as for Event R1, the nominal
failure probability of Event R2 is arbitrarily increased
by 50% to account for this. Thus, the conditional fail-
ure probability of Event R2 is given by

P(R2)=[P(nOSP @ 12.5 h)/P(nOSP @ 11h)] * 1.5
=0.97.

The times used in the calculation of P(R2) are those
used by Reference 8.

HR. The availability of long—term containment heat
removal following vessel failure is quantified as for
short-term SBO, using the value from Reference 8.
However, the values used for short—term SBO have
been increased by a factor of 10 to account for the in-
creased likelihood that suppression pool saturation

will cause the RHR pumps to fail as a result of in-
adequate NPSH.

VL. The quantification of late containment venting
used for the previous plant damage states is followed
for long-term SBO, as well.

The remaining events in the long—term SBO SCET
were quantified as for short—term SBO.

Tables 21 and 22 show the conditional containment
release mode probabilities for short and long—term
SBO, respectively.

As these tables show, both short— and long—-term
SBO are most likely to result in an end state where the
reactor vessel remains intact. However, there is a sig-
nificant probability that long—term SBO will resultin a
late unscrubbed release because of failure of the dry-
well head seal.

8.3 Consequence Analysis

The base case consequence results are presented in
Table 23.

These consequences were obtained by multiplying
the conditional consequences in Table 15 by the re-
lease probabilities and accident sequence frequency,
then summing over the 10 release categories using
Equation 1-1, as was done for ATWS sequences.

8.4 Sensitivities and Effects of
Potential Improvements

The effects of several sensitivities and potential im-
provements on both core damage frequency and risk
are evaluated in this section.

The first improvement to be evaluated is the addi-
tion of an onsite combustion generator, which can be
started independently of both onsite and offsite power
sources (the use of a small portable generator is not
modeled, since such a generator would probably not be
capable of providing enough power to safely shut
down the plant). The assumption is made that such a
generator (referred to hereafter as a blackstart gas tur-
bine, although a diesel generator would also suffice)
could be used to supply AC and DC loads needed to
safely shut down the reactor, including power to the
SRY solenoids that is needed for the enhanced depres-
surization improvement discussed in Section 6. Some
plants already have such a generator. For a more de-
tailed description of this option, as it has been implem-
ented at one particular plant, see Reference 6. Note
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Table 21. Conditional containment release mode Table 22. Conditional containment release

probabilities for short—term SBO probabilities for long—term SBO
sequences sequences
Release Mode Conditional Probability Release Mode " Conditional Probability
Al 7.79E-01 Al 7.52E-01
A2 7.80E-05 A2 7.60E-04
A3 7.02E-04 A3, 6.84E-03
Recovered in—vessel 7.80E-01 Recovered in—vessel 7.60E-01
B1 1.12B-05 B1 1.18E-06
B2 5.02E-05 B2 5.31E-06
B3 5.02E-05 B3 5.31E-06
B4 6.26E-08 B4 6.76E-07
BS 2.82E-07 B5 3.04E-06
B6 2.82E-07 B6 3.04E-06
B7 4.13E-05 B7 1.17E-04
B8 1.86E-04 B8 5.26E-04
B9 1.86E-04 ‘ B9 5.26E-04
"~ B10 6.19E-06 B10 6.69E-05
Bll 2.79E-05 B1l 3.01E-04
B12 2.79E-05 ‘ B12 3.01E-04
Early containment 5.88E-04 Early containment 1.86E-03
failure failure
Cl 0.00 Cl 0.00
C2 0.00 C2 0.00
C3 , 0.00 c3 0.00
C4 0.00 C4 0.00
C5 3.67E-05 Cs 4.15E-05
C6 3.63E-03 C6 4.11E-03
C7 4.08E-06 C7 4.61E-06
C8 4.03E-04 C8 4.56E-04
Co 0.00 c9 0.00
Cl10 2.47E-02 C10 2.26E-01
Late containment 2.88E-02 Late containment 2.31E-01
failure or venting failure or venting
D2 1.86E-04 D2 ' 7.14E-05
D3 1.89E-01 D3 6.43E-03
D4 1.67E-03 D4 6.43E-04
Recovered ex—vessel 1.91E-01 Recovered ex—vessel 7.14E-03
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Table 23. Base case consequence results for SBO
sequences (per reactor—year)

Mean Latent  Population Offsite
Fatalities Dose (Rem)? Costs ($)
ST-SBO 2.01E-(4 1.95E-01 1.09E+03
LT-SBO  2.98E-03 2.80 1.07E+04

a. Thepopulationdose is that received within a 50-mi
radius of the plant.

that a dedicated safe shutdown facility, such as in-
stalled at Fermi 2, could also satisfy the needs of this
improvement.

The effect of this improvement was evaluated by
adding an event (GT) to the front—end SBO event tree
(Figure 17) to represent the possibility of using the gas
turbine to supply essential AC and DC loads. The
availability of the gas turbine is questioned during the
first 30 min of the sequence onlys; if it cannot be
brought on line within the first 30 min, it is assumed to
be unavailable for the remainder of the sequence. It is
questioned following failure of all onsite emergency
diesel generators (Event DG) and following the com-
mon—mode failure of the emergency station batteries
(Event DC). Reference 61 assigns Event GT a failure
probability of 0.35; this value has been retained here.

The effects of the gas turbine on the SBO core dam-
age frequency are shown in Table 24.

Table 24. Effects of onsite blackstart gas turbine
generator on SBO core damage

frequency
Plant Damage Base Case Frequency
State Frequency with GT
ST-SBO 1.57E-06 5.50E-07
LT-SBO 3.75E-06 1.31E-06

As this table shows, the effect of the gas turbine in
reducing SBO core damage frequency is significant:
the short—term and long—term SBO frequency are both
reduced by approximately 65%.
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The effects of the gas turbine on offsite conse-
quences are shown in Table 25.

Table 25. Consequence results for SBO sequences
with blackstart gas turbine (per reactor—

year)
Mean Latent  Population Offsite
Fatalities Dose (Rem)? Costs ($)
ST-SBO  7.05E-05 6.83E-02 3.82E+02
LT-SBO  1.04E-03 9.78E-01 3.73E+03

a. Thepopulationdose is thatreceived withina 50-mi
radius of the plant.

Compared to the base case results in Table 23, the addi-
tion of the gas turbine reduces each risk measure by
65%, as expected.

The next mitigation strategy to be evaluated is pre-
emptive venting, as has been suggested by at least one
utility as a means of preventing containment failure for
SBO sequences (see Reference 7). The proposed idea
is to vent the containment early in the sequence before
there has been a significant rise in containment pres-
sure, which could present a personnel hazard since the
vent valves would have to be opened manually under
the existing vent design. Note that this differs from the
venting strategy endorsed by the latest revision to
the EPGs prepared by the BWR Owners’ Group
(see. Reference 19).

For the sensitivity case, preemptive venting is in-
cluded in the short—term and long—term SBO SCETs,
with no provision for closing the vent valves following
vessel failure. To model preemptive venting for this
case, the SCETs were modified as follows. The failure
probability for a preexisting large leak (Event CI) was
changed to 1.0 to model the containment breach
caused by opening the vent line. Because the diameter
of the vent line is assumed to be 18 in., the breach
caused by venting was modeled as a large break
(>1.0 ft2). Therefore, the conditional failure prob-
ability of Event BS was changed to 1.0. The probabili-
ty of suppression pool bypass (Event SP) was assumed
to be unchanged from the base case value. With the
vent opened preemptively, thert is assumed to be no
decontamination of the release by deposition in the
reactor building, since the HVAC ductwork should not
be overpressurized; therefore, Event RB is assigned a
conditional failure probability of 1.0.



Preemptive venting effectively changes all late re-
leases and sequences with late (ex—vessel) recovery
into early releases that occur prior to, or at the time of,
vessel failure. The effect of this on the offsite conse-
quences is shown in Table 26.

Table 26. Effect of preemptive venting on the
consequences of SBO (per reactor—year)

Mean Latent  Population Offsite
Fatalities Dose (Rem)? Costs ($)
ST-SBO 1.93E-03 1.68 1.18E+04
LT-SBO  3.56E~03 3.25 2.07E+04

a. Thepopulationdose is thatreceived within a 50-mi
radius of the plant.

As this table shows, preemptive venting (with no re-
closure of the vents) significantly increases the popula-
tion dose, the mean number of latent fatalities, and the
offsite costs associated with the release.

In order for preemptive venting to be useful, the
vent valves would have to be reclosed prior to the re-
lease of a significant amount of activity to the environ-
ment. This could be done, in theory, by closing the
valves when the radiation level in the vent lines ex-
ceeds a predetermined limit. This strategy presupposes
the existence of independently powered radiation
monitors and vent valve operators, neither of which is
known to currently be in use at any Mark IT plant. If the
vent valves were closed prior to events that would
cause a significant containment pressure rise, then pre-
emptive venting would not lessen the challenge to the
containment from overpressurization. Based on
BWRLTAS/BWRSAR/MELCOR calculations per-
formed by ORNL,? this would appear to be the case for
short—term SBO, where no significant containment
pressurization occurs until the time of core plate fail-
ure. If the assumption is made that the vent valves
would be closed prior to core plate failure because of
high vent line radiation levels resulting from core dam-
age, then preemptive venting would not appear to
be a useful strategy for mitigating short—term
SBO sequences.

a. ORNL analysis performed for Mark I CPI Pro-
gram, as documented in ORNL Monthly Reports.

In long—term SBO sequences, containment pressure
(in the absence of venting) could be high enough at the
time of core plate fatlure to justify preemptive venting
as a means of lessening the late overpressure challenge
to the containment. BWRLTAS/BWRSAR/MELCOR
calculations were not available for this sequence, but
the analysis in Reference 9 indicates that significant
containment pressurization could occur before vessel
failure (the degree of pressurization is, of course, both
highly plant-specific and uncertain). However, closing
the vent valves prior to vessel failure would not miti-
gate late thermal failure, since Reference 9 also indi-
cates that containment temperature does not increase
greatly until after vessel failure. There also is much un-
certainty as to whether late containment challenges
would be due to overpressure or overtemperature. On
these merits, the usefulness of preemptive venting for
long—term SBO is difficult to quantify.

A sensitivity case was also examined where venting
is assumed to take place at the PCPL defined in
Reference 19 via a hardened vent from the wetwell air-
space. The vent valves are assumed to be powered
from a backup source of DC power that is not affected
by the availability of offsite or on—site AC power;
therefore, they can be remotely operated from the con-
trol room. To model this case, the failure probability of
Event VL in the short—term and long-term
SBO SCETs was set to 0.1 for all branches. In addi-
tton, since the vent pipe is assumed to be able to with-
stand PCPL venting pressures, there should be no
failure of HVAC ductwork in the reactor building.
Accordingly, P(RBI/VL) was set to 1.0, that is, no reac-
tor building decontamination of fission products oc-
curs for the vented releases. The revised consequences
are shown in Table 27.

Table 27. Effect of venting at the PCPL on the
consequences of SBO (per reactor—year)

Mean Latent  Population Offsite
Fatalities Dose (Rem)? Costs ($)
ST-SBO  2.06E-04 2.09E-01 1.06E+03
LT-SBO  2.99E-03 2.81 1.07E+04

a. Thepopulationdose isthatreceived withina 50-mi
radius of the plant.
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A comparison of this table with Table 23 indicates that
venting at the PCPL via a hardened wetwell vent does
not reduce SBO risk. In fact, risk may actually be in-
creased somewhat, since venting takes place after
reactor vessel breach, when there is a very high prob-
ability of suppression pool bypass. Also, recall that the
hardened vent line bypasses the reactor building, so
that there is no decontamination of the release as a
result of HVAC ductwork failure.

The next improvement to be evaluated is the use of
the diesel fire pump for injection into the vessel.
To prevent core damage in the short—term SBO
sequences, injection would have to begin within
approximately 2 h. This is not likely because of the
need to connect hoses via spoolpieces and manually
operate large isolation valves at various locations in-
side the reactor building. For these reasons, the latest
NUREG-1150 analysis gives no credit for using the
diesel fire pumps during short-term SBO at Grand
Gulf, even though substantial improvements have been
made at Grand Gulf to reduce the time needed to estab-
lish injection from the firewater system.’? Evenif sim-
ilar improvements were made at Mark II plants to
allow quicker connection of the fire protection system,
the high level of coordination required to successfully
establish the connections and open the valves in the
reactor building, under conditions of high stress, does
not-allow much credit to be given. Therefore, use of
the diesel fire pumps for preventing core damage due
to short—term SBO will not be considered further. If
the diesel fire pumps were connected to the RHR sys-
tem, for example, via a 6— or 8—in. pipe with double
manual isolation valves, this improvement, in conjunc-
tion with enhanced depressurization capabilily and
containment venting could reduce the SBO risk by at
least an order of magnitude. This option was not quan-
titatively evaluated. However, the diesel fire pumps
may be of use in mitigating the short—term SBO chal-
lenge to containment and the offsite release. This is
discussed further below.

For long—term SBO sequences, much more time is
available for operator action. Reference 72 evaluated
use of the diesel fire pumps as a potential recovery ac-
tion for long—term SBO sequences. There, the mean
unavailability of 3.0 x 102 (at 12 h) was attributed to
operator error in aligning the system. However, there is
a problem with using the diesel fire pumps for long—
term SBO, namely battery depletion due to continued
operation of HPCI and RCIC for vessel injection dur-
ing the initial portion of the sequence. Even ifinjection
with the diesel fire pumps were successful, battery de-
pletion would result in eventual reclosure of the SRVs
and repressurization of the reactor vessel above the

shutoff head of the fire pumps. Therefore, using the
diesel fire pumps would appear to be a useful strategy
only in conjunction with a modification to ensure the
continued availability of DC power to the SRV sole-
noids for the duration of the blackout.

The front-end SBO event tree (Figure 17) was mo-
dified to include credit for using the diesel fire pump
for injection during long—term SBO. This was done
by changing the conditional failure probability of
Event V1 to 0.1: this is the HEP value of 3.0 x 102
from Reference 72, plus the probability that the diesel
fire pump fails to start (the rare event approximation is
used), which is estimated at 5.0 x 10-2.7273 The val-
ue obtained by this method was rounded to 0.1. In ad-
dition, the failure probability of Event X for this
branch was requantified at 2.4 x 1073 to reflect the
addition of a backup DC supply to the SRV solenoids,
along with modifications to ensure SRV operability in
a severe accident environment. Finally, the assumption
is made that the containment vent valves have been
modified to operate from DC power supplied from the
new DC source. To reflect this, the conditional failure
probability for containment venting was changed to
0.1. With these alterations, the core damage frequency
for long—term SBO is reduced from the base case value
of 3.75 x 107% per reactor—year to 3.83 x 10~7 per
reactor-year. Note that the addition of a DC supply for
the containment vent valves makes venting available
for short—-term SBO; however, without injection, the
short—-term SBO core damage frequency is unaffected.

The inclusion of these modifications also causes an
apparent increase in the SBO-induced Class II (TW)
core damage frequency. However, this is only an ap-
parent increase, since recovery of AC power in the
very long term (the dominant failure mode of contain-
ment heat removal for this sequence is loss of AC pow-
er) has not been modeled.

As mentioned earlier, the diesel fire pumps could be
useful in mitigating the containment challenge and off-
site release that result from a short—term SBO, since
they might be useful in establishing a coolable debris
bed on the drywell floor. To model this possibility, the
conditional failure probability of Event R2 was re-
duced by a factor of 0.5. A reduction of 50% was cho-
sen because the effectiveness of drywell sprays from
the fire pump for cooling the core debris is uncertain;
therefore, the failure probability of the fire system
for performing this function was concluded to be
indeterminate.

The conditional failure probability of Event HR is
also reduced by 50% to model the potential effective-
ness of containment sprays via the diesel fire pumps in
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removing decay heat from the containment atmo-
sphere. Any eventual need to remove water from the
suppression pool has been neglected for this analysis.
It is not thought to present a major difficulty for short—
term SBO, since AC power would almost certainly be
recovered before the need to remove water from the
suppression pool arose.

The net reduction in offsite consequences effected
by these modifications is shown in Table 28.

Table 28. Effects of diesel fire pump on offsite
consequences of SBO (per reactor—
year)®

Mean Latent  Population Offsite
Fatalities  Dose (Rem)®  Costs ($)

ST-SBO 1.06E-04 1.09E-01 5.56E+02

LT-SBO¢ 3.05E-04 2.86E-01 1.09E+03

Total 87.1 86.8 86.0

Reduction

(%)

a. This case includes backup DC power to SRV sole-
noids and containment vent valves, as well as modifica-
tions to ensure SRV operability in a severe accident
environment.

b. Thepopulationdose isthat received withina 50-mi
radius of the plant.

¢. The reduction in LT-SBO risk measures is due to
the reduction in core damage frequency effected by us-
ing the diesel fire pumps for RPV injection.

The last sensitivity to be evaluated is the decrease in
SBO risk that could be effected by deliberate flooding
of the drywell head. The details of this improvement
are discussed in Section 4.3.8. Essentially, a modifica-
tion would be needed to allow an operator to transfer

water from the spent fuel pool to the drywell head

following a loss of all AC power. The potential bene-
fits associated with drywell head flooding are twofold.
First, the water may provide a large enough heat sink
to prevent late thermal failure of the drywell head seal
(or other elastomeric seals in the drywell head region).
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Second, any release of fission products through the
drywell head seal may be scrubbed to some extent by
the overlying pool of water.

The assumption has been made that any cooling pro-
vided by flooding is sufficient to prevent late thermal
failure of the drywell head seal 99% of the time. Thus,
the conditional failure probability of Event OT in the
base case SCETs for short and long—term SBO was
changedto 1.0 x 10~2. Furthermore, in order to model
aerosol scrubbing by the overlying pool, the condition-
al failure probability of Event RB was changed to
1.0 x 1072 for those branches involving excessively
high drywell temperatures (OT). The revised offsite
consequences for short and long—term SBO are shown
in Table 29.

Table 29. Offsite consequences for SBO
sequences with drywell head flooding
(per reactor—-year)

Mean
Population Mean
Mean Latent Dose Offsite
Fatalities (Man—Rem)? Costs ($)
ST-SBO 9.71E-05 1.04E-01 3.27E+02
LT-SBO 2.96E-03 2.78 1.06E+04
% Total 39 3.7 73
Decrease

a. Thepopulationdose isthat received within a 50—mi
radius of the plant.

As the table shows, drywell head flooding, if effec-
tive, has the potential to slightly reduce the offsite con-
sequences for SBO. However, uncertainties remain as
to the effectiveness of drywell head flooding for pre-
venting thermal failure of the drywell head seal and in
scrubbing the release should the head seal fail. If
flooding is not as effective as assumed here, then the
benefits will be correspondingly reduced.

Table 30 summarizes the effects of the various im-
provements and sensitivities on SBQorisk that have
been examined in this section.



Table 30. Summary of station blackout risks for the generic Mark II plant

. : With Flooding
Risk Measure With Blackstart With Preemptive With Venting  With Diesel of

(per year) Base Case  Gas Turbine Venting at PCPL Fire Pump? Drywell Head
Core Melt Freq.
- ST-SBO . 1.57TE-06 5.50E-07 1.57E-06 1.57E-06 1.57E-06 1.57E-06
-LT-SBO 3.75E-06 1.31E-06 3.75E-06 3.75E-06 3.83E-07 3.75E-06
Latent Fatalities
- ST-SBO 2.01E-04 7.05E-05 1.93E-03 2.06E-04 1.06E-04 9.71E-05
-LT-SBO 2.98E-03 1.04E-03 3.56E-03 2.99E-03 3.05E-04° 2.96E-03
50-Mile Dose
(Rem)
- ST-SBO 1.95E-01 6.83E-02 1.68 2.09E-01 1.09E-01 1.04E-01
-LT-SBO 2.80 9.78E-01 3.25 2.81- 2.86E-01° 2.78
Offsite Costs
(%)
- ST-SBO 1.09E+03 3.82E+02 1.18E+04 1.06E+03 5.56E+02 3.27E+02
-LT-SBO 1.07E+04 3.73E+03 2.07E+04 1.07E+04 1.09E+03® 1.06E+04

a. Includes backup DC power to SRV solenoids and containment vent valves and modifications to ensure SRV
operability in a severe accident environment.

b. Reductions in LT-SBO consequences for this case are due to areduction in the LT-SBO core damage frequency.
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9. QUANTITATIVE RISK ANALYSIS OF OTHER SEQUENCES (TQUX,
TQUV, AND TW)

Transient-initiated sequences (T) in which feed-
water (Q) and high pressure injection (U) are lost and
the reactor is not depressurized (X) have been found to
be dominant contributors to core damage frequency in
past PRAs performed for Limerick and Shoreham (see
References 4, 5, and 6). The frequency of these se-
quences is expected to be reduced by the modification
to increase the ADS system reliability suggested by
NUREG-0737 (see Reference 55 and 62). However,
because these sequences have been so dominant in past
studies, they are evaluated here for completeness.

9.1 Accident Sequence
Analysis

The accident sequence analysis for the transient—
initiated sequences is performed as for the previous
cases of ATWS and SBO. The front—end event tree for
the base case is shown in Figure 20.

9.1.1 Event Tree Quantification.

T. The initiating event is an anticipated transient
that réquires the reactor to be shut down. The fre-
quency of Event T is defined to be the sum of the fol-
lowing individual initiators. The frequency of these
initiators will vary from plant to plant; the values used
here were taken from Reference 74 and represent the
frequencies expected for mature plant operation.

Initiator Frequency (per reactor-year)

Loss of condenser . 034

vacuum
Turbine trip 5.77
MSIV closure 0.16
Loss of feedwater 0.05
Loss of offsite 0.07

power
IORV 0.11
Total 6.50

Q. Event Q represents the probability that feedwater
is available or restored following the initiating event.
The assumption is made that the reference plant has

turbine—driven feedwater pumps only; therefore, at
least one MSIV must be open to run the feedwater
pumps. The conditional failure probability of Event Q
is calculated as a weighted average of the individual
conditional failure probabilities of Q for each of the
initiators listed above.

Frequency Conditional  Final

Initiator (y) Probability Probability
Loss of 0.34 1.0 0.34
vacuum

Turbine trip _5.77 0.1 0.58
MSIV closure  0.16 03 0.05
Loss of FW 0.05 0.14 0.01
LOSP 0.07 1.0 0.07
IORV 0.11 0.99 0.11
Total 6.50 1.16
Qave , 1.16/6.50 = 0.18

The conditional feedwater failure probability for each
of the initiators was taken from Reference 6.

Ul. Event Ul represents the failure of both HPCI and
RCIC to provide injection to the vessel, given
that feedwater is unavailable. Using values from
Reference 70, the probability that neither HPCI nor
RCIC will be available is calculated to be 3.6 x 1073,

X. Event X represents failure to depressurize the re-
actor vessel, given that feedwater, HPCI, and RCIC
have all failed. The value of 8.4 x 104 is calculated
under the assumption that improvements detailed in
Reference 55 have been implemented at the generic
plant 5:62.75

V1. Event V1 models the availability of low pressure
injection systems following depressurization of the
reactor vessel. The following systems are included in
the base case quantification: LPCI, LPCS, and the con-
densate system. Use of the diesel fire pumps or the ser-
vice water cross—tie to the RHR system is not
considered for the base case analysis. The conditional
failure probability of Event V1 is taken to be the
product of the individual failure probabilities for each
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Figure 20. Event tree for transient-initiated sequences.



of these systems (independence is assumed for sim-
plicity). The system unavailabilities in References 4
and 5 are comparable; however, the values in
Reference 5 are somewhat easier to locate, so they are
used here. The LPCI unavailability is given in
Reference 5 as 2.7 x 10~3 and the LPCS unavailability
is 3.6 x 103, The condensate unavailability is given as
0.1 and is dominated by operator error. Multiplying
these values together gives

P(V1)=27x103*3.6x103%0.1 =9.7 x 10”7
For this report, this value is rounded to 1.0 x 1075,

W. Event W, which models long—term containment
heat removal, is quantified as follows. First, the
assumption is made that equipment unavailability
dominates the HEP for the suppression pool cooling
mode of RHR. This has not always been the case in
past PRAs, but is in line with more recent studies, par-
ticulasly the NUREG-1150 analyses. The RHR equip-
ment unavailability is taken to be 1.0 x 10~ (see
Reference 6). Second, the probability of recovering
the PCS is taken to be (see Section 8)

P(PCS) = P(MSIV not open in 15 h)
+ P(PCS not operable) (see Reference 6).

Using data from Reference 5,
PPSC)=1.0x103+5.0x103=6.0x 103,

Finally, as discussed in Section 8, credit is given for
using the RWCU system in the blowdown mode of
operation as a viable means of decay heat removal.
Combining these failure probabilities (again assuming
independence) gives the overall failure probability of
Event W:

PW)=1.0x104*60x103*09=54x 10",

CV. This is the probability that the containment is not
vented. The failure probability is taken to be 0.1, as
before.

V2. This is the probability that venting results in the

"failure of injection, thus inducing core damage.
Event V2 is quantified as for the Class IC ATWS in
Section 7.

The results of the front—end analysis for the base
case are shown in Table 31.

Table 31. Core damage frequency for transient

initiators
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Core Damage Class Frequency (per reactor-year)

IA (TQUX) 3.54E-6
ID (TQUV) 421E-9
I (TW) 3.47E-7

In the above table, Class IA is made up of those
sequences where core melt occurs with the reactor at
high pressure (TQUX). Conversely, Class ID is made
up of sequences where core melt occurs with the reac-
tor depressurized (TQUYV). Finally, the Class II
sequences are those involving a loss of long—term
containment heat removal (TW). As in previous
Mark II PRAs, the TQUX sequences are dominant
(see References 4, 5, 6, and 62).

Finally, at least one previous Mark I PRA has found
that problems with reactor vessel level instrument
reference legs can contribute significantly to the
transient—initiated core damage frequency (see
References 5, 6, and 62). In particular, loss of drywell
cooling can induce flashing in the reference legs and a
loss of reliable level indication. Miscalibration of the
reactor level transmitters can also cause problems.
Because these problems are expected to be highly
plant-specific, they have not been evaluated in the
present analysis. For the same reasons, other special
initiators, such as loss of service water, have also been
excluded.

9.2 Containment Event Tree
Analysis

As for the preceding plant damage states, an SCET
was constructed to model containment response to the
Class IA (TQUX) plant damage state. The contain-
ment response to the Class ID (TQUV) and Class I
(TW) plant damage states was not modeled, since the
core damage frequency for each of these sequences
was calculated to be significantly lessthan1 x 10-5/y.
The quantification scheme for the top events in the
SCET for the TQUX plant damage state (Figure 21) is
given below.

PD. The initiating event is a TQUX plant damage
state where all injection to the vessel has been lost and
the vessel has not been depressurized. As before, the
conditional probability of Event PD is 1.0.
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Base case SCET for the TQUX plant damage state.




R1. Event R1 evaluates the likelihood of restoring
vessel injection and recovering the sequence prior to
vessel failure. Because the dominant mode of loss of
injection is failure to depressurize the vessel following
the loss of high pressure injection, Event R1 is quanti-
fied based on the probability of depressurizing the
vessel in time to prevent core melt and vessel failure,
given that the vessel was not depressurized earlier. The
approach taken by Reference 29 in quantifying this
event was to determine the percentage of hardware
failures that would disable both ADS and non—ADS
SRVs. Of the ADS failure cutsets, 21% involved
hardware faults that affected all SRVs. Therefore,
Reference 29 assigned Event R1 a conditional failure
probability of 0.21. Reference 5 used a value of
0.7, determined similarly. Since the Reference 29
quantification seemed more reasonable, the value of
0.21 was retained for Event R1.

CI. As for the previous plant damage states, the prob-
ability of a preexisting large containment leak
(Event CI) is taken to be 2.1 x 1073, the value from
Reference 29.

VF. Vessel failure at high pressure is extremely likely
for the TQUX plant damage state. Accordingly, the
conditional probability of low pressure vessel failure is
taken to be 1.0 x 1072,

H2. Event H2 is quantified at 1.0.x 102, as for the
previous plant damage states.

F1. As before, Event F1 models overpressure failure
of the containment at or near the time of vessel failure.
The Reference 29 quantification was followed for this
event. Because failure of the vessel at high pressure,
per se, is not likely to cause containment pressure to
exceed the PCPL (see Reference 29), high pressure
vessel failure alone is assumed to be incapable of
causing early overpressure containment failure. If the
vessel fails at high pressure, and a hydrogen burn
occurs either during or after core melt, Reference 29
calculates a failure probability of 7.5 x 102 for
Event Fl1.

PF. For sequences that involve vessel failure at high
pressure (/VF), the release is very likely to be ener-

getic; therefore, for these sequences, the conditional

failure probability of Event PF is taken to be 0.99. As
before, Event PF is only questioned for sequences with
early containment failure (F1 or CI).

R2. Event R2 represents successful ex—vessel cooling
of the core debris, via injection into the failed reactor
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vessel or into the containment spray header. The fail-
ure probability of Event R2 is based upon two factors:
the likelihood that adverse suppression pool conditions
(clogging of suction strainers by core debris, or in-
adequate NPSH) will preclude operation of RHR and
LPCS pumps, and the probability that operators fail to
align alternate injection systems, such as service water
to the RHR ultimate heat sink connection (see
Reference 29). Since the suppression pool is not
likely to be saturated for these sequences (see
References 4 and 9), the assumption is made that
NPSH for the RHR pumps will be adequate. There-
fore, the failure probability of Event R2 calculated for
the Class IC ATWS is reduced by a factor of 10 10 ac-
count for the ability to use the RHR pumps. Refer-
ence 29 uses a value of 3.0 x 102 for the probability
that operators fail to align alternate injection systems.
The source of this value is given as the Peach Bottom
Analysis done for draft NUREG-1150 (1987). Apply-
ing the factor of 10 reduction to this value gives
P(R2) =3.0x1073.

HR. As in previous plant damage states, Event HR
models the availability of long—term containment heat
removal, via either RHR suppression pool cooling or
containment sprays, given that an ex—vessel coolable
debris bed has been established (/R2) or that the
sequence was recovered in-vessel (/R1). Refer-
ence 8 uses a central estimate failure probability of
1.0 x 102 for this event, assuming that the suppres-
sion pool is subcooled. If in-vessel recovery was
successful (/R1), this value has been further reduced
by afactorof 10to 1.0 x 10-3, to reflect the additional
time available for operator action.

VL. Late containment venting was quantified as for
the Class IC ATWS.

The remaining events in the TQUX SCET were
quantified as for the preceding plant damage states.

The conditional containment release mode prob-
abilities are shown in Table 32.

As the table shows, almost all of the end states rep-
resent successful recovery, either in the reactor vessel
or on the drywell floor after the time of vessel breach.

9.3 Consequence Analysis

The base case consequences for Class IA (TQUX)
sequences are shown in Table 33. These values were
obtained analogously to those for ATWS and SBO in
Sections 7 and 8, using Equation 1-1.



Table 32. Conditional containment release mode
probabilities for TQUX sequences

Table 33. Base case consequence results for
TQUX sequences (per reactor—year)

Release Mode Conditional Probability
Al 7.89E-01
A2 7.90E-05
A3 7.11E-04
Recovered in—vessel 7.90E-01
B1 5.19E-07
B2 2.33E-06
B3 2.33E-06
B4 7.78E-08
BS 3.50E-07
B6 3.50E-07
B7 5.14E-05
B8 2.31E-04
B9 231E-04
B10 7.70E-06
B11 3.47E-05
B12 3.47E-05
Early containment 5.96E-04
failure
C1 0.00
2 1.25E-08
C3 1.24E-06
C4 6.16E-05
C5 5.07E-08
C6 5.01E-06
C7 5.63E-09
C8 5.58E-07
C9 0.00
C10 5.54E-04
Late containment 6.22E-04
failure or venting
D2 2.09E-04
D3 2.07E-01
D4 1.88E-03
Recovered ex—vessel 2.09E-01
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Mean Latent Population Offsite
Fatalities Dose (Rem)? Costs ($)
3.29E-05 5.98E-02 9.94E+01

a. Thepopulationdoseisthatreceived within a 50-mi
radius of the plant.

9.4 Sensitivities and Effects of
Potential Improvements

The effects of several sensitivities and potential
improvements on both core damage frequency and risk
are evaluated in this section. Only Class IA (TQUX)
sequences are evaluated, since the frequency of other
transient-initiated core damage sequences (TQUV -
and TW) is already very low (<1 x 107¢ per
reactor-year).

The first sensitivity case to be evaluated is the effect
that in—pedestal downcomers, like those at Shoreham
and Nine Mile Point 2, have on the containment release
modes and offsite consequences. Sections 3.2 and 4.2
discuss the potential benefits that in—pedestal down-
comers might have in mitigating CClI, as well as their
potential for causing suppression pool bypass. To
model the presence of these downcomers for TQUX
sequences, the base case SCET (Figure 21) was modi-
fied as follows. For sequences where the reactor vessel
fails at low pressure (VF), the failure probabilities of
ex—vessel recovery and long—term containment heat
removal (Events R2 and HR) were set to 0.0, since
essentially all of the core debris is expected to flow
into the suppression pool via the in-pedestal down-
comers where it is assumed to be quenched by the pool
water. The base case probabilities of suppression pool
bypass were retained, since direct corium attack and
energetic FCI are assumed to fail one or more of the
in—pedestal downcomers shortly after vessel breach.
The resulting containment release mode conditional
probabilities are shown in Table 34.

The effects of the in—pedestal downcomers on the
offsite consequences are shown in Table 35. As
Table 35 shows there is essentially no difference from
the base case, because the benefits of debris~quench-
ing in the suppression pool are more than offset by the
high probability of suppression pool bypass caused by
the postulated failure of the in—pedestal downcomers
shortly after vessel breach. If the probability of



Table 34. Effects of in—pedestal downcomers on
the containment release mode
probabilities for TQUX sequences

Table 35. Effects of in—pedestal downcomers on the
offsite consequences of TQUX sequences
(per reactor-year)

Conditional Probability
Release Mode Base Case Downcomers
Al 7.89E~01 7.89E-01
A2 7.90E-05 7.90E-05
A3 7.11E-04 7.11E-04
Recovered in—vessel 7.90E-01 7.90E-01
B1 5.19E-07 5.19E-07
B2 2.33E-06 2.33E-06
B3 2.33E-06 2.33E-06
B4 7.78E-08 7.78E-08
B5 3.50E-07 3.50E-07
B6 3.50E-07 3.50E-07
B7 5.14E-05 5.14E-05
B8 231E-04 231E-04
B9 2.31E-04 2.31E-04
B10 7.70E~06 7.70E-06
B11 3.47E-05 3.47E-05
B12 3.47E-05 3.47E-05
Early release 5.97E-04 5.96E-04
C1 0.0 0.0
2 1.25E-08 6.22E~-09
C3 1.24E06 6.16E-07
C4 6.16E-05 6.16E-05
C5 5.07E-08 2.52E-08
C6 5.01E-06 2.49E-06
(o7) 5.63E-09 2.80E-09
C8 5.58E-07 2.78E-07
Co 0.0 0.0
C10 5.54E-04 5.54E-04
Late release 6.22E-(4 6.19E~04
D1 0.0 0.0
D2 2.09E-04 2.07E-04
D3 2.07E-01 2.07E-01
D4 1.88E~03 1.86E-03
Recoveredex—vessel  2.09E-01 2.09E-01

Mean Latent  Population  Offsite
Fataliies  Dose (Rem)® Costs ($)

3.29E-05 598E-02 9.92E+01

% Decrease  0.00 0.00 0.02

a. Thepopulationdose is that received withina 50-mi
radius of the plant.

suppression pool bypass is significantly less than the
assumed value of 90%, then the beneficial effects of
debris—quenching will dominate and there should be a
reduction in risk. This issue will be examined further
in Section 10.2.

The next improvement to be examined is use of the
diesel fire pumps for mitigating late containment fail-
ure. Because the TQUX sequence progresses rapidly
to core damage, using the diesel fire pumps for
preventing core damage is not considered (refer to the
discussion in Section 8.4). However, the diesel fire
pumps could be of use after vessel failure, since water
from the fire protection system potentially could be
used to establish a coolable debris bed and to remove
heat from the containment atmosphere via the drywell
sprays. This is modeled by reducing the conditional
failure probabilities of Events R2 and HR in the base
case SCET by 50% (see the discussion in Section 8.4
for the basis of this value). The effects of this modifi-
cation on the offsite consequences are shown in
Table 36.

Table 36. Effects of diesel fire pumps on offsite
consequences of TQUX sequences
(per reactor—year)

Mean Latent  Population  Offsite
Fatalities  Dose (Rem)? Costs ($)

2.82E-05 5.56E-02 7.13E+01
% Decrease 143 7.02 28.3

a. Thepopulationdoseisthatreceived withina 50-mi
radius of the plant.
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As the table shows, the reduction in offsite conse-
quences effected by use of the diesel fire pumps for
debris-cooling and long—term containment heat
removal is significant. However, there is one caveat:
no consideration has been given to constraints on using
drywell sprays that are currently in place in the EPGs;
that is, the prohibition against using the drywell sprays
at elevated temperatures and pressures inside the
containment in order to prevent an excessive rate of
pressure decrease that could conceivably threaten con-
tainment integrity via an excessive pressure differen-
tial (wetwell pressure > drywell pressure) (see
Reference 19). Further analysis is needed to show con-
clusively that these constraints can be relaxed; cal-
culations in Reference 9 indicate that initiating sprays
at highly elevated containment temperatures will not
result in an excessive drywell depressurization rate,
but this analysis is not conclusive and is specific to
one particular plant.

The next sensitivity examines the reduction in off-
site consequences that would be effected if the possi-
bility of hydrogen bums inside primary containment
could be ruled out for TQUX sequences. As discussed
earlier, high pressure vessel failure, per se, is not
thought to present a serious chailenge to the integrity
of the Mark II containment. However, if the contain-
ment were not inerted with nitrogen at the time of the
accident, then hydrogen burns could occur at or near
the time of vessel failure, which, if accompanied by
vessel failure at high pressure, could seriously chal-
lenge containment integrity relatively early in the
sequence.

Technical Specifications could be revised to require
Mark II plants to be inerted with nitrogen during all
periods of operation. To examine the effect of

this revision on offsite consequences for a TQUX
sequence, the probability of a hydrogen burn (Event
H2 in the SCET) was set to 0.0. The resulting offsite
consequences are shown in Table 37.

Table 37. Offsite consequences for TQUX
sequences with no hydrogen burn

(per year)
Mean Latent  Population  Offsite
Fataliies  Dose (Rem)* Costs ($)
3.05SE-05 5.76E-02 8.57E+01
% Decrease 7.3 3.7 13.8

a. Thepopulationdoseis thatreceived withina 50-mi
radius of the plant.
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As the table shows, setting the probability of a
hydrogen burn to 0.0 does not significantly reduce the
offsite consequences for the TQUX sequences.
Examining the containment release mode conditional
probabilities shows the reason for this. With no hy-
drogen burn, the conditional probability of an early
release is reduced by ~26% from the base case value
but the probability of a late release is unchanged.
Because the late releases are sizeable contributors to
the offsite consequence measures used in this report,
the relatively large reduction in the early release prob-
ability yields only a small reduction in these con-
sequences. Based on these results, the benefits to be
gained by making the Technical Specification inerting
requirements more stringent would probably be more
than offset by increased maintenance difficulties.



10. TECHNICAL FINDINGS

Sections 7 to 9 of this report have presented quanti-
tative risk results for each of the core damage se-
quences and corresponding plant damage states that
was analyzed. In this section, these results are collo-
cated to present a composite risk picture for the generic
Mark II plant. This section closes with a discussion of
what are thought to be the major limitations and uncer-
tainties associated with the analysis performed for this
report.

10.1 Core Damage Frequency
Results

Table 38 shows the base case core damage frequen-
cies arranged according to sequence type. These fre-
quencies are point estimates derived from the accident
sequence event trees discussed previously, and some
uncertainty (both stochastic and due to lack of
knowledge) is necessarily involved in the estimate;
however, no attempt was made to quantify this
uncertainty.

Table 38. Base case core damage frequencies for
the generic Mark II plant

Frequency

Sequence Accident (per reactor—year)

Long—term SBO 3.75E-06
TQUX 3.54E-06
Short-term SBO 1.57E-06
ATWS (CM < CF) 2.30E-06
ATWS (CF <CM) 1.27E-06
™ 3.47E-07
Total 1.28E-05

Figure 22 presents this information in graphical for-
mat. In terms of core damage frequency, the dominant
sequences are long—term SBO and TQUX, with signif-
icant contributions from ATWS and short—term SBO.
Loss of long—term containment heat removal (TW) is
not a dominant sequence, as its frequency is <1 x 10~6
per reactor-year and it contributes only ~3%
of the total.

These values are within the frequency ranges calcu-
lated in previous PRAs for BWR Mark II plants (see
References 4, 5, 6, 36, 62); however, individual plants
can be expected to have core damage frequencies that
differ from the results obtained for the generic plant. In
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addition, special initiators, such as loss of service
water and reactor building internal flooding, and exter-
nal events, such as fire and earthquake, have not been
considered, since vulnerability to these initiators is
highly plant-specific.

Several improvements were evaluated that have the
potential for lowering the base case core damage fre-
quency and thus providing an indirect improvement in
containment performance by reducing the frequency
of severe accident challenges. The results of these
evaluations are summarized below.

10.1.1  ATWS Level Control. There are two fac-
ets to this proposed strategy, both involving modifica-
tions to the latest revision of the EPGs. Currently, the
operator is instructed to terminate all injection except
that from the SLCS and CRD during the initial stages
of an ATWS. At least one utility has taken exception to
this strategy, arguing that a simpler and more effective
strategy would be to allow HPCI and RCIC to inject at
their rated flow while the reactor is being shut down by
boron injection from the SLCS (see Refer-
ences 7, 37).

As discussed in Section 7.4, the effectiveness of this
strategy hinges upon the second facet, namely the use
of an increased suppression pool temperature limit for
ATWS to obviate the need for emergency depressuri-
zation while boron is being injected. If this higher limit
is valid, then depressurization is less likely to be re-
quired, and the ATWS core damage frequency is sig-
nificantly reduced, as shown in Table 39.

Along with the reduction in the ATWS core damage
frequency, there is a gain in simplicity from the opera-
tor’s point of view, since ATWS guidelines in the cur-
rent EPG revision are quite complicated. However, if
the increased suppression poo! temperature limit can-
not be shown to be valid, then there do not appear to be
any advantages over the current procedure, since
emergency depressurization would likely be required.

10.1.2 Hardened Vent. The next potential
improvement is a hardened vent line leading from the
wetwell airspace to an elevated release point outside
the secondary containment. The vent line is assumed to
be 18 in. in diameter; simple hand calculations show
that such a vent should be capable of removing at most
approximately 10% of the rated thermal power of a
3293 MW BWR. The main advantage of the hardened
vent over the existing ductwork vent is that venting
could be carried out at elevated containment pressures
without releasing steam, hydrogen, and fission
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Figure 22. Mark Il base case core damage frequency.

products into the reactor building, thus lessening the
probability of equipment failure following venting.
Table 40 shows the ATWS core damage frequencies
with the hardened vent in place.

Table 39. ATWS core damage frequencies with no
level control and an increased
suppression pool temperature limit

W

%//
=

7

TQUX (27.7%)

ST-SBO (12.3%)

Table 40. ATWS core damage ﬁéquencies with

hardened venting
Base Case New
Frequency Frequency %
y) (fy) Reduction
Class IV: 1.27E06 1.17E-06 7.9
Class IC: 2.30E-06 2.30E-06 0.0

Base Case New
Frequency Frequency %
y) y) Reduction
Class IV: 1.27E-06 6.11E-07 51.9
Class IC: 2.30E-06 8.94E-07 61.1

The hardened vent does not significantly reduce the
ATWS core damage frequency. There are two reasons
for this. First, venting the containment can cause aloss
of adequate NPSH to low pressure ECCS pumps.
Second, the 18—in. vent line cannot remove energy fast
enough to prevent containment overpressurization
during the more severe ATWS sequences. The
hardened vent line could also be of use in mitigating
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the TW sequences; however, since the TW core dam-
age frequency already is quite low, possible further re-
ductions effected by the use of a hardened vent were
not evaluated. In addition, the in—pedestal drain lines
in the reference plant are assumed to fail shortly after
vessel breach, making unfiltered venting from the wet-
well airspace after vessel failure unattractive, since the
release through the vent line would likely be un-
scrubbed (see Reference 36).2

10.2 Containment Failure
Modes

“This section discusses the containment failure
modes that have been identified through the use of the
SCETs and gives conditional probabilities of occur-
rence for the base case and for the cases that examine
sensitivities and potential improvements.

The end states of the SCETs were binned into con-

tainment release modes based on sequence characteris-

tics, such as time of containment failure relative to the
time of reactor vessel breach, release pathway (for ex-
ample, through the suppression pool), level of decon-
tamination provided by the reactor building, and
others. The specific characteristics used to uniquely
identify each release mode are listed in Appendix C.
A smaller set of release mode bins was selected for
presentation in this section, with the identifying char-
acteristics given below.

Containment
Failure Mode Characteristics

RECIV Core melt recovered in—vessel,
noble gas release or no contain—
ment failure.

REC-EV Core melt recovered ex—vessel,
noble gas release or no contain—
ment failure.

REC-TOTAL Sum of in—vessel and ex—vessel

recovery.

a. A, Payne (NSL) conference call with P. K.'
Niyogi (NRC) on NMay 1, 1989.

Containment
Failure Mode Characteristics

ECF-OP-SP Early overpressure containment
failure, release scrubbed through
the suppression pool.

. ECF-OP-nSP Early overpressure containment
failure, release bypasses the
suppression pool.

LV-SP Late vented release through the
suppression pool.

LV-nSP Late vented release bypassing the
suppression pool.

LCE-OP-SP Late overpressure containment
failure, release scrubbed through
the suppression pool.

LCF-OP-nSP Late overpressure containment
failure, release bypasses the
suppression pool.

LCR-OT Late overtemperature contain—
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ment failure, release bypasses the
suppression pool.

Some amplifying comments on these large—scale
bins are in order. The suppression pool bypass in bin
ECF-OP-nSP can be the result of either failure loca-
tion (failure in the drywell) or failure of in—pedestal
drain lines or downcomers, irrespective of the contain-
ment failure location. Because the base case plant was
assumed to have in—pedestal drain lines that are postu-
lated to fail shortly after vessel breach, this mechanism
of pool bypass overshadows the containment failure
location. In fact, at the level of detail provided in the
SCETs, failure location is relatively unimportant for
evaluating the probability of early suppression pool
bypass. The same remarks also apply to cases of late
overpressure containment failure.

For cases of late overtemperature failure, the failure
location is assumed to be the drywell head seal. In all
cases, this leads to a release that bypasses the suppres-

sion pool.

The base case conditional containment failure mode
probabilities are shown in Table 41. These probabili-
ties are a weighted average of the release probabilities
for all sequences.



Table 41. Base case weighted-average conditional
containment failure mode probabilities
Containment
Failure Mode Conditional Probability
REC-IV 5.50E-01
REC-EV 2.49E-01
REC-TOTAL 7.99E-01
ECF-OP-SP 1.18E-02
ECF-OP-nSP 1.06E-01
Lv-Sp 5.40E~08
LV-nSP 5.24E-04
LCE-OP-SP 1.94E-05
LCE-OP-nSP 1.93E-03
LCE-OT 7.55E-02

Table 41 shows that, given a severe core damage
accident, there is a 55% chance of recovering the
sequence in—vessel, with no significant release from
containment. Should the sequence progress to vessel
faiture, there is still a 24.9% chance of establishing a
coolable debris bed inside containment, again with no
significant release to the environment. However, there
is an 11.8% chance that a severe core damage sequence
will lead to early overpressure containment failure. Of
these early failures, ~90% will involve suppression
pool bypass, because of either in—pedestal drain line
failure or a failure location in the drywell. Should the
containment survive the early challenge to its integrity,
there is still a significant late challenge. By far the
most significant late challenge is failure of the drywell
head seal, primarily due to high temperature accompa-
nied by elevated pressure.

Each of the suggested improvements will alter some
or all of these conditional failure mode probabilities.
These effects are shown in Tables 42 through 46.

Table 42. Effects of diesel fire pumps and
enhanced depressurization capability on
containment failure modes

Conditional Probability
Containment
Failure Mode Base Case Revised
REC-IV 5.50E-01 4.76E-01
REC-EV 2.49E-01 3.47E-01

Conditional Probability

Containment

Failure Mode Base Case Revised
REC-TOTAL 7.99E-01 8.23E-01
ECE-OP-SP 1.18E-02 1.62E-02
ECE-OP-nSP 1.06E-01 1.45E-01
LV-SP 5.40E-08 3.75E-08
LV-nSP 5.24E-04 3.60E-04
LCE-OP-SP 1.94E-05 5.82E-06
LCE-OP-nSP 1.93E-03 5.77E-04
LCRE-OT 7.55E-02 1.49E-02

Table 43. Effects of blackstart combustion
generator on containment failure modes

Conditional Probability

Containment

Failure Mode Base Case Revised
REC-IV 5.50E-01 4.71E-01
REC-EV 2.49E~01 3.23E-01
REC-TOTAL 7.99E-01 7.94E-01
ECE-OP-SP 1.18E-02 1.64E-02
ECE-OP-nSP 1.06E-01 1.47E-01
LV-SP 5.40E-08 7.52E~08
LV-nSP 5.24E-04 7.30E-04
LCE-OP-SP 1.94E-05 9.92E-06
LCE-OP-nSP 1.93E-03 9.82E-04
LCE-OT 7.55E-02 4.09E-02

Table 44. Effects of preemptive venting (during
SBO) on containment failure modes

Conditional Probability

Containment

Failure Mode Base Case Revised
REC-IV 5.50E~01 5.50E-01
REC-EV 2.49E-01 2.23E-01
REC-TOTAL 7.99E-01 7.73E-01
ECE-OP-SP 1.18E-02 217E-02
ECR-OP-nSP 1.06E-01 1.95E-01
LV-SP 5.40E-08 5.40E-08
LV-nSP 5.24E~04 5.24E-04
LCFE-OP-SP 1.94E-05 4.89E-07
LCE-OP-nSP 1.93E-03 4 83E-05
LCEF-OT 7.55E-02 4.61E-03

98



Table 45. Effects of increased probability of
venting at the PCPL (during SBO) on
containment failure modes

Conditional Probability
Containment
Failure Mode Base Case Revised
REC-IV 5.50E-01 5.50E-01
REC-EV 2.49E-01 2.50E-01
REC-TOTAL 7.99E-01 8.00E-01
ECE-OP-SP 1.18E-02 1.19E-02
ECE-OP-nSP 1.06E-01 1.06E-01
LV-SP 5.40E-08 2.18E-05
LV-nSP 5.24E-04 6.70E-02
LCF-OP-SP 1.94E-05 2.40E-06
LCE-OP-nSP 1.93E-03 2.37E~-04
LCE-OT 7.55E-02 1.18E-02

Table 46. Effects of drywell head flooding (during
SBO) on containment failure modes

Conditional Probability

Containment

Failure Mode Base Case Revised
REC-IV 5.50E-01 5.50E-01
REC-EV 2.49E-01 2.50E-01
REC-TOTAL 7.99E-01 8.00E-01
ECF-OP-SP 1.18E-02 1.18E-02
ECE-OP-nSP 1.06E-01 1.06E-01
LV-SP 5.40E-08 5.40E-08
LV-nSP 5.24E-04 5.24E-04
LCE-OP-SP 1.94E-05 7.08E-04
LCE-OP-nSP 1.93E-03 7.02E-02
LCE-OT 7.55E-02 5.32E-03

The primary effect of the diesel fire pumps (with en-
hanced depressurization capability) is to decrease the
conditional probability of late containment failure.
Note that the conditional probability of recovering the
sequence in—vessel decreases, with this decrease being
more than offset by the increase in the conditional

- probability of ex—vessel recovery. This effect high-
lights the importance of doing a complete risk calcula-
tion. If one were to look solely at the effects of an
improvement on containment failure probability, the
conclusion might be reached that conditions are worse
with a particular improvement than without. However,
in the case of the diesel fire pumps, the reduction in
long-term SBO core damage frequency (~90%), when
coupled with the increase in the conditional probabili-

ty of ex—vessel recovery, affords a significant reduc-
tion in offsite consequences, as will be seen shortly.

Since the only effect of the blackstart combustion
turbine is to reduce the SBO core damage frequency, a
slight decrease in the late challenge to containment is
seen. As in the case of the diesel fire pumps, the
decrease in the conditional probability of in—vessel
recovery is compensated by a reduction in SBO core
damage frequency and an increase in the conditional
probability of ex—vessel recovery.

Preemptive venting during SBO (with no reclosure
of the vent valves) effectively changes all late releases
to early releases (for SBO sequences only). Therefore,
there is an increase in the overall conditional probabili-
ty of an early release and a corresponding decrease in
the probability of a late release.

The increased probability of venting at the PCPL
(late venting) reduces the probability of late overpres-
sure and thermal failure. This is accompanied, how-
ever, by an increased probability of a vented,
unscrubbed release.

Flooding the drywell head during SBO changes all
late thermal failures to late overpressure failures or to
end states with ex—vessel recovery.

Because of the very preliminary nature of the evi-
dence conceming early failure of the in-pedestal drain
lines at the reference plant, a sensitivity case was runin
which these drain lines were assumed not to fail short-
ly after vessel breach. The revised probabilities of sup-
pression pool bypass are discussed in Section 10.3.
The effects of this sensitivity on the containment fail-
ure mode conditional probabilities are shown in
Table 47.

Table 47. Conditional containment failure mode
probabilities with no early in—pedestal

drain line failure
Conditional Probability
Containment
Failure Mode Base Case Revised
REC-IV 5.50E-01 5.50E-01
REC-EV 2.49E-01 2.49E~01
REC-TOTAL 7.99E-01 7.99E-01
ECE-OP-SP 1.18E-02 6.51E-02
ECE-OP-nSP 1.06E~01 5.28E-02
LV-SP 5.40E-08 2.72E-06
LV-nSP 5.24E-04 5.20E-04
LCE-OP-SP 1.94E-05 9.71E-04
LCE-OP-nSP 1.93E-03 9.71E-04
LCE-OT 7.55E-02 7.55E-02

99



With no early failure of the in—pedestal drain lines,
the probability of an early unscrubbed release de-
creases by approximately 50%, while the probability
of a late unscrubbed release decreases by only about
1%. This very significant latter result is due to the high
probability of a late unscrubbed release, given a long—
term SBO plant damage state. Recall that long—term
SBO is the dominant contributor to core damage fre-
quency at the reference plant. The net result of this
change is that long—term SBO replaces ATWS as the

risk—dominant sequence. This issue is examined fur-
ther in Section 10.3.

10.3 Consequence Results

The base case consequences for the reference plant
are presented in Table 48. Note that these conse-
quences are conditional upon the occurrence of a se-
vere core damage accident accompanied by a release
from containment.

Table 48. Summary of results of conditional consequence analysis

Mean Latent
Release Category Fatalities
RC1 7.23E+03
RC2 4.96E+03
RC3 7.58
RC4 3.03E+03
RC5 4.38E+03
RC6 2.08E+03
RC7 1.77TE+02
RC8/9 3.41E+03
RC10 3.97
RC12 431

Mean Population Mean Offsite
Dose (Man-Rem)? Costs ($)
5.93E+06 4.81E+10
4.26E+06 2.87E+10
1.82E+04 1.13E+06
3.58E+06 5.77E+09
3.94E+06 2.57E+10
2.75E+06 2.99E+09
3.87E+05 3.48E+07
3.17E+06 1.22E+10
7.79E+03 1.13E+06
1.23E+04 1.52E+06

a. The population dose is that received within a 50-mi radius of the plant.

To obtain the annual frequency of these conse-
quences (the absolute risk), the conditional probabili-
ties above are input to Equation (1-1), along with the
conditional containment release probabilities and the

accident sequence frequencies. The results are listed in
Table 49 and are shown graphically in Figures 23
through 25.

Table 49. Base case consequence results for the generic Mark II plant (per reactor—year)

Plant Damage Mean Latent

State Fatalities
TQUX 3.29E-05
ST-SBO 2.01E-04
LT-SBO 2.98E-03
ATWS (CM <CF) 1.13E-03
ATWS (CF <CM) 4.60E-03
Total ' 8.94E-03

Mean Population Mean Offsite

Dose (Man-Rem)? Costs ($)
5.98E-02 994
1.95E-01 1.09E+03
2.80 1.07E+04
1.02 6.21E+03
4.60 1.91E+04
8.67 3.72E+04

a. The population dose is that received within a 50-mi radius of the plant.
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Figure 24. Mean population dose for the reference Mark Il plant.
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Figure 25. Mean offsite costs for the reference Mark II plant.

A number of potential improvements and sensitivity
cases were examined that can alter the base case risk
results. Each of these is discussed below.

10.3.1 Decreased Probability of In—Pedestal
Drain Line Failure. The first sensitivity to be ex-
amined is the potential effect of a decreased probabili-
ty of suppression pool bypass for a plant with no
in—pedestal drain lines. For example, La Salle is re-
ported to have two 4-in. drain lines leading from the
pedestal cavity to the reactor building. These drain
lines have been postulated to be likely to fail within
20 min after the time of vessel breach for most se-
quences.? Based on information presented to the NRC
by the Philadelphia Electric Company, it appears that
Limerick has drain plate covers in the in—pedestal
region that could also fail shortly after vessel breach
(see Reference 36). Failure of these drain lines or drain
plate covers as a result of corium attack could create a
path through which fission products could bypass the
suppression pool. Because the reference plant was as-
sumed to be vulnerable to early suppression pool by-

a. A. Payne (SNL) conference call with P. K.
Niyogi (NRC) on May 1, 1989,

pass via this mechanism, and because there is no
analytical or experimental evidence to support or re-
fute this assumption, a sensitivity case was run in
which susceptible drain lines were assumed not to be
present (this is the design of Susquehanna). The prob-
ability of suppression pool bypass was recalculated us-
ing a separate containment failure mode event tree, as
in Reference 29. The new values for P(SP) are listed
below.

If containment isolation fails, P(SP) = 0.6.

If early overpressure failure occurs, P(SP) =0.1.

following:
P(SP) = 0.5 for a small or large break.

The effects of this change on risk are shown in
Table 50.
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Table 50. Offsite consequences with no in—pedestal drain line failure at vessel breach (per reactor year)

Plant Damage Mean Latent
State Fatalities

TQUX 2.88E-05
ST-SBO 1.89E-04
LT-SBO 2.94E-03
ATWS (CM < CF) 3.62E-04
ATWS (CF < CM) 2.57E-03
Total 6.09E-03

Mean Population Mean Offsite

Dose (Man-Rem)? Costs ($)
5.60E-02 79.1
1.83E-01 1.04E+03
2.76 1.05SE+04
3.38E-01 2.02E+03
2.58 1.07E+04
5.92 2.43E+04

a. The population dose is that received within a 50-mi radius of the plant.

Comparing this table with Table 49 indicates that
the effect of the postulated drain line failure on risk is
quite significant. In particular, with a decreased prob-
ability of early suppression pool bypass, long-term
SBO replaces ATWS as the risk—dominant sequence.
Therefore, in analyzing an individual plant, the config-
uration of any in—pedestal drainage paths should be ex-
amined closely to determine the vulnerability of these
drainage paths to corium attack and the timing of any
resulting suppression pool bypass. This is especially
important ini evaluating proposed improvements, be-
cause plants with little or no potential for early sup-
pression pool bypass due to drain line or in—pedestal
downcomer failure may see an increased benefit for
those improvements that primarily serve to mitigate
late containment failure.

10.3.2 Preemptive Venting. As discussed in
Section 8.4, at least one utility has proposed immediate
opening of the containment vent lines during SBO as a
strategy for mitigating containment overpressurization
(see References 7, 37). The motivating concern behind
this proposal is that current venting arrangements
generally require AC power for remote opening of the
vent valves. Since AC power is not available during
SBO, operators would have to open the vent valves lo-
cally. Opening the valves locally with the containment

at high pressure could expose operators to a very haz-
ardous environment. Therefore, to vent the contain-
ment during SBO, without exposing the operators to a
hazardous environment, the suggestion has been made
to open the vent valves immediately upon loss of all
AC power, rather than waiting for containment pres-
sure to rise to the PCPL.

Once the vent valves are opened, local closure of the
valves after the onset of core damage may be difficult
urimpossible because of the potentially high radiation
levels in the vent lines (due to the release of fission
products through the vent line). Therefore, the open
vent line was modeled as a preexisting large contain-
ment breach in the SCET. Also, the HVAC ducting will
probably not be overpressurized, since the vent is
opened at low containment pressure. Therefore, no
credit was given for retention of fission products in the
reactor building (failure probability of Event RB
equals 1.0). The effect on the consequences associated
with SBO is shown in Table 51.

Comparing this table with Table 49 shows that
preemptive venting (with no reclosure of the vent
valves) significantly increases the consequences for
SBO sequences as a group. However, for the case of

Table 51. Effect of preemptive venting on the consequences of SBO (per reactor—year)

Mean Latent
Fatalities
ST-SBO 1.93E-03
LT-SBO 3.56E-03

Population Offsite
Dose (Rem)? Costs ($)
1.68 1.18E+04
3.25 2.07E+04

a. The population dose is that received within a 50-mi radius of the plant.
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long—term SBO with no in—pedestal drain lines, pre-
emptive venting was found to slightly decrease the la-
tent fatalities and population dose. This appears to be
due to the absence of a late unscrubbed release (there
are no late containment failures with preemptive vent-
ing); such a release would increase the fraction of par-
ticulates released from containment. This may be an
artifact of the release binning scheme to some extent.
At any rate, the benefit is slight and is more than offset
by the increase in offsite costs associated with long—
term SBO and the increase in severity associated with
the short—term SBO sequences. A similar result was
also seen in the Mark I Containment Performance Im-
provement analysis (see Reference 3).

For preemptive venting to be useful, the vent valves
would have to be reclosed prior to the release of a sig-
nificant amount of activity to the environment. This
could be done, in theory, by closing the valves when
the radiation level in the vent line exceeded a predeter-
mined limit. This strategy presupposes the existence of
independently powered radiation monitors and vent
valve operators, neither of which is known to currently
be in use at any U.S. Mark H plant. If the vent valves
were closed prior to events that would cause a signifi-
cant containment pressure rise, then preemptive
venting would not lessen the challenge to containment
from overpressurization. Based on BWRLTAS/
BWRSAR/MELCOR calculations performed by
ORNL,? this would appear to be the case for short—
term SBO, where no significant containment pressur-
ization occurs until the time of core plate failure. If the
assumption is made that the vent valves would be
closed prior to core plate failure because of high vent
line radiation levels as a result of core damage, then
preemptive venting would not appear to be a useful
strategy for mitigating short-term SBO sequences.

For long—term SBO, containment pressure (in the
absence of venting) could be high enough at the time of
core plate failure to justify preemptive venting to less-
en the late overpressure challenge to the containment.
BWRLTAS/BWRSAR/MELCOR calculations were
not performed for this sequence, but the analysis in
Reference 9 indicates that significant containment
pressurization could occur before vessel failure (the
degree of pressurization is, of course, both highly
plant—specific and uncertain). However, venting be-
fore vessel failure would not mitigate late thermal fail-

a. ORNL analysis performed for Mark I CPI Pro-
gram, as documented in ORNL Monthly Reports.

ure, since Reference 9 also indicates that containment
temperature does not increase greatly until after vessel
failure. There is also much uncertainty as to whether
late containment challenges would be due to overpres-
sure or overtemperature. On these merits, the useful-
ness of preemptive venting for long—term SBO is
difficult to quantify.

The best argument against preemptive venting for
any SBO sequence is simply that the probability of re-
covering AC power prior to vessel failure is very high.
If AC power can be recovered, then the sequence al-
most certainly will be terminated with no challenge to
containment. However, if the containment is preemp-
tively vented but the sequence is terminated via the re-
covery of AC power prior to core damage, then any
release (even a release of noble gases) will have been
unnecessary. For this reason, preemptive venting dur-
ing SBO does not appear to be an attractive mitigation
strategy at this point.

10.3.3 Use of Diesel Fire Pumps. As discussed
in Sections 8.4 and 9.4, the diesel fire pumps can be
used to reduce the core damage frequency of long—
term SBO sequences and to mitigate the challenges to
containment integrity for other SBO sequences and
non-blackout transient~initiated sequences where all
injection is lost and the reactor is not depressurized
(TQUX). Use of the diesel fire pumps for injection into
the vessel during long—term SBO sequences is predi-
cated upon the availability of a dedicated DC power
supply to the SRV solenoids, since depletion of the sta-
tion batteries will otherwise result in SRV closure and
repressurization of the vessel above the shutoff head of
the diesel fire pumps. With this modification, the long-
term SBO core damage frequency is reduced from
3.75 x 1076 per reactor-year to 3.83 x 10~7 per
reactor—year. The reduction in the consequences is
shown in Table 52.

As Table 52 indicates, inclusion of the diesel fire
pumps and modifications to provide a dedicated source
of DC power to the SRV solenoids and containment
vent valves afford a significant reduction in all re-
ported risk measures.

10.3.4 Blackstart Combustion Generator.
Section 8.4 discussed the effects of a combustion gen-
erator with blackstart capability on the core damage
frequency and consequences of SBO sequences. The
effects on the SBO consequences are summarized in
Table 53.
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Table 52. Offsite consequences for SBO and TQUX sequences with diesel fire pump available (per

reactor—year)?

Accident Mean Latent Population Offsite
Class Fatalities Dose (Rem) Costs ($)
ST-SBO 1.06E-04 1.09E-01 5.56E+02
LT-SBO* 3.05E-04 2.86E-01 1.09E+03
TQUX 2.82E-05 5.56E-02 7.13E+01
Total 4.39E-04 4.51E-01 1.72E+03
% Reduction from
Base Case 86.3 252 85.5
a. Includes backup DC power to SRV solenoids and containment vent valves.
b. The population dose is that received within a 50—mi radius of the plant.
c. Changes in consequences are due to the reduction in LT-SBO core damage frequency.
Table 53. Effects of blackstart gas turbine on consequences of SBO (per reactor—year)
Mean Latent Population Offsite
Fatalities Dose (Rem)? Costs ($)
ST-SBO 7.05E-05 6.83E-02 3.82E+02
LT-SBO 1.04E-03 9.78E-01 3.73E+03

a. The population dose is that received within a 50—mi radius of the plant.

Compared to the base case results in Table 49, the
addition of the gas turbine reduces all offsite conse-
quences by approximately 65%.

10.3.5 In—Pedestal Downcomers. Two of the
Mark II plants have downcomers located directly be-
neath the vessel for the purpose of directing core debris
into the suppression pool should the vessel fail and re-
lease debris into containment. These downcomers
were evaluated to determine if they have a significant
impact on risk. As discussed in Section 9.4, the down-
comers were modeled in the SCETs by setting
P(R2IVF) to 0.0, that is, all debris is assumed to be
quenched in the suppression pool for sequences where
the vessel fails at low pressure. High pressure melt
ejection is calculated to disperse approximately 25%

of the core debris to regions of the drywell outside
the pedestal (see Reference 9). The calculations in
Reference 9 assumed the presence of four in—pedestal
downcomers, with approximately 75% of the core de-
bris being quenched in the suppression pool. The base
case failure probability of Event R2 is already quite
uncertain, making any determination of the effects on
P(R2) of a partial debris—quench in the suppression
pool difficult. Therefore, the base case failure prob-
ability of Event R2 was retained for sequences with
vessel failure at high pressure (/VF). Because direct
corium attack and energetic FCls are expected to make
in—pedestal downcomer failure (and thus suppression
pool bypass) very likely, the base case probabilities of
suppression pool bypass were retained. Table 54
shows the consequence results with these modifica-
tions to the SCETs.
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Table 54. Consequence results with in—pedestal downcomers and high probability of suppression pool bypass

(per reactor—year)

Plant Damage Mean Latent

State Fatalities
TQUX 3.29E-05
ST-SBO 1.80E-04
LT-SBO 2.95E-03
ATWS (CM < CF) 1.12E-03
ATWS (CF < CM) 4.60E-03
Total 8.88E-03

Mean Population Mean Offsite

Dose (Man-Rem)? Costs ($)
5.98E-02 99.2
1.76E-01 1.02E+03
2.77 1.06E+04
1.02 6.20E+03
4.60 1.91E+04
8.63 3.70E+04

a. The population dose is that received within a 50-mi radius of the plant.

Comparing this table to Table 49 indicates that the
benefits of debris—quenching provided by the in—
pedestal downcomers are more than offset by the high
assumed probability of suppression pool bypass asso-
ciated with downcomer failure. If the probability of
suppression pool bypass is significantly less than the
assumed value of 90%, then the beneficial effects of
debris—quenching are expected to dominate and there
should be a reduction in risk. Note, also, that failure of
the in—-pedestal downcomers would mimic failure of
the in—pedestal drain lines and drain plate covers pos-
tulated in the base case, that is, failure of either drain
lines or downcomers is assumed to result in early sup-
pression pool bypass.

The overall result is that, if the presence of the in—
pedestal downcomers results in a high probability of
pool bypass, then the downcomers appear to be of no
benefit in reducing risk. Even if the probability of pool
bypass is very low, the net reduction in risk provided
by these downcomers appears to be very slight. This
stems directly from the fact that vessel failure at high
pressure is much more likely than failure at low pres-
sure in the dominant Mark II accident sequences. High
pressure vessel failure is expected to result in a disper-
sive melt ejection, which is calculated to spread a sig-
nificant fraction of the core debris outside the pedestal
region. The debris dispersed into the exterior regions
of the drywell will, if not cooled, cause heatup and
pressurization of the drywell. Some of the debris
trapped in the pedestal region may flow through the
in—pedestal downcomers and into the suppression
pool. The effect that the quenching of this debris has
on the progress of the sequence is highly uncertain.
However, if attack by this debris should fail one.or
more of the in—pedestal downcomers, then the offsite
consequences of a release will increase in severity be-
cause of the loss of pool scrubbing.

10.3.6 Drywell Head Flooding. Drywell head
flooding is a potential improvement that could prove
beneficial in preventing late thermal failure of the dry-
well head seal during SBO, or in mitigating a release
should head seal failure occur. The details of this im-
provement are discussed in Section 4.3.8. Essentially,
amodification would be needed to allow an operator to
transfer water from the spent fuel pool to the drywell
head following a loss of all AC power. The potential
benefits associated with drywell head flooding are
twofold. First, the water may provide a large enough
heat sink to prevent late thermal failure of the drywell
head seal (or other elastomeric seals in the drywell
head region). Second, any release of fission products
through the drywell head seal may be scrubbed by the
overlying pool of water.

To evaluate the effect of drywell head flooding on
the offsite consequences associated with SBO, the
SCETs were modified, as described in Section 8.4, to
reflect both a decreased likelihood of head seal failure
and the potential benefits of scrubbing through the
overlying water pool. The revised offsite conse-
quences are shown in Table 55.

Table 55 indicates that drywell head flooding, if
effective, has the potential to slightly reduce the offsite
consequences for SBO. However, as mentioned above,
uncertainties remain as to the effectiveness of drywell
head flooding in preventing failure of the drywell head
seal and in scrubbing the release should the head seal
fail. If flooding is not as effective as assumed here,
then the benefits will be correspondingly reduced.

10.3.7 Increased Probability of Early Con-
tainment Fallure. To examine the sensitivity of the
risk results to the conditional probability of early con-
tainment failure, the failure probability of Event F1
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Table 55. Offsite consequences for SBO sequences with drywell head flooding (per reactor—year)

Mean
Population Mean
Mean Latent Dose Offsite
Fatalities (Man-Rem)? Costs ($)
ST-SBO 9.71E-05 1.04E-01 3.27E+02
LT-SBO 2.96E-03 2.78 1.06E+04
% Decrease From Base Case 3.9 3.7 7.3

a. The population dose is that received within a 50-mi radius of the plant.

was modified as follows. For the Class IC ATWS, the
base case probabilities of 7.5 x 10~2 and 0.9 were in-
creased to 0.5 and 0.99, respectively. For short—term
SBO and TQUX, the base case probability was in-
creased from 7.5 x 10~2 to an indeterminate value of
0.5. Finally, for long-term SBO, the base case failure
probability of 0.57 was increased to 0.9. Table 56
shows the offsite consequences with these increased
probabilities of early containment failure.

Increasing the probability of early containment fail-
ure leads to significantly higher offsite consequences.
In particular, the consequences of an ATWS sequence
with core melt prior to containment failure (Class IC)
are especially sensitive to this probability.

The possible sensitivity of this result to the percent-
age of the population that is assumed to evacuate was
also examined. The base case consequence results and
the above sensitivity case of increased early contain-
ment failure probability were both obtained under the
assumption that 100% of the population successfully

evacuates. However, if a certain percentage of the pop-
ulation did not evacuate, the risk results could poten-
tially be quite different. To evaluate this issue, offsite
consequences were recalculated with MACCS under
the assumption that 5% of the population does not
evacuate. The consequences for this case are shown in
Table 57.

The risk per year for the sensitivity case of increased
probability of early containment failure, again assum-
ing 95% evacuation, is shown in Table 58.

Comparing Table 49 with Table 57 and Table 56
with Table 58 indicates that the percentage of the pop-
ulation that evacuates has essentially no impact on any
of the reported risk measures, since these risk mea-
sures are dominated by the long—term chronic dose.
The only risk measures that are expected to be signifi-
cantly affected by the evacuation percentage are early
health effects, such as prodromal vomiting and acute
fatalities, but these measures are not being reported,
for reasons mentioned earlier.

Table 56. Offsite consequences with increased probabilities of early containment failure (per reactor—year)

Plant Damage Mean Latent

State Fatalities
TQUX 4.70E-05
ST-SBO 2.06E-04
LT-SBO 2.98E-03
ATWS (CM < CF) 5.34E-03
ATWS (CF < CM) 4.60E-03
Total 1.32E-02
% Increase 47.7

Mean Population Mean Offsite

Dose (Man-Rem)? Costs ($)
7.24E-02 177
1.99E-01 1.11E+03
2.80 1.07E+04
479 2.93E+04
4.60 "~ 1.91E+04
12.50 6.04E+04
442 62.4

a. The population dose is that received within a 50-mi radius of the plant.
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Table 57. Offsite consequences with base case probability of early containment failure and 95% evacuation

(per reactor—year)

Plant Damage Mean Latent

State Fatalities
TQUX 3.30E-05
ST-SBO 2.01E-04
LT-SBO 2.99E-03
ATWS (CM <CH) 1.13E-03
ATWS (CF < CM) 4.60E-03
Total 8.95E-03
% Increase ' 0.1

Mean Population Mean Offsite

Dose (Man—Rem)? Costs ($)
6.02E-02 99.4
1.95E-01 1.09E+03
2.81 1.07E+04
1.02 6.21E+03
4.61 1.91E+04
8.70 3.72E+04
0.4 0.0

a. The population dose is that received within a 50-mi radius of the plant.

Table 58. Offsite consequences for the case of increased probability of early containment failure and 95%

evacuation (per reactor-year)

Plant Damage Mean Latent

State Fatalities
TQUX 4.70E-05
ST-SBO 2.06E-04
LT-SBO 2.99E-03
ATWS (CM < CF) 5.35E-03
ATWS (CF < CM) 4.60E-03
Total 1.32E-02

Mean Population Mean Offsite

Dose (Man—-Rem)? Costs ($)
7.28E-02 177
1.99E-01 1.11E+03
2.81 1.07E+04
4.80 2.93E+04
4.61 1.91E+04
12.50 6.04E+04

a, The population dose is that received within a 50-mi radius of the plant.

We close this section by summarizing the quantita-
tive benefits calculated for the potential Mark II im-
provements. This information is presented in Table 59.
The results of the various sensitivity cases, such as
ATWS level control, have not been included in the
table. The risk measures presented in this table are the
sum of the individual risk measures for each plant
damage state.

10.4 Limitations and
Uncertainties

The quantitative analysis performed for this report
is limited in several important respects. First, the scope
of the accident sequence analysis is narrower than
would be performed in a typical Level 1 PRA.
For example, there are areas where support system

interdependencies have been neglected. These inter-
dependencies would be important in an analysis whose
goal was to rigorously determine the core damage fre-
quency for a specific plant. Here, however, the princi-
pal goal is to determine the change in the core damage
frequency effected for the generic CPI plant by a
change in hardware or operating procedure. In addi-
tion, a detailed data base of component failure rates,
human error probabilities, and system unavailabilities
was not developed. Instead, use was made of data from
studies previously performed for similar plants.

The containment response analysis utilized SCETs.
Each SCET has approximately 15 top events, rather
than the 100 or more top events in the BWR accident
progression event trees developed for NUREG-1150.
The current uncertainties in many important
phenomenological issues tend to offset attempts to
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Table 59. Summary of quantitative benefits for potential Mark II improvements

Diesel Fire Pump

. No Dram Line
Blackstart

. and Enhanced Drywell Head  or Downcomer

Hardened Vent Depressurization ~ Gas Turbine Flooding Failure
CM Frequency A2 W A o o
Latent Fatalities 2 W W d 4
Population Dose T 4 W d H
Offsite Costs { W W { A
T = slight increase (< 5%)
d = slight decrease (< 5%)
4l = large decrease (> 20%)
<> = nochange

include a great amount of detail in the containment
event trees; even in the SCETSs used here, the quantifi-
cation of several important events remains indetermi-
nate because of a lack of data, both calculational and
experimental, and because some events can be precise-
ly quantified only on a plant—specific basis. For more
details on the SCET methodology, see Reference 3.

All values used to quantify the event trees, and,
therefore, all results as well, are point estimates. In
reality, there is a range of uncertainty (both stochastic
and due to lack of knowledge) associated with each of
these values and results, with this uncertainty typically
being given in the form of a cumulzative distribution
function. Because no uncertainty analysis was per-
formed, the uncertainty in the point estimates cannot
be explicitly identified; however, in some cases, this
uncentainty can be expected to span one or more orders
of magnitude.

Because no Mark II plant was analyzed as part of the
NUREG-1150 effort, and because only limited
Mark I containment response calculations were per-
formed by ORNL using BWRLTAS/BWRSAR/MEL-
COR, a choice had to be made as to what analyses to
draw upon in quantifying the various branches on the
SCETs. The decision was made to primarily utilize
the MAAP analysis of Shoreham contained in
Reference 29. This decision was made with
knowledge of the recognized limitations of the MAAP
code, and of the different modeling assumptions used
in MAAP and STCP. Even in light of the limitations of
MAAP, Reference 29 still provided the most thorough
and well documented set‘of containment response cal-
culations for a Mark II plant that was available for use
in this project. Wherever possible, the MAAP results

from Reference 9 were supplemented or supplanted
with results from other analyses.

One of the drawbacks to using the analyses in
Reference 9 was that Shoreham’s containment is not
representative of the “generic” Mark I design, primar-
ily because it has four in—pedestal downcomers located
underneath the reactor vessel. The effect of these
downcomers is that, for sequences in which the reactor
vessel fails at low pressure, the MAAP code transports
all core debris to the suppression pool, where the de-
bris is assumed to be quenched. This limitation was
overcome in the base case SCETs by questioning ex—
vessel recovery (Event R2), even for those branches of
the tree involving vessel failure at low pressure (VF).
Another limitation of the Reference 9 MAAP analysis
applies to those sequences involving vessel failure at
high pressure (/VF), for which MAAP calculates en-
trainment of approximately 25% of the core debris to
the ex—pedestal region of the drywell; the other 75% is
transported to the suppression pool via the in—pedestal
downcomers. This is not an accurate distribution for
the “generic” Mark II plant, which is assumed to have
a flat in—pedestal floor with no in—pedestal downcom-
ers. This limitation was accounted for by increasing
the probability of late containment failure for those se-
quences where ex—vessel recovery fails. Reference 29
quantified late containment failure for these sequences
based on the probability of recovering a system capa-
ble of injecting water into the containment within the
time to containment failure calculated by MAAP (the
probability of injection recovery was quantified in
Reference 29 assuming an exponential distribution for
failure to repair, with a mean time—to—repair of 19 h).
With ~100% of the core debris in the drywell, the time
to containment failure may be significantly different
than in the case with only 25% of the debris present on
the drywell floor. The assumption that the debris that
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enters the suppression pool is quenched is uncertain.
The BWRLTAS/BWRSAR/MELCOR analysis indi-
cates that steam spikes may be significant and suffi-
cient to fail containment by overpressurization. Steam
explosions cannot be modeled at this time, but may
pose an additional challenge to containment integrity.

- Inthe consequence analysis, original fission product

transport calculations were not performed to determine
source terms. Instead, the source terms calculated in
Reference 9 were used as inputs to the MELCOR
Accident Consequence Code System (MACCS), along
with the NUREG-1150 deck for Peach Bottom (see
Appendix D for more details). Again, because this re-
port is concerned primarily with changes in offsite
consequences effected by a proposed improvement,
this methodology should be adequate. However, be-
cause of modeling differences between MAAP and
STCP, the source terms used in this report may differ

from source terms used in NUREG-1150. This may
affect some of the consequence results, as discussed in
earlier sections of the report. Also, because the conse-
quence calculations were performed using the Peach
Bottom MACCS input deck from NUREG-1150, the
consequence results are specific to the Peach Bottom
site. Other sites with different population distributions,
emergency response plans, etc., will have conse-
quences that vary from those in this report. This should
be taken into account in applying the results of this re-
port to a specific plant.

Finally, the scope of this analysis was not to model
all existing variations in the Mark II containment de-
sign and in the reactor systems. Instead, a generic plant
design was decided upon, with the expectation that in-
dividual plants can use this analysis as a starting point
for their own plant-specific investigations.
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PRIMARY CONTAINMENT RESPONSE CALCULATIONS
FOR UNMITIGATED SHORT-TERM STATION BLACKOUT
AT PEACH BOTTOM
with consideration of
1.) Separated metal and oxide pours
2.) Melting of reactor vessel bottom head
3.) Degassing of drywell concrete

S. A. Hodge C. R. Hyman L. J. Ott
Boiling Water Reactor Severe Accident Technology Program

Oak Ridge National Laboratory
Oak Ridge, Tennessee

EXECUTIVE SUMMARY

This report describes the results of analyses performed by the BWR
Severe Accident Technology (BWRSAT) Program at Oak Ridge National Labo-
ratory (ORNL) to estimate the conditions within the Peach Bottom drywell
during an wunmitigated short-term station blackout severe accident
sequence. It is also the purpose of this report to discuss the effi-
ciency of the CONTAIN code with respect to its application to calculate
the response of the BWR MKI containment system to debris pours from the
reactor vessel. This work was performed at the request of Dr. Thomas J.
Walker, Leader of the Task Group on the BWR Mark I Shell Melt-Through
Issue established by the Accident Evaluation Branch of the Nuclear Regu-
latory Commission (NRC) Office of Nuclear Regulatory Research. The Task
Group was formed in support of an ongoing effort to determine the
response of the drywell shell in the unlikely event that a severe acci-
dent were to proceed to the point of release of molten core debris from
the reactor vessel.

The primary containment response calculations discussed in this
report were performed with the Boiling Water Reactor Severe Accident
Response (BWRSAR) code and, for the period after failure of the reactor
vessel bottom head penetrations, with the CONTAIN code. The short-term
station blackout accident sequence has been analyzed with the simulation
based upon the existing plant configuration including representation of
the concrete in accordance with recently acquired information that iden-
tifies it to be of the limestone common sand classification. It is
assumed that the Automatic Depressurization System (ADS) is available
and is actuated in accordance with the BWR Owners Group Emergency Pro-
cedure Guidelines. After the predicted failure of the reactor vessel
bottom head penetrations, the gas blowdown rates and the core debris
pouring rates calculated by the BWRSAR code are used to drive the
CONTAIN calculations. It was assumed for these calculations that the
core debris in the reactor vessel bottom head forms two separate mix—
tures during heatup after bottom head dryout: a single metallic
eutectic with a melting temperature of 2750°F (1783 K) and a single
oxidic eutectic with a melting temperature of 4350°F (2672 K).
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It should be recognized that the authors of this report believe
(and the results of recent experimental efforts by George Parker!2? at
ORNL support the contention) that the initial pour of molten core debris
from a BWR reactor vessel would be metals-rich and relatively low in
temperature [about 2600°F (1700 K)]. However, we are unable to use
BWRSAR code predictions based upon our best-estimates regarding the
formation of low-melting-temperature eutectic alloys in the BWR reactor
vessel bottom head to drive the current version (1.1) of CONTAIN, since
the CORCON module within CONTAIN has no models to represent these
alloys. It is for the reason of these CORCON module limitations that
the BWRSAR calculations of the present report are based upon the
unrealistic assumption that the metallic core debris in the reactor ves-
sel bottom head forms a single eutectic mixture with a melting tempera—
ture higher than that of stainless steel.

In addition, while the spread of the initial metals-rich debris
over the drywell floor would be expected to cause a large release of
water vapor and carbon dioxide from the concrete by means of heating
(even though the temperature might not be high enough to induce concrete
ablation), the present released version (1.1) of CONTAIN permits none of
the water vapor or carbon dioxide stored in the concrete to escape
unless the overlying debris temperature is sufficient [>2246°F (1503 K)
for limestone common sand concrete] to cause ablation. Accordingly, a
special version of CONTAIN provided by the code development staff at
Sandia National Laboratories (SNL) was used to perform the present cal-
culations. This special version of the code includes the necessary
models for concrete degassing in the absence of ablation and for deter-—
mination of the concomitant release of water vapor and carbon dioxide.

For Short-Term Station Blackout with the ADS system available, the
reactor vessel is manually depressurized in accordance with the BWR
Owners Group Emergency Procedure Guidelines at the time that water level
indication is lost. The purpose of the rapid reactor vessel depressuri-
zation is to temporarily lower the core temperature by steam cooling, to
thereby delay the onset of degradation of core geometry and the downward
movement of molten core structural material, and to greatly reduce the
magnitude of the direct vessel blowdown into the drywell and the con-
comitant containment pressure increase upon bottom head penetration
failure.

Actuation of the ADS with the water level near the bottom of the
core causes flashing of the vessel water inventory and early core plate
dryout, predicted to occur at just 81 min after scram. Since the core
plate is dry when debris relocation begins at time 132 min, local core
plate failures (by overtemperature) are predicted to begin almost
immediately thereafter.

Continued relocation of core debris within the reactor vessel
results in bottom head dryout at time 255 minj the bottom head penetra-
tions are predicted to fail immediately thereafter. The effect of this
upon the drywell is relatively minor, however, since the reactor vessel
and drywell pressures are nearly equal when the penetrations fail.
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Also, since there is no great blowdown of steam through the bottom head
debris bed, there is no sudden large production of hydrogen and release
of energy within the debris bed upon bottom head penetration failure.

The event timing for this unmitigated severe accident sequence 1is
provided in Table ES-1., Information concerning the amount of zirconium
oxidation in the core region and in the reactor vessel bottom head as
well as the total in-vessel hydrogen generation is also provided in this
table, for a time sufficiently after bottom head penetration failure
that the in-vessel metal-steam reactions are essentially complete.

It is important to recognize that were the reactor vessel pressur-
ized at the time of bottom head penetration failure, the BWRSAR code
would predict a large debris bed energy release provided by metal-steam
reactions during vessel blowdown, and the initial pour of molten debris
from the bottom head would be predicted to occur almost immediately
after penetration failure, since the debris bed would quickly reheat to
the assumed metallic debris melting temperature of 2750°F (1783 K).
However, for the case considered here in which the ADS is actuated so
that there is no large debris bed metal-steam reaction energy release,
the BWRSAR code predicts an 8-min period between bottom head penetration
failure and the initial pour of molten metals onto the drywell floor.
Nevertheless, the pour includes a much greater proportion of unoxidized
zirconium metal than would occur in the pressurized case.

CONTAIN code calculations of the containment response to the
release of molten debris from the reactor vessel have been carried out
for both a dry case and for a case with consideration of the effect of
drywell sprays. In this connection, the advice and assistance of the
CONTAIN code development staff at Sandia National Laboratories were
invaluable to this project and the performance of these analyses. The
following discussion pertains to the dry case, in which the only water
on the drywell floor is the small amount initially in the drywell sumps,
which is quickly boiled away upon the first emergence of debris.

With ADS actuation in accordance with the Emergency Procedures
Guidelines, most of the energy release by oxidation of the metallic
debris occurs not in the reactor vessel bottom head, but rather on the
drywell floor, where the carbon dioxide and steam for the reaction are
provided by the mechanisms of concrete degassing and ablation. Thus,
after the initial pour from the reactor vessel begins at time 263 min
after scram, the metal-CO, and metal-steam reactions 1in the inpedestal
region of the drywell floor provide the energy to keep the floor debris
molten and to provide conditions for spreading through the pedestal
doorway into the expedestal region 112 min later, at time 375 min after
scram.

It is instructive to consider the extent to which ADS actuation
during the short-term station blackout accident sequence increases the
amount of =zirconium metal available for oxidation on the drywell
floor. As indicated in Table ES-1, only 26% of all zirconium metal is
oxidized 1in-vesselj this may be compared with more than 50% oxidized
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in-vessel for cases in which the reactor vessel is not depressurized.’
Examination of the early pours from the vessel for the present calcula-
tion reveals that 51,950 1lbs (23,570 Kg) of zirconium metal reaches the
inpedestal region during the 112-min period between the onset of vessel
pour and the initial spread into the expedestal regionj; oxidation of
this metal keeps the inpedestal debris hot.

At the time of initial contact with the shell at 375 min after
scram, the debris layers at the shell interface introduced into the
CORCON calculation consist of 0.49 in (1.24 cm) of oxide slurry at a
temperature of 2592°F (1695 K) overlying 0.46 in (1.17 cm) of metals at
a temperature of 2590°F (1694 K), somewhat below the solidus temperature
of 2690°F (1750 K). Subsequently, the amount of debris in the expedes-
tal region increases rapidly as the pour of molten debris from the
reactor vessel continues. The debris temperature also increases
rapidly, primarily due to the energy released by oxidation of the zir-
conium metal in the expedestal region.

The time-history of the conditions at the debris-shell interface as
calculated by CONTAIN during the approximately one hour period after
initial contact during which the calculated debris temperatures approach
the melting temperature of carbon steel [2800°F (1810 K)] are provided
in Table 4.6 of this report. The maximum debris temperature predicted
for the expedestal region during this period from 375 to 435 min after
scram is 2706°F (1759 K) for the metal layer at time 418 min; the calcu-
lated debris temperatures decrease rapidly after this peak. The CONTAIN
code results provided in Table 4.6 are the information necessary for the
performance of shell response calculations with codes such as HEATING-6
or TAC-2D. Although the predicted debris temperatures are clearly not
high enough to cause shell melt-through, failure of the shell pressure
boundary through loss of strength is possible. A detailed thermal and
stress analysis should be performed for the drywell shell throughout the
region of contact with the hot debris to address this issue.

The results presented in this report involve the first use of real-
istic metal and oxide pours in BWR severe accident analyses known to the
authors. The report also provides the first known drywell response
analyses based upon retention of the initial pours in the inpedestal
region, then spreading of the debris emerging from the reactor pedestal
doorway over the expedestal region of the drywell floor. As discussed
in Chapter 4, the spreading into the expedestal region actually takes
place in two stages with the first spread held within 800 ft2 (74.3 m2)
of the expedestal floor area and the second spread, occurring just three
minutes later, expanding over the remaining 300 ft2 (27.9 m2) of the
expedestal region. The short duration of the first spread is due to the
relatively rapid pour of debris from the reactor vessel occurring during
this period. '

Four major challenges to the continued integrity of the containment
pressure boundary are identified for the case without drywell sprays in
this report. First, the calculated temperature of the drywell shell in
the vicinity of the ‘head flange seals is sufficient to cause failure of
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the seals. Predicted upper shell temperature is 730°F (661 K) at time
592 min; recent experiments at INEL® have shown similar seals to fail
catastrophically .at this temperature. At this time, the predicted
drywell pressure is 126 psia (.869 MPa). Based upon recent drywell head
flange leakage predictions,® seal failure at this pressure would open a
15.5 in.2 (0.010 m2) leakage pathway from the drywell atmosphere to the
refueling bay. The containment would then depressurize to a level con-
sistent to maintain a continuous leakage through the drywell head
flange; for these calculations, this is about 98 psia (0.676 MPa).

A second major challenge to drywell pressure boundary integrity is
imposed by the high temperature of the core debris pressing against the
shell around the circumference of the drywell at the level of the
floor. Although the dry case results of the current analysis indicate
that the maximum debris temperatures adjacent to the drywell shell are
less than the shell melting temperature, previous calculations with
other concrete types’ indicate that the threat to drywell shell integ-
rity is a function of the type of concrete used to construct the drywell
floor. Predicted debris temperatures have been shown to be sufficient
to clearly threaten shell melt-through for high limestone concrete
[ablation temperature 2694°F (1752 K], whereas expedestal debris tem-
peratures are much lower for the same accident sequence for limestone
common sand concrete [ablation temperature 2246°F (1503 K)] such as used
at Peach Bottom. Thus, not only is the threat to the drywell shell
accident sequence dependent (i.e., reflected through the timing, tem-
perature, and composition of debris pours), but it is also plant spe-
cific through the concrete type.

The third major threat to drywell integrity is provided by ablation
of the concrete pedestal that supports the reactor vessel. Calculations
indicate that the amount of pedestal erosion is significantly affected
by the amount of zirconium metal in the debris available for oxidation
on the drywell floor, and this also is accident sequence dependent. For
previous calculations assuming high limestone concrete,? 77% of the ped-
estal wall had eroded at the end of the calculation for the case of
short-term station blackout with ADS actuation as opposed to 60% erosion
for the same accident sequence without reactor vessel depressurization,
in which much more of the zirconium metal is oxidized in-vessel. In the
present calculation, the debris temperatures are much lower and a 30%
reduction in pedestal wall thickness is predicted.

Finally, the fourth major challenge to the continued integrity of
the containment pressure boundary is provided by the steadily increasing
pressure that would have been predicted in these calculations had fail-
ure of the drywell head flange seals not been modelled. This contain-
" ment pressure increase is a direct consequence of the continuing release
of non-condensible gases from the core debris-concrete interaction. In
this connection, it should be noted that the pressure differential
required to lift the drywell head so that leakage after head flange seal
failure can occur is plant-specific. For example, at Peach Bottom the
drywell head is secured by 68 bolts whereas 208 bolts secure the drywell
head at Browns Ferry.
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As discussed previously, the dry case calculations of this report
were terminated at time 900 minutes after scram. Approximately 98% of
the reactor vessel bottom head debris has become molten and left the
vessel by this time, and most of the lower portion of the bottom head
wall has been subsumed into the debris on the drywell floor. In the
expedestal region, the base of the metal layer has sunk 12.9 in
(32.7 cm) beneath the original level of the floor. Although the metal
layer is predicted to be frozen, it is still hot enough [2396°F
(1586 K)] to cause continued ablation of the concrete immediately
beneath it. Overlying the 9.6-in. (24.3 cm) thick metal layer is a
15.6-in. (39.6 cm) thickness of oxide slurry at a temperature of 2471°F
(1628 K), extending to a height of 12.3 in. (31.1 cm) above the original
level of the floor. Since the debris pour from the reactor vessel is
virtually terminated at this point, it is expected that this is the
maximum height that the debris would be predicted to achieve against the
drywell shell. If the calculation were continued, the frozen metal slug
and its overlying oxide slurry would merely be predicted to continue
sinking slowly into the concrete remaining beneath the debris, slowly
releasing additional gas. This completes the discussion concerning the
results of the CONTAIN calculation for the case without sprays.

Reliable drywell spray systems that would flood the drywell floor
before and during the egress of molten core and structural debris from
the reactor vessel in the unlikely event that a Severe Accident were to
progress this far have been proposed. One purpose of these systems
would be to delay the spreading of debris toward the drywell shell.
However, even if these sprays did not halt or significantly delay the
movement of molten debris toward the shell (as suggested by the results
of ongoing experiments at Brookhaven National Laboratory!!), the
presence of water over the core debris would certainly mitigate the
transport of aerosols into the drywell atmosphere.

It should be noted that the existing spray system at Peach Bottom
would probably not be available under the Short Term Station Blackout
conditions assumed in this report. This is because the containment
spray system is a subsystem of the Residual Heat Removal (RHR) system,
which 1s a low pressure ECC system whose primary purpose is water
injection into the reactor vessel under accident conditions. Thus, if
containment sprays are available, then the RHR system is available, and
the accident, by definition, would not have progressed to the point of
bottom head penetration failure. Therefore, for the purpose of explor-
ing the mitigative effect of sprays on severe accident progression, it
has been assumed that a reliable drywell spray system has been installed
that is independent of the current RHR system.

The sprays of the new system are assumed to have a capacity of
700 gpm (0.044 m3/s) and to have been introduced sufficiently before
reactor vessel bottom head failure such that the drywell floor is flood-
ed to the point of overflow to the pressure suppression pool at the time
that the first debris emerges from the vessel. It is assumed that the
existing spray headers are used and therefore spray is directed only
into the lower expedestal regions of the drywell. Spray suction is
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taken from the condensate storage tank [temperature = 90°F (305 K)]
while the debris pour from the reactor vessel fills the inpedestal
region sumps and during the initial spread into the expedestal region at
372 min. After the time of debris spreading around the entire periphery
of the drywell (602 min), spray suction is shifted to the pressure sup-
pression pool and the temperature of the injected spray droplets is that
of the pool.

Calculated results for the wet case indicate much lower atmosphere
temperatures as compared to the dry case. No conditions sufficiently
harsh to cause drywell head seal degradation are predicted and therefore
no direct leakage of gas and aerosols into the refueling bay is indi-
cated. This feature, combined with the expected aerosol scrubbing by
the sprays and by the subsequent water pools calculated to form on the
drywell floor, makes it clear that the availability of drywell sprays
during severe accidents is highly desirable.

The mitigative effect of sprays on debris/concrete phenomenology is
also calculated to be substantial. Debris spreading completely around
the drywell floor is delayed by approximately 3.7 h compared to the dry
case, although initial debris contact with the drywell shell occurs at
almost the same time. Maximum expedestal debris temperature is calcu-
lated to be 2583°F (1690 K) compared to 2706°F (1759 K) for the dry
case, a reduction of 123 F° (68 K). Cumulative debris gas release at
750 min amounts to 689 lb-moles (3.13*%105 gr-moles) vs 1419 lb-moles
(6.44%105 gr-moles) for the dry case. Reactor pedestal ablation con-
sumes only 0.25 ft (0.08 m) for the wet case vs 0.9 ft (0.27 m) for the
dry case.

The current versions of CONTAIN and CORCON have greatly advanced
the state of the art for BWR severe accident analysis. However, the
present application described in this report does not permit definitive
conclusions, particularly for the wet case, to be made concerning the
interactions of debris with concrete, with the drywell shell, or with a
postulated overlying water pool. This is partly due to uncertainties in
the invessel analysis performed with the BWRSAR code that determined the
debris pours used in this report. It is also due to the need for code
improvements in CONTAIN and CORCON; this need arises primarily because
of the evolving modeling requirements associated uniquely with the
analysis of the response of the BWR MK I and MK II drywells to severe
accidents. It is believed that improvements in CONTAIN/CORCON modeling
capabilities should be developed according to the following recommenda-
tions:

1. Develop and incorporate into CONTAIN/CORCON a mechanistic debris
spreading model. This model would allow for more accurate
determination of the timing, rate, and extent of debris spread-
ing on the flat drywell floor. Currently no such dynamic model
exists for the calculation of debris/concrete interactions.
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9.

Improve the representation of debris melting so that various
metallic, oxidic, and metallic/oxidic eutectic mixtures can be
considered. This modification would allow '"best estimate"
debris pours to be used in calculating the debris/concrete
interaction.

Develop an advanced concrete degassing model applicable to
regions ahead of the ablation front during periods of unsteady
concrete ablation. This model should be coupled with the
recently developed concrete degassing model that is currently
being applied in an advanced version of CONTAIN at ORNL. (The
current model considers degassing only in the absence of abla-
tion.)

The present representation of a layered debris configuration
should be modified to allow for a homogeneous mixture of oxides
and metals so that the sensitivity of calculated results to
assumptions regarding layering can be addressed.

The debris layering scheme should be modified to allow for
multiple layers of the same debris. This would improve the
applicability of the current debris crusting model to layers
that are simultaneously associated with radically different
geometries. The concern for BWR applications is the simultane-
ous modeling of the drywell sump with the remainder of the
inpedestal floor, which is flat. Correct modeling of the over-
all floor is important to the calculation of reactor pedestal
erosion. '

Allowance should be made for representation of the effect of B,C
in the debris. It is currently not considered.

The method of adding additional debris from the source table
input to the debris already on the drywell floor should be modi-
fied to accommodate debris geometries having massive upper
layers that are predicted to be completely frozen, as occurs in
the wet case calculations of this report. The assumption of
thermal equilibration of the added debris with the entire frozen
mass of the upper layer should be eliminated and a new model
should be developed that is physically more realistic.

The enhancement of film boiling heat transfer due to gas sparg-
ing from debris into an overlying water pool should be repre-
sented.

The code numerical stability should be improved so that wet case
calculations are not terminated by code interrupts.

The calculations of this report, particularly those for the wet

case,

should be repeated after the above code improvements are made.

Furthermore, it is recommended that the following additional areas be
addressed in future work to assess the MK I containment response to
debris pours from the reactor vessel:
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A parameter study should be performed to identify the
sensitivity of primary containment response to assumptions
concerning the melting temperatures of debris in the bottom
head and therefore the resulting debris pours as calculated
by the BWRSAR code.

The type of concrete used in drywell floor construction at
each of the 17 U.S. plants with BWR MK I containments
should be ascertained. It is probable that no U.S. plants
were built with high limestone concrete, but this should be
confirmed.

The mitigating effects of wetwell venting should be inves-—
tigated.

The containment analysis should be extended to include
CONTAIN or MELCOR estimates of secondary containment per-
formance after failure of the primary containment pressure
boundary. ‘

The present analyses should be extended beyond the time of
exhaustion of the zirconium metal on the drywell floor to
consider the effects of oxidation of chromium, iron, and
nickel.

Severe accident response analyses should be performed for
Long Term Station Blackout to determine the sensitivity of
calculated results to parameters that are accident sequence
dependent.
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Table ES-1. Event timing for short-term station
blackout with ADS actuation at Peach Bottom.
The bottom head debris is modeled as a
mixture of metals melting at
2750°F and a mixture of
oxides melting at 4350°F

Time of
Event
(min)
Swollen Level Below Top of Core 40.2
Open One SRV 77.0
ADS System Actuation 80.0
Core Plate Dryout 80.9
Debris Relocation Begins 132.4
First Local Core Plate Failure 132.7
Central Radial Columns Fall 222.8
Bottom Head Dryout 254.9
Bottom Head Penetration Fails 255.0
First Debris Leaves Vessel 263.1
First Debris Contact with : 375.0
Drywell Shell
At Time 455 Minutes
Fraction of Zirconium Oxidized
Invessel
Core Region 0.179
Bottom Head Debris 0.081
Total 0.260
Total Hydrogen Generated
Invessel, lbs 1,632

Bottom Head Debris Exited Vessel, lbs 475,246




1. TINTRODUCTION

This report describes the results of analyses performed by the
Boiling Water Reactor Severe Accident Technology (BWRSAT) Program at Oak
Ridge National Laboratory (ORNL) to assess certain aspects of the latter
phases of an unmitigated boiling water reactor severe accident involving
the release of core debris from the reactor vessel. It is also the pur-
pose of this report to discuss the efficiency of the CONTAIN code with
respect to its application to calculate the response of the BWR MK I
containment system to debris pours from the reactor vessel. This work
was performed at the request of Dr. Thomas J. Walker, Leader of the Task
Group on the BWR Mark I Shell Melt-Through Issue established by the
Accident Evaluation Branch of the Division of Reactor Accident Analysis
of the Nuclear Regulatory Commission (NRC) Office of Nuclear Regulatory
Research. The Task Group was formed in support of an ongoing effort to
determine the potential for failure of the drywell shell pressure boun-
dary and the impact upon secondary containment (reactor building) integ-
rity in the unlikely event that a severe accident were to proceed to the
point that core debris came into contact with the drywell shell.

The specific calculations performed in this work are those speci-
fied by the Task Group Leader. These are based upon the short-term
station blackout accident sequence at the Peach Bottom Atomic Power Sta-
tion, which has been determined by the Accident Sequences Evaluation
Program (ASEP) to provide about 20%Z of the total risk of core melt at
this facility.! The specific case analyzed is based upon the existing
plant configuration, where it is assumed that the Automatic Depressuri-
zation System (ADS) is actuated in accordance with the BWR Owner's
Group Emergency Procedure Guidelines. ' Codes employed are BWRSAR? for
the reactor vessel and the primary containment response during the first
phase of the accident sequence, and BWRSAR and CONTAIN3 for the debris
pours from the reactor vessel and the primary containment response after
reactor vessel bottom head penetration failure. For the purpose of
testing the CONTAIN code in this application, it was assumed for these
calculations that the core debris in the reactor vessel bottom head
forms two separate mixtures during heatup after bottom head dryout: a
single metallic eutectic with a melting temperature of 2750°F (1783 K)
and a single oxidic eutectic with a melting temperature of 4350°F
(2672 K). It is recognized that other mixtures and other melting tem-
peratures should be included in the spectrum of possible pours; however,
this is left to future work.

It was necessary in previous calculations to assume a very high
melting temperature for the core debris in the reactor vessel bottom
head because the CORCON module within the CONTAIN code had no models to
represent low-melting-temperature eutectic alloys and because there was
no model for degassing of the concrete on the drywell floor. Recent
modifications provided by the CONTAIN development staff at Sandia
National Laboratories (SNL) and made operational in the ORNL version
have permitted the degassing restriction to be removed. In addition,
local changes to the ORNL version provide a lower melting temperature of
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4350°F (2672 K) for the Zr0,-U0, mixture recognized by the CORCON
module. Therefore, we have been able for these calculations to consider
more realistic lower-melting-temperature mixtures instead of the single
mixture of oxides and metals melting at 4750°F (2894 K) that was con-
sidered in the previous study.“

Containment response has been analyzed for two cases differing with
respect to assumptions regarding the availability of drywell sprays and
the presence of water on the drywell floor. The first case, in which
there are no drywell sprays and the only water on the drywell floor is
the small amount initially in the drywell sumps, corresponds to the
existing plant configuration. For the second case, it is assumed that a
reliable independent spray system has been 1installed and that this
system is actuated sufficiently before reactor vessel bottom head fail-
ure such that the drywell floor is flooded to the point of overflow when
the first debris emerges from the vessel.

In general, the calculations whose results are represented in this
report were carried out on a best-estimate basis. This includes the
models employed for representation of the decay heat power as a function
of time. Chapter 2 provides a description of the short-term station
blackout accident sequence and a brief discussion of the motivation for
consideration of the consequences of this event. The BWRSAR calcula-
tions employed to provide estimates of the debris pours from the reactor
vessel for this accident sequence are discussed in Chapter 3 and a tim-
ing of events is established. Chapter 4 provides the results of CONTAIN
calculations to estimate the response of the primary containment to the
debris pours occurring after reactor vessel bottom head penetration
failure for the dry case, the case without sprays. The CONTAIN calcula-
tions were repeated for the case with sprays and these wet case results
are presented in Chapter 5.

The conclusions of this short-term station blackout analysis and
the implications of the results are discussed in Chapter 6. Recommenda-
tions for future work are provided in Chapter 7, including specific sug-
gestions for CONTAIN code improvements found necessary in attempting to
apply the code to the flat-floor configuration of the BWR MK I drywell.

During the course of performing the calculations discussed in this
report, there was significant consultation with the CONTAIN code
development staff at SNL. Their advice in regard to the proper applica-
tion of the code and their rapid response in providing on-the-spot code
upgrades where necessary are greatly appreciated.
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2. THE SHORT-TERM STATION BLACKOUT
SEVERE ACCIDENT SEQUENCE

Much of the impetus for these new studies of Peach Bottom Station
Blackout has derived from the most recent findings of the NRC-sponsored
Accident Sequence Evaluation Program (ASEP) in support of the NUREG-1150
effort.! The final results of the ASEP Program provide the estimate
that 60% of the overall risk of core melt for Peach Bottom can be attri-
buted to the overall threat of Station Blackout.* Historically, the
station blackout accident has been considered to be the sequence initi-
ated by loss of offsite power and reactor scram combined with failure of
the station diesels to start and load. In this (long-term) accident
sequence, water is injected into the reactor vessel by the steam tur-
bine-driven HPCI or RCIC systems as necessary to keep the core covered
for as long as DC power for turbine governor control remains available
from the unit batteries, a period of about six hours. However, the
definition of Station Blackout implemented by the ASEP Program has been
expanded to include two cases that heretofore would have been classified
as Loss of Injection, or TQUV in WASH-1400 parlance. In these short-
term station blackout sequences, the capability for water injection to
the reactor vessel 1is lost at the inception of the accident sequence.
(The short-term designation derives from the fact that the core is
uncovered relatively quickly in these sequences.)

The early total loss of injection hallmark of Peach Bottom Short-
Term Station Blackout might be initiated in either of two ways. First,
there might be independent failures of both the HPCI and RCIC systems
when they are called upon to keep the core covered during the period
while DC power remains available. Second, there might have been a com-
mon-mode failure of the DC battery systems that, upon loss of offsite
power, had precluded starting of the diesel generatorsf and thereby was
the cause of the Station Blackout; without DC power for valve operation
and turbine governor control, the steam turbine-driven injection systems
also would not be operable. The ASEP program results assign 17% of the
overall core melt frequency for Peach Bottom to the case of Short-Term
Station Blackout with independent failure of HPCI and RCIC and 3% of the
frequency to the case initiated by common-mode failure of the station
batteries.

*The remaining risk 1is allocated as 31% for ATWS and 9% for all
other possible accident sequences.

tIt should be noted that this is a plant-specific consideration.
At the Browns Ferry Nuclear Plant, for example, power for diesel gen-
erator starting and loading is independent of the unit batteries and not
susceptible to common-mode failure.
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3. BWRSAR CALCULATIONS FOR SHORT-TERM STATION BLACKOUT
WITH ADS ACTUATION

This chapter describes the predicted response of a unit of the
Peach Bottom Atomic Power Station to a postulated Short-Term Station
Blackout caused by loss of offsite power compounded by common-mode fail-~
ure of the station diesels and independent failure of the steam turbine-
driven reactor vessel injection systems. In this accident sequence,
there is no reactor vessel injection capability, but DC power available
from the unit batteries permits the reactor vessel safety/relief valves
to be operated remotely and the Automatic Depressurization System (ADS)
to be actuated upon operator demand.

3.1 BWRSAT Program Severe Accident Models

The Boiling Water Reactor Severe Accident Technology (BWRSAT) Pro-
gram at Oak Ridge National Laboratory (ORNL) employs the BWR severe
accident modeling strategy outlined in Table 3.1. The methodology
described in this table has been developed at ORNL by L. J. Ott and has
been incorporated into the Boiling Water Reactor Severe Accident
Response (BWRSAR) code. It should be recognized that the ORNL methodo-
logy involves significantly longer times to reactor vessel bottom head
penetration failure than previous analytical approaches because of our
contention that the very large amount of water in the BWR reactor vessel
bottom head must first be boiled away and that the quenched debris must
then reheat to about 1900°F (1311 K) before the reactor vessel bottom
head penetrations can fail. It should also be noted that, in general,
very little of the debris in the bottom head is molten at the time of
penetration failure and, therefore, the initial debris pour from the
reactor vessel occurs sometime after penetration failure. However, if
the reactor vessel is pressurized at the time of penetration failure,
then the associated vessel blowdown through the bottom head debris would
produce a large amount of hydrogen and associated energy release within
the debris bed, and the initial debris pour would occur almost immedi-
ately after bottom head penetration failure.

3.2 Events Prior to Reactor Vessel Bottom
Head Penetration Failure

The sequence of events and event timing for the Peach Bottom short-
term station blackout with ADS actuation accident sequence as calculated
by the BWRSAR code are provided in Table 3.2. It is assumed that the
reactor had been operating at 100% power at the time of scram and that
no injection source is ever recovered.

Plots of key parameters representing events within the reactor ves-

sel as predicted by the BWRSAR code are provided in Fig. 3.1. These
plots represent events from time 35 minutes when the BWRSAR calculation
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is initiated until time 300 minutes, which is about 45 minutes after
reactor vessel bottom head penetration failure. As indicated in
Fig. 3.la, the ADS system is activated at time 80.0 min, when the
reactor vessel water level is near the bottom of the core; this causes
the opening of five safety/relief valves (SRVs). The open SRVs subse-
quently close whenever the reactor vessel falls to within 20 psi (0.138
MPa) of the drywell pressure and then reopen when the reactor vessel
pressure has increased to 50 psi (0.345 MPa) above drywell pressure.
The corresponding relief valve flows are shown in Fig. 3.1d.

The swollen reactor vessel water level, the calculation of which
includes consideration of the effects of voids, is shown in Fig. 3.1b.
The calculated water level rapidly falls below the core plate as a
result of the water loss by flashing when the ADS valves are opened.
Small temporary increases in level occur because of displacement of
water in the bottom head when large masses of core debris are introduced
after core plate failure. The decay heat associated with the fuel pel-
lets relocated into the bottom head at time 222.8 min causes a boiloff
of the remaining water in the reactor vesselj; bottom head dryout occurs
at time 254.9 min.

Plot 3.lc shows the extent of hydrogen generation by metal-steam
reaction in the core region. Approximately 23% of the clad, 12% of the
channel box walls, and 3% of the control blade stainless steel is pre-
dicted to be oxidized during the accident sequence, producing about
1137 1b (516 kg) of hydrogen in the core region within the reactor ves-—
sel.

Selected primary containment response characteristics predicted by
the BWRSAR code for the period up to one-half hour after reactor vessel
bottom head penetration failure are provided in the individual plots
provided in Figs. 3.2 and 3.3. As indicated in Fig. 3.2a, ADS actuation
causes a small pressure increase, but this pressure increase is erased
as the containment heat sinks soak up energy after core plate dryout.
The containment pressure increases significantly in response to debris
relocation into the reactor vessel bottom head and after collapse of the
central fuel pellet stacks. Bottom head penetration failure does not
significantly increase the containment pressure because the reactor ves-
sel was previously depressurized by means of the ADS actuation.

The drywell atmosphere temperature, shown in Fig. 3.2b, increases
due to increased heat transfer from the reactor vessel whenever flow is
initiated from the safety/relief valves (Fig. 3.1d), then decreases as
the drywell heat sinks absorb the energy of the atmosphere. The effect
of bottom head penetration failure is slight. At the completion of the
reactor vessel blowdown, neither the drywell pressure nor the calculated
drywell shell temperature (Fig. 3.2c) 1is of sufficient magnitude to
threaten the integrity of the drywell shell pressure boundary.

The temperatures of the wetwell atmosphere and the torus shell

respond to events within the reactor vessel as shown in Figs. 3.3a and
3.3b, but do not increase to threatening values. The wetwell atmosphere
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temperature increases after reactor vessel bottom head penetration fail-
ure because of the hot gases entering the pressure suppression pool from
the drywell via the vent lines and downcomers. (The pool remains sub-
cooled, however. 1Its response is shown in Fig. 3.3d.)

A large amount of hydrogen has accumulated within the wetwell air-
space (Fig. 3.3c) and the drywell (Fig. 3.2d) at the time of reactor
vessel bottom head penetration failure. Some additional hydrogen [about
247 1b (112 Kg)] is generated by the passage of steam through the bottom
head debris bed during the first 60 minutes after penetration failure.
A slow rate of hydrogen generation by this mechanism continues as long
as water remains 1n the downcomer region of the reactor vessel. This
water is boiled by radiative and conductive (through the vessel wall)
heat transfer from the bottom head debris; the steam passes through the
debris bed on its way out of the vessel.

The characteristics of the debris pours from the reactor vessel
bottom head as calculated by the BWRSAR code are shown in Fig. 3.4.
Figure 3.4a indicates the rate of molten material release from the
reactor vessel as a function of time. Although bottom head penetration
failure occurs at 255 minutes, the initial pour does not occur until
time 263 minutes because of the time interval required for the metallic
debris to heat to its assumed melting temperature of 2750°F (1783 K).
The mass—averaged temperature of the release is shown in Fig. 3.4b.

The integrated mass of debris released from the reactor vessel is
indicated in Fig. 3.5a, where it 1is shown that about 875,000 1bs
(397,000 Kg) has left the vessel by the end of the calculation, at time
900 min. This is equivalent to about 98% of the total mass of bottom
head debris. The decay heat (proportional to the mass of UO,) included
in the released debris is shown in Fig. 3.5b.

It should be noted that the BWRSAR code predicts that the portion
of the reactor vessel bottom head beneath the point of attachment of the
support skirt is completely melted through at time 483 minutes. There
are no specific models within BWRSAR to address this phenomenon since it
is believed that the 340,000 1bs (154,000 kg) of debris remaining within
the vessel at this time would merely relocate downward about three feet
(0.91 m) onto the control rod drive housing support structure (see
Fig. 3.6). After relocation, the debris would continue to melt, with
the molten portion flowing down onto the drywell floor in the same
manner as if the reactor vessel had remained intact. Heat transfer from
the debris to the reactor vessel by convection and conduction is discon-
tinued at the time of debris relocation.

3.3 Allocation of Debris Pour Between Inpedestal and
Expedestal Regions of the Drywell Floor

Because current versions of the CONTAIN code do not provide the
capability for calculation of lateral spreading of debris over the
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drywell floor, it is necessary for the user to provide CONTAIN code
input tables that appropriately divide the debris pours from the reactor
vessel into one flow into the inpedestal region and another flow onto
the expedestal region floor. The disadvantages of this approach are
discussed in Chapter 7, Section 7.1, Item 4.

As indicated in Table 3.2, reactor vessel bottom head penetration
failure occurs at time 255 minutes and the initial pour from the reactor
vessel begins at time 263 minutes for the short—-term station blackout
accident sequence considered here.

The calculated containment response to the release of core and
reactor vessel structure debris from the reactor vessel depends heavily
upon whether or not the drywell sprays are actuated. For the case with-
out sprays discussed in Chapter 4, all of the debris pour from the
reactor vessel 1is directed into the inpedestal region until time
375 minutes. At this point, the cumulative pour is sufficient to have
filled the drywell sumps and to overflow the inpedestal floor area to
the point that spreading into the expedestal region would be expected.

Using the method proposed by Kazimi8 to estimate the extent of ini-
tial spreading over concrete, it was determined that the initial spread
into the expedestal region should be modeled to cover 800 ft?
(74.3 m2). The subsequent CONTAIN calculation shows that after three
minutes, the conditions in the expedestal region are such that spreading
of the debris over the remaining 300 ft2 (27.9 m2) should be assumed.

During the three minutes of the initial debris spread into the
expedestal region, the metals portion of the continuing pour from the
reactor vessel is molten and superheated, while the oxide portion of the
flow is frozen. Accordingly, it is assumed that 80% of the oxide flow
is kept inpedestal while 20% is spread expedestal. For the metals, it
is assumed that one percent is kept inpedestal due to adhesion upon the
surfaces of the frozen oxides. An exception is made for the zirconium
metal to model its mixing with the oxides; an additional 10% of the zir-
conium metal is kept inpedestal so that only 89%Z of this metal is
directed into the expedestal region.

After time 378 minutes, when the debris expedestal is modeled to
spread over the entire 1100 ft?2 (102.2 m2) of expedestal floor area, the
apportionment of the debris pour between the inpedestal and expedestal
areas remains the same as beforej; the basis is that the metals continue
to be molten and superheated while the oxides are frozen.

After time 515 minutes, the oxide pour is molten as well as the
metals. From this time until the end of the calculation, the apportion-
ment of the predicted debris pour is made strictly according to the
respective floor areas; thus, for both oxides and metals, 23% is kept
inpedestal and 77% is introduced into the expedestal region.
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Table 3.1. BWRSAT Program Calculational Methodology Employed
to Represent Events Between Onset of Core Degradation
and Pour of Molten Materials from
Reactor Vessel for BWRs

As canister and control blade material becomes molten, it is re-—
located onto the core plate. This causes:

a. a temporarily increased steaming rate

b. core plate dryout and cessation of steaming

¢. buildup of mass on the core plate and core plate heatup.

Each radial region of the core plate fails due to loss of strength
when its calculated temperature reaches a user—-specified value.
Each core plate region and its accumulated debris falls into the
lower plenum, producing a burst of steam and lowering the water
level there as the fallen material is quenched.

Molten Zr metal flows downward over the lower core fuel rod nodes,
leaving the UO2 fuel pellets encased in thin Zr02 sheaths. Steam
rising from the lower plenum cools the core nodes from which all
unoxidized Zr has been removed. On the other hand, the rising
steam causes energy release in the core peripheral nodes where Zr
metal at elevated temperature still remains.

The standing portions of the core fall into the lower plenum by
radial column. Each core column collapses when its average clad
temperature reaches a user-input value, at which time very little
of the UO2 mass in the region has become molten. (The actual
failure mechanism 1s weakening, by overtemperature, of the Zr02
sheaths surrounding the UO2 fuel pellets.) The falling mass is
quenched by the water in the lower plenum until the time of bottom
head dryout. After bottom head dryout, the debris begins to
reheat.

The structure of the control rod guide tubes in the lower plenum is
heated by the surrounding core debris and is weakened to the point
of failure when its temperature reaches a user-specified value.
Failure of the control rod guide tubes causes all remaining stand-
ing portions of the core to immediately collapse. The control rod
guide tube mass is added to the bottom head debris.

Bottom head penetrations fail by a simulated creep-rupture
mechanism as the debris mass in their vicinity reaches about 1900°F
(1311 K). The reactor vessel depressurizes and equalizes with dry-
well pressure. When standing molten metal pools develop within
debris nodes remote from the vessel wall, leakage pathways are
opened through the wall via the instrument guide tubes.

The individual components of the debris mass leave the vessel in
the order that they reach their melting points and become liquid.
Solid metallic material surrounding the lower portion of the
original instrument guide tube locations is ablated into the molten
material flowing from the reactor vessel via these pathways.




Table 3.2. Calculated sequence of events for Peach

Short-Term Station Blackout with ADS Actuation.
The bottom head debris is modeled to separate

Bottom

into a mixture of metals melting at 2750°F
and a mixture of oxides melting at 4350°F

Event Time
(min)
Station blackout-initiated scram from 100% 0.0

power. Independent loss of the steam turbine-
driven HPCI and RCIC injection systems

Swollen water level falls below top of core 40,2
Open one SRV 77.0
ADS system actuation 80.0
Core plate dryout 80.9
Relocation of core debris begins 132.4
First local core plate failure 132.7
Collapse of fuel pellet stacks in central core 222.8
Reactor vessel bottom head dryout; structural 254.9
support by control rod guide tubes fails;

remainder of core falls into reactor vessel

bottom head

Bottom head penetrations fail 255.0
Pour of molten debris from reactor 263.1

vessel begins
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4. CONTAIN CALCULATIONS OF THE CONTAINMENT RESPONSE
AFTER REACTOR VESSEL BOTTOM HEAD PENETRATION FAILURE

4.1 The CONTAIN Model for the BWR Mark I
Primary Containment

The BWRSAT Program at ORNL has developed a 12-cell model for use in
analyses of the response of the BWR Mark I primary containment under
.severe accident conditions. The cell arrangement is as illustrated in
Fig. 4.1. The first 9 cells are used to represent the free volume in
the drywell. Core debris-concrete interactions are calculated with the
CORCON module of CONTAIN for the floor of Cell 1 after the initial
debris pour from the reactor vessel and also for the floor of Cell 6
when the debris has spread into the expedestal region. (The debris
spreading is accomplished by stopping the initial calculation and start-
ing a second calculation in which the debris accumulated above the
inpedestal floor level during the initial calculation is now spread over
both the inpedestal and expedestal floor areas.) Cell 7 represents the
one-foot (0.305 m) wide annular region between the outer surface of the
reactor vessel insulation and the inside surface of the concrete bio-
logical shield., Flow paths through the reactor pedestal and the bio-
logical shield are indicated by dotted lines; as shown, they connect
cells 1 and 6, 2 and 5, 3 and 4, 7 and 4, and 7 and 9.

Cell 10 of the model is a large single-cell representation of the
secondary containment, both reactor building and refueling bay. Its
purpose is to trap leakage flows from the drywell shell either by tempo-
rary lifting of the drywell head or by burn through of the drywell shell
at the level of the floor. Cell 11 represents the outside environment
and collects any gases that escape from the secondary containment (cell
10) or are vented from the primary containment via the wetwell airspace,
which constitutes Cell 12 of the model.

4.2 Primary Containment Response

In order to assess the effect of containment sprays upon calculated
primary containment response, two sets of results have been calculated
for the short-term station blackout with ADS accident sequence. The
first set of results was calculated without consideration of containment
sprays, recognizing that they would not be available with the present
plant configuration under station blackout conditions; these results are
described in the remainder of this chapter.

Nevertheless, future plant modifications might provide a reliable
drywell spray system. To see the effect of drywell spray upon events,
the short-term station blackout CONTAIN calculations for primary con-
tainment response have been repeated assuming the sprays to be available
and actuated. These results are discussed in Chapter 5.
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4,2,1 Assumptions regarding lifting of the drywell head

The model for lifting of the drywell head used in this calculation
is taken from the discussion beginning on page 58 of the recently com-
pleted Chicago Bridge and Iron Company study of Peach Bottom containment
strength (Ref. 5). In recent gasket tests at Idaho National Engineering
Laboratory (Ref. 6), gaskets similar to those used at Peach Bottom with-
stood differential pressures of 160 psi (1.103 MPa) combined with tem-—
peratures of 700°F (644 K), but then failed catastrophically as the tem-
' perature was increased to 730°F (661 K). Greg Krueger of PECo has con-
firmed that the drywell head gaskets at Peach Bottom are replaced each
refueling. Then, with the assumption of normal (0.04 in.) gasket
springback, a leakage area would not begin to open until the drywell
pressure reached 175 psia (1.207 MPa).5 However, recognizing that the
CONTAIN -results predict drywell head temperatures well in excess of
700°F (644 K), a leakage area is assumed to open for these calculations
when the temperature of the drywell head reaches 730°F (661 K). As
modeled, the leakage area increases linearly from zero at 97 psia
(0.669 MPa) to a value of 62 in.2 (0.0400 m2) as the pressure increases
to 215 psia (1.482 MPa). As indicated in Figs. 4.4 and 4.6a, the pre-
dicted conditions within the drywell reach values at which leakage from
the drywell head would begin at time 592 minutes.

4,2.2. Calculated results

The Peach Bottom limestone common sand concrete, very similar to
that used in the construction of the Browns Ferry Nuclear Plant, pro-
duces much less carbon dioxide upon attack by high-temperature core
debris than would a high limestone concrete. In addition, it has an
ablation temperature [2246°F (1503 K)] significantly lower than that of
high limestone concrete [2694°F (1752 K)]. A comparison of the consti-
tuent weight fractions of the concretes used at Peach Bottom and Browns
Ferry is provided in Table 4.1.

Diagrams indicating the directions of calculated drywell intercell
gas flows and primary containment cell temperatures for Peach Bottom
Short-Term Station Blackout are provided in Figs. 4.2 through 4.5. The
numerical values of the intercell flows are listed in Table 4.2. The
intercell flow from cell 6 to cell 10 (lower expedestal region to sec-—
ondary containment by means of thermally-induced failure of the shell
pressure boundary at the level of the drywell floor) by assumption
remains zero throughout the calculation.

The CONTAIN calculation was initiated just before reactor vessel
bottom head penetration failure with the initial drywell cell tempera-
tures taken from BWRSAR code results. The intercell flows and cell tem-
peratures 10 minutes after bottom head penetration failure and the
beginning of gas release from the depressurized reactor vessel into the
drywell are shown in Figs. 4.2a and 4.2b, respectively. The highest
atmosphere temperature, as expected, is in the uppermost inpedestal
cell, immediately beneath the reactor vessel.
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The drywell intercell flows and the cell temperatures predicted by
CONTAIN at 110 minutes after the initiation of the CORCON calculation
are shown in Fig. 4.3. Up to this time, all of the debris pour has been
retained within the inpedestal region. As indicated in Fig. 4.3a, two
natural circulation flows are set up by the calculation: a clockwise
flow between the inpedestal and the lower expedestal regions, and a
counter-clockwise flow between the upper expedestal region and the
annular cell 7 that represents the volume between the reactor vessel and
the biological shield.

Primary containment atmosphere temperatures and flow conditions at
time 593 minutes are provided in Fig. 4.4. This is about one minute
after the temperature of the heat sink representing the drywell head
exceeds 730°F (661 K) so that the drywell head flange seals are modeled
to fail catastrophically. At the time of failure, the drywell pressure
is 126 psia (0.869 MPa) and, correspondingly, the initial leakage area
is 15.5 in.2 (0.010 m2). It should be recognized that this leakage
would directly enter the refueling bay, bypassing the reactor building.

The cell atmosphere temperatures and the intercell flows at the
termination of the CONTAIN calculation at time 900 minutes are shown in
Fig. 4.5. Because of the continuous concrete ablation, the associated
gas release into the debris, the metal oxidation therein, and the escape
into the atmosphere of gases sparged through the debris, cell tempera-
tures are very high, particularly in the lowest cells of the inpedestal
and expedestal regions (cells 1 and 6). As indicated in Fig. 4.6a, the
drywell pressure in the vicinity of the drywell head flange is suffi-
ciently high that flange separation and leakage has continued throughout
the calculation.

The configurations of the debris layers on the drywell floor just
before and just after initial spreading into the expedestal region are
shown in Table 4.3. In particular, it can be noted that ablation of the
inpedestal concrete is significant. The bottom of the debris sinks
from —7.71 inches (floor of the original sump configuration) to
—16.26 inches during the period 265-375 minutes.

Radial concrete ablation in the inpedestal region as calculated by
CONTAIN is significant, as shown in Fig. 4.6b, which indicates the max-
imum radius of the lowest inpedestal cell as a function of time. The
plotted curve begins when the CORCON calculation is initiated, at time
265 minutes. The initial value of 10.125 ft (3.09 m) is the radius to
the inner pedestal in its original configuration. The pedestal ablation
is most rapid during the early part of the calculation, when zirconium
oxidation is occurring in the inpedestal region. About seven percent of
the original pedestal width is predicted to be consumed during the
period prior to the initial spread into the expedestal region.

Comparison of the radial concrete ablation shown in Fig. 4.6b to
the axial ablation shown in Table 4.3 reveals that the radial ablation
at the time (375 min.) of initial spread into the expedestal region is
much less than the axial ablation (0.2 ft radial vs 0.7 ft axial).
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There are two reasons for this. First, the debris consists primarily of
a relatively thin layer of frozen metals so that the resistance to heat
transfer by conduction in the radial direction is much larger than the
resistance in the axial direction. Second, although there is no appre-
ciable radial crust in the partially liquified layer of oxides overlying
the metals, the convective heat transfer in the radial direction 1is
limited in this layer by the stable gas film maintained at the interface
between the debris and the concrete. Because the gas flow in this
vertical film at the outer radius of the debris is laminar, the CORCON
code assigns a Nusselt number (1.0) close to the Nusselt number (0.804)
used for the horizontal gas film at the base of the frozen metallic
layer. Since both of these Nusselt numbers are defined directly in
terms of the gas film thickness, the thicker gas film at the vertical
interface results in a convective heat transfer coefficient smaller than
that for the horizontal interface, where the gas film is much thinner.
Thus, the predicted downward heat transfer and ablation exceeds the
radial heat transfer and ablation.

The debris temperatures for the expedestal floor area are provided
in Fig. 4.6c. The debris/concrete interaction begins in the expedestal
region at time 375 minutes, just after the debris inpedestal has accumu-
lated to a sufficient depth and molten state to be modeled to flow
through the pedestal doorway. Based upon a method proposed by Kazimi8
for determination of debris spreading areas, the initial debris spread
into the expedestal region is assigned to cover an area of 800 ft2
(74.3 m2). ([Total expedestal floor area is 1100 ft2 (102.2 m2)].

The initial spread into the expedestal region occurs during a
period of rapid additional pour from the reactor vessel. (See Fig. 3.4
at time 375 min.) After just three additional minutes, the conditions
in the expedestal region are such that the debris must be again modeled
to spread, this time over the entire remaining 300 ft2 (27.9 m?) of
floor area. The debris configurations before and after this second
expedestal spread are shown in Table 4.4.

As indicated in Fig. 4.6c, the debris temperatures in the expede-
stal region reach their maximum values during the period from 375 to 430
min. These high temperatures for the initial expedestal debris are pre-
dicted because of the calculated chemical energy release by oxidation of
a large amount of zirconium metal. A comparison of powers due to chemi-
cal and decay heat sources is provided in Fig. 4.6d. Chemical power is
much larger than decay power during the period before exhaustion of the
zirconium metal at time 435 minutes and clearly is the reason for the
calculated high debris temperatures expedestal during this period.

As indicated on Fig. 4.6d, the predicted chemical power in the
expedestal region becomes a negative quantity for a very short period

after exhaustion of the zirconium metal. This occurs because of an
endothermic oxidation of the carbon formed by the coking reaction

Zr + €O, —— Zr0, + C
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during the period of zirconium oxidation. When the zirconium metal is
exhausted, the CORCON module of CONTAIN models the endothermic reactions

C+CO, — 2CO
C+HO0 — CO+H,

which release large quantities of carbon monoxide and hydrogen. Subse-
quent to the completion of the zirconium oxidation reactions, the chemi-
cal power is primarily due to a balance between the two simultaneous
endothermic carburization reactions defined above and the exothermic
oxidation of chromium. The net chemical power during this time is of
the order of the decay power. (The minor increase beginning at time 510
minutes and lasting until time 540 minutes is due to a late minor pour
of zirconium metal occurring during this period.)

As discussed in Sect. 3.3, the debris source to the expedestal
region of the drywell floor is metals-rich during the period between the
initial spread into this region and the time when the temperature of the
vessel pour is sufficient to maintain the oxides molten. During this
140-min period from time 375 to time 515 minutes, 89% of the zirconium
and 99% of the other metals in the ongoing pour are directed into the
expedestal region. For the oxides in the pour, which are frozen during
this period, 80% are modeled by CONTAIN code input to flow into the
inpedestal region while 20%, assumed to be carried into the expedestal
region with the molten metal flow, are directed into the expedestal
region.,

It is obviously important to consider to what extent the calculated
debris temperatures in the expedestal region are dependent upon the
assumed division of metals and oxides between the inpedestal and exped-
estal regions of the drywell floor. To this end, the pour calculations
were redone so that both metals and oxides were split between the
inpedestal and expedestal regions strictly on the basis of the respec-
tive floor areas and the CONTAIN calculation of the drywell response was
repeated. This exercise was performed both for the three-minute period
immediately following the initial spread into the expedestal region,
when the pour is divided between the 322 ft2 (29.9 m2) of the inpedestal
region and 800 ft2 (74.3 m2) of the expedestal region, and for the final
spread over the entire expedestal region. '

The expedestal debris temperatures for this uniform debris composi-
tion case are shown on Fig. 4.7a and 4.7b, together with the tempera-
tures for the best~estimate case. The overall temperature profiles for
the two predictions have very similar shapes. For the metal layer (Fig.
4.7a), the peak temperature is slightly higher for the uniformly dis-
tributed case, but the period during which the temperature remains ele-
vated is correspondingly shorter. This is consistent with the assumed
partitioning of the debris pours.



From time 378 to 515 min., the best—estimate expedestal debris pour
is rich in metals, incorporating 89% of the molten zirconium and 99% of
the molten stainless steel leaving the reactor vessel, but only 20% of
the frozen oxides. During the same period, 77% of the metals and 77% of
the oxides in the ongoing pour are directed into the expedestal region
for the uniform composition case. Thus, the best-estimate calculation
places more zirconium metal in the expedestal region and the predicted
chemical energy source and the debris temperatures remain elevated
longer than in the uniform case calculation.

On the other hand, the additional oxides added to the expedestal
region in the uniform composition case overlie the metals and reduce the
heat loss from the metal layer to the atmosphere. This causes the peak
metal layer temperature to be slightly higher for the uniform composi-
tion case and, over the long term, the predicted temperature of the
metal layer for this case remains about 50 F° (30 K) higher than the
metal layer temperature for the best-estimate metals-rich case.

In neither calculation do the predicted expedestal debris tempera-
tures exceed the melting temperature of the carbon steel drywell shell
{2800°F (1810 K)] and, as indicated on Figs. 4.7a and 4.7b, the calcu-
lated temperature profiles are similar. Thus, although assumptions
regarding the degree of lateral separation of the molten metals from the
frozen oxides have some effect upon the calculated expedestal debris
temperatures, these assumptions clearly are not the dominant parameters
in determining the question of shell survivability.

The question of the integrity of the reactor vessel skirt under the
high-temperature conditions in the drywell is addressed in Fig. 4.8,
where the temperatures of cell 3 (upper inpedestal), the skirt (which
separates cells 3 and 7), and cell 7 (annular region between reactor
vessel and biological shield) are plotted as functions of time. As
seen, the calculated reactor vessel skirt temperature closely follows
the cell 3 atmosphere temperature but does not exceed about 1700°F
(1200 K). While this temperature is high enough to weaken the skirt, it
should be recognized that the load supported by the skirt under these
conditions is less than 10% of normal, since there is no water in the
vessel and much of the core debris has escaped.

The cumulative gas release from the concrete by degassing is pro-
vided in Table 4.5 for the limestone common sand concrete considered in
this report. It should be noted that most of the carbon dioxide and
steam released from the concrete is consumed in metal-gas reactions
within the debrisj relatively little of these gases escapes from the
debris surface to enter the drywell atmosphere.

A final threat to primary containment integrity is posed by the
extensive predicted erosion of the reactor pedestal illustrated by
Fig. 4.6b. As discussed earlier, about seven percent of the reactor
pedestal is predicted to be eroded at the time of initial spreading of
debris into the expedestal region. An additional 23% of the original
pedestal 1s predicted to be eroded by the end of the calculation.
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However, this predicted 30% reduction in pedestal wall thickness is
probably a minimum estimate since the attack upon the pedestal wall from
the other side by the expedestal debris (after time 375 minutes) is not
considered in the calculation.

The pressure suppression pool is heated throughout the period of
the calculation both by the decay heat energy release of the fission
products trapped in the pool and by the passage of hot gases from the
drywell into the pool whenever the drywell pressure rises sufficiently
above the wetwell pressure to force gas flow through the downcomers.
The BWRSAR calculation provides the estimate that pool fission product
heating is 10.74 Mw at time 255 min, when the CONTAIN calculation is
initiated; this value is used in the CONTAIN calculation until time
375 min, at which point the value 1is decreased to 9.83 Mw for the
remainder of the calculation.

The pressure suppression pool temperature at the end of the calcu-
lation is 225°F (380 K); however, since the containment pressure at that
time is 98.4 psia (0.678 MPa), which corresponds to a saturation tem-
perature of 327°F (437 K), the pool has remained subcooled throughout
the calculation.

Table 4.6 provides the time-history of the conditions at the
debris-shell interface as calculated by CONTAIN for the periods during
which the metal and oxide temperatures in the expedestal region are suf-
ficiently high to challenge the integrity of the shell. As shown on
Fig. 4.6c, these temperatures approach the melting temperature of carbon
steel [2800°F (1810 K)] during the one hour period 375-435 minutes after
scram. The maximum debris temperature predicted for the expedestal
region during this period is 2706°F (1759 K) for the metal layer at time
418 minutes; the calculated debris temperatures decrease rapidly after
this peak.

Conclusions regarding the effect of the debris—shell interface upon
continued integrity of the drywell shell pressure boundary cannot be
reached without additional calculations to determine the thermal
response of the shell. Although the predicted debris temperatures are
clearly not high enough to cause shell melt-through, failure of the
shell pressure boundary through loss of strength 1is possible. A
detailed thermal and stress analysis should be performed for the drywell
‘'shell throughout the region of contact with the hot debris to address
this issue. It is for this purpose that the time-dependent debris con-
ditions in the expedestal region together with the internal pressure
loading of the drywell shell as calculated in this study are provided in
Table 4.6. In particular, this detailed information pertaining to the
calculated conditions at the interface during the period of elevated
debris temperature is intended for use by interested parties who desire
to perform shell response calculations with codes such as HEATING-6 or
TAC-2D.

As mentioned previously, the CONTAIN calculations for this case
without drywell sprays were terminated at time 900 minutes (15 hours)
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after scram. Approximately 98% of the reactor vessel bottom head debris
has become molten and left the vessel by this time, and most of the
lower portion of the bottom head wall has been subsumed into the debris
on the drywell floor. In the expedestal region, the base of the metal
layer is predicted to have sunk 12.9 inches (32.7 cm) beneath the ori-
ginal level of the floor. All of the zirconium metal is long since oxi-
dized, and the metal layer consists only of the frozen (but still very
hot) constituents of stainless steel, whose oxidation by gases released
by the continued ablation of concrete is slow. Overlying the 9.6-inch
(24.3 cm) thickness of frozen metal is a 15.6-inch (39.6 cm) thickness
of oxide slurry at a temperature of 2471°F (1628 K), extending to a
height of 12.3 inches (31.1 cm) above the original level of the floor.
Since the debris pour from the reactor vessel is for all practical pur-
poses terminated at this point, it is reasonable to assume that this is
the maximum height that the debris would reach against the drywell
shell. Continuation of the CONTAIN calculation to times beyond
900 minutes would be expected only to predict that the frozen metal slug
and its overlying oxide slurry would continue to slowly sink into the
approximately 30 feet (9.1 M) of concrete remaining beneath the debris.
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Table 4.1. Comparison of the constituent
weight fractions of the limestone
common sand concretes at
two BWR facilities

Constituent Peacﬁ Bottom Browns Ferry
Al1203 0.009 0.018

Ca0 0.338 0.308

Co2 0.206 0.200
S5i02 0.358 0.388
Free H20 0.045 0.048
Bound H20 0.027 0.017
Other 0.017 0.021

1.000 1.000




Table 4.2, Gas flow distribution in
primary containment for Peach Bottom
Station Blackout with ADS actuation
for limestone common sand concrete
at various times during the
accident sequence

(Flows in lbm/min and time is in
minutes after accident initiation)

Times
Path?
265.0% 375.0¢ 593.04 900.0€

FLO12 213 1762 1367 953
FLO16 -213 -1756 -1352 -928
FLO23 857 2494 2474 1626
FLO25 -644 -731 ~1129 -774
FLO34 857 2567 2534 1727
FLO45 859 2562 1780 1690
FLO47 -603 -2183 -2954 -1949
FLO49 610 2190 3769 1987
FLOS6 221 1832 687 918
FLO610 0 0 0 0
FLO612 0 75 -701 0
FLO78 -663 -2311 -3117 -2078
FLO79 50 123 176 130
FLO89 -663 -2311 -4062 -2120
FLO810 0 0 1069 44

4path definitions follow from the order
of the indices in the path name. For path
FLOIJ, the flow is from cell I to cell J if the
tabulated flow is positive and from J to I if
the tabulated flow is negative. See Figure
4.1 for primary containment nodalization.

P10 minutes after reactor vessel bottom
head penetration failure at 255 min and
immediately before inpedestal CORCON
initialization.

€Immediately before lst debris spread into
expedestal area.

d0.8 min. after failure of drywell head
flange seals.

€End of CONTAIN calculation.



Table 4.3. Debris configurations before and after spreading at
time 375.0 min for Peach Bottom Short-Term Station Blackout
with ADS actuation and limestone common sand concrete

Before Spreading
Inpedestal only (322 ft?)

(Inches)
3.13 Tsolidus
oxides 2522°F
metals 2690°F
Floor 0.00 = =—==-- Oxides-=—=-—- : Toxide = 2654°F
Tmetal = 2536°F
Mass oxides = 73,971 1lbm
Mass metals = 101,610 lbm
-7.01
Metals:
-16.26
After Spreading:
Inpedestal (322 ft?) Expedestal (800 ft2)
0.98 .94
Oxides
‘ 45
Floor  0.00  =————- Oxides--——- Metals - 0.00 Floor
. -.01
-7.98
Metals
-16.27
Toxide = 2586°F Toxide = 2592°F
Tmetal = 2586°F Tmetal = 2590°F
Mass oxides = 65,847 1bm Mass oxides = 8,442 lbm
Mass metals = 90,199 lbm Mass metals = 11,612 1bm




Table 4.4. Debris configurations before and after second
expedestal region spread at time 378.0 min for
Peach Bottom Short-Term Station Blackout

Before Second Expedestal Spread:

Inpedestal (322 ft?) Expedestal (800 ft?)
1.52
1.35
Oxides
.48
Floor 0.00  -—-—- Oxides———-- ~  ————- Metals————- 0.00 Floor
-.32
-8007
Metals
-16.37
Tsolidus oxide = 2561°F Tsolidus oxide = 2531°F
Tsolidus metal = 2690°F Tsolidus metal = 2692°F
Toxide = 2607°F Toxide = 2694°F
Tmetal = 2591°F Tmetal = 2695°F
Mass oxides = 74,275 lbm ‘Mass oxides = 15,065 1lbm
Mass metals = 90,459 1lbm Mass metals = 20,309 lbm
After Second Expedestal Spread:
Inpedestal (322 ft?) v Expedestal (1100 fc?2)
1.11
1.09 Oxides
.40
Floor 0.00  -—-—- Oxides——--- —=~—-- Metal s————- 0.00 Fioor
_033
-8.27
Metals
-16.37
Toxide = 2599°F Toxide = 2669°F
Tmetal = 2598°F Tmetal = 2669°F
Mass oxides = 72,423 lbm Mass oxides = 17,275 1lbm
Mass metals = 88,336 lbm Mass metals = 22,639 lbm




Table 4.5 Cumulative gas release at
termination of calculation for
Peach Bottom Station Blackout
with ADS actuation and lime-

stone common sand concrete
Time 900 min.

1bs lb-moles
Gas release from
concrete
€O, 61,555 1399
H,0 21,339 1184
82,894 2583
Gas release from
debris surface :
Co, 2,180 49.5
H,0 847 47.0
co 13,592 485.3
H, 2,289 1135.6

18,908 1717.4




Table 4.6. Expedestal debris conditions for Peach Bottom Short Term Station Blackout
: with ADS actuation and limestone common sand concrete
LOX~-mass
. Mass T . T Drywell

Time  Zbot  Zypr/iox ZLOX/ATM merals TMETALS  SOLIDUS  light  Tpoy TSOLIDUS o EYEC
(min) (in.) (in.) (in.) (1bs) (°F) METALS oxides (°F) (Lox) (psia)

in. in. s (°F) (1bs) (°F) psia
375.0 0.00 0.45 0.94 11,610 2590 2690 8,442 2592 2523 62.0
375.5 ~-0.04 0.46 1.00 12,860 2622 2690 9,298 2628 2526 63.7
376.0 -0.09 0.47 1.06 14,290 2654 2691 10,340 2659 2529 64.3
376.5 -0.14 0.48 1.14 15,810 2681 2691 11,430 2687 2531 64.6
377.0 -0.20 0.48 1,21 17,300 2693 2691 12,610 2692 2831 64.8
377.5 -0.26 0.48 1.28 18,810 2694 2692 13,830 2693 2531 65.0
378.0 =-0.32 0.48 1.35 20,310 2695 2692 15,060 2695 2531 65.2
379.0 -0.42 0.40 1.20 25,450 2677 2692 19,610 2679 2538 65.7
380.0 -0.52 0.39 1.31 28,600 2685 2692 22,160 2685 2536 66.1
381.0 -0.63 0.39 1.42 31,890 2691 2692 24,770 2692 2534 66.5
382.0 -0.75 0.39 1.54 35,340 2693 2693 27,520 2692 2531 66.9
383.0 -0.87 0.39 1.66 38,970 2694 2693 30,310 2693 2528 67.2
384.0 -0.99 0.39 1.78 42,740 2696 2694 33,100 2695 2526 67.6
385.0 -1.11 0.38 1.90 46,460 2697 2694 35,880 2695 2523 68.0
386.0 -1.23 0.38 2.02 50,140 2697 2695 38,660 2696 2521 68.3
387.0 -1.35 0.38 2.14 54,010 2698 2695 41,440 2697 2519 68.7
388.0 ~-1.47 0.38 2.26 57,830 2699 2695 44,210 2697 2518 69.1
393.0 -2.07 0.40 2.89 77,700 2701 2696 58,030 2699 2510 70.5
398.0 -2.68 0.59 3.69 100,360 2701 2696 71,700 2698 2505 72.2
403.0 -3,28 0.70 4.42 127,000 2702 2696 85,720 2699 2504 74.3
408.0 -3.89 0.43 4,75 136,100 2703 2699 99,190 2700 2499 76.5
413,0 -4,50 -0.03 4,89 138,300 2704 2702 112,200 2702 2493 78.8
418.0 -5.10 -0.51 4,98 139,500 2706 2706 125,200 2695 2489 80.9
423,0 =~5.54 -0.86 4.99 142,300 2680 2709 134,500 2651 2486 83.2
428.0 -5.87 -0.71 5.08 146,500 2647 2713 141,100 2609 2483 . 85.0
433,0 -6.16 -0.86 5.20 151,300 2630 2716 147,000 2575 2482 86.8
438,0 -6.41 -0.95 5.33 157,300 2538 2719 151,300 2545 2475 88.8
443.0 -6.59 -0.96 5.42 169,900 2472 2723 154,500 2509 2467 90.5

TgoLIDUS = Mixture temperature at which melting begins
LOX = Light oxides
HOX = Heavy oxides
Z = Elevation relative to original floor surface
MET/LOX = metal - light oxide interface

LOX/ATM

light oxide - atmosphere interface



N

Fig. 4.1. BWRSAT Program Nodalization for the BWR Mark I Primary Containment.
Not shown are cells 10 (Secondary containment) and 11 (outside enyironment),
which make up the balance of the complete CONTAIN model used for the Peach

Bottom calculations.
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Peach Bottom Short-Term Station

Primary containment temperature
Blackout

distribution (°F)

With ADS actuation
Limestone common sand
concrete

Time 265 min.

Fig. 4.2 Drywell intercell flows and cell temperatures as predicted
by CONTAIN at 10 minutes after reactor vessel bottom head penetration
failure and just before the inpedestal CORCON calculation is initiated.
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Peach Bottom Short-Term Station

Primary containment temperature
Blackout

distribution (°F)

With ADS actuation
Limestone common sand
concrete

Time 375 min.

Fig. 4.3 Drywell intercell flows and cell temperatures as predicted
by CONTAIN after 110 minutes of inpedestal core debris-concrete interaction
calculations by CORCON. The core debris is on the verge of its initial
spread into the expedestal region.
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Peach Bottom Short-Term Station

Primary containment temperature
Blackout

distribution (°F)

With ADS actuation
Limestone common sand
concrete

Time 393 min.

Fig. 4.4 Drywell intercell flows and cell temperatures as predicted
by CONTAIN 0.8 minutes after drywell head flange leakage begins. The
leakage is induced by a combination of high drywell pressure, which l1lifts
the head and high temperature, which degrades the seals.



Peach Bottom Short-Term Station

Primary containment temperature
Blackout

distribution (°F)

With ADS actuation
Limestone common sand
concrete

Time 900 min.

Fig. 4.5 Drywell intercell flows and cell temperatures as predicted
by CONTAIN at the termination of the calculation. By assumption, there has
been no failure of the drywell shell by melt-through at floor level.
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Fig. 4.6 Selected parameters relative to maintenance of drywell shell
pressure boundary integrity for Peach Bottom Short-Term Station Blackout with

ADS actuation.
at time 375 minutes.
without overlying water.

The first spread of debris into the expedestal region occurs
The floor is modeled as limestone common sand concrete
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5. CONTAIN CALCULATIONS FOR THE EFFECT OF DRYWELL SPRAYS

This chapter describes the predicted containment response of a
Peach Bottom unit to a postulated short-term station blackout accident
sequence in which the Automatic Depressurization System (ADS) is used
for early depressurization of the reactor vessel in accordance with the
procedures specified in the BWR Owner's Group Emergency Procedure Guide-
lines. The effect of the reactor vessel depressurization is to greatly
reduce the magnitude of the direct vessel blowdown into the drywell and
the concomitant primary containment pressure increase upon bottom head
penetration failure. This is the accident sequence described in Chap. 3
for which the calculated containment response without consideration of
drywell sprays is provided in Chap. 4. It is the purpose of this
chapter to discuss the calculated containment response for the case with
actuation of the drywell sprays.

5.1 Modeling of Drywell Sprays

The existing containment spray system at Peach Bottom would pro-
bably not be available under the conditions of an unmitigated severe
accident that proceeded through the point of reactor vessel bottom head
penetration failure and the emergence of core debris from the vessel.
This is because the containment spray is a subsystem of the Residual
Heat Removal (RHR) System, which is a low pressure ECCS system with
primary purpose of injection into the reactor vessel under accident con-
ditions. Thus, if containment sprays are available, then the RHR System
is available, and the accident would not have progressed to the point of
bottom head penetration failure. In other words, if it is hypothesized
that an unmitigated severe accident has occurred at Peach Bottom, then
it is reasonable to assume that the present system of containment sprays
would not be operational. Nevertheless, future plant modifications
might provide an independent drywell spray system. To see the effect of
drywell spray upon events after bottom head penetration failure, the
short-term station blackout CONTAIN calculations for primary containment
response have been repeated assuming the sprays to be available and
actuated.

For these calculations, a new drywell spray system is assumed that
takes suction from the condensate storage tank but can be shifted to
take suction from the pressure suppression pool. The spray rate is
assumed to be 700 gpm (0.044 m3/s), using the existing spray headers
within the drywell; these are assumed to have been fitted with nozzles
that assure effective droplet formation at this reduced spray rate
(existing systems have a spray rate about 5 times larger). The sprays
are assumed to have been turned on sufficiently before reactor vessel
bottom head penetration failure so that there is a standing pool on the
drywell floor at the time of failure, with overflow through the vent
pipes and downcomers to the pressure suppression pool.



As modeled, the spray initially enters cell 4 of the drywell atmo-
sphere (see Fig. 4.1) with a droplet diameter of one millimeter. After
falling through the atmosphere of cell 4, the heated flow is fed as a
spray into the atmosphere of cell 5 with an increased droplet diameter
of three millimeters. This increase in droplet diameter is intended to
represent the effect of spray impact upon floor gratings and equipment
within the drywell., The flow from cell 5 is fed as a spray (droplet
diameter 3 mm) into the atmosphere of cell 6 and from there onto the
pool overlying the debris on the drywell floor.

The spray is modeled to be taken from the condensate storage tank
while the debris pour from the reactor vessel fills the inpedestal
region and during the initial spread into the expedestal region. The
temperature of the spray entering atmosphere cell 4 during this period
is assumed to be 90°F (305 K). After the time that the debris spreads
over the entire expedestal region (602 min), the spray is assumed to be
taken from the pressure suppression pool, and its entering temperature
is that of the pool.

5.2 Primary Containment Response

It is the purpose of this section to discuss the response of the
primary containment during the portion of the short-term station black-
out with ADS actuation accident sequence that occurs after failure of
the reactor vessel bottom head penetrations, when there is direct blow~
down of the reactor vessel to the drywell. The containment response
during this period is calculated by the CONTAIN code.

Diagrams indicating the direction of calculated drywell intercell
gas flows, primary containment cell temperatures and atmosphere den-
sities for Peach Bottom Short Term Station Blackout with drywell sprays
are provided in Figs. 5.1 to 5.4. The numerical values of the intercell
flows are listed in Table 5.1. As in the case for the dry containment
results discussed in Chap. 4, the flow from cell 6 to cell 10 (lower
expedestal region to secondary containment by means of thermally-induced
failure of the shell pressure boundary at the level of the drywell
floor) by assumption remains zero throughout the calculation. The fol-
lowing discussion relies heavily upon reader familiarization with the
CONTAIN nodalization diagram presented in Fig. 4.1.

The CONTAIN calculation was initiated just before reactor vessel
bottom head penetration failure with the initial drywell cell tempera-
tures taken from BWRSAR code results. The intercell flows, cell tem-
peratures, and cell densities 10 minutes after bottom head penetration
failure and the beginning of gas release from the depressurized reactor
vessel into the drywell are shown in Figs. 5.la and 5.1b, respec-
tively. The highest atmosphere temperature, as expected, is in the
uppermost inpedestal cell, immediately beneath the reactor vessel.

It should be noted that there are two clockwise natural convection
flow loops indicated in Fig. 5.la. The lower loop involves flows from
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the upper inpedestal region through the pedestal wall into the expedes-
tal region, where the action of sprays cools the atmosphere signifi-
cantly. Part of this cool, more dense stream descends into the lower
cells of the expedestal region, where the warmer structures heat the gas
slightly. This flow returns through various pedestal openings into the
inpedestal region, where the gas is heated by the reactor pedestal. It
then rises to the top of the inpedestal region, where it mixes with the
hot gases coming from the failed reactor vessel and begins its route
once again. As seen from Table 5.1, the magnitude of this flow is on
the order of 1400 1bm/min, with about 1000 1bm/min flowing from the
expedestal to inpedestal regions through openings in the pedestal wall
between cells 2 and 5 and with the remainder passing from cell 6 to 1
through the pedestal doorway.

The second clockwise flow path is much smaller in magnitude,
400 lbm/min, and is due to variations in gas density due to differences

in gas composition and temperature. Cell 4 gas is cold and dense
because of sprays; thus gas travels from cell 4 to annular cell 7 where
it is heated by the relatively hot reactor vessel wall. However,

because the gas is also cooled by the thick biological shield, the gas
temperature in cell 7 is not as high as in the upper reaches of the dry-
well (cell 8) or the knuckle area of the drywell (cell 9). Because the
gas is almost incompressible, flow is established from cell 7 to cell 8
with a smaller flow from cell 7 to cell 9,

It should be recognized that the above discussion depends solely on
relative density differences among the cells and the relative geometri-
cal locations of the centers of mass of each cell as located in
Fig. 4.1. Nonhomogeneity in the gas density distribution is strongly
affected by gas composition which, in turn, is affected by the relative
rates of steam condensation on the colder structures. It is only with
consideration of gas densities as well as temperatures that the rela-
tively complicated flow patterns can be understood.

This double clockwise flow pattern is maintained at time 372 min,
(the time of the initial expedestal debris spread) as indicated in
Fig. 5.2. The magnitude of the flow in the upper path has decreased
(Table 5.1) because of decreasing heat transfer from the structures to
the gas as the gas and structure temperatures equalize. However, the
magnitude of the flow in the lower cell has increased during the same
period because of the release of gases from the debris/concrete inter-
action in the lowest inpedestal cell.

The flow pattern, atmosphere temperatures, and atmosphere densities
at the time of the second expedestal spread, 602 min, are shown in
Fig. 5.3. As seen from Fig. 5.3a, the flow pattern in the lower region
of the drywell has become more complicated. This is because of the gas
sources existing at the pool surface which consist of noncondensible gas
release from the surface of the debris in cells 1 and 6, and a steam
source due to boiling of the water pool in cell 1.

5-3



No steam flow source- exists in cell 6 because the water pool in
this cell is subcooled. The pool of cell 6 is formed directly by the
coalescence of spray water in the expedestal regions of the drywell
(cells 4, 5, and 6) while the water forming the pool of cell 1 is pro-
vided by the lateral runoff of water from the expedestal floor to the
inpedestal floor. Thus, the water forming the pool of cell 1 has been
preheated by the debris extant on the expedestal floor and thus reaches
the saturation temperature [~290°F (417 K)] while the expedestal pool
remains subcooled [276°F (409 K)]. :

Because of the greater steam source in cell 1 compared to cell 6,
the atmosphere of that cell is somewhat closer to the saturation temper-
ature and thus is warmer than the atmosphere of cell 6, which is cooled
by the sprays. Because the density of cell 1 gas is larger than the
density of the gas in cell 6, gas flow is from cell 1 to cell 6 and is
primarily steam. This steam is mostly condensed in cell 6, as the flow
from cell 6 to cell 5 is only 5 lbm/min, while there is no flow to the
pressure suppression pool.

Because there is a gas source in cell 3 from the failed reactor
vessel, gas flows from cell 3 to cell 4, where it is cooled by sprays.
The cold gas flows downward into cell 5 and then into cell 2 where it is
mixed with the warm gas rising from cell 1. Because the gas is almost
incompressible, and because cell 3 gas is less dense than cell 1 gas,
the flow from cell 2 is upward into cell 3, where it is heated by the
continued release from the failed reactor vessel. Thus, the gas flow
pattern in the bottom region of the drywell is essentially clockwise
except for the perturbation at floor level due to the strong steam
source from boiling in the inpedestal region.

As seen from Fig. 5.3, the flow pattern for the upper region of the
drywell has reversed it previous circulation and is now in the counter
clockwise direction. The magnitude of the flow in this upper flow loop
is larger than that at 372 min, and is due to the strong gas source
created by boiling of the water pool of cell 1. The direction of the
flow pattern is dictated by the hydraulic resistance (fL/D), which is
much smaller for the expedestal cells than for the annular cell 7. 1In
addition, the spray by this time has reduced steam concentrations in
cell 4 so that the relatively dry gas evaporates water that had previ-
ously condensed onto the cold structures during the period 372—602
min. This is the reason for the increasing flow as gas passes from cell
4 to 9 to 8 to 7 and finally back into cell 4 (Table 5.1).

The temperatures and gas flows at the end of the calculation (750
min) are shown in Fig. 5.4. This is well after the debris on the dry-
well floor has spread completely around the periphery of the expedestal
floor (602 min). Also, the suction of the sprays has shifted from the
condensate storage tank (CST) to the pressure suppression as the CST
neared exhaustion at 602 min. Because of this shift, the spray water
entering the drywell atmosphere 1is now much warmer than previously
[214°F vs 90°F (374 K vs 306 K)]; thus, the water pool on the expedestal
floor saturates quickly.
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Because both water pools are saturated, heat transfer from the
debris to the water pools results in multiple steam sources entering the
drywell atmosphere — one in cell 1 and one in cell 6. These steam
sources make the flow pattern in the lower regions of the drywell com-
plicated. As seen from Fig. 5.4., there is no clear circulatory flow
pattern in the 1lower drywell, The sprays 1in the steamy expedestal
environment condense large amounts of steam, which reduces the pressure
and allows gas to flow from the inpedestal region to the expedestal
region, i.e., from cell 2 to 5 and from cell 1 to 6. Part of this out-
flow is compensated by the small inflow from cell 4 to cell 3, as the
gas density in cell 4 is higher than in cell 3, due to the action of
sprays in cell 4.

Because the spray suction has shifted to the torus pool, spray
water is warmer than at earlier times, and thus is not quite as effec-—
tive in condensing steam. As a result, the pressure in the drywell is
high enough to cause flow to the pressure suppression pool (FLO612 in
Table 5.1 at 750 min). This is also the reason for relatively high
steam concentrations in the upper drywell and the resulting condensation
onto cold structure surfaces. Because of the large structure surface
area-to-volume ratio for the annular region composing cell 7, condensa-
tion of steam onto the cold inner surface of the biological shield
results in rapid pressure reduction and permits gas flow from cell 4 to
cell 7 and then from cell 7 into cell 8. Because the gas is almost
incompressible, flow continues from cell 8 into cell 9 and from cell 9
back to cell 4.

The CORCON calculation was initiated for the inpedestal debris at
265 min, the same time as for the dry case reported in Chap. 4. The
inpedestal calculation was continued until 372 min, when the second
major debris pour was well underway. This initial spreading time is
slightly earlier for the wet case than the dry case because of the
reduced reactor pedestal and drywell floor erosion.

Table 5.2 reports the debris configuration both before and after
the initial spreading into the expedestal region. The expedestal floor
area covered by the initial spread is 800 ft2 (74.3 m2). The axial
erosion front is at 10.83 inches (27.51 cm) below the floor level at the
time of spread. This may be compared to 16.26 in. (41.30 cm) for the
dry case as indicated in Table 4.3. Pedestal erosion from 265 min to
372 min is also reduced as can be seen by comparing Fig. 5.6d to Fig.
4.6b. Because of this reduced rate of concrete ablation, the debris
fills the inpedestal sump volume faster than in the dry case and is
ready to spread into the expedestal floor area earlier.

As indicated in Table 5.2, the temperature of the inpedestal metal
layer prior to spreading at time 372 min is only 2422°F (1601 K), well
below its solidus temperature of 2687°F (1748 K), while the oxide layer
temperature of 2599°F (1699 K) is only slightly beléw its solidus
temperature. Because the metals mass is three times larger than the
oxides mass, it is clear that most of the inpedestal debris 1s frozen at
this time. However, from Fig. 3.4, it is also clear that the pour from
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the: reactor vessel 1is 1increasing rapidly at 372 min, and that the
temperature of this pour is also increasing. Thus, even though the bulk
of the inpedestal debris is frozen at 372 min, the debris pouring on top
of the inpedestal debris is molten; therefore, the incoming debris was
assumed to be spreadable onto the expedestal floor.

Because the bulk of the inpedestal debris is frozen at 372 min,
essentially negligible amounts of debris were placed in the expedestal
region initially. This is the reason for the very thin layers on the
expedestal floor <.3 in. (Table 5.2) and also explains why the inpedes-
tal debris upper surface is higher above the floor than the expedestal
debris, i.e., 2.45 in., vs 0.22 in. respectively.

As discussed in Chap. 3, a method developed by Kazimi was used to
determine the extent of the initial debris spread into the expedestal
region for the dry case. The method predicts the amount of floor area
to be covered as a function of the pour rate and the temperature of the
debris emanating from the failed reactor vessel. The predicted initial
spreading area for the dry case was 800 ft2 (74.3 M?) expedestal. How~
ever, because the Kazimi method considers heat losses from the spreading
debris to the underlying concrete to be dominant, the presence of an
overlying water pool makes no difference as to the predicted extent of
debris spreading. Thus, the same initial spreading area has been used
for the case with drywell sprays.

As discussed in Section 3.3, the composition of the initial pour
directed into the expedestal region at 372 min is 99%Z (by mass) of the
Fe, Cr, and Ni, 89% of the Zr, and 20% of the oxides leaving the failed
reactor vessel. The metals-rich composition is based upon the temper-
ature of the debris as it leaves the failed reactor vessel. During the
initial 143 minutes (372-515 min) of the first spread into the expedes-
tal region, the metallic portion of the pour from the reactor vessel is
molten [>2750°F (1783 K), see Fig. 3.4(b)] and superheated, while the
oxidic portion of the flow is frozen [<4350°F (2672 K)]}. Accordingly,
it is assumed that 80% of the oxide pour is kept inpedestal while 20% is
spread expedestal. For the superheated metals, it is assumed that 1% is
kept inpedestal due to adhesion upon the surface of the frozen oxides.
An exception is made for the zirconium metal to approximate its eutectic
combination with U0, by keeping an additional 10% of the zirconium metal
inpedestal.

After time 515 min, however, the oxide pour from the vessel is mol-
ten as well as the metals. From this time until the end of the calcula-
tion at 750 min, the apportionment of the predicted vessel debris pour
is made strictly according to the respective floor areas; thus, 23% of
all debris pour is kept inpedestal and 77% is introduced into the exped-
estal region.

Table 5.3 presents the debris configurations both before and after
debris spreading into the remaining expedestal floor area at 602 min.
The timing of this second spread is much later than that of the dry case
presented in Chap. 4 (378 min) and is due to the enhanced cooling pro-
vided by the overlying water pools created by the sprays.
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As shown in Table 5.3, the average temperatures of the metal and
oxide layers for both the inpedestal and expedestal debris are well
below their respective solidus temperatures and one might expect that
the layers are frozen. However, CORCON calculates crusting for the
individual layers so that the interior temperature of the layer can be
above the solidus temperature while the average temperature of the
crusted regions of the layer can fall well below the solidus tempera-
ture. This is the situation shown in Table 5.3.

To further clarify this situation, the configurations of both the
inpedestal debris and the expedestal debris are shown in Fig. 5.5 at
three distinct times. These debris maps were constructed from the cal-
culated results of the first expedestal debris calculation (covering 800
ft2 expedestal) initialized at time 372 min. The purpose of these maps
is to provide information concerning the spreadability of the debris so
that an estimate of the timing of the final spread onto the remaining
300 ft2 of the drywell floor can be made.

As shown at time 500 min, the inpedestal debris is calculated to
have a thick metallic layer (10.2 in.) overlying a thick (14.2 in.)
oxidic debris layer. Furthermore, the metallic debris is calculated to
be completely frozen (shown by crosshatching) while the oxidic debris
(mainly below the original floor) is calculated to have an upper crust
of 1.6 in. and a lower crust of 2.0 in. The expedestal debris is cal-
culated to have the oxides overlying the metals with a relatively thin
upper oxide crust of 0.4 in. and no lower oxide crust. Again, the metal
layer is completely frozen (9.8 in.). Because the inpedestal debris is
completely frozen above the level of the floor, and because a substan-
tial height (3.5 in.) of debris above the expedestal floor is also
frozen (crusted), it was judged that further debris spreading would not
occur at this time.

At 702 min however, (bottom of Fig. 5.5) it is seen that the inped-
estal metals have become partially molten so that 5.9 in. of metals are
molten with only 3.5 in. remaining frozen. This molten metal together
with 5.2 in. of molten oxide results in a molten mass of debris 11l.1 in.
thick lying above the original level of the floor. Meanwhile, the
expedestal debris consists of 13.8 in. of molten oxides above the origi-
nal floor level in addition to a thick (10.2 in.) frozen metallic layer,
which, by this time, has sunk below the original floor level. It is
believed that debris in this configuration would readily flow over the
remainder of the expedestal floor and that therefore, actual debris
spreading over the remaining floor area would have occurred sometime
between 500 min and 702 min.

The debris configurations at 602 min are shown in the central por-
tion of Fig. 5.5. It is seen that considerable melting of the inpedes-
tal metals has occurred (4.6 in.). In addition, 3.2 in. of the molten
oxides extend above the floor level so that a total of 7.8 in. of molten
debris exists above the floor in the inpedestal region. For the exped-
estal region. 9.8 in. of molten oxides overlay 10.4 1in. of frozen
metals. With the debris in this configuration, it was decided that the
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debris would flow, and thereby the time of the final debris spread into
into the remaining 300 ft2 (27.9 m2?2) of the expedestal floor was
selected to be 602 min.

Selected CONTAIN results are shown in Fig. 5.6, which is a composi-
tion of the results from three calculations. The first calculation
covers the period from 255 to 372 min when the debris/concrete inter-
action 1s occurring only in the inpedestal region. The second covers
the period of the 1initial debris spread into the expedestal area
[800 ft2 (74.3 m2)]) from 372 to 602 min. The third CONTAIN calculation
concerns the period 602 to 750 min, after the debris has spread com-
pletely around the drywell floor.

As mentioned above, the third CONTAIN calculation was terminated at
750 min. It had been intended that this calculation be extended to
900 min as in the dry case, but difficulties in code execution made this
impossible. These difficulties were associated with the execution of
the CORCON module for the inpedestal debris/concrete interaction and are
discussed more fully in Chapter 7.

The expedestal debris temperatures are shown in Fig. 5.6a where it
is seen that the initial temperatures rapidly fall so that the metals
are well below their solidus temperature and are thus frozen. The
oxides overlie the metals and their temperature is somewhat below the
metal layer temperature.

. The oxide solidus temperature is 2574°F (1685 K) and is lower than
the solidus temperature of the metals [2694°F (1752 K)]. The reason for
the lower oxide solidus temperature is the dilution of the oxides poured
from the reactor vessel by the low melting temperature oxides arising
from concrete ablation (Tablation = 1503 K). As a result, the expedes-
tal oxides are partially molten with crusts predicted at the interface
with the water (see Fig. 5.5).

Because the expedestal oxides overlie the metals, they are equili-
brated directly with the incoming hot debris from the reactor vessel.
Thus, the oxide layer temperature is sensitive to the rate of debris
addition to the expedestal floor area. This is the reason for the drop
in oxide layer temperature at 400 min when the debris pour from the
failed reactor vessel sharply decreases (Fig. 3.4a).

At 550 min, the metal and oxide layer temperatures take a sharp
turn downward. This corresponds to the exhaustion of the expedestal
zirconium and the reduction in chemical power, which 1is shown in
Fig. 5.6b with its magnitude contrasted with that of decay heat. It is
seen that the early expedestal chemical power is from 10 to 20 times
that of decay heat and is obviously the controlling factor in debris
temperature.

It is also interesting to note that the zirconium inventory in the

expedestal debris lasts much longer for the wet case, Fig. 5.6b, than
for the dry case, Fig. 4.6d. The reason for this is the lower maximum
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debris temperatures of the wet case [2583°F (1690 K)] Fig. 5.6a, com-
pared to the dry case [2706°F (1759 K)] Fig. 4.6c, and therefore, the
lower concrete ablation rate. With less ablation, there is less gas
(CO, and H,0) released into the debris and less chemical power produced
by Zr reaction with the gas. Therefore, the expedestal Zr inventory
lasts for almost 3 h in the wet case while lasting only about 1 h for
the dry case. This also explains why the debris temperature remain
elevated [>2500°F (1644 K)]) for a longer period in the wet case vs the
dry case.

As was the case for the dry case calculations reported in Chap. 4,
no conclusion regarding the continued integrity of the drywell shell
pressure boundary can be reached without additional calculations to
determine the thermal response of the shell. Although the predicted
debris temperatures are clearly not high enocugh to cause shell melt-
through, failure of the shell pressure boundary through loss of strength
is possible. A detailed thermal and stress analysis should be performed
for the drywell shell throughout the region of contact with the hot
debris to address this issue. It is for this purpose that the time~
dependent debris conditions in the expedestal region together with the
internal pressure loading of the drywell shell as calculated in this
study are provided in Table 5.4. In particular, this detailed informa-
tion pertaining to the calculated conditions at the interface during the
period of elevated debris temperature is intended for use by interested
parties who desire to perform shell response calculations with codes
such as HEATING-6 or TAC-2D.

The calculated drywell pressure is shown in Fig. 5.6c. Although
steam condensation is extensive as a result of the sprays in the lower
drywell expedestal cells, there is a continuing buildup of non-conden-
sible gases (H;, CO, and CO,) originating from the debris/concrete
interaction. These gases are released throughout the calculation and
would continue to be released from the debris after the calculation is
terminated at 750 min, Thus, even though the assumed containment fail-
ure pressure of 175 psia (1.207 MPa)5 is not reached during the course
of these calculations, there is reason to believe loss of the contain-
ment pressure boundary due to overpressurization would eventually occur
if not precluded by prior failure by other means.

On the other hand, it does appear that sprays would effectively
preclude thermal degradation of the drywell head flange seals. As shown
in Figs. 5.1 to 5.4, atmosphere temperatures remain well below the seal
failure temperature of 730°F (661 K). This contrasts with the dry case,
where atmosphere temperature does become high enough to fail the seals.
This is important because upon seal failure, primary containment gases
and aerosols have a short path to the refueling bay and the external
environment. Without seal degradation, failure of the primary contain-
ment pressure boundary would occur lower in the drywell or in the
wetwell airspace and would pass gases and aerosols into the secondary
containment, probably into the torus room. In this way, the residence
time of these gases and aerosols would increase substantially and would
allow considerable aerosol deposition and retention in the secondary
containment.,
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Cumulative gas releases from both the debris and the concrete are
provided in Table 5.5 for the end of calculation at 750 min. As seen,
debris cumulative gas release amounts to 689 1lb-moles (3.13%10S
gr—moles) and is less than one half the debris release for the dry case
discussed in Chap. 4. [Dry case debris gas release at 750 min is
1419 1b moles (6.44*105 gr-moles)]. This reduction in debris gas
release for the wet case is due to a reduction in calculated concrete
ablation because of enhanced heat transfer to the overlying water
pool. Figure 5.6d reports the reactor pedestal ablation as a function
of time; only 0.25 ft of the pedestal thickness is eroded by the end of
the calculation at 750 min compared to ~0.9 ft being eroded at the same
time for the dry case shown in Fig. 4.6b. Thus, it appears that sprays
significantly reduce calculated pedestal erosion under the conditions of
this study.

The pressure suppression pool is heated throughout the period of
the calculation both by the decay heat energy release of the fission
products trapped in the pool and by the passage of hot gases from the
drywell into the pool: whenever the drywell pressure rises sufficiently
above the wetwell pressure to force gas flow through the downcomers.
The BWRSAR calculation provides the estimate that pool fission product
heating is 10.74 Mw at time 255 min, when the CONTAIN calculation 1is
initiatedj this value is used in the CONTAIN calculation until time 372
min, at which point the value is decreased to 9.83 Mw for the remainder
of the calculation.,

The pressure suppression pool temperature at the end of the calcu-
lation is 235°F (386 K); however, since the wetwell pressure at that
time is 83.4 psia (0.575 MPa), which corresponds to a saturation tem-—
perature of 315°F (430 K), the pool has remained subcooled throughout
the calculation.,
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Table 5.1. Gas flow distribution in
primary containment for Peach Bottom
Station Blackout with ADS actuation
for limestone common sand concrete
and drywell sprays at various times
during the accident sequence

(Flows in lbm/min and time is in
minutes after accident initiation)

Times
Path?
265.02  372.0°  602.09 750.0¢

FLO12 371 888 48 48
FLO16 -371 -882 277 445
FLO23 1383 1745 932 -50
FLO25 -1009 -857 -882 95
FLO34 1384 1818 974 -16
FLO4S 1409 1735 876 -7
FLO47 424 80 -327 358
FLO49 -503 -77 277 -314
FLO56 413 884 -5 -359
FLO610 0 0 0 0
FLO612 0 6 0 427
FLOT8 373 23 -376 335
FLO79 63 57 56 3
FLO89 405 21 -356 322
FLO810 0 0 0 0

@path definitions follow from the order
of the indices in the path name. For path
FLOIJ, the flow is from cell I to cell J if
the tabulated flow is positive and from J to
I if the tabulated flow 1s negative. See
Figure 4.1 for primary containment nodalization.

P10 minutes after reactor vessel bottom
head penetration failure at 255 min and
immediately before inpedestal CORCON
initialization.

CImmediately before lst debris spread into
expedestal area.

dImmediately before 2nd debris spread into
expedestal area.

€End of CONTAIN calculation.



Table 5.2  Debris configurations before and