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ABSTRACT

Results of calculations performed with MELCOR and HECTR in support of the
NUREN-1150 study are presented in this report., The analyses examined &
wide range of issues. The analyses included integral calculations
covering an entire accident sequence, as well as calculations that
addressed specific issues that could affect several accidert sequences.
The results of the analyses for Grand Gulf, Peach Bottom, LaSalle, and
Sequoyah are described, and the major conclusions are summarized.
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breach. Outer-containment burns and large holes in the drywell wall did
not aifect these conclusions. The only exception was a case in which a
vacuum breaker on an SRV tallpipe was postulated to stick open during the
period of peak in-vessel hydrogen production,

Containment Resporse co Burns

Numerous calculations were performed to characterize containment response
to burns initiated over a wide range of containment conditions. Of
interest were peak outer-containment pressures, peak outer-containment
temperatures, peak differential pressure across the drywell wall, and the
rate of containment depressurization after the burn terminated. The
numerical values are reported in Section 2.5, In addition, bounding
calculations were performed to determine if containment failure during a
large burn would provide sufficient pressure relief te prevent the
additional failure of the drywell wall. The MELCOR results showed that,
for the large burns necessary to threaten the drywell wall, even a .65 m?
(7 ft?) hole in the containment wall could not sufficiently mitigate the
pressure rise in the outer-containment to prevent drywell wall failure.

Steam Inerting

MELCOR and HECTR calculations were performed to examine the effect of
spray injection into a steam-filled containment. The results indicate
that when sprays inject water into a containment that {s saturated with
steam by evaporation from a hot suppression pool, significant amounts of
steam are removed, The calculations predicted that the steam would be
removed relatively rapidly by the sprays, such that hydrogen burns in e
outer containment would be likely. This implies that there is a
potential for igniting hydrogen-rich mixtures in containment following
power recovery when previous burning had been prevented by the high
containment steam content,

Suppression Pool Backflow

The potential for pushing water over the weir wall onto the drywell floor
wes investigated. The amount of water on the drywell floor affects the
likelihood of ex-vessel steam explosions and the amount of scrubbing by
the overlying water pool during core-concrete attack. It was known from
previous unpublished analyses and Reference 3 that suppression pool water
backflow would be likely if a deflagration occurred in the outer
~ontainment. However, the potential for suppression pool backflow caused
by hydrogen pressurization alone in the outer containment had not been
well characterized. The MELCOR results showed that this is a highly
uncertain phenomenon. It is affected by the rate and integral amount of
hydrogen released to containment, the amount of leakage through the
drywell wall, and the rate of concrete degassing in the drywell, It was
found that varying these parameters within their uncertainty ranges would
result in backflow in some cases, but no backflow in other equally valid



cases. A more definitive answer on suppression pool backflow will not be
possible until the uncertainty in in-vessel hydrogen generation is
reduced,

Source Terms

The mass avd energy releases from containment were estimated for the case
with containment failure occurring because of a hydrogen burn. The
results of these calculations provided guidance in quantifying the source
term for Grand Gulf. The responses for both dry and saturated
containment atmospheres were characterized and numerical values are
reported in Section 2.8,

Peach Bottom

An analysis of the Peach Bottom containment response following vessel
breach was performed using MELCOR. The analysis was performed to examine
the potential for containment failure at vessel breach from the
depressurization alone., Loads from direct heating and steam explosions
were not considered because MELCOR did not contain models for these
phenomena. Before these calculations were performed, it was not known
whether or not depressurization alone was sufficient to {ail the Peach
Bottom containment at vessel breach. Long-term and short-term station
blackout scenarios were examined, and sensitivity studies were performed
on vent downcomer clearing, containment heat transfer, flashing of
residual water in the vessel downcomer, vessel break area, in-vessel gae
temperatures, suppression pool temperature, relative humidity of gas
bubbles leaving the suppression pool, suppression pool bypass, and in-
vessel hydrogen content, The calculations indicated that containment
failure at the time of lower head failure is unlikely for accidents at
Peach Bottom in which direct heating and steam explosions do not
contribute significantly to the containment response.

LaSalle

Reactor Building Response

The LaSalle reactor building response following wetwell venting or
drywell failure was examined using MELCOR. The level of steam predicted
{n various regions and the environmental temperatures were provided to a
NUREG-1150 expert panel for estimating the potential for equipment
survival under these severe conditions. A relatively-detailed
nodalization was used for these analyses to capture differences among the
various regions in the reactor building. The numerical results are
reported in Section 4.2,

Station Blackout Calculation

Results of an integral, shakedown calculation for a short term station
blackout are discussed in the report. This calculation used a heavily
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flow path between the two containment reglons in a station blackout
accident is through horizontal vents that are submerged in the
suppression pool,

The weir wal containing the suppression pool is not high enough to
prevent backflow of suppression pool water onto the drywell floor when
the outer containment pressure exceeds the drywell pressure by a large
enough margin to overcome the water head in the weir annulus. The water
overflowing onto the drywell floor would then drain into the pedestal
region beneath the vessel through floor crains.

The RPV vents through safety relief valves (SRVs) into the suppression
pool, There are vacuum breakers in the piping between the SRVs and the
suppression pool which open to avoid condensation-induced problems in the
tailpipes following SRV reclosure. If these vacuum breakers in the SRV
tallpipes fail to reclose, a portion of the subsequent flow through the
SRVs would enter the drywell directly, and the remainder would continue
to be discharged to the suppression pool,

The outer containment can be cooled by a spray system, with injection
nozzles located in the upper dome. Because this system is ac-powered, it
would not be available during a station blackout. However, if ac power
was restored during a station blackout, the sprays would vecome
available.

Grand Gulf is equipped with igniters in both the drywell and outer
containment to provide controlled burning of hydrogen and carbon monoxide
during accidents., Because of this, threats from containment burning are
not important for many sequences. However, these igniters are ac-
powered, so they would not be available during station blackout
sequences.

2.2 Integral Station Blackout Calculation

Integral calculations were performed for two vaciations of a short term
station blackout scenario. In both variations, ac and dc power were
assumed to have failed, so the vessel could not be depressurized before
vessel breach. Loss of ac power also prevented lgniter operation, upper
pool dump, and operation “ the vacuum breakers in the drvwell wall In
the base calculation, «nal leakage was modeled between the drywell and
the outer containment, and containment burns were precluded. 1In a
variation of the base calculation, the effect of containment burning was
examined by initiating a large burn in the outer containment before
vessel breach., This burn was assumed to create a .093 m? (1 ft?) bypass
hole in the drywell wall. The two calculations were performed to:

1. estimate steam and hydrogen release rates that would be used in
addressing various containment issues,

2. examine the potential for backflow of suppression pool water onto

the dryvell floor when hydrogen is released to the containment
through the safety relief valves (SRVs),

2-3
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CORE CONDITIONS AT 108 MIN
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g CORE CONDITIONS AT 212 MIN
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relatively high amount of hydrogen generat’ n was calculated and this
resulted in high containn-nt hydrogen conc .trations as will be discussed
in Section 2.2.2. Most of the hydrogen was generated during about a 60
minute period, starting at about 40 minutes. Thereafter, the hydrogen
production continued at a reduced rate until about 360 minutes, at which
tim most of the zirconium had melted out of the vessel,

2.2.2 Early Containment Response

The temperature rise was not very large in either the drywell or outer
containment before vessel breach, but {t was cufficiently large in the
drywell tc initiate concrete degassing by about 85 minutes. The total
amount of steam released from the drywell structures by degassing is
shown in Figire 2-8. The steam release after vessel breach was larger
than the releise before vessel breach, but the steam release before
vessel breach vas sufficiently large to affect the potential for backflow
of suppression pool water onto the drywell floor. This will be discussed
in Section 2.4,

The contalnment pressure increases were quite low before vessel breach
because the suppres:ion pool remained subcooled and was able to condense
most of the steam rel-ased from the RPV. The slight pressurization
resulted from hydrogen release to containment and from the relocation of
some of the air in the urywell to the outer containment when concrete
degassing began. At vesscl breach, the remaining air was purged from the
drywell, causing a rapid, but relatively small pressure increase (about
35 kPa) .

The large amount of in-vessel h'drogen generation resulrad in high
hydrogen concentrations in the outer containment as shown in Figure 2-9.
These concentrations are well with!n the detonability range. The
concentration was highest near the sippression pool where the hydrogen
was released, and lowest in the dome. Small spikes in hydrogen
concentration were generally predicted vear the suppression pool as the
SRVs opened, yielding short time periods .,ith slight hydrogen
concentration gradients in containment, Hovever, the hydrogen rapidly
mixed after the SRVs cycled closed, yielding <« uniform hydrogen mixture
in the outer containment. The large drop in hydrogen concentrations
shown in Figure 2-9 for the lower containment leveis at about 200 minutes
occurred because a large steam release to containment, resulting from
core plate failure and vessel breach, diluted the lower containment
regions with steam, Hydrogen levels in containment were again well-mixed
by about 260 minutes.

2.2.3 Late Containment Response
A ccre-concrete attack proceeded at a relatively low rate because of the
large amount of in-vessel zirconium oxidation shown in Figure 2-7. With

a reduced amount of zirconium remaining in the debris, the chemical
reactions occurring during core-concrete attack were not as aggressive,

2-13



BASE CASE SHORT TERM BLACKOUT
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$0 & smaller amount of gases were predicted than in previous,
undocumented, MELCOR calculations. As & result, the containment
pressurized relatively slowly. When the caloulation was terminated at
about 815 min, the cortainment pressure was only about 285 kPa.

The MELOOR results also provide estimates of containment flammability
during core-concrete attack. During core-concrete attack, a large amount
of carbon dioxide can be generated. If sufficient quantities are
released to the drywell and carried to the outer containment, the outer
containment could become inerted. This then would eliminate the threat
from late containment burns. However, the slovw containment
pressurization calculated by MELCOR during corz-concrete attack was
accompanied by a low rate of carbon dioxide reneration, Thus, the
containmenit remained flammable throughout the calculation, rather than
becoming inert by carbon dioxide addition,

Figure 2:10 shows the flow rates through the suppression pool and the
leakage paths in the drywell wall. Early in this caloulation, much of
the suppression pool inventory had been pushed back onto the drywell
floor. As a result, little pressure differential between drywell and
outer containment was required to depress the suppression pool level
below the top row of vents in the weir annulus. This in turn caused
almost all of the flow to pass through the suppression pool. When the
¢core-concrete attack was most active, about 40 times as much flow passed
through the suppression pool vents as through leaks i{u the drywell wall,
and by the end of the calculation, the relative flow rhrough the vents
had been reduced to about ten times the amount floving through the
drywell wall., This result is greatly affected by the suppression pool
level., According to a previous, undocumented, MFLCOR calculation,
conditions were sufficiently different that nove i the suppression pool
water was pushed over the weir wall onto the drywei' floor. In that
calculation, the relative flow through the drywell leakage path was much
larger; 7 times as much flow passed throughl the suppression pool vents as
through the drywell wall leaks during active core-concrete attack and the
ratio was reduced to about 2 by the end of that calculation,

2.2.4 Radionuclide Behavior

The masses of Us, 1, and Te released from the fuel while it was in the
RPV e&re shown in Figure 2-11. The total mass of CsOH, Te, and Csl
deposited on in-vessel structures is shown in Figure 2-12. Tie in-vessel
retention was predicted to be quite high for all 3 classer with most of
the deposition oveurring on the separators. Some revapo !.ation was
predicted for each class, but the in-vessel retention wa* still quite
high at the end of the calculation.

The noble gases were predicted to be released early from the fuel and
rapidly transported to the outer containment, There was little mixing
between the outer containment and drywell, so most of the gases remained
in the outer containment throughout the transient as shown in

Figure 2-13.
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The total mass (radioactive plus non-radioactive) of Sr and Ba rel ased
during core-concrete attack is shown in Figure 2:14, and the masses of
Ru, La, and Ce are shown in Figure 2-15, The releases of all of thuse
classes are quite low because of the slow rate of core-concrete attak,
In addition, the releases are scrubbed by the overlying water pool {: the
pedestal, causing even smaller releases to the drywell,

The Te relesse is much higher than predicted by STCP (Refs. 4.5) for
similar scenarios, This difference results from modeling of core welting
phenomena. In both MELCOR and STCP, the Te release from the tuel is
suppressed when the fuel {s surrounded by unoxidized zirconium in the
clad, so early releases of Te are low., However, as the accident
proceeds, MELCOR melts and relocates the clad, leaving a fuel debris bed
which can then release Te (because intact cladding is no longer present)
STCP does not model clad relocation, so STCP predicts a much lower Te

re) ase than predicted by MELCOR.

As & summary, Table 2-2 lists the radioactive fractions of the fission
product classes present in the RPV, and in the major containment regions
both at the time of vessel breach and at the end of the calculation,

Also listed are the radicactive fractions of each class still residing in
the fuel. The fractions presented in tiie table are only for the
radicactive portion of the classes; the fractional distribution of total
mass for classes with large non-radicactive release during core-concrete
attack is quite different than the radioactive fractions shown in

Table 2-2.

After these calculations were performed, it was discovered that large
errors in mass conservation of aerosols were possible under certain
conditions because of MELCOR coding errors. However, for the Grand Culf
caleulations, we found that these errors resulted in a maximum mass
conservation error of about 5%, In addition, a misunderstanding of code
input led to a radionuclide inventory which was about 7% lower than the
desired value. These errors are not expected to have a significant
effect on the Grand Gulf calculations, The source of error has been
located and will be corrscted in release 1.8.1,

2.2.5 Effect of Early Burn

To evamine the effect of an early deflagration 1. the outer containment
on ‘he results of the integral station blackout calculation, the base
calculation was restarted after a large quantity of hydrogen had been
released to the containment, and the hydrogen was allowed to burn. The
containment was assumed to survive the burn, but the drywell wall was
assumed to be damaged (a .093 m? (1 ft?) hole). This calculation was
performed to determine the fraction of the flow that would bypass the
suppression poel through such a hole and to investigate the effect of
leakage through the hole on drywell flammability, outer containment
conditions, and containment loads at vessel breach. The containment was
assumed to remain intact to give a bounding case for the amount of
hydrogen that could enter the drywell for such scenarios. If the
containment had been assumed to fail, much of the hydrogen would have
been released to the environment. The results regarding drywell
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Table 2-2

Fractional Distribution of Radiosctive
Fission Products

At Vessel Breach

Pedestal
Fuel {n  Fuel in Water Suppress Outer
Class . Laxe .  Cawvity BREY  _Reol Lent.
Xe L0154 0, 0044 0, 0224 0. 9580
Cs L0166 0. L8590 0153 0004 L0741 .033¢
Ba 8590 0. 1290 .0013 0. 0105 0.
Te 0217 0. L9150 011 0002 0245 0213
Ru y 0. 0, 0. 0. 0. 0,
Mo 1. 0. 0. 0. 0. 0 0.
Ce - 0. 0. 0. 0. 0. 0.
La 1. 0. ¢. 0. 0. 0. 0.
v L9980 0. 0018 0, 0. 0002 0.
ca < 0. 0, 0. 0. 0. 0.
§n 4910 0. L4740 L0040 0. 0310 0.
Csl 0. 0. . 8640 L0149 0006 0616 L0584
At End of Calculation
Pedestal
Fuel 'n  Fuel in Water Suppress Outer
Class . Core Cavity RREV  _Fool = DRrywell gont.,
Xe 0. 0 0. 0. 0. 0. ; I
Cs 0, 0. .B140 0166 0115 ,1300 ,0280
Ba 0. 6860 .1300 1612 ,0008 0219 , 0004
Te 0. , 0023 L7460 0273 0234 1772 0238
Ru 0. 1. 0. 0. 0, 0. 0.
Mo 0. L9900 0. L0094 0001 0006 0.
Ce 0. - 0. 0. 0, 0, 0.
La 0. 9980 0. L0021 0. ,0001 0.
U 0. L9980 .0018 0. 0. 0002 0,
Gd 0. 1. I 0, 0. 0, 0.
Sn 0, 4810 4750 0046 L0021 0366 L0007
Csl 0. 0, 5070  .0299 1001 3074 L0556
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flammability will be discussed in Section 2.3, and the results for the
other issues will be discussed in this section.

The amount of flow that bypassed the suppression pool for this case is
shown in Flgure 2:-16. During most of the calculation, all of the flow
bypassed the suppression pool, because there was not sufficient drywell
pressurization to depress the suppression pool level below the top row of
vents. However, the vessel blowdown loads were sufficiently large to
force about 708 of the flow through the suppression pool for about &

1 minute period following vessel breach.

The pressure in the outer containment is compared to the base case
pressure in Figure 2-17. The peak pressure during the burn was very high
(above the predicted failure threshold) because of the large amount of
hydrogen burned. As seen in Figure 2:17, the additional leakage through
the drywell wall for the case with a containment burn did not
significantly affect the size of the pressure rise at vessel breach. The
pressure rise was about the same as for the base case because f two
factors, First, the containment had fewer moles after the burn since
one mole of hydrogen and 1/2 mole of oxygen combine to gilve o..y one mole
of steam, Second, more noncondensibles had been pushed from the drywell
to the outer containment during the burn cooldown, so the pressurization
from addition of drywell gases to outer conlainment gases at vessel
breach was lower than in the base calculation,

2.3 Prywell Flammability

An important issue in Grand Gulf is hydrogen burning within various
containment reglions because the burning can cause the drywell wall to
fail, leading to a bypass of the suppression pool. 1In addition, the
hydrogen content in the drywell at vessel breach can greatly affect the
pressurization for scenarios with direct contalnment heating (Ref. 7).
The results of the integral station blackout calculations (discussed in
Section 2.2) were combined with additional containment-only calculations
to examine the potential for forming flammable mixtures in the drywell
during a station blackout. The effects of drywell leakage area and
burning in the outer containment on the amount of hydrogen in the drywell
before vessel breach were examined.

2.3.1 Results of Integral Calculations

The results of the integral MELCOR station blackout calculations support
previous conclusions fiom undocumented calculations that were performed
with the HECTR code (Ref. 8) which indicate that the amount of hydrogen
flowing from the outer containment to the drywell was small enough to
yield at most a marginally flammable mixture (4% hydrogen) before vessel
breach. At vessel breach, the oxygen was predicted to be swept from the
drywell, leaving an inert steam/hydrogen mixture. Gas generation during
core-concrete attack kept the drywell pressurized, preventing the oxygen
from reentering the drywell. Thus the drywell was never more than
marginally flammable in either the MELCOR or HECTR calculations. The
drywell concentrations calculated by MELCOR are shown in Figure 2-18.
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BLACKOUT WITH AND WITHOUT WETWELL BURN

060.0 e . ' . ' : . .
800.0 J
0.0 .
0.0+ # -
#50.0 - 4
's $00.0-
& oo Gy
! 600,04 Cb -
460.0+ d
g 400.0- :
860.0 - ¢ i
4000 .
ik I, S "
L)) Vessel Breach _—
e s = -3 ;i
..&-—--«/"""Ei-
0000 a0 EODO  EIe0  ale0  AB00 8840 8860  #880  B380 2400

Time (min)

£+~ Base Caie
=~ Welwell Burn

Figure 2-17. Effect of Burn on Contalnment Pressure
during Station Blackout

2-27

= e A R N L S e o s R S R S S N R e W ==t R R R R R R N e Y S N L BT



10

BASE CASE SHORT TERM BLACKOUT

0.0+

0.8+

07+

oi. ki

06

0.4+

Mole Frac.ions in Drywell

0.0+

340.L

=

Time (min)

. &
-—e——
-—a—.—
w-

oF

22

drogen
rbon Monoxide

ygen
oam

~-— Carbon Dioxide

Figure 2-18,

e e e R i

Base Case Drywell Mole Fractions

2-28

v

LI




The second integral MELCOR calculation (with burns allowed in the outer
containment) also showed inflammable conditions in the drywell before
vessel breach. Neither the larger hole created by the burn nor the
larger flows from containment to drywell during the burns caused a
flammable mixture to form. The drywell concentrations for this second
case are shown in Figure 219,

2.3.2 Results of Containment-Only Calculations

The containment-only deck described {n Appendix A was used to perform
additional studies of drywell flammability. The model was driven by RPV
steam and hydrogen releases from the integral MELCOR calculation
discussed in Section 2.2, The containment deck was modified for these
caleulations to include concrete degassing in the drywell as well as heat
sources that modeled RPV heat losses and fission product heating of the
drywell and outer containment atmosphere.

A base case was run to insure the containment-only deck would glve
equivalent results to Lhe integral calculation. Two cases were run to
examine the effect of containment burning and drywell wall leakage on the
drywell conditifons, In the first case, burns were allowed in the
containment based on an ignition limit of 10% hydrogen and assuming the
burns created a large (.093 m? (1 ft?)) breach of the drywell. The
second case was similar, but only & single burn was allowed. These two
variations on ignition timing were examined because the igniters do not
operate in station blackouts, so a reliable ignition source is not
available, and ignition is thus random. As expected, the case with
multiple burns had more depletion of the oxygen in the drywell and
containment and a lower containment pressure at vessel breach because of
condensation of the steam produced during the burns. The case with only
a4 single burn had drywell conditions similar to those in the base case,
where there were no burns and nominal drywell wall leakage. In both
cases, the large drywell wall leakage did not allow enough hydrogen to
enter the drywell to exceed marginally flammable limits. The drywell
hydrogen concentrations for these calculations are shown in Figure 2-20.

2.4 Prywell Flooding

Water on the drywell floor creates the conditions for ex-vessel steam
explosions, the potential for debris coolability, and the potential for
scrubbing gas and aerosol releases to containment during core-concrete
attack., Water can be present on the drywell floor {f the outer
containment pressure exceeds the drywell pressure by a large enough
margin to push the water in the suppression pool over the weir wall and
onto the drywell floor. In fact, this backflow would begin well before
the suppression pool level was pushed down below the top row of vents,
Previous unpublished analyses and Reference 3 have shown that relatively
small deflagrations in the outer containment would sufficiently
pressurize the outer containment to cause such a backflow. The potential
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MELCOR predicted that water would flow from the suppression pool onto the
drywell floor for buth cases, but that only & small amount would be
pushed over for the first case. In both cases, the water was only pushed
over during the peak hydrogen release, and the amount of water pushed
over the welr wall was found to be very sencitive to moueling
assumptions. This sensitivity {s consistent with the previous
conclusions from the HECTR caleulations. The water masses on the drywell
floor for the two MELCOR calculations are shown in Flgure 2-23,

2.5 Containment loads from Burvs and Subsequent Cooldown

Caleulations of containment loads from outer containment hydrogen burns
vere performed to address the possible loadings during a station
blackout. Since ignition is not predictable in a statlion blackout, a
wide range of conditions was examined to estimate the possible loads.
The hydrogen concentration was varied from 54 (neac the lower
flammability 1imit) to 126 (near detonability and high enough that
containment failure pressure is exceeded), The steam concentration was
varied from 508 relative humidity (relatively dry) to 55% on a molar
basis (steam inerting limit). The flame speed and completeness were
varied over the ranges observed in experiments at GES (Ref. 9), FITS
(Ref, 10), and NTS (Ref. 11),

Experiments at the Quarter Scale Test Facility (Ref. 12) indicated that
good mixing of hydrogen will occur in the outer contalnment region.
Therefore, the 5 volumes used to model the outer containment i{n the
MELCOR containment-only deck were collapsed into a single volume, and no
attempt was made to estimate the effect of stratified mixtures. The
drywell end suppression pool were retained in the model to account for
their pressure suppression capability, Leakage between the drywell and
containment was included, but the vacuum breakers were assumed to be
closed because the scenario was station blackout where power is
unavallable to operate the vacuum breakers, All of the containment heat
sinks from the containment-only deck were f{ncluded in the madel. Both
containment sprays and upper pool dump were assumed unavailable because
of the station blackeut,

Table 2-3 summarizes the cases run and the resulting loads. The results
are also presented graphically in Flgures 2-24 and 2:25. The results
characterize the containment response during deflagrations.

A set of MELCOR calculations was also run to estimate the rate of
contalnment depressurization during the cooldown from outer containment
burns. These runs provided estimates for new baseline pressures after
burn effects subside for the Grand Gulf accident progression event tree.
Bounding calculations were performed with high hydrogen concentration
(188 hydrogen and 18 m/s flame speed) and low hydrogen concentration (6%
hydrogen, 60% complete burn, 5 m/s flame speed). Two sets of
caleculatious were done, one set without radlative heat transfer modeled,
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Table 2.3

Grand Gulf Outer Containment Burns

Initial Conditions Megimum after Burn
Flame* wW WV WW/DW
P T Speed Com- ¥y 4 DP  Pmax/
kka K. qH2.  NH20 .m/s.  plete kksa _K. kBs Rioit

Lov Steam Cases:

101 300 0.05 508 RH 0.5 30 148 451 31 1.46
1.3 40 166 514 44 1.64
6.5 40 171 521 61 1.69
0.06 0.5 30 157 481 35 1.55
1.5 70 213 720 63 2.10
7.5 70 260 748 122 2.37
0.08 1.0 100 270 1033 70 2.66
2.5 100 286 1074 143 2.82
9.0 100 343 1120 220 3.39
0.10 1.0 100 293 1190 80 2.89
4.0 100 319 1253 175 3.15
10.0 100 393 1308 269 3.88
0.12 2.0 100 334 1403 129 3.30
4.5 100 353 1433 230 3.48
11.0 100 439 1490 317 4.33
High Steam Cases:
187 373.6 0.05 0,55 0.5 30 246 515 32 1.32
.5 40 269 565 44 1,44
6.5 40 276 568 68 1.48
190 374.1 0.08 1.0 100 392 1041 71 2.06
3.5 100 415 1060 159 2.18
9.0 100 501 1090 269 2.63
192 374.4 0.10 1.0 100 420 1183 81 2.18
4.0 100 458 1214 196 2.38
10.0 100 574 1248 340 2,98
194 374.7 0.12 2.0 100 473 1352 143 2.43
4.5 100 501 1367 243 2.58
11.0 100 637 1406 401 3,28

* Burn duration = Burn length / Flame speed. A 25 m burn length was
used in all of these calculations

2-37



WETWELL PRESSURE RISE
‘-o i id L
‘o “
©
4.8 =
a8- ¢ -
Q
04 & 4
E W
(@)
8.0 N
: g 8
~
E 20 @ ® 1
o ® it
22 ® 3 -
13
1.8+ o
8
® [
144 i 1
l.O T T L 8
0.08 0.08 0.09 01 016
HZ Mo.e rraction
LOW STEAM: HIGH STEAM:
3 Low Flame Speed #  Low Flame Speed
0  Med Flame %pnd ®  Med Flame Speed
¢ High Flame Speed ¢  High Flame Speed

Figure 2-24. Wetwell Pressure Rise vs, Hydrogen Mole Fraction

T N N T S - s
- LBy _BA N _ 1 e o B L B L

2-38

VPR ] L | L L I T Y R ——



e I e

WETWELL TEMPERATURE RISE

: 180 Y \ U i
1
‘i l
: 1.00 8 ':
» . ¢ 3 l
' @
o N J
% o B |
o o
8 07
j °n“" g -
jiuﬁn~ d
040+ 8 -1
0.92 J
0.8 o
w B -
+
g+ 0.0¢ 0.00 ' 012 0.18
HZ Moie Fraction
LOW STEAM: HIGH STEAM: ‘
J  Low Flame Speed #  Low Flame Speed
O  Med Flame Speed ®  Med Flame Speed
©  High Flame Speed ¢  High Flame Speed

Figure 2-25, Wetwell Temperature Rise vs. Hydrogen Mole Fraction

2-39



and the other set with radiative heat transfer. The contaiqment
pressures during the tail of the burn for the & calculations are plotted
in Figure 2-26,

2.6 Steam De:-Inerting Following Spray Recovery

Following power recovery late in & station blackout sequence, the
containment may contain a rich hydrogen mixture that avoided burning
because of & high steam concentration, If containment sprays are
initisted following power recovery, the steam might condense, leaving a
flammable mixture with high hydrogen and carbon monoxide content.
Alternatively, it is possible that the containment would remain at high
steam concentration even if sprays are sctivated hecause of steaming from
the hot suppression pool. To provide insight into thie issue, MELCOR
caleculations were performed.

The MELCOR containment-only deck described in Appendix A was used for
this anelysis., The containment atmosphere was assumed to be at
saturation corresponding to 554 steam mole fraction, giving an initial
pressure o. about 273 kPa and temperature of 383 K. The suppression pool
was assumed to be in equilibrium with the atmosphere such that its
temperature was also 383 K; thus, it vas subcooled. A single train of
sprays was assumed to draw from the suppression pool and pass through the
heat exchangers. The temperature drop in the heat exchangers was
estimated using rated conditions from the Grand Gulf FSAR and assuming
the service vater temperature was 305 K (90 F). This gave a spray
injection temperature of 344 K (160 F). These assumptions give a lower
bound on the amount of steam condensation from the atmosphere.

Figure 2-27 shows the caleulated steam concentrations in the wetwell and
dome control volumes. Although there is stratification predicted, the
steam concentrations drop nearly 10% in all of the control volumes in
about 10 minutes. This supports the contention that spray injection will
act to de-inert the containment,

The results are affected by the rate of evaporation of suppression pool
wvater. Therefore, & sensitivity calculation was run with the evaporation
rate multiplied by 10. The results, shown in Figure 2-28, still indicate
relatively rapid steam condensation.

To confirm the findings, the base case was again examined, this time
ueing the HECTR code. The pool evaporation model in HECTR is somewhat
different from MELCOR's, but the steam concentrations predicted by the
two codes are very similar, giving further support to MELCOR's prediction
of de-inerting. The HECTR steam concentrations are shown in Figure 2.29.
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2.7 Btuck-Open Tailpipe Vacuum Bresker

A flammable mixture might form in the drywell if an SRV talipipe vacuum
breaker were to stick open during & transient. The tailpipe vacuum
breakers cpen to relieve the vacuum created by condensation of steam in
the tallpipe after the SRVs cycle. 1f a vacuum breaker sticks open
during this process, some of the hydrogen being vented from the vessel
will be discharged directly into the drywell. This can then create the
potential for high drywell hydrogen concentrations.

To determine the conditions in the drywell with a stuck-open tallpipe
vacuum breaker, MELCOR calculations were performed using the contains
only deck and the RPV steam and hydrogen releases calculated for the oV
sequence in Reference 4. The MELCOR calculations examined the dryw .l
response when the vacuur breakeri. were assumed to stick open at three
different times during che accident: 1) at the beginning of the
transient, 2) when hydrogen release from the vessel began, and 3) near
the peak hydrogen i1elease rate, MELCOR indicated that the drywell would
quickly become steam inerted for Cases 1 and 2. For Case 3, the drywell
was predicted to be flammable for about 20 minutes before becoming steam
inert,

A fourth calculation was run to examine the effect of burning during the
time that the drywell atmosphere was flammable in Case 3. Since the
hydrogen would be entering containment at a high temperature, it would
likely burn continuously as a jet anchored to the vacuum breaker, rather
than accumulating and then burning as a deflagration. To model jet
burning, a case was run with the vacuum breaker assumed to stick open
near the time that the hydrogen release rate peaked (same time as

Case 3), and MELCOR input parameters were chosen such that the hydrogen
was effectively allowed to burn continuously as it entered the drywell.
The hydrogen began burning immediately after the vacuum breaker stuck
open. However, the oxygen was depleted about 8 minutes later, and the
burning ceased, The drywell pressure and temperature increases were both
relatively low. The peak drywell gas temperature during thils burning was
only about 470 K, Although local temperatures near the flame would be
much higher, there does not appear to be a global drywell threat to
equipment from such burning. The peak outer containment pressure was
actually less with drywell burning than without burning. This occurred
because the greatest outer containment pressure rise for both cases was
caused by hydrogen pressurization, so burning the hydrogen in the drywell
and allowing the resultant steam to condense in the suppression pool
ylelded a lower pressure rise.

2.8

Mass and energy releases from containment following containment fallure
caused by a hydrogen burn were predictaed. This information was needed to
gulde input for the Grand Gulf consequence calculaticns. The CGrand Gulf
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containment-only deck was used for this analysis, usin, steam and
hydrogen sources calculated for the short term blackout aiscussed in
Section 2.2. Calculations were performed for three break sizes: 0093,
093, and .65 m® (.1, 1, and 7 ft?), For each calculation, the
containment was assumed to fail during & burn that initiated when the
dome reached 128 hydrogen. The results provide timing information for
consequence calculations and information on peak differential pressures
across the drywell wall during a containment burn.

The containment pressure for the 3 break sizes {s shown in Figure 2-30,
The intcgral energy release, relative to the energy at amblent
conditions, is shown in Figure 2-31 and the peak differential pressure
across the drywell is shown in Figure 2-32. The results predict a
differential pressure that is below the failure value for all of the
cases that were considered. However, higher drywell wall differential
pressures would be calculated for burns with higher hydrogen content.

An unexpected result of the caleculations was that outside air was drawn
back into containment as the containment cooled down following the
completion of the burns (even though hydrogen injection was continuing).
This occurred for the small hole size as well as the larger sizes. The
result could be affected by the modeling of buras It is possible that
the initial burn in containment would yield enouzh {gnitien sources that
subsequent burns would occur more frequently and at & lower hydrogen
concentration than the initial burn. This could result in & continuous
outflow of gases instead of the periodic outflow/inflow calculated for
the multiple deflagration cases. To examine this possibility, two
additional calculations were performed. In these, a single large burn
was modeled to fail the contalnment, then the hydrogen ignition limit was
reset to a very low value to approximate "continuous burning." The
pressurization from the continuous burning was not large enough to
prevent the inflow for the large break size. For the small break size,
continucue burning resulted in sustained outflow from the containment
unt ' | the oxygen in containment was consumed. Thereafter, the

cor .inment cooled down an¢ nutside alr was drawn back into containment,

This phenomenon probably does not pose any additional threat to
containment, It mainly affects the amount of oxygen available for
burning, and could delay contairment inerting. It could also allow
burning of additional hydrogen after the original oxygen content is
depleted, but this would prabably occur at a relatively slow rate as an
"{nverted diffusion flame". Since containment surfaces would be hot from
previous burns, oxygen would probably not be able to accumulate to levels
that would support detonations, because it would be burning as it entered
containment,

During the consequence analyses performed for the NUREG-1150 study it was
noted that the depressurization times predicted by MELCOR were
significantly shorter than those predicted by STCP (Ref. 5) for a long-
tern station blackout for the same containment break sirze (2 vs 10 min).
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analysis, a bounding calculation was performed to investigate the
potential for repressurization. In this calculation, ouly the
pressurization from vaporizing water in the lower head was considered;
all other sources of pressurization were neglected.

The results showed that the pressure could be increased from 1.4 to 8 MPa
if about 30 m® of liquid water were boiled. This is less than one-third
of the volume of the lower plenum, 1f the SRVs were to reclcse with at
least this much water present, the vessel would repressurize from steam
generation alone. This indicates that power recovery would have to occur
within a fairly short time, between the times that the lower plenum
inventory dropped below 30 m® and vessel breach, to prevent the vessel
from repressurizing. If the other pressurization mechanisms which had
been neglected in this estimate were included, the results would indicate
an even greater likelihood of the vessel being repressurized by the time
vessel breach occurred.

Table 2-4

Pressure Relief from Containrent Failure

Initial Conditions

Rrywell Wetwell

Pressure (kPa) 125 125
Temperature (K) 310 310
H2 Mole Fraction 0. .18
Steam Mole Fraction 04 , 04

Results of Calculations

Wetwell Burn Peak Wetwell Peak Drywell
Fallure Radiation Duration (s) P Rise (kPa) Wall DP (kPa)
no no 2 618 561
yes no 2 606 552
no yes 2 590 535
yes ves 2 575 520
no yes o 649 625
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3. PEACH BOTTOM ANALYSES

In the NUREG 1150 study a spect.'m of containment failure mechanisms were
considered Jor the Peach Bot*.wa Mark 1 containment, including over-
pressure following vessel dcpressurization at vessel breach. Previous
studies (Refs 13-19) indicated that loads sufficient to fail the Peach
Bottom Mark 1 containment could arise for station blackout accidents in
which the vessel is not depressurized before vessel breach, eaven without
considering direct containment heating or steam explosions.

To investigate the response of the containment following vessel
depressurization and to examine the potential for containment failure
because of vessel depressurization, the MELCOR computer code was used to
perform a detailed study of this issue. Both long-term and short-term
station blackout scenarios were analyzed and a series of sensitivity
studies was performed to investigate modeling uncertainties.

3.1 Brief FPeach Bottom Description

Peach Bottom is a BWR/4 reactor with a Mark 1 containment. The
containment, shown in Figure 3-1, consists of 2 main regions, a light-
bulb-shaped drywell and a torroidal-shaped wetwell. The wetwell region
contains a suppression pool designed to limit containment pressurization
by condensing steam from reactor pressure vessel (RPV) releases. The RPV
{s housed in the drywell, but vents to the suppression pool through the
safety relief valves (SRVs). Releases through RPV breaks enter the
drywell first, then pass through downcomers into the suppression pool.
Vacuum breakers allow gas flow from the wetwell to the drywell to relieve
any pressure differential that may develop.

The Peach Bottom Mark I containment failure is expected to occur in the
upper portion of the torus shell. This conclusion is based on a Chicago
Bridge and Iron (CBI) study (Ref. 20). It was estimated that a breach of
containment is not likely until the internal pressure reaches or exceeds
1.2 MPa (174 psia). The CBI study also estimated that leakage through
the drywell head seals for Peach Bottom will be initiated at an internal
pressure of 0.97 MPa (140 psia).

3.2 MELCOR Model Description

The MELCOR nodalizaticn shown in Figure 3-2 was used for the long-term
and short-term station blackout analyses. The reactor vessel was modeled
with six control volumes representing the lower plenum, the core fuel rod
flow channels, the core bypass flow channels, the downcomer annulus, the
shcoud dome, and steam dome. The core and lower plenum were nodalized
into three radial r’.gs; five axial segments were used in the core region
and six segments were used in the lower plenum. The containment was
modeled with three control volumes representing the drywell, the vent
downcomers, and the wetwell, To perform more economical sensitivity
studies, the core and radionuclide input were replaced with energy
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sources to the channel, bypass and lower plenum control volumes that
matched the energy transferred in the base case., More details on the
model are provided in Appendix A.

The MELCOR calculations were initialized at the time of uncovering of the
active fuel (based on the collapsed liquid level) using results of
calculations that were performed with the BWR-LTAS code (Ref. 5) to
obtain timing information for the core damage frequency analysis for the
NUREG-1150 effort. Then, based on the particular scenario being
investigated, MELCOR calculated the subsequent boil-off and melt
progression to a point well beyond vessel failure, 1In the base
calculations the vessel failure is assumed to be through a penetration
with & diameter of 0.1 m. It was assumed that t*e drywell floor was dry
at the time of vessel failure, and hence there was no ex-vessel fuel
quenching. Direct heating of the containment by the ejected debris and
suppression pool bypass were not medeled

Since the analyses were focused on the containment response following
vessel depressurization at vessel breach, all cases assumed that the ADS
had failed. This assumption resulted in the vessel remaining at high
pressure until vessel fallure occurred. The other key assumption in the
analyses was related to the availability of the dc power which directly
affects the timing of the accident sequence. For the long-term station
blackout scenario, the loss of all off-site and on-gite ac power leads to
the loss of all active engineered safety features except the steam
powered emergency core cooling systems. Loss of dc power because of
battery depletion at six hours after accident initiation is assumed to
result in the loss of controls for the turbine-driven Reactor Core
Isolation Cooling (RCIC) system and a total loss of injection to the
primary system. In the short-term station blackout scenario, the dc
power and all injection systems are lost at the beginning of the
accident.

Both a long-term and short-term station blackout scenario were simulated.
These two calculations are referred to as the base calculations. To
investigate areas of uncertainty in the base calculations, sensitivity
studies were performed, principally for the long-term station blackout
scenario. The sensitivity studies for the long-term station blackout
scenario investigated the effects of the following parameters and models:

- vent downcomer clearing,

- containment heat transfer,

» flashing of residual water in _ae vessel downcomer,

-« wvessel break area,

- in-vessel gas temperatures,
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In the short-term station blackout scenario, a higher peak temperature
and a higher temperature increase were calculated than in the long-term
station blackout scenario, This difference was due to the difference in
the in-vessel gas temperatures at the time of lower head failure. The
volume averaged in-vessel gas temperatures at head failure were 1144 K
and 1073 K for the short-term station blackout and long-term station
blackout scenarios, respectively.

3.4 Station Blackout Sensitivity Studies

The sensitivity of the station blackout calculations to variations in
some of the modeling assumptions was investigated, As shown in

Table 3-2, & variety of geometrical and phenomenological changes were
examined., Cases 1 through 9 were all performed using the long-term
station blackout case as the base case., Case 10 used the short-term
station blackout case as the base case.

3.4.1 Vent Downcomer Model Sensitivity Study

As the drywell pressurizes, the gases in the drywell are fo::ed through
the vent downcomer into the suppression pool, Since there will be water
in the vent downcomer, the water must be cleared from it before the gases
can be relieved into the suppression pool. Hence, modeling of the
downcomer clearing could have a direct effect on pressure response. In
many previous MELCOR calculations, the downcomer clearing was not
modeled, and in some calculations performed with other codes the
hydrostatic head assoclated with injecting these gas flows under water
was not treated,

To investigate the sensitivity of the results to downcomer clearing, a
calculation was performed in which the vent downcomer was removed. In
that case, the gases simply flowed into the suppression pool and the
effects of vent clearing were ignoved., Note, however, that the gases
entered the suppression pool at the correct depth so that the effect of
the hydrostatic head was properly treated,

As shown in Figure 3-5, realistic modeling of the vent downcomer has the
effect of increasing the peak pressure from 0.83 to 0.89 MPa (6.6%). The
peak temperature increased only slightly, as shown in Figure 3-6. With
the vent downcomer modeled, the flow of gases from the drywell to the
wetwell was delayed at the time when the flow rate from the vessel was
highest, The calculated time required to clear the vent downcomers in
the base case was 8 s. In the case without the vent downcomer modeled,
only 2 s were required to overcome the pool hydrostatic head and begin
flowing gases through the vents., The mass of steam condensed by the
suppression pool was 2700 kg when the vent downcomer was modeled and
3700 kg when it was not modeled.
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Table 3-2

Summary of Sensitivity Study Cases

CASE

DESCRIPTION

1. Vent Downcomer Clearing

2. Containment Heat Transfer

3. Flashing of Residual Water
In the Vessel Downcomer

4. Vessel Break Area

5. In-Vessel Gas Temperatures

6. Suppression Pool Temperature

7. Relative Humidity of Gas Bubbles

Leaving the Suppression Pool

8. Suppression Pool Bypass

9. 1In-Vessel Hydrogen Content

10. Core Melt Progression Modeling

Cases with and without the vent
downcomer modeled. |

Cases with and without radiation
heat transfer and cases with and
without structures modeled.

Cases with and without flashing
of the residual water modeled,

Cases with break areas of .005,
JA0728, 01, .02, ..08, .10, .28,
and 1.0 m?,

Cases with gas temperatures of
+200, -400, 200, 400, and 600 K
relative to the base case.

Cases with suppression pool
temperatures of 310, 335, 360,
380, 399, and 410 K.

Cases with bubble relative
humidities of 0., .25, .5, .75,
and 1.

Case in which suppression pool
bypass occurred.

Cases with in-vessel hydrogen
content of 0 and twice the base
case value.

Case with an increased core
relocation temperature relative to
the base case.

3.4.2 Containment Heat Transfer Sensitivity Studies

The effect of containment heat transfer on the containment response
during a high pressure reactor vessel depressurization is an area of

uncertainty in the base calculation.

While » complete assessment of the

influence of heat transfer is not practical, its influence was examined
in part through two sensitivity study cases. In the first case the
containment radiative heat transfer input was removed and in the second
case the containment heat structure input was entirely removed.
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The results from these cases are also shown in Figures 3-5 and 3-6.
Radiative heat transfer modeling reduced the peak pressure spike by 0.03
MPa (6.7%) and reduced the peak temperature spike by 51 K. These changes
are significant and show that the radiative heat transfer within the
contajinment should be included in severe accident calculations.

In the calculation in which the heat structures were not modeled, the
containment response was markedly different from any of the other cases,
as shown in Figures 3-5 and 3.6, This comparison clearly -~ monstrates
the importance of heat transfer to both the peak pressur-. and long-term
pressure response.

3.4.3 Flashing of Residua! Downcomer Water Sensitivity Study

The effect of water remaining in the reactor vessel downcomer annulus
flashing to steam was examined by removing that water and the volume
occuplied by that water from the base case at the time of lower head
fallure. Many previous calculations (Refs. 4, 5) lacked the models to
calculate heat transfer to the water trapped in the downcomer annulus.
Hence, the water remained subcooled and did not contribute to the
depressurization. The removal of this water reduced the peak pressure
spike by 0,044 MPa (5%) and the peak temperature spike by 9 K as shown in
Figures 3-5 and 3-6.

3.4.4 Lower Head Break Area Sensitivity Study

The sensitivity of the pressure response following a high pressure
blowdown to the break area in the lower head was investigated by
performing calculations with break areas of 0.005, 0.0079, 0.01, 0.02,
0.05, 0.10, 0.25, and 1.0 m?®, The base case used an area of 0.0079 m?,
which corresponds to an effective hole diameter of 0.1 m. The drywell
pressures and temperatures for these calculations are shown in

Figures 3-7 and 3-8. The peak pressures and peak temperatures are shown
as a function of the break area in Figures 3-% and 3-10,.

The peak pressure increased with the break area up to break areas of
approximately 0.1 m?. For break areas larger than this value, the peak
pressure was nearly independent of break size. For the case with an area
of 1 m?, the peak pressure occurred before the vent downcomers cleared of
water and Increased the peak pressure about 10% over that of the base
case, The highest peak pressure calculated for this sensitivity study
was 0.98 MPa for the 1.0 m? case.

The peak temperatures increase with area up to about 755 K at an area of
0.1 m? can then decrease slightly. The highest peak temperature was
about 45 K higher than the base case. This occurred because morn heat
can be transferred to the containment heat structures for the smaller
break areas during the longer depressurization times. For the largest
break areas, the peak temperature decreases sightly because of reduced
time for fluid heating in the vessel until the time of peak temperature.
The long-term temperature is an increasing function of break size.
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The sensitivity of the timing of key events during the depressurization
to the break area is shown in Figure 3-11. 1In this figure, the vent
clearing time, the time of peak pressure, the vent closure time, and the
approximate end time of reactor vessel depressurization are shown as a
function break area, The vent downcomers reflooded with water after the
peak pressures are reached, but before the end of the depressurization.

3.4.5 Reactor Vessel Gas Temperature Sensitivity Study

A sensitivity study was performed in which the volume averaged in-vessel
gas temperature at the time of vessel head failure was decreased by 200 K
and 400 K and increased by 200 K, 400 K, and 600 K relative to the base
case values. The drywell pressure and temperature for these calculations
are compared in Figures 3-12 and 3-13. The peak pressures and
temperatures are shown as a function of the change in the in-vessel gas
temperature in Figures 3-14 and 3-15. The peak pressures and temperatures
for a study using the 1.0 m? break area are also shown,

The peak pressures were not strongly dependent upon the in-vessel gas
temperature. In these cases, the reactor vessel pressure at lower head
failure was a constant. This means that the mass of gases in-vessel
decreased as the in-vessel gasz temperatures were increased. The smaller
mass counteracted the higher in-vessel gas temperature so that the
drywell peak pressures remained relatively constant

The peak drywell temperatures on the other hand were strongly dependent
upon the in-vessel gas temperatures as shown in Figure 3-15, The large
Lrasl sages showed a stronger dependence than did the small break casec.
The slope of the curves at the tase case value (O K change in RPV gas
temperature) variec between 0.3 and 0.4 K-Drywell/K-In-Vessel for the
small and large break cases.

3.4.6 Suppression Pool Temperature Sensitivity Study

The capability of the suppression pool to condense steam, and hence,
suppress containment pressure is dependent upon the temperature of the
pool. The temperature of the suppression pool at the time of lower head
failure was varied to determine the sensitivity of the containment
response to this temperature. The pool temperature in the base case was
399 K at the time of lower head failure. In the sensitivity study, it
was varied from 310 to 410 K where it was approaching the saturation
temperature,

The drywell pressurc. for these cases are shown in Figure 3-16, The peak
drywell pressures and temperatures are shown as a function of the
suppression pool temperature in Figures 3-17 and 3-18. The sensitivities
of the drywe.! peak pressure and peak temperature to the suppression pool
temperature at 'he base case suppression pool temperature are 3690 Pa/K
and 0.42 K/K, re.pectively. Variations in the suppression pool
temperature could be important in calculations where the pressure is
ciose to the conta.nment failure pressure.
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caleulation hydrogen. The peak pressures of the zero and double hydrogen
cases differed by only 2810 Pa and the peak temperatures by only 0.07 K,
The hydrogen content had very little effect. At the time of lower head
failure, the base calculation had predicted 569 kg, but osnly 11 kg of
this remained in the vessel because the hydrogen was generated much
earlier than the time of vessel failuve.

3.4.10 Melt Progression Sensitivity Study

The containment response is very dependent upon the core oxidation,
melting, and relocation processes. These processes determine the amount
of hydrogen produced, the in-vessel gas temperatures, and the conditions
within the containment before lower head failure. Currently there are
significant uncertainties in the core melt progression processes. Since
the models are complex and not easily changed by means of user input, an
exhaustive sensitivity study is not practical at this time., Only a
limited sensitivity study was performed for the short-term station
blackout scenaiio.

The sensitivity calculation differed from the base short-term station
blackout caleculation in that the melting temperature for the zircaloy
cladding and structures was increased from the default value of 2098 K to
2700 K, (The zircaloy equation of state was adjusted accordingly.) These
changes effectively mainteined the core in intact geometry for a longer
period of time and thereby increased the quantity of hydrogen produced.

The drywell pressure and temperature for this calculation are compared to
those of the base calculation in Figures 3.21 and 3.22. The hydrogen
produced in this calculation was 1092 kg compared to the base calculation
of 609 kg which increased the containment pressure at lower head failure
frem 0.30 to 0.41 MPa., The peak pressure was 0,75 MPa compared to 0.59
MPa for the base calculation,
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4. LaSALLE ANALYSES

The thermal environment in the LaSalle reactor building resulting from
steam blowdown from the containment was determined to assess the
likelihood of equipment surviving during venting or following containment
failure, In addition, scoping calculations of a stetion blackout
scenario were performed to provide guidance for future LaSalle
caloulations and for other modeling.

4.1 Brief laSelle Description

LaSalle is a BWR/4 reactor with a Mark 11 containment. The LaSalle
containment, shown in Figure 4.1, consists of & drywell region
surrounding the RPV and a wetwell reglon that is directly below the
drywell. The wetwell reglon contains & suppression pool designed to
limit containment pressurization by condensing steam from RPV releases.
EPV releases that pass through the SRVs exhaust directly to the
suppression pool. Releases through RPV breaks enter the drywell first,
then pass through vertical downcomers in the drywell floor, and finally
exhaust into the suppression pool. Vacuum breakers allow gas flow from
the wetwell to the drywell to relieve any pressure differential that may
develop.

The pedestal geometries for the existing Mark Il containments are all
quite different and these differences can have a significant lmpact on
the accldent progression after vessel breach, All of the Mark 11
containments have an upper pedestal region in the drywell that is
separated from a lover pedestal reglon in the wetwell by the drywell
floor. In the LaSalle plant, there are drain lines in the floor of the
upper pedestal that pass through the lower pedestal to carry water
collected in sumps in the upper pedestal during normal operation out of
containment for reprocessing. As will be discussed in Section 4.3, these
drain lines are an important consideration for the accldent progression
analysis at LaSalle because they allow molten debris to be relocated from
the upper pedestal to the lower pedestal shortly after the debris is
ejected onto the drywell pedestal floor,

A schematic of the LaSalle reactor building and assoclated reglons is
shown in Figure 4-2. The upper levels of the reactor building are
relatively open, but the lower levels are divided into smaller rooms.

The two basement levels of the reactor building house most of the safety-
related equipment., Each basement level consists of an annular raceway
region surrounding the wetwell and four corner rooms separated from the
raceway by normally-closed doors and smaller openings. One of the corner
rooms houses the high pressure core spray (HPCS) and control rod drive
(CRD) systems, a second corner room houses the low pressure core spray
(LPCS) and reactor core isolation cooling (RCIC) systems, and the
remaining two rooms house the low pressure coolant injection (LPCI)
system. HVAC systems are provided for all four corner rooms.

b1
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also release steam to any of a number of locations in the reactor
building., Because many of the components of the core cooling systems are
located in the lower levels of the reactor building, the systems might
fail because of the severe environments, and core damage ensue.

A detailed MELCOR model was constructed for the resctor building for
analyzing the theirmal-hydraulic conditions during steam blowdown. A
description of the model is included in Appendix A and the nodalization
is shown in Figure 4-3. Sufficiently-detailed nodalization was used to
capture the characteristics of the building that will determine the flow
patterns for areas where important equipment is located. Also, adequate
representation of doors and blowout panels was necessary because the flow
patterns can be greatly affected i{f normally-closed flow paths are opened
during the transient. Slight differences in opening pressure
differentials will determine the exact configuration of flow paths for
the various srenarios analyzed.

Venting containment through a .46 m (18") line from the wetwell to the
top of the reactor building and through 2 sizes of drywell breaks

(.10 m (4") diameter and .65 m? (7 ft?)) were studied. Modeling
sensitivities were studied with four variations of the venting
caleulation: (1) with 5 times the nominal equipment mass, (2) with twice
the rated heat removal rate for the room coolers, (3) with the vent area
reduced to half its base value, and (4) with a blowout panel modeled from
the refueling 1loor to the environment.

The reactor building pressure for the .10 m (4") drywell break is shown
in Flgure 4-4, The early pressurization opened one of the doors to

Unit 1 and the door to the refueling floor, but the blowdown was n~*
large enough to open paths to the environment by either failing the walls
of the refueling floor or opening the blowout panel at the top of the
steam tunnel. The pressurization was relieved through leakage paths, the
SGTS, and condensation on structures. Since the flow was not being
forced through the steam tunnel, little steam was drawn down into the
ECCS rooms in the basement. The reactor building heatup was relatively
gradual as shown by the temperatures plotted in Figure 4-5 and listed in
Table 4-1.

Becu.se of the larger blowdown, the pressurization was much more severe
for the .65 m® (7 £t?) drywell break than for the 0.10 m break, as shown
in Figure 4-6. All doors and blowout panels were forced open except for
three of the doors between the raceway and corner rooms in the basement.
With the refueling floor failed, most of the blowdown was carried upward
through the reactor building rather than being pushed down through the
basement and out through the steam tunnel. However, there was sufficient
flow down into the basement rooms to cause considerable heatup as shown
in Figure 4-7 and Table 4-1.

For the .46 m (18") wetwell vent case, the steam entered near the top of
the react - ' .ilding at the failure point in the SGTS. Since the release
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point was higher than in the cases with drywell breaks, the potential
existed for a less severe environment in the lower reactor building
levels which house most of the safety-related equipment. The
pressurization from the blowdown opened three of the upper doors to
Unit 1, the door to the refueling floor, and the steam tunnel blowout
panel, but the walls of the refueling floor vere not predicted te fail.
Thus, the majority of the steam was drawn down through the basement, then
into the steam tunnel before exhausting to the environment. As a result
relatively high temperatures were predicted in the basement rooms, us
shown in Figure 4-8 and Table 4-1, even though the steam release point
wvas high in the reactor building.

Only minor differences from the bese case results were calculated for two

variations of the .46 m (18") vent case. A variation with increased |
steel surface area was virtually identical to the base case, with |
pressures and temperatures being only slightly reduced. Using twice the |
r<ted heat removal for the room coolers alsc had negligible effect on the

pressures and on the temperatures in all rooms except those directly

connected to the room coolers. As seen in Table 4.1, the peak and

average temperatures in those rvoms were reduced on the order of 5-10 K,

For the case using half the blowdown rate, the peak pressure was reduced
by about 5 kPa (3/4 psig) at the top of the reactor bullding and
decreased back to atuospheric pressure at about twice the reto of the
base case, The smaller blowdown caused a much slower heatup of most of
the reactor building, but by the end of the caleulation, the temperatures
were approaching the same level as in the base case. The largest
differences were seen in the LPCI room response. With the lower blowdown
rate, the doors to this room did not blow open, giving a more restricted
path for steam flow into the room. Therefore, the temperatures vemained
nominal in the room,

In another sensitivity case, the blowout panel from the refueling floor
to the environment opened almost immediately. This additional opening
relieved the pressure more quickly than in the base case, vesulting in
about a 5 kPa (3/4 psig) reduction in peak pressure and & more rapid
return to atmospheric pressure, About 2/ of cthe steam went out through
the refueling floor level, reducing the amount of steam being drawn down
to lower levels and out the steam tunnel. Therefore, the response in the
lower portions of the building resembled the vesponse for the case with
reduced vent flow area, However, the venting of steam through the
refueling floor opening resulted in a change in the flow patterns such
that flow was mainly directed down through the equipment hatch with less
circulation around each level. This can be observed by examining the
room temperatures in Table 4.1,

For all of the cases examined, the upper reglons of che reactor bullding
were reletively well-mixed. For the .19 m (4"} drywell leak case, the
blowout panel in the steam tunnel did not open, so the basement rooms
were buffered from the blowdown and remained rolatively cool. For the
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46 m (18") vent case, the steam tunnel blowcut panel opened, but the
valls of the refueiing floor did not fall. As a result, steam was drawn
down into the basoment rooms, giving higher temperatures. For the .65 m?
(7 £t?) rupture case, the steam tunnel blowout panel vas opened and the
valls of the refucling floor failed, Al hough this allowed some of the
steam to flow up through the reactor build’ng, a substantisl amount was
still drawn down into the basement rooms, ‘esulting in relatively high
temperatures. Sensitivily calculations for ‘e .46 m (18") vent case
showed that heat transfer uncertainties wers ouch less significant than
uncertainties regarding possible flow path conf!yurations.

4 % Prelininazy Stetion Blackout Analysis

A staticn ) ckout calculation was performed to give preliminary
estimates of the .ore melt progression and to examine v.rious modeling
options. The wec el used for the calculation and the m.deling insights
pgained from o & ¢ ¢f cussed in this section, A detaiisd des:ription of
the deck s i-clu"d n Appendix A; a brief description is /iven here,

4,3.1 Nodalization

The nodalization {+ the LaSalle station blackout calculation is shown in

¥l “.9, The ¥ was modeled in detall for both the core and thermal-
b aleula: ns to represent axial and radial variar ons within
th= . . reglav inat were expectad to significantly affect .. ‘e lieat

t_anafer, blockage, and oxidation. The core region was divi( .. ‘wto
twelve control volumes, consisting of six channel and six byp./s .~ lumes.
¥-.. edditional control volumes were used to model the rest oy £ 1PV,
Toe core itself was modeled by six radial rings and thirteen axi:i
levels. Fine ax{(iL: Adivisions were used near the core plate for mols'ing
core inlet blfrckage 4 core plate response. Separate nodes were us: °
for th non-£ sl @ re) “ns above and below the active fuel region.

The covtainment wap mo« lod using 5 control volumes: drywell upper
pedesta) lower pedest . , downcomers, and wetwell. The resctor buildii
model used for the cale lations discussed in Section 4 I was collapsed
down because the results of those calculations showes that the upper
reglons of the resctur building were wel’ -mixed, justifying a simpler
nodalization. $ix volumes were used: Unit 2 upper reactor building,
Unit 2 basement jooms, Unit 2 stear tunnel, Unit 1 resctor building,
Unit 1 steam tunnel, and refuelicg tloor.

The mods\i.g =« 1 ted t» core-concrets attack was quite different from
previcus anal ys+§ rerfo med for other ;lants because of the unusual
geonetry at laSalle, Fer this planc, the core debris would initiallx
fall onto the drywell ,edestai floor following vessel breach. However,
th: molten debris could low inte the sump drain lines, and shortly
thiveafcer the melt coul! ') the lines, flowing out onto the wetwell
pec+stal floor, This woul' w v# the location of the core-concrete attack
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Table 4-2

Event Summary for LaSalle Station Blackout Calecu) stion

Event Time aft.r Uncevering (min)*
Gap Release from Ring 1 37
Gap Release from Ring 2 37
Gap Release fiom Ring 3 o0
Gap Release from Ring 4 20
Channel 1 Blocked 62
Channel 2 Blocked 70
Gap Release from Ring 5 71
Gap Release from Ring 6 83
Channel 3 Blocked 165
Channel 4 Blocked 128
Core Support Plate Failure in Ring 1 245
Core Support Plate Failure in Ring 2 245
Core Support Plate Fallure in Ring 3 245
Lower Head Penetration Failure in Ring 2 192
Lower Head Penetration Faflure in Ring 3 39¢
Lower Head Penetration Failure in Ring 1 401
Core-Concrete Interactions Begin 417
Core Support Plate Failure in Ring &4 419
Lower Head Penetration Failure in Ring 4 420
Core Support Plate Failure in Ring 5 445
Core Support Plate Failure In Ring 6 446
Lower Head Penetration Failure in Ring 5 447
Lower Head Penetration Failure in Ring 6 851

* Core uncovertnk was predicted at 36 minutes after accident initiation

by the LTAS code,

Following clad relocation from the nodes, the fuel collapsed and settled
cownward, forming a debris bed above the blockages formed by refrozen
naterial on the core plate. Since the blockages were mainly steel and
2ircaloy, there was little decay heat in them. In addition, MELCOR 1.7.1
¢id not model conduction heat transfer between debris and intact
components. As a vesult, the core plate temperature was calculated to
remain low enough that it could continue to support the debris resting on
it. Although the possibilicy that the core plate could continue to
support core debris could not be discounted, the core plate was
artificially failed at 245 minutes for this calculation so that later
phases of the accident could be investigated,

The nodalization used for the core region allowed natural circulation to
be calculated. However, the effect of this natural circulation is not
fully included in the core modeling for axial fluid temperature
variation. Thus, it is recommended that future calculations use a
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5. SEQUOYAH ANALYSES

A scoping calculation was performed to determine the time needed to boil
away the water in the reactor cavity when it is flooded with water and
the extent of {ce condenser bypass following a detonation that damages
the ice condenser. The features of Sequoyah relevant for these issues
are briefly discussed in the following section. The results of the
MELCOR and HECTR calculations are described in the subsequent sections.

5.1 Brief Sequoyah Description

Sequoyah 1s & pressurized water reactor with a four-loop Westinghouse
nuclear steam supply system rated at 3423 MW, and an ice-condenser
containment. A schematic of the Sequoyah containment is shown in

Figure 5:1. The containment consists of tnree main regions: the lower
compartment, upper compartment, and ice condenser., The reactor coolant
system (RCS) is located in the lower compartment. During an accident the
RCS will blow down into the lower compartment, then flow through the ice
condenser, before entering the upper compartment. The heat transfer and
condensation occurring in the ice condenser greatly reduce the
containment pressurization. Water from melting ice in the ice condenser
will drain back down into the lower compartment, and this water will
spill over into the reactor cavity after sufficient inventory has
accumulated.

The ice condenser is located in a 300 degree arc alung the outer
containment wall. It is approximately 24 m high, and contains perforated
metal baskets filled with ice. Because of this geometry, deve opment of
asymmetries within the ice condenser during an accident is of concern.

5.2 Sunp Bolloff Timing

MELCOR was used to estimate the time needed to boil away the water from
an initially coolable debris bed in the Sequoyah reactor cavity when
completeiy flooded with water. This timing information was needed to
establish initial conditions for a separate analysis investigating the
potential for a delayed core-concrete attack and its consequences .

A two-volume MELCOR deck was used for the analysis. One control volume
was used for the reactor cavity and lower compartment, and it exhausted
into a second, very large control volume modeling the remainder of
containmerit and the environment. The lower compartment control volume
contained 1125 m? of water, which is the amount which would overflow from
the lower compartment into the reactor cavity if the inventory of the
primary system, accumulators, refueling water storage tank, and the water
from melting all ice from the ice condensers were added to the lower
compartment. The pool was assumed to be saturated, which provides a
lower bound on the time needed to buil the inventory. Decay heat for the
entire core was added to this water as an energy source, assuming the

5-1
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entire core had been ejected from the vessel, and assuming that vessel
breach occurred 410 minutes after scram, MELCOR calculated that it would
take 2340 minutes to boil off the water.

5.3 Ice Condenser Bypass Following Detonation

Calculations were performed to examine the response in the ice condenser
at vessel breach, assuming a detonation had occurred previously, The
detonation was postulated to fail the ice baskets in a region of the ice
condenser, leaving no ice in that region. The calculations were
performed to estimate the amount of steam that could bypass the ice
condenser through the voided region,

MELCOR did not have an ice-condenser model at the time these calculations
were performed, so HECTR was used to perform the calculations. HECTR is
a lumped-volume containment analysis computer program, whose main purpose
is to analyze nuclear reactor accidents involving the transport and
combustion of hydrogen. HECTR includes an ice-condenser model which can
be divided into vertical and azimuthal sub-regions; thus, the effects of
ice basket failure could be examined with it. However, HECTR had to be
modified because it automatically divides the ice condenser
circumferentially into stacks of ice volumes, but divides them equally.
There i{s no option to override this feature. For this analysis, a case
in which only a small fraction of the ice baskets were damaged by a
detonation was being examined. Existing HECTR limitations would have
forced the ice bed to be divided into 50 or 100 stacks of ice, with 4
volumes in each column, This would not have been reasonable, so the code
was modified to allow asymmetric input for geometry and initial
conditions,

Two ice-condenser nodalizations were examined. In the first, the ice bed
was divided circumferantially into 4 equal-sized stacks of compartments,
with 4 compartments per stack (16 total). In the second, the relative
sizes of the stacks were adiusted such that one stack modeled about 2% of
the ice columns and the remaining 3 stacks represented the other 98%.

The steam and hydrogen blowdown sources that were used with both
nodalizations approximated those that had been calculated with MARCON for
the TMLB' sequence for the Containment Loads Working Group (Ref., 22).
Compartment conditions and i{ce masses at vessel breach were obtained from
previous HECTR calculations that were performed using the MARCON sources
(calculations to examine detonability in the ice bed and upper plenum)
(Ref. 23)., The input deck used in Reference 23 was used for these
calculations, but with changes to the ice bed to examine five cases:

Cases using nodalization 1:
1) a base case with ice remaining in all 4 columns,

2) lce removed from 1 of the & columns, and cross flow allowed
between columns,

5«1



1) ice 4 columns, with no cross flow
allc ors assumed tc be blown off for that
d col fle loss coefficients set to very
small values
4) ice removed from all 4 columns
Case ‘g N 2
: {ice removed from the small ice stack, with no cross flow
allowed, the upper doors med to be blown off for that
4 sta-k all .',‘w-':h* flow | - yefifliclents set to verl S 11
values and a 1 ft¢ breach t the er ronment modeled in the
small ice stack
pressure rises for cases 1 through 4, respectively were l& 20
; 27 and 465 kPa These results indicate that even with 1/4th of the ice
bed modeled as ineffective there is still nsiderable p1 g
suppression relative to the case with 1 ice present
In case the fractior f the ice bed med to be lestt ved by the
detonation was changed from R to 2% is change resulted in a muct
B i\v!‘@]e‘! run time, so the ] ] 10N was stoppe { before the vessel breacl
blowdown was complete ontinued long enough to Indicate that
only ab '% of the tat blowdown entered the voided regior I
the ice bed This furtt rts the previous results indicating that
there would not e exXcessive 1C¢ ndenser bypass i llowing a nation
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APPENDIX A

MELCOR NODALIZATIONS
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The MELCOR input decks used for the lLaSalle, Grand Gulf and P¢ .ch Bottom
analyses reported in this document are described in this appendix. Decks
for caleulating full accident scenarios were constructed for both the
LaSalle and Crand Gulf plants, and included input for the thermal-
hydraulics of the reactor pressure .:ssel (RPV) and contai ment, core
melting and relocation phenomena, radionuclide behavior, and core-
concrete attack., In addition, separate decks were constructed to analyze
specific phenomena in more detall. For Grand Gulf, a containment-only
deck was generated from the integral deck to allow more efficient
calculation of numercus sensitivity cases. For LaSalle, a detailed deck
was constructed to examine the thermal response during steam blowdown to
the reactor building. For Peach Bottom a deck was constructed to
ca'culate the thermal-hydraulic response during vessel blowdown.

A.1 LaSalle Nodalizations

A detalled deck for the reactor building was used to study steam
flooding. An integral deck was used to study a etation blackout.

A.1.1 LaSalle Reactor Building Model

The LaSalle reactor building model was used to analyze the thermal
response in regions housing important equipment for scenarios that
involved steam release to the reactor building from either containment
vonting or containment failure. A relatively detailed deck was
constructed because large variations in conditions would be expected for
the various regions of the reactor building.

The model was constructed using information from the plant drawings, the
Final Safety Analysis Report (Ref. A-1), and two models developed by the
Architect Engineer for LaSalle, Sargent and Lundy. One of the Sargent
and Lundy models had been used to calculate gas flow between rooms and
provided detalled calculations of flow path areas and resistances. The
other model had been used for room environment calculations after high
energy line breaks and provided detailed calculations of room volumes and
surface areas. Neither model provided calculations of equipment masses
or surface areas; reasonable estimates were made using information
provided by the Risk Methods Integration and Evaluation Program (RMIEP)*,
This information consisted of an identification of the equipment present
in each room of the reactor building.

The reactor building was divided into 27 volumes as shown in Figure A-1.
The main concern being addressed with the model was equipment survival in
the lower levels of the reactor bullding, so more detailed noding was
used in these regions. The raceway, HPCS and LPCS rooms were each
divided into two volumes to represent the upper and lower levels. The
LPCI rooms were modeled with single volumes because room coolers
circulate air between the upper and lower levels, resulting in well-mixed

* Payne, A. C., et al., Apalysis of the LaSalle Unit 2 Nuclear Power

NUREG/CR-4832, SAND87-7157, October 1990 (unpublished).
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regions, Levels 710, 740, 761 and 786.5 were each divided into four
quadrants to allow the main circulation paths to be calculated. The East
portions of levels 807 and 820 were each divided into two volumes and the
more dead-ended regions at the West end of the two levels were lumped
into a single volume. Single volumes were used to model the steam
tunnel, refueling floor, and the unit 1 reactor building. A summary of
the MELCOR input for the geometry of the control volumes is provided in
Table A-1.

Before describing the MELCOR flow paths the dominant flow patterns in
the reactor building will be summarized. Normally, the corner rooms in
the basement of the reactor building are fairly isolated from the other
regions, but circulation is increased if doors are blown open during a
transient., Unlike the basement where the levels are subdivided into
rooms that restrict flow, the floors are essentially wide open at levels
710' and above. Also, there are reasonably large flow areas between the
upper levels through stairways and an equipment hatch. Initially, the
reactor building is isolated from the refueling floor, but paths can be
opened if a door is blown open or concrete slabs are lifted from over the
equipment hatch, The reactor building can also vent to the unit 1
reactor building if pressure increases sufficiently to blow open the
doors between the two units. In addition, the reactor building can vent
from the upper level of the raceway into the steam tunnel if a very small
pressure differential 1s exceeded. The flow is then exhausted to the
environment through a blowout panel at the top of the steam tunnel.

Thie flow paths for the MELCOR model are shown in Figure A-1 and described
in Table A-2. All of the major flow paths described in the preceding
paragraph are included. Doors and blowout panels are modeled to be
~losed initially but are opened if sufficient pressure differential
builds during the transient. In addition, the walls of the refueling
floor level are assumed to fail et 14 kPa (2 psig), opening a 7 m (23 ft)
diameter hole to the environment. All leakage/infiltration paths between
the reactor building and environment are lumped into flow paths at the
710 level. Flow paths were included for gas flow from the reactor
buildings to the environment through the standby gas treatment system. A
constant flow ra e of 2000 ¢fm was used for each unit. Failure of ths
fans because of the harsh environment was not considered.

Heat structures are included in all reactor building volumes to model
heat transfer to walls, ceilings, floors, and equipment. The MELCOR heat
structure input is summarized in Table A-3. Heat loads from pumps and
heat removal by the room coolers in the basement corner rooms wcre also
modeled, using the parameters listed in Table A-4.

A simplified nodalization for the containment and RPV is used to provide
blowdown sources to this detailed reactor building model. The RPV is
modeled by a single volume, and 3 "rolumes are used for containment, The
containment gases are exhausted to the reactor building at level 820’
(volume 324) for casers examining venting, and to level 740’ (volume 313)
for cases examining containment failure. The control volume, flow path,
and heat structure input for the RPV and containment is summarized in
Tables A-1, A-2, and A-3, respectively.
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Table A-1

LaSalle Reactor Building Model Control Volume Input

Bottom Top

Control Brief Elevation Elevation Volume

Yolume Description (m). (m) ~nd)
100 Reactor Vessel 0. 21.9 603 .2
200 Wetwell <25.5 «7.2 8264,
201 Downcomers «21.1 -6.1 612.1
205 Drywell -9.1 23.8 5778.3
301 Bottom of Raceway «25.7 «19.2 2613,
302 Top of Raceway -19.2 <14 .4 2119,
303 NE Basement Room «25.7 -19.2 917.6
304 NE Basement Room «19.2 -14.4 478.5
305 SW Basement Room «25.7 -19.2 578.9
306 SW Basement Room «19.2 -14 .4 438.1
307 NW Basement Room «25.7 «5.4 1525.4
331 SE Basement Room w25.7 «5.4 1598.6
308 NW Quadrant - 710 14 .4 5.4 1395.9
309 NE Quadrant - 710 «14.4 5.4 1820.5
310 SE Quadrant - 710 <14.4 5.4 1332.7
311  SW Quadrant - 710 -14.4 «5.4 1820.5
312 NW Quadrant - 740 -5.4 1.0 1032.0
313  NE Quadrant - 740 «5.4 1.0 1313.0
314  SE Quadrant - 740 5.4 1.0 1032.0
315  8W Quadrant - 740 -5.4 1.0 1313.0
316 KW Quadrant - 761 1.0 8.8 17941
317 NE Quadrant - 761 1.0 8.8 1931.3
318 SE Quadrant - 761 1.0 6.8 1931.3
319  SW Quadrant - 761 1.0 8.8 1931.3
320 NW Quadrant - 786 8.8 15.0 918.5
321 NE Quadrant - 786 8.8 19,2 2920.%
322 SE Quadrant - 786 8.8 19.2 2920.5
323  SW Quadrant - 786 8.8 15.0 918.5
324 SE Quadrant - 820 19.2 26.2 1494, 2
325 NE Quadrant - 820 19.2 26.2 1496.2
326 West Half - 807 15.0 26.2 2092.0
329  Refueling Floor 14,1 41.6 58770.0
330 Steam Tunnel + Turb Bldg -21.5 29.3 7267.2
340 Unit 1 -25.7 29.3 41489,
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Flow From
Bath _CV.
331 321
332 322
338 323
333 321
334 324
335 325
33¢ 323
337 320
341 325
342 325
343 302
344 323
345 318
346 319
347 314
348 310
349 324
350 326
352 330
353 329
36l 400
362 400
363 400
364 400
365 400
n 324
372 340

From

Elev (m)

3.
11,
11,
19,
22,
20.
15,
15.
26,

26,
-18.

NN O WO OO O 00 WL WO N

NOCOWNNOOYDO

To To
€V Elev (m)
322 11.9
323 139
320 11.9
325 19.2
325 22.7
326 20.3
326 15.0
326 15.0
329 26.2
329 26.2
330 -18.4
340 9.9
340 2.1
340 21
340 -4.3
940 +13.3
340 oL 8
340 21.3
400 28.8
400 33.9
308 -9.9
309 -9.9
310 -9.9
311 -9.9
340 -9.9
400 22.7
400 287

Table A-2 {cont.)

Area

(w?) Coeff Detalls

49.
48,

3.
37.
77,

=
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w
W wN

CLWUNoNNS TR WW

.023
.023
023
.023
092
.164
164
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loss

3
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Further

.64 Equip Hatch

Covered Equip
Hatch

Door at Stair
Check Valve

Door

Door

Door

Door

Door

Door

Door

Blowout Panel
Refuel Fail
Infiltration
Infiltration
Infiltration
Infiltration
Infiltration
SGTS

SGTS



laSalle Reactor Building Model Heat Structure it
Heat Left Right Surface Thickness
alructure y (m*) Material L) Rescriptior
10001 10 20! }. 14 Steel 118 Lower Head
1030¢ 1 Of y 8 14 Steel 179 Vessel Tog
10407 10 205 ' 59 Stee 108 Upper Head
1050 10 20¢ 4B . ¢ teel 19 Vessel Wall
20001 20 Ins 152! Stl n 6l Wetwell Wall
200 20 Ins o ¢t t Y. lase S1al
1003 20 8 6 | Stl/Con f ipport | s
LU00UG 4l Int 68 ' St o1 30 WW Pedestal
200 FARLY) 1§ L ] Stainless 19 WW Steel
/ { ‘ Ins 31 ) tainless 19 P Steel
20101 201 10 Z8.17 Stainl 308 Downcomer s
040 ] , Ins 11 ) nerete l1.473 a Pedlestal
20501 20 208 8. ¢ Stl on )21 DW Fl L
20507 Ft 20} 3t st on 568 Reac Shie i
20503 2U° Ins 210 Stl ( 1.219 DW Wall
Ay Pl . 4’ ¥ ytl/Con 1.149 av Fiool
'050¢ y ins 181 Stl/Alx ‘. G439 DW Head
Con
205 y Ins 311.9¢ Steel (0101, DW Steel
AT} y Ins ] A steel Uus DW Steeol
30101 101 Ins ¢ J nerete y 1 3¢ ¢ 3 Flc 1
10102 301 30 % 5 ) ¢ rete 610 ¢ elling
30103 301 Ins 58! nerets 61§ 673 ]
10 104 sO 33 19 mcerete il4 t i Wall
30105 301 4 51.19 oncrets 114 6 Wall
3010¢ 101 307 118 Concret §9¢ ¢ Wal
3010 )] ! 199 .9 Concrete 39 ¢ { Wall
10108 Ins 102 .4 { rete e 438 L Wall
30109 AU 4 a + 8 ncret« 114 t wWall
3011 | 3 148 ¢ { ncrete B R 4 673 Wall
0111 301 301 ) Steel )0 673 Equij
3011 | 331 118 ncrete 19¢ t i Wall
) | ) ) ot ‘ rete 61 694 Wal
3020% 30 8 161.9 nerate 61 694 Celling
30203 10 4 109 161.9 nerete 61 684 elling
30204 30 % 31 161.9 noerete 61 694 Celling
102 303 11 161.9 nerete 610 694 iling
3NZ20¢E F i ot 1 { rete 43| bYs Wall
30 303 3 ) 67,63 Concrete 114 694 Wall
JUZ0R $0) 5 J 1 ncrete ) ¢ 694 Wall




Table A-3 (cont.)

694
694
694
694
694
6§94
673
673
673
673
673
673
694
694
673
673
673
673
673
673
694
694
694
673
673
673
673
673
673
673
673
673
673
673
673
673
673
673
673
673
710
710

wall
Wall
Wall
Wall
Equip
Wall
Floor
Ceiling
Wall
Wall
Wall
Equip
Ceiling
Wall
Floor
Ceiling
Wall
Wall
Wall
Equip
Ceiling
Wall
Wall
Floor
Wall
Wall
Celling
Celling
Wall
Floor
Equip
Floor
Wall
Wall
Wall
Celling
Celiling
Wall
Floor
Equip
Ceiling
Ceiling

Heat Left Right Surface Thickness
Structure CV. LV Area (m?) Material . (m) _ Description
30209 302 Ins. 99 .50 Concrete 2.438
30210 302 304 98,20 Concrete 396
30211 302 340 31.87 Concrete .914
30212 302 306 98.20 Concrete .396
30213 302 302 2.79 Steel .006
30214 302 331 49.10 Concrete .396
30301 303 Ins. 218.3 Concrete 2,438
30302 303 304 131.7 Concrete 619
30303 303 307 60.11 Concrete 356
30304 305 Ins. 258.4 Concrete 2,438
30305 303 303 ¢ B I 8 Concrete .396
30306 303 301 28.99 Steel 340
30401 304 309 131.7 Concrete 610
30402 304 Ins. 138.7 Concrete 2,438
30501 305 Ins, 131.7 Concrete 2.438
30502 305 306 131.7 Concrete .610
30503 305 400 99.50 Concrete .610
30504 305 340 110.7 Concrete ,610
30505 305 305 47.29 Concrete .396
30506 305 305 28.99 Steel 400
30601 306 311 181:7 Concrete .610
30602 306 400 65,68 Concrete . 610
30603 306 340 73.02 Concrete ,610
30701 307 Ins. 65.87 Concrete 2.438
30702 307 400 369.6 Concrete .610
30703 307 Ins, 138.8 Concrete 2.438
30706 307 312 69 .49 Concrete ,610
30708 307 308 62.24 Concrete 610
30709 307 308 139.7 Concrete 396
30712 307 307 201.3 Concrete .610
30713 307 307 14.5 Steel ,400
33101 331 Ins. 65,87 Concrete 2.438
33103 331 Ins. 174 .5 Concrete 2.438
33104 331 340 274.6 Concrete 610
33105 331 400 61.32 Concrete ,610
33107 331 314 70.23 Concrete 610
33110 331 310 61.50 Concrete .610
33111 331 310 141.8 Concrete .396
33112 331 310 403, Concrete .610
33113 331 331 14.5 Steel .400
30801 308 312 186.7 Concrete .610
30802 308 330 37.44 Concrete 1.219
30803 308 Ins. 189.8 Concrete 610

A-10

710

Wall
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Table A-3 (cont
Heat Left Right Surfac Thickness
Structure CV . . Area (m?) pdal ___(m). tior
30804 308 330 46 . B Concrete 114 10 Wall
3080° 400 137 .2 Concrete 610 10 Wall
JOBOE 40 35.77 Concrete 396 10 Wall
2.352 Stee 014 10 Equig
313 293.7 Concrete . 610 1 eiling
9 Ins 189 .8 Concrete 61 110 Wal
l 309 40 359 . ¢ Concrete 39€ /1 Jall
309 2.32 Steel 014 10 Equip
310 314 223 .4 Concrete 61( 71 eiling
31007 310 Ins 189 .8 Concrete £ 10 Wall
31003 3 1.( 40 133 Concrete f 10 Wall
31004 31( 340 84 . 3¢ Concrete 610 10 Wall
} 31( 20 .34 Steel 10 Equig
l 311 315 256.2 Con¢ te 610 ] elling
‘ 31102 311 33 37,44 Concrete 1.219 110 Ceilin
31103 311 Ins 147 . € Concrete 61¢( 710 Wall
31104 311 340 164 . 8 Concrete 610 | Wall
3110¢ 311 +00 148 .0 Concrete 61 10 Wall
3110¢ 311 330 46 . BZ Concrete 914 10 Wall
31107 311 Ins 160.8 Concrete 39¢ 10 Wall
} 31108 311 31 2,37 Steel 014 10 Equig
31201 312 316 182.3 ) rete 61C 3 eiling
31202 312 Ins 100.3 rete 61 4 eiling
31203 312 400 102 .2 rece 61 L Wall
31204 312 400 113.9 Concrete 3G ¢ 0 Wal
3120: 312 Ins 103, ¢ Concrete 61 0 Wall
“i."‘ “‘.4 330 ’8 o) concrete A «lY “ walil
3120 312 312 2.32 Stee 740 Equit
31301 313 317 3120.1 concrete 61 J 4 elliing
l‘L"”‘. ‘Z]w Ins ;»03 4 Concrete ?1 . wWal
31303 313 40( 248 .4 Concrete 10¢ 40 Wall
31304 313 313 152.9 Concrete 61 30 Wall
3130¢ 313 313 Y Steel 014 30 Equig
31401 314 318 286 ¢ Concrete 61 ‘ eiling
311407 314 ins 113 .3 soncrete 61 ' wall
11403 314 ‘U 134 . € oncrecte 7 ¢ “ wall
1404 314 34 113.9 mcecrece 61 &G wal
314 314 ins 67 8 mnmcrete 61 ‘ Wal
3140¢ 114 314 2. 34 Steel 0 Equig
‘».'\.1 "1 _);“ & ‘e ncrete Ol ‘ eLiins
31507 31 Ins 87.61 crete 61 0 W 1
31 ; 31 +0 102 .2 Concrete 61 0 Wall
3] ' e 33 38 .83 ncrete 1.219 0 Wa
¥
.




Heat

31505
31506
31507
31601
31602
31603
31604
31605
31606
31701
31702
31703
31704
31801
31802
31803
31804
31805
31901
31902
31903
31904
31905
31906
31907
32001
32002
32003
32004
32005
32006
32101
32102
32103
32104
32105
32201
32202
32203
32204
32205
32206
32301

Table A-3 (cont.)

Left Right Surface
Structure CV. _ CV  Area (m?) Material . (m)  Description

315
315
315
316
316
316
316
316
316
317
317
317
317
318
318
318
318
318
319
319
319
319
319
319
319
320
320
320
320
320
320
321
21
321
321
321
322
322
322
322
322
322
323

340

Ins,

315
320

Ins,

400
409

Ins,

316
321

Ins,

409
317
322

Ins.

400
340
318
330
323

Ins.
Ins.

340
400
319
326

Ins,

400
400

Ins.

320
325
329

Ins.

400
321
324
329

Ins,

400
340
322
326

319,
113,

.
217
85.
64 .
18¢.
P

¥
355,
154,
333,

I
355,
154.
180,
182.

8
74,
260,
132.
205,
152.
224,

2.
146,
93,
145,
122,
231,

$.
338,
172.
160.
467,

%
255.
234,
107.
237,
166,

¥
135,

9
0
32

.6

56
01

- w o
~ ~N

~ -~ N

o

~

muwwwwouum»—t\:ubmwgmwwm&\aommeH&wb
r

Thickness
Concrete 610
Concrete 610
Steel 014
Concrete 610
Concrete .610
Concrete 610
Concrete .3%6
Concrete 610
Cteel .014
Concrete .610
Concrete 610
Concrete ,396
Steel 014
Concrete .610
Concrete . 610
Concrete , 396
Concrete 610
Steel 014
Concrete 1,218
Concrete . 610
Concrete 610
Concrete 610
Concrete .610
Concrete 914
Steel 014
Concrete 610
Concrete 610
Concrete 610
Concrete .396
Concrete .3%6
Steel 014
Concrete .A10
Concrete 1.<19
Concrete 610
Concrete , 396
Steel .014
Concrete 610
Concrete [,629
Concrete . 610
Concrete 396
Concrete 610
Steel .0l4
Concrete 610

A-12

740
74C
740
761
761
761
761
761
761
76%
761
761
76)
761
761
761
761
761
761
761
761
73l
761
761
761
786
786
786
786
786
786
786
766
786
786
786
786
786
786
786
786
786
786

Wall
Wall
Equip
Ceiling
Wall
Wall
well
wall
Equip
Ceiling
Wall
Wall
Squip
Ceiling
wWall
Wall
Wall
Equip
Floov
Ceiling
Ceiling
wall
Wall
Wall
Equip
Cailing
Wall
Wall
Wall
Wall
Equip
Celling
Ceiling
Wall
wall
Equip
Celling
Ceiling
Well
wall
Wall
Equip
Ceiling
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Flgure A-2. Nodalization for LaSalle Integral Calculation
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Flow From
Bath CV
51 100
52 100
53 100
54 100
5% 100
56 100
61 100
62 100
63 100
64 100
65 100
66 100
n 111
72 112
73 113
74 114
75 115
76 116
81 121
B2 122
83 123
84 124
85 125
86 126
57 121
58 122
59 123
60 124
67 125
15 103
16 104
18 105
21 104
A720 105
in 100
31 1C0
24 205

%t Vent & Leak paths from Containment were included in the deck,

Table A-6

LaSalle Integral Calculation Flow Path Input

Toe Elev Area
& Am) (28)

111 5.28 53
112 5.28 2.19
113 5.28 2.02
114 5.28 1.87
115 5.28 0.90
116 5.28 0.9
121 5.28 0.16
122 5.28 0.66
12% 5.28 0.61

124 5,28 0.38
125 5.28 0.27
126 5.28 3.44
103 9.66 0.53
103 9.66 2.19
103 9.66 2.02
103 9.66 1.47
103 9.66 0.90
103 9.66 0.9
103 €.66 0.16
103 9.66 0.66
103 9.66 0.61
103 9.66 0,38
103 9,66 0.27

103 9,66 3.44
122 7.47 1.86
123 7.47 4.18
124 7,47 $.34
125 . 1.4% 6.27
126 7.47 6.73
104 15.43 4.19
105 15.43 13,9

100 8.25/3.26 33
200 16,46/-24 .85 1.11

205 6.84 3.E-6
204 | 3 E-6
204 0. |

201 «6.08 27.42

Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core

Loss Additional

Coefs Information
i2.71%. Can Block by
12./15.  Can Block by
12./15. Can Block by
12,715, Can Block by
12.7/15, Can Block by
12./15. Can Block by
102, /128, Can Block by
102./128. Can Block by
102./128. Can Bloch by
102./128. Can Block by
102./128. Can Block by
102./128, Can Block by
12./15,

12./15.

12. /15,

12./18.

12./15.

32443,
102./128.
102./128.
102./128,
102./128,
102./128,
102. /128,

2.

33.

24

12,

12.

9.1/2.8

"k
16/18. Jet Pump Suction

3.3 SRVs

3. Pump Leakage

: 18 CRD Leakage

. Vessel Breach

5.8

but not shown here since they were never opened.

A-18

Melt
Melt
Melt
Melt
Melt
Melr
Melt
Melt
Melt
Melt
Melt
Melt
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Table A7

LaSalle Integral Calculation Heat Structure Input

Inside

Heat Left Right Surface Thickness

Structure OV GV _Area Material W T——
10402 104 205 63.8 Steel 178
10403 104 205 72.2 Gteel 178
10501 105 205 242. Steel 178
10401 104 104 697, Stainless 0066
10303 103 105 520, Stainless L0158
10302 103 105 21.6 Stainless L0508
10301 103 105 14. Stainless L0508
10304 103 1Ins. 114, Stainless .0058
12613 126 105 5.82 Stainless 0508
12612 126 105 10.3 Stainless 0508
12611 126 105 10.3 Stainless L0508
12610 126 105 10.3 Stainless 0508
12609 126 105 10.3 Stainless L0508
12608 126 105 10.3 Stainless L0508
12607 126 105 10,2 Stainless L0508
12606 126 105 3.39 Stainless L0508
10005 100 105 1.13 Stainless 0508
10004 100 105 0.25 Stainless ,0508
10014 100 105 30.1 Stainless L0508
10005 100 205 28.2 Steel .0778
10002 100 205 8.71 Ste. 0778
10001 100 205 8.71 Steel ,0778
20001 200 402 1525, Stainless/Conc 1.21°
20002 200 1Ins. 483, Stainless/Conc 7.01
20003 200 Ins. 62.3 Stainless/Conc . 540
20004 200 204 58.6 Stainless/Conc 1.48
20005 200 203 160.8 Stainless/Conc 1.49
20006 200 Ins. 215.4 Stainless/Conc 1.48
20007 200 1Ins. 24.7 Stainless ,0190
20008 200 Ins. 31.2 Stainless ,0190
20101 201 200 28.2 Stainless . 308
20301 203 204 29.9 Concrete 1.143
20501 200 205 83.8 Stainless/Conc 921
20502 205 205 365, Steel/Conc 4,56
20503 205 402 2100, Steel /Conc 1,83
20504 205 204 147 .6 Concrete 1.47
20505 205 Ins. 181. Steel/Air/Conc 7.66
20506 205 Ins. 74.55 Steel .0058
20507 205 Ins. 74,55 Steel .0058

A-20
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Table A-E

LaSalle Integral Calculatior ore Input

Nunber of Radial Rings = ¢

Numbe1 f Axial Levels = ] LOwe plenun
% e v ¢ '
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Table A-8 (cont )

Total of All 6 Ring Surface Areas for Level

Vo2

0.
984 .
984,
984 .
984.
984 .
984.

ooco00C

537.7
1420,
1420,
1420,
1420,
1420,
1420,

27.9
0,

0.
0.
0
0

61.65 147,
115. 260,
115, 260,
115. 260 .
115, 260,
115, 260,
11§, 260,
131. 5.2

9.72 0.
6.97 0.
607, 0.

54.2 0,

55.9 0.

Table A-9

LaSalle Integral Caleculation Cavity Input

Initially, 15452 kg of stainless <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>