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June 13, 1984

, (s b3)Mr. M. Silberberg
Assistant Director for Research

and Technical Support .

Accident Source Term Program Office, RES
Mail Stop 113055
U. S. Nuclear Regulatory Comission
Washington, D.C. 20555

Dear Mel:
|

Enclosed for your information and use is the report sumari:ing our results
for PWR Standard Problem Number Two. The results contained in this report
nave been previously presented and discussed at meetings of the Containment
Loads Working Group (CLWG).

While it was the intent of PWR Standard Problem Number Two to focus on the
issue of steart spike loadings in a subatmosoneric PWR containment, our analyses
incicate the possibility of significant loads due to hydrogen burning in anumoer of the cases specified. While this is not a new revelation, it does
once again illustrate the comolexities and phenomenological intercecendence
associated with severe accident analyses. As the " steam spike" goes away,
so coes its inerting effect on hydrogen burning. The pressures that would
be predicted in the containment would depend on the ignition criteria assumed;
the latter were not specified in the standard problem. As indicated in the
enclosed report, under some of the conditions specified in the standard proolem
the pressure loads from hycrogen burning coulc be comoaraole or greater than
those cue to steam spikes.

If there are any questions on the results presented in the enclosed report,please feel free to contact me.
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PWR STANDARD PROBLEM NUMBER TWO

INTRODUCTION

The objective of the Containment Loads Working Group (CLWG) is to
develop an updated technical position on the relatively'short term (few hours
duration) containment pressure-temperature loading followin.g reactor vessel

|failure. A way of developing an unoerstanding of the problem is to have a
number of experts analyze well-defined situations representative of the con-
ditions expected during the course of severe reactor accidents. Comparison ;
of the results of such analyses would bring into focus differences in the*

understanding of the phenomena and metnods used to treat them as well as areas
!

cf agreement among the analysts. The analysis of a series of " standard
probless" was the appracch selected by the CLWG.

The seconc of the standard arcolems selected was the analysis of the
" steam spike" in a subatmospheric containment PWR.

!

The particulars for the PWR Standard Problem Number Two were given
!

in the January 11, 1984, memoradum' from M. Silberberg, NRC. This report
sunnari:es the analyses cerformed at Sattelle's Columbus Laboratories in con-

.

junction with this stancard problem.

t

APD90ACH

PWR Standard Proolem Numeer Two and its variations were evaluated
using the MARCH 2 ccmouter code. However, the MARCH calculatens for these )

stancard pr0blem analyses differ consioeracly from normal MAPCM calculations.
1

Rather than starting the calculation at the beginning of the accident secuence
and letting the code evaluate the parameters of interest thereafter, the MARCH

j
,

'

incut was set uo to ceiiver to the reactor cavity the quantity and conditions
of core debris as specified in the stanoard problem. Normal MARCH runs initi-

|

ated from time zero of the accident secuence would not necessarily yield the
cuantity and conditions for the debris given in tne standard problem. Thus,

these stancard proolem analyses focus on the debris-water interaction (HOTDRP)
and the containment resconse (MACE) =ocels in MARCH 2. Aoditionally, or

1

variations of the standard problem with limited water in :ne reacter cavity,
the INTER sucroutine for treating carium-concrete interactions comes into clay. I
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A number of additional assumptiens for items not specified in the
standard problem definition were recuired in order to per#cr n the MARCH cal-
culations. These are described below. Since the MARCH analyses for this
study were initiated at the time of reactor vessel failure, containment heat
sink temperature distributions were required wnich took into account the
heating up to that time in the accident. The heat sink temoeratures used
were taken from earlier analyses of the TML3' sequence in subatmospheric con-
tainment.

The MARCH calculations were started at 100 minutes after the start
of the accident, with head failure taking place at 101 minutes. The time
scale is needed for calculating decay heating in the core debris. Since fission
product decay heat varies ouite slowly at a few hours after snutdown, the results

are isensitive to the actual time of head failure assumed. The interaction of
the core debris with water in the reactor cavity was evaluated using the iso-
lated particle quench mooel in HOTDRP; a particle diameter of 0.2 inch was
assumed. The particle quench model takes into account metal-water reactions
that may take place during the course of the interaction.,

Hydrogen burning
considerations were not explicitly identified as part of this standard problem;
in the MARCH analyses, however, the flammability of the containment atmosonere
can be readily monitored and this was cone for eacn of the cases considered.

.-

RESULTS

The results of the calculations for PWR Standaro Problem Number Two
are sumnari:ec in Table I with graohical. display of the containment resconse,

given in Figures 1 - 21.
In all the cases considered the containment was at

23 psia just prior to vessel head failure. The latter was followed by the
* release of the high oressure steam from the primary system and then the inter-

action of the core derbis with water and/or concrete in the reactor cavity.
Heat losses to containment structures were included in the analyses, with
initial structure temoeratures inout to take into account the heating taking
place prior to head failure.

-

Case 0 reoresents tne nominal cases as cefinec in the standard proo-
lem. Figures 1 and 2 snow the calculated pressure anc temoerature resconses
for this case. Innediately following vessel failure the containment oressure

.
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rises from 28 to 42 psia due to the release of high pressure steam from the
primary system. This is followed by tne interaction of the core debris with
the accumulator water, raising the containment pressure to a peak of 73 psia.
In the nominal case at the time of the peak containment pressure the core
debris have been quenche'd essentially down to the water temperature, and there
is about 61,000 lb of water remaining in the reactor cavity. It takes an
additional 46 minutes for this water to be boiled off by decay heating, and
about a further 52 minutes for the debris to heat up to the point (s2500 F)
where it is assumed to start attacking the concrete. Following dehris quench,
the pressure in the containment declines due to steam condensation on structures.
This general trend in behavior is observed in all the high primary system pres-
sure cases, i.e., Cases 1, 2, 5, and 6, with the magnitude of the containment
loads depending on the specifics of each case. The highest containment pressure
calculated is 107 psia for Case 1. This case includes the large mass of corium,
high corium temoerature, and hign in-vessel metal-water reaction. For this
combination of inouts the containment pressurization is limited by the avail-
able water, with the debris it about 1450 F at the time all the water in the

,

cavity has been evaporated. A similar situation is found for Case 5 wnere all
the water has been ' evaporated with the decris still at about 1210 F. In Cases
2 and 6, peak containment pressures are limited by the stored energy in the
core decris, with significant amounts of water remaining at the time the decris
has cuencned.

In the high primary system pressure cases discussed acove, failure
of the vessel head leads to the discharge of accumulator water into the reactor
cavity; this provides an amole supply of water for interaction with the core
debris. In the low primary system pressure cases, the accumulators are assumed
to have discharged prior to vessel failure; in these cases the amount of water
in the reactor cavity may be quite limmited. Inis is reflected in the contain .

-

ment loadings for Cases 3, 4, 7, and 8. Figures 7 and 8 show the containment
pressure and temoerature responses, respectively, for Case 3.. The release of
the primary system steam raises the containment pressure from 23 to 28 psia
immediately following vessel failure. This is followed by the evacoration of
the available water, with the pressure rising to 26 osia. With the debris a:
essentially the same temoerature with wnich it entered the cavity, and in the

,
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absence of water, innediate attack of the concrete basemat is predicted.
Since the gas generation rate from the decomposition of the basaltic concrete
is relatively low, there is no further containment pressurization over the
time scale illustrated. The decline .of the containment pressure from the
initial peak is due to condensation of steam on structures. Very similar
behavior is observed for Cases 4, 7, and 8.

'

While hydrogen burning was not explicitly included as a considera-
tion in this standard problem, the results of our analyses indicate that for
several variations of the problem, hydrogen burning could be an issue. The
high primary system pressure cases were characterized by significant steam

spikes, with the high steam concentrations precluding hycrogen burning. In
tne low pressure cases, the quantities of water interacting with the debris
were limited, as were the attenaant steam spikes. As some of :ne steam con-
densed and as additional hydrogen was generated by the corium-concrete inter-
actions, flamable conditions were predicted to be produced in all the low
primary system pressure cases consioered. Figures 9, 12, 18, and 21 show

for Cases 3, 4, 7, and 8, respectively, the adiabatic burn pressures assuming
ignition at any :ime after flamable conoitions have been reacned. The hyaro-
gen was not actually burned in these analyses; the calculation of the adiabatic
curn pressures as functions of time is just a convenient way to ascertain the
magnituae of the loadings if burns were to occur. In these analyses, a hydro-
gen concentration of 10 V/o was assumed to be reouired for flammability,
subject to availanility of oxygen and absence of inerting due to other diluents.
While hycrogen ignition and burning can take place at lower hydrogen concentra-
tions, in the absence of well defined ignition sources, there is little reason
to assume early ignition. The results shown in Figures 9, 12, 18, and 21
tr.dicate that under the assumptions util'i:ed none of these cases would have
flamable compositions imediately after head failure, but that flammable

-

conditions would develop with time in all the cases. Case 7 was found to reach
the assumed flamability limits the earliest, with the others being delayed

For'different flamability thresnolds, the times to reach them wouldmore.

obviously be different. While' actual burn calculations would proouce lower
,

,

pressures than the ores illustrated, they would not be dramatically lower.4

Tne results of these analyses show that in the acsence of significant steam
soikes and their inerting effect, hydrogen burning may be a significant thren:

.
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.to containment integrity. The peak pressures oue to such burns may be as
high or higner than the large steam spikes previously discussed.

CONCLUSIONS

~

The results for PWR Standard Problem Number Two fall into two dis-tinct categories.
Those cases in which core degradation takes place at elevated

pressures and the failure of the reactor vessel head is followed by the discharge
of accumulator water lead to large steam spike loading of the containment. The

cases in which the primary system pressures are reduced and accumulator discharge
occurs prior to reactor vessel failure produce relatively small steam loadings
to the containment, but have the potential of undergoing hyorogen burning.

,

For the stecific parameters included in this stancard problem, the
high primary system pressure cases led to peak containment pressures of 71 - 107
psia and peak atmosonere temoeratures of 300 - 424 F.

In the extreme of these
cases, containment pressuritation was limited by the quantity of water available

. to interact with the core decris; in the other cases, the decris were comcletely
The hign steam carrial pressures predicted in all the hign primary

cuenened.

system pressure cases woula preclude hydrogen burning.

The reduced primary system pressure cases resulted in peak contain-
.

ment pressures of 41 - a6 psia with peak atmosobert temocratures of 336 - 417 F.
In all these cases, the cuantity of water in the reactor cavity available to

interact with the core cecris was limited. While nonflammable conditions were
found to exist in all these cases immediately after vessel failure, additional
hydrogen generation from corium-concrete interaction together with steam con-

censation led to the develocment of flammable conditions later in time.'

The
containment loads that would be predicted from possible hydrogen burns would.

obviously depend on the ignition criteria assumed. However, from the aciabatic
burn pressures evaluated as part of this analysis, it is evident that hydrogen
burn pressures could be as hign or higher than the steam spike loadings calcu-
lated for the high pressure cases.

Since the centainment loads in PWR Stancard Problem Numoer Two resuit
from two distinct phenomena, only one of whicn was exolicitly defined for
consiceration, it is even more difficult than usual to derive a set of low,

.
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nominal, and hign containment loads for this problem.
Nevertheless, assuming

that in the absence of steam inerting hycrogen burning is likely, the follow-
ing containment load distribution is inferred: 70 psia represents the low
containment pressure loading, 120 psia is the high load, and 100 psia would
be representative of a nominal pressure load for this problem. These contain-
ment pressure loads assume that the energy available in the debris goes into
generating steam and/or decomposing concrete, including appropriate chemical,

,

reactions., These loadings do not reflect the possibility of the direct heating
of the containment atmosphere by'the care debris, nor the possible air oxidation
of the metallic components of the debris. Such considerations may inc ease the
containment pressure and temperature loadings above those calculated in the
present analyses.

The most significant parameters with regard to the predictec contain-
ment pressure loacs were found to be mass and temoerature of the decris, and
tne quantity of water available for interaction. In cases with aooreciaole
water available, containment pressure loacs were found to increase with increasing
mass and temperature of debris until all the available water was evaporated. In
cases with limitec water available, steam pressuri ation was also limited, but
the occurrence of large hydrogen burns became possible.

.
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SUHilARY of REStiLTS
!

Corium CORitin Primary Water Peak PeakCase Composition TrMP, f (C) Pressure (pS Q Depth (in)_ Pressure Temp (8F.)
(psi)

1 11 fl9110 (2727) 2200. 13. 107 l 2'll
4

2 L 2780 (1527) 2200. 13. 71 300
.

3 L 8910 (2727) 940. 13. I6" 3fl9'11 l

4 11 2780 (1527) 940. 13. 11 6 " 336'

; 5 L '19tl0 (2727) 2200. 2. 101 112 1

6 11 2780 (1527) 2200. 2. 81 318

7 11 '19'10 (2727) 940. 2. 11 6 " fil7"
8 L 2780 (1527) 940. 2. lil' 3'11".

| 0 11100 (2260) 2280. fl . 73 33'l!

4

"
ft_AllHABLE CONDITIONS PREDICTED, lillT llYllit0 GEN B01111111G fl0T

liiCl.IIDED Ill TilESE VALilES.
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Atmucuercue. New M**'co 671 SS

e

June 12, 1984

Sumwy (T.6I)
TO: CLWG SP-2 ANALYSTS

.

Dear Colleagues:

I am enclosing a =cugh draft of the s e a y we
have prepared describing he wczk CLWG me:sers
did on Standard P chlem Number Two. In somecases, our only available record of the work
Performed censisted of vugraph packets distri-buted at
by telephone.the meetings and infecmation exchangedHence, omissicus and errers arepossible.

Please review this draft and fe: wardcomments and cc rectiens-to Ken Bergeren er
-

myself by July 1.

Sincerely, ,

aM%-d w_; F-f

David C. Williams
Centainmen Modelling
Divisi==.6449

OCW:6449:hkd

s

Inc.
.

Distribution:
See nex: page
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APPENDIX 3

'

SUMMARY OF RESULTS FOR STANDARD PRCBLIM NO. 2
DRAFT

D. C. Williams and K. D. Sergeren *

Centainment Mcceling Division 6449
Sandia National Labcratories

Albuquerque, N. M. 87112

3.1. Intrecuccien

~he OL*4G Stancarc Problem No. 2 (SP-2) invel tes analysis of a
subat:ncapneric ?WR large cry containment.
taken free an actual plant of tais general type, no effer:Althougn many of the parame:ers are
capletely faithful Oc any particular existing containment in cetining SP-2

was sace Oc be.

anc there is consensus among the analysts that see of the specifisc pechlemparameters are not realistic.
Hence, the results obtained should not be taken

as actual predictions of the centainment |.cacs te be expected for a specificsequence at a scocific plant. Insteac, the results.saculd be taken as
previcing a ccamen basis for ciscussion by specifying initial anc bcuncary
concitiens for detailec calculations, with the pur;cae cf revealing current
expert hinking abcut severe accicent containment pnencmena.

Incopendent calcula:icns were perfor=ec anc submittec :
analysts at Battelle Columcus Labcratories (ECL), 3reckhaven Natienalthe OL*4G byLaborateries (3NL),

the University cf *41scensin (IT4), and Sancia NationalLaborateries (SNL).
"'he major features of the results will be summarizac,

with im;criant similari les anc cifferences ancng the calculatiens identifiec
See of the key reasons for fer the main features of the results will be .

notect
Mcwever, no attempt will be sace to explain all aspects of the

calculations er icentify all reascas fer the differences among them, in part
because acequa:e cetail en the calculations is not availacle.

including the sensitivity stucy specified as parSection 2 cf this summary will ciscuss :Me prin,cipal features of SP-2,
cf :Me pecclam. See:1cn 3will presen:

for :Me sensitivity stucies.results for the base case, while Section u incluces the results
Section 5 ir.cludes conclusicas and

'

recamencations Oc the C''AG.

_

m--- - ,.y _ - - . - - , ,---,-.--.__._,s ,,,,,w - * - - . - , - ,-_-,--*.__-.-,-*.-,w q .---- -. -.7 -,----.7 ,-p- _



- _ _ _ _ _

,

, s; . .

-
.

3.2. Definition of SP-2
-

SP-2 represents a ** 3' set;uence leacing te c re melt and vessel failre
at high pressure. The principal featres cf the stancard preelem
specifications are the initial centainment conditions price to vessel failure,
the mass of molten debris released c the cavity, the temperature and
ccaposition of the released debris, the water level in the reacter cavity, anc
various geometric features of the centainment building. Table 3-1 provides
the most important of the standard peculem parameter specifications as given
in Ref. 2 for the base case, while Table 3-2 gives the parameter varia:1cns .

specified for the sensitivity stucies.

It should be noted that although the specification cf ini:ial conditiensi

was helpful in foc': sing atten:1cn on speci*ic containment phencmencicgical
issues, it was also a source of seme di'*iculties. *he ::s: important c'
these incluce the fc11cwing:

1. In coce analyses taking into ac Ount hea: transfer Oc structures, it
proved necessary Oc un :ne preelem frem the :eginning cf :he
accident (i.e., the ini:ial blewcovn) in orcer Oc conci:1cn the heat
sinks. However, it was sc=eti=es found :o te d* *** *"' ar i=possible
to reprecuce the specified c=ntai=ent pressure at vessel failure i'
realistic bicwcewn histeries were used. Di*ferent analysts : pec
with this problem in cifferent ways, and it is esti=atec that
di*ferences in final c=ntainment ;ressures of up to 0.05 MPa can
result frem this cause.

2. Scme of the specified initial c ncitions appear :o be incensistent
in particular, the ace =ulator pressure specified (3.60 MPa) is icwer
than the RCS pressure scecified (6.48 MPa) for Cases 3, 4, 7, anc 3
in Table 3-2, yet it is also spec 1"iec that the accu =ulaters have
cu= ped prior c vessel failure f r :hese cases. Again, cifferen;
acpreaches Oc ccping with this incensistency can introcuce
ci'*erences into the resui:s.

3 "he conta1=ent at=csphere was speci*ied as being staa: inertec, and
none of the analysts inclucec any release of hycr: gen exication
energy in their calculations. Mcwever, scme of the analysts noted
that, "Or the concitions calculatec, such energy =i.n: te releasec,
anc the =cre i==:rtan: et these cases will be notec in the fel'. wing
sections.

2 "he SP-2 specifications incluce 10C', of the cerium being =citen anc
ejected cenerently,at vessel "a11re ti=e. ~here was a consensus
a=cng the analysts that this assu=ption is not realistic. (Sc=e

_ --- _ --- -- - -
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Table B-1

SP-2 Base Case
.

Containment before vessel failure:
.

3Volume 50,9'1 m

Pressure 0.19 MPa (absolute),

,

(0.10 MPa steam; 0.09 MPa noncondensable)
.

Temperature 275 K
Water level

in cavi:7 10 cm,

Atmosphere was specified as being steam insrted.

Reactor coolant Svstem (RCS1 conditions:

Pressure 15.7 MPa (absolute)
Volume *

(including .

3pressuri:er) 275.3'm
Accumulators .

Pressure 4.6 MPa (gage)
Temperature 322 K
Water volume 78.58 m

Corium seeeifications:

Total mass 114,556 kg
UO

2 79,820 kg
2irconium.

(total) 16,500 kg

Zirconium
(unoxidized) 11.550 kg

-

Steel ,16,500 kg
Fraction of

core released 100%

|

.

*
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Table B-2 j

SP-2 Sensitivity Study
.

Corium Primary WaterCorium Temperature Pressure Depthh Comnosition (U' (MPa) g
1 Corium E 3000 15.7 33
2 Corium L 1800 15.7 23
3 Corium L 3000 6.5 (Low) 33
4 Corium H 1800 6.5 (Low) 33
5 Corium L 3000 15.7 5

~

6 Corium H 1800 15.7 5
7 Corium H 3000 6.5 (Low) 5
8 Corium L 1800 6.5 (Low) 5

Notes:

1. Corium H is 79,820 kg UO : 81,500 kg steel (45.8 weight2
percent): 16,500 kg circonium (assume 90% of the =irconium
will oxidire in-vessel): total mass of 177,820 kg.

2. Corium L is 79,820 kg Uo : 56,500 kg steel (37.0 weightg
percent): 16,500 kg circonium (assume 60% of the =irconium
will oxidire in-vessel): total mass of 152,820 kg. .

3. yor the primary system pressure of 15.7 MPa. the
ac=umulators will dump sulig, the carium. The vessel hole
equivalent radius is 0.145 m.

4. For the primary system pressure of 6.48 MPa. the
accumulator water has already boiled off. The vessel hole
equivalent radius is 0.46 m.

5. All other initial conditions are as specified in the base

case.
.

h
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analysts also believed that the entire question of hign pressure
ejection should be dropped because of their belief that such
sequences can not arise; however, there was no censensus to this
effect and accreasing this issue was defined as ly:ng outside ne

,

scope of SP-2.)

*he above difficulties include some, though not all, of the reascna that
there was a consensus that the results obtained should not be viewed asproviding actual predicticas of containment 1 cads to be expected for a
specific accident sequence in any specific plant. *

For the base case, the analysts were requested to provide "high" and
" low" estimates that were to bound the range within which the actual
containment loads (i.e., pressures and temperatures) mign: ressenaD17 beexpected to fall, and they were also requested to provide " central" estimates.
For the "hign" case, results were to incluce the quantities cf steam. H ' 00'and CO

2 added to the atmosphere, as well as the extent of tasemat attaex after2
one anc three hcurs. Fer the sensitivity study, it was recuested tha:
c=mcination of governing phenomena assumed fcr the "hign" case be used

the

througnout, and that peak pressures and temperatures during the first hourafter vessel failure be reported.,

All analysts were encouraged to incluce the
contribution of direct heating to the :::a1 peak pressure and temperature incontainment.

.

3.3. Base Case Results

~he C*/4G spent censideracle amcunts of time evaluating censistency of
different calcula:1cns of steam spike 1:acs (i.e., without direct hosting) and
evaluating the imecriance of ncn-sciacatic' effects for steam soikecalculations. Mest of :his wcrk was perf rmed in connecticn w1:h Standardi Proclam 1 (SP-1) and will not be discussec extensively here: Ref.1 may becenaulted for details. Salient conclusions that are relevant :o the SP-2results include the f=11cwing:

1.
Adiabatic steam spike calculations can conveniently be characteri:edin terms of a single parameter, e.g., the mass of steam added Oc thecentainment. Ter equivalent assump:1cns Ocncerning this ;arameter,
there was good agreement among the results obtained by differentanalysts,

2. '41th some qualifica:1cns, acn-adiabatic calcula:1cns can be
characterized in terms of two parameters, with the second parameterbeing a time parameter. Again, with equivalent assumptions differentanalysts entained equivalent results.

.

,
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3 For steam addition times of 1 minute or less, ncnadiabatic effects
reduced the pressure increase only sligntly, i.e., by ~< 75 withrespect to the adiabatic case.

4. A consensus was reached : Mat "hign" steam spike calculations snculd
be performed assuming rapid quenen of 100% of the core, with 30% cf
the metallic zirconium present reacting with water. The heat of
reaction of the =1rconium is assumed to be available for steamgeneration.

For:the SP-2 analyses, BCL employed MARCH 2 and 3NL employed MARCH 1.1. "

*he W results (reported for the base case only) were performed using
adiabatic calculations. SNL results were based upon calculations performed2

with the CONTAIN code, although many of the actual numerical results cited
were obtair.e4 using a much simpler adiabatic code. DHEAT, which had been
validated by performing detailed comparisons with CONTAIN calculations over
:he full range of parameter values of interestQ). Sources of gases due te
core-concrete interactions were calculated by MARCH /INTIR (SCL), MARCH /!L .e.
er CORCON (BNL), and CORCON (SNL). Differences between *N"IR anc CORCON, as
well as differing input assumutions, led Oc substantial variations in the
amounts of these gases that were calculated Oc be procuced. However, in no'

cases did the core-concrete interactions drive the peak pressures and
temperatures during the perioca of interest and the SNL calculations typically'

anitted core-concrete interactions "once this fact had been estaclished.

Peak pressures and temperatures that were repcrted for the base case are
summaritse in Table 3-3 Not all analysts reported results for all cases.; "he BCL and the BNL results incluced no direct heating, Me W results;

incluced 10% direct heating in the "hign" case, and the SNL results incluced
significant direct heating for the " central" and, especially, the "hign"cases. *he MARCH assumptiens used by 3CL and SNL fer the "high" case appear
Oc correspond reasonaD17 well to the CL*4G consensus pcsitica fer max 1=um steam

; spike calcula:1cas that was noted acove.
,

*he tabulated results indicate that there are differences between the SC*;
and 3NL "hign" results that appear sigr.ificant (al= cst 0.1 MPa), even tucugn
the proclass analy=ed are ncminally quite similar, in terms of the cata given.
*he difference between these two results is very much less than the difference ,

with respect to the SNL "hign" results. Tran other SNL calculations of steam
; spikes (see Section IV), it is apparent that this difference in resul:s hast

' '--' e to do with the difference in calculational cols t rather, it is al= cst
entirely due to the inclusion cf sucstantial direct heating in the SNL

i calculations. *he W "hign" results are significantly ine eased by even the
small amount of direct heating assumed. The W ' central" results are based

.
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upon steam generation enly and are thus more nearly comparacle to the 3CL ancBNL "hign" results.

Tacle B-3

SP-2 Base Case Pressure and Temperatures

BCL BNL IN SNL. -
-

"Hign" P (MPa) 0.50 0.41 0.64 1.137 (K) 425 408 915-

" Central" P (MPa) -

0.54 0.72
--

T (K) - --

545-

" Low" ? (MPa) 0.38 (0.26*) 0.38
-

7 (K) 304-

315
-

. Performed for a low pressure sequence, anc thus not cirectly
comparacle,tc cener results.

~he ;ctential importance of cirect heating effects was further
l'.lustrated by parametric calculations ; resented by SNL for beta SP-1
SP-ZQ). anc

The SP-2 results are reprecuesc in Fig. B-t, in waien the peau
pressures and temperatures are pictted against the fraction of the core wetenparticipates in direct heating. Ter :nat fraction of the core decris wnien
participates in direct heating,1C01 of :ne metal (but none of :ne UO ) was
assumed to exici:e and the associated cerium was assumed to come inte Mermal

2
equilibrium with the containment atmospnere.

"he remaincer of :ne cerium was
assumec to steam quench without enemical reaction. Frem these results, it is
clear nat even accerste amounts of cirect heating can have very importanteffects upon centainmen: icacs. Based upcn results giren in Ref.1, botn :ne
core :nermal energy anc One chemical energy release make important
centricutions to Me total cirec heating effect in Tig. 3-1. with the effect
of :ne chemical energy release being semewnat larger : Man :nat of :ne corethermal energ .f

Since direct heating is potentially such a ccminant effect, 1 is
appropriate to review the findings of the CL*4G Direct Heating Subccamittee, as
summarizacby7.GinsberginAppendixGQ). A consensus of the succes=1ttee

.
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was reached that cirect heating effects wculd not be large if the vessel
fa11ec vnile under low pressure, at leas in the case of SP 2. However, no
consensus could be reacned as to the potential importance of cirect heating ini
hign pressure ejection scenarios. Scmie analysts (designated " Group A" in
Ref. 3) believec :nat significant direct nesting effects coulc be rulee out.
However, a number of otner analysts (" Group 5") believec that, at present," ...it is not possible to rule out occur ence of sufficient cirect heating to

; present a severe challenge to PWR large cry ccatainments."

Participants in the direct heating evaluation were askec'to previce
"hign", " low", anc "best estimate" values as Oc the fracticas of the core, *

thermal energy anc the metal oxication energy : hat sign: be transfer ed to the
containment atmosphere in the direct heating process. Group A, believing the
process to be negligible, provided only a single estimate. The estimates of
the Group 3 analysts themselves spanned a consideracle range, but there was
consensus among the grcup that the uncertainties are larg6 anc that :ne
differences among the various Group 3 estimates snoulc act be viewed as being
particularly significant. There was also consensus :nat the "hign" estimates,
at least, woule fall within the range for wnien Fig. 3-1 implies nat severe
cna11enges to the centainment will arise.

Although no consensus positica coulc be fermed that incorporatec bo:M
g cups, it was possible to offer values reasonacly reflective of a consensus
within esen group incivicually. As.a result, One Subccamittee on Direct
Heating presentec two sets of roccamendations en direct heating parameters.
Because the cirect heating uncertainties acminate any others considerec
quantitatively by the SP-2 analysts, it was jucged that, for the presen SP-2,

Sunn:ary, ne best single representation of the state of knowledge of the CLWG
as a wnole woulc be a set of calculations performec using ne various sets cf
parameters for SP-2 that were presented by :ne Direct Heating Subecamittee.'

Hence, a set of calculations, net reportec previously by any of the ,

laccratories, was carriac out specifically for :ne SP-2 Summary. Thecalculational approacn employed %as that of SNI., i.e., use of :ne OHEAT cocebacked by 00HTA*N. However, it snculd be empnasicec :nat nere is every
reason to believe : at cifferences in analytical tecnniques intrecuce
uncertainties nat are quite small in. comparisen vi:n :Me variations due :=
cifferences in the assumec cirect nesting parameteas.

In Table 3-4, the best-judgment reccamencations for SP-2 cirect nesting
parameters are reprecuced fece Ref. 3 Alse given are :Me pressures anc
temperatures calculated for the presen: Summary by applying these ;arsmeters
to :ne SP-2 =ase case. In each case, the nuacers in :ne columns heaced
" thermal" indicate the frac:1cn of :ne core thermal energy that goes :o :nej
incicatec process (cirect heating or steam quenen). Ter that portion of :ne
core, the fraction of :ne unoxici:ec metal therein :na: reluses its chemical!.

, . _ . .
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cxidation energy Oc the indicated ; recess is given in :ne eclumn heaced
"enemical". The lanels "0 " and "STM" mean that the metal reae:1cn is with 0,2
er stesa, respectively; this distinction is impcrtant tocause the reactions of
the metals with steam release considerably less energy than the reactions of
the same amounts of metal with oxygen. (Hycregen procuced by metal-water
reaction is assumed not to react w1:n crygen in these calculations.) Note that
the fractions given under " Chemical" apply only Oc the traction of the ccre
material specified under " Thermal", not to the total core inven: cry. Thus,
for the Gecup B "hign" case, the fraction of the total ccre metallic inventory
wnich reacts with crygen and centributes to direct heating is 255, not 50%.

Tacle 3-u

SP-2 Pressures and Temperatures w1:n Direct Heating

Group 01 rect Heating '4ater Ouench Pressure Tec;.
and Case he==.a1 Chemical he- al Cheetcal (MPs) M)

A All, 25 SC%-

0 53 431
-.,

3: "Hign" !C% 50% C 50% 30% STM 1.08 9332

3: " Central" 255 5C% S M 75% '251 SW. 0.78 511

3: "!cw" 151 505 S M 955 0 0.58 539.

t

_ _ - - - _

*he ;ressures and temperatures -given in the las: two eclu=ns of Tatie 3-4
we.at calculated assuming containment cenditions at vessel failure taken fran
the CONTAIN calculations, rather than :nese specified in the definition of
SP-2. Use of the latter would recuce pressures by about 0.cn MPa (but
ine ease temperatures somewnat, except wnen direct heating is negligible).
Even allowing for this effect of :he initial cencitions, it is obvious tnat
only the results for the Grouc A parsmeters are cceparacle to those resul:s in
Tacle 3-3 : hat includec no direct heating. for Orcus 3, even :ne "lew"
parameters yield significant enhancement of containment pressures and
temperatures by direct heating, anc the "hi.n" case presents a very severe
cnallenge. Even this case coes not represent a consensus as Oc an acaciute

!
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upper limits one analyst estimated "high" parameters whien would imply
;ressures and temperatures of the orcer of 1 3 MPs anc 1500 K respec:1vely.

Both the SP-2 analysts and the members of the Direct Heating Suecommittee
have cautioned that there are many facter,s not taken into account in theresults discussed here.

Both conservative and non-conservative factors areinvolved. Two of the most important factors are:,

1. The assumption that 1005 of the corium is ac1:en and'is releasec
. coherently when the vessel fails. .

2.
Neglect of possible hycrogen-oxygen recombination in direct heating

;i scenarios. Even when the criteria for self propagating hycrogen
burns, in the usual sense, are not met, high containment temperatures
and large surface areas of suspended hot particulate might pranote
recombination in cirect heating scenarios. "his effect ccule
increase containment pressures by up to 0.1 - 0 3 .?a in typicalf
Cases.

> .

Sane analysts believec that the not effect of the various facters not
treated was to rencer the "hign" calculations, at least, excessivelyconservative. There was no consensus to this effect, however,

s
.

3.3 Sensitivity Studies

he sensitivity stucies presented Dy 3CL, SNL, anc SNL were performec
using calculational techniques anc input parsmeters. similar to these empicyec
for the "higr." base case results summari:ec in Tacle 3-3. *hus, the SCL anc
3NL results did not include cirect heating while the SNL resu1*s cic. Resultsgiven aDove for the base case snow that it is necessary :o incluce an:

examination of the impact of direct heating upon the sensitivity study. As inthe case of the base case analyses, it is pretably more representative of the
CL*4G state of understancing to empicy cirect neating parameters basec upon the
recommencations of the Direct Heating Subcommittee than to empicy the resul:sof any one analytical team. Calculations cf this kind will be presentec laterin this section. However, it is also cf interest to summart:e the results ;

octained wnen the proeles 1s restricted by specifying no direct heating, anc ;

these results will be censicered fi st. |
1

*

1

3 addition to the sensitivity study with direct heating, SNL ;erfer:ecthe stucy with direct hea:ing eliminated.
"hese calculations were run for the

,

limiting cases of 01 and 1001 :irconium-water reaction as part of a parameter
stucy, anc thus none of the calculaticr.s were exactly ccaparacle to these

+ -
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perfornec by BCL and SNL which included metal-water reactions as calculatec by
the NOTDROP module of MARCH. However, the SNL results snowed that including
301 zirecr.ium water reaction would increase the base case pressures by about
0.04 MPa, and the pressres in the sensitivity study cases would be increased
by only 0.01-0.C2 MPa in two instances and there would be no effect in theother six cases. Hence, the zirconium-uster reactions are not a major factor
in the steam spike sensitivity study calculations and the SNL results without
zirconium-water reactions will be presented here along with the Sci, and SNL ,

lresults.
. .

In Fiss. B-2 and B-3 the pressures and temperatures, respectively,
obtained in the three sets of analyses are presented graphically. In each
figure, the first bar on the left represents the base case while the remaining
eight bars represent the results for the sensitivity study cases specified in

,

Table 3-2. As mient be expected, the four cases wnere the vessel fails at low
primary system pressure (cases 3, 4, 7, and 8) give substantially lower
pressures than do the high pressure cases. In large part, this result fcilows
fra the fact that only the (very limited) amount of water in the cavity is
availacle for steam generation in the icw pressure esses, since the
accumulatcr water is assumed Oc have cumped and sciled off before vessel
failure. It also reflects the saalier release of steam and gas upon vessel
fallure.

.

There is one sajor qualification that must be made to the conclusion that
the icw ;ressure cases are much less severe. Sci noted that, for all four
low-pressure cases, flammaale conditicas were calculated Oc exist within the
containment, but hydrogen burning was not included in the pesults given. :f
the hydrogen is assumed Oc burn efficiently, the SCL calculations indicate
tha: pressures could be at least as high as any shown in Fig. 3-2, and
temperatures would be much higner : Man any of those in Tig. 3-3 On theothernand,

the occurrence of flammable conditicns for these scenarios can notbe taken to be rigorously estaD11sned, because of limitaticas in the
definitica of SP-2 and 11mita:1 ens in the analyses. For example, none of the
analysts :cok into acccun: outgasing of unlined concrete within he
centainment, wnich signt reduce er eliminate flammacility cf the atscapnere.

Among the hign pressure cases, the hi.n-temperature corium releases
yielded mere severe results than did the lower-:amperature releases, wnien is
hardly surprising. In at least one set of calculations (SNL's), thei

difference wculd have been censiderably greater were 1: not for the fact that
steam geneastion was water limited: that is, the Octal water availacle (cavity
plus accumulater water) was inadequate to completely quench the large mass cfnot cerium.

_ . . . _ . _ - _ _
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In caparing the results obtained by different analysts, it is seen that
the qualitative trend of the pressures frca case to case snows gccc agreemen: '

between the three sets of results. Cuantitatively, there is good agreement
for several of the cases but significant differences (up to 0.15 MPa) arise in
some instances, notably the most severe cases. In calculating the
temperatures shown in Fig. 3-3, the SNL results were obtained using the
adiabatic DMEAT code, which assumes the containment atmosphere is saturated
unless direct heating is involved. The MARCH calculations assumed
superheating in same cases, presumably due to superheated gases released fra
the RC3.- Hence, it is not surprising that the SNL temperatures tend to be the,

; lowest. Actually, however, the SNL and BNL temperatures are very similar.
| The SCL temperatures are significantly higner in scue instances.

No effort has been sade to identify in detail the reasons for the
differences in the results obtained by the different analysts. It is wer*.h
noting that the differences between the SCL ar.c BNL results, wnien were'

catained using similar calcula:1onal tecls, are caparable in magnitude Oc the
differences between these results and the SNL results, whien were cc:ained
using quite different calculational ccia. This fact suggests tha: :ne
differences esflect different input assumptions at least as much as they
reflect differences in calculational accroacn. Such a conclusion, if valid,

i is all the more striking in view of the fac: that the range of input
assumptions was heavily restricted' by the definition of the prooles, vnica
corresponds closely to the CLWG consensus "high" steam spike case w1:n direct

4 ,

j hosting ;catulated Oc be absent. (It shculd be noted that the present pecblem
is dominated by sources of steam and energy released to containment over a
sacr * time, whien minimises the dependence upon calculational approach.)

A very much wider range in calculated results becues possible when the
restrie:1ons unen incut assumptions are relaxed to reflect mere realistically
the range of parameters deemed c-edible within :he OLWG cmmunity as a wncle.
This ennanced range is illustrated in Tigs. 3-4 and 3-5 wnien present,
respectively, the pressures and temperatures obtained in the following sets of,

calculations for the sensitivity study:

1. The results labeled "3NL Low" in Tigs. 3-4 and 3-5. which were
obtained by ENL for the ccaclete sensitivity study using the same
assumptions they used for their base case " low" steam spike
calculations. These assumptions included incomplete corium-water
mixing, followed by CORCON calculations with film boiling en the cc.

surface.

| 2. "he shaded :ene, labeled "Hign Steam Spike Range", represents the
~

range of results spanned by the calculations summarized in Figs. 3-2
and 3-3'
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The results labeled " Nominal Direct Heating" were calculated for the
present Summary using the consensus reccamendations of the Direct
Heating Succcamittee Group B for SP-2 "hign" base case direct heatingparameters (Tacle 3-4) as a starting point. Since these
recommendations were clearly not intended to be applicable for all
the persneter ccabinations of the sensitivity study, the direct
heating parameters were varied as a function of these parameters in a
Scae details are given in the Accendum to this Appendix. manner similar, but not identical, to that employed by SNL in Ref.1.

.

Cases 3, 4, 7 and 8, it was assumed that the primary system was
yer the

; fully depressurized, since the pressure specified in Tacle 3-2 was
inecapatible witn the specification that accumulater disenargeoccurred prior to vessel failure.

Obviously, the range spenned by the results given in 71gs. 3-4 and 3-5
greatly exceeds the range spanned by the results for the more restricted steamspike sensitivity study. The dominant effecti is that of direct heating,.
results is also significant in some cases.thcugh the difference between the "3NL Low" results and the other steam spike

veraf large corium masses with very hign steel content specified in Tacle 3-2. effects calculated for some of the hign prssaure ejection cases arise reca theThe extremely large direct heating
yer the hign pressure cases, the thermal energy contributes slightly over 60%
of the total direct heating for the.higner-temperature coriums (cases 1 and
5), while chemical energy contributes about two thirds of the Octal for thelower-tasperature coriums (cases 2 and 6). -

hi.n pressure ejection cases.It is acteworthy that the wide spread in the results acplies only to the
difference between the " low" and the "hign" steam spike calculattens of SNLyor the low pressure cases, there was little
and the direct heating prescription described in the Acconcum

,
,

entirely eliminates direct heating in the low pressure cases. also largely orIt anculd be
emphasized that this eli=1 nation of direct heating is based upon assumptiens,not mechanistic calculations.
censistent with the censensus of the Direct Hosting Subecomittee, althcugn :neThese assuantions are believed tc be reascnably
Sutecem10:ee did not explicitly censicer the :tuestica in catail.

3-3 also apply here.Limitaticas in the base case calculations ncted at the close cf Sectica
These include the hignly conservative assumption of

cf hydregen-crygen reccabinatica unich cay occur uncer severe direct heatingcoherent release of 1C0% cf the aciten corium and the noncenservative neglect,

conciticas.

,
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|
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5.5.
Conclusions and Reccamenda:icns _te _the C1WG.-

-

1

Results obtained by different analysts for SP-2 peak pressures and
temperatures agree reasonably well unen equivalent input assumption
are used even if differeni calculational techniques are employed. s

1

However, the limited sensitivity to calculational approach should not
'

-

be overgeneralized; other containment loading problema can show a
much greater dependence upon the sophistication of .the calculation.

2. ; Results obtained by different analysts differ widely for high
;

pressure ejection scenarios, but do not differ greatly for the lowpressure ejection scenarios.
pressure results primarily reflect the different beliefs about theThe large differences among the hign
appropriate input assumptions, especially with respect to directheating.

Even with direct heating defined out of the pecales, the
i

steam spike results snowed significant (about 0.!! MPa) differences
<

in scoe cases. ,

Obtaining closer agreement will require more care in
identifying and defining significant parameters in accition to directheating.!

3
,

There is at least an implied consensus that neitner steam spike nor
direct heating effects will present a severe tat eat of massive ;

structural failure in low ' pressure ejection scenarios for S'i-2.
(Significant leakage induced by pressure and/or temperature
transients are act ruled out, newever.)

4

*here is a consensus that steam spike effec.s alone will ac:
a severe threat of massive structural failure in hign pressurepresent
ejection scenaries, althcugn some of the pressures calculated fer
certain (rather extreme) parameter choices soecified in the
sensitivity stucy do present quite substantial ena11enges, cf theceder of.0.7 MPa.

*

5.

cf the Direct Heating Succommittee Occup 3 consensus, a very seversf direct heating parameters are ' assumed similar to the "hign" values
threat to containment integrity results. No consensus could be
. eached among SP-2 enalysts as to wnether these parameter values areeredible.

6.
Of the parameters treated quantitatively and in ce: ail ty :ne SP-2

,

analysts, the direct heating questien is the ccminant uncertainty.
Other important issues, not analyzed in detail, appear to include thefraction of the core that sige.: actually uncargo ccheren: ejection
and the extent of hycrogen-crygen recombination, especially uncer

*

strong direct heating conditicas.
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7.
It is reccennonced that the results calculatec for SP-2 using the
various Group A and Group 3 co''.sensus parameters of the Direct
Heating Suncommittee be taken as providing the best representation ofthe CLWG position on SP-2. There is a consensus among the SP-2
analysts that results for this Standard Problem should not be
interpreted as actual predictions ol' the contal:nnent loads to be
expected for any specific accident sequence in any specific plant.
Sane analysts believe that at least the "high" SP-2 results are
unrealistically conservative, but there is no consensus to this
effect..

1
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ADDENDUM

Sensitivity Study with Di ee: Meating for Figs. d and 3-5

.

The starting point for this analysis is adaptatica of the consensus
parameters for the "Hign" SP-2 base case reported for Group 3 cf the Direct
Heating Subecesittee. These parameters include 50% of the Octal corium
thermal; energy and 255 of the total cerium potential energy fr a setal .

oxidation acing to direct hsa:ing. However, the cases defined for the
sensitivity study differ frcm the base case in up to three important ways that
could s1Jtifican 17 affect direct heating:

1. In all cases, the coriums centain much more steel, but less
unexidized :irconium. than does the base case.

2. In four of the sensitivity study cases, the pri=ary system pressure
is specified :: be =uch lower than for the base case (for present
pu poses, it was redefined as being fully depressurized in these four
cases.)

3 In four of the sensitivity study cases, the cerium tasperatures were
defined ,as being much lower :han in the base case, so icu that it is
likely that steel wcula be the only cerium ecmponent actually molten
Oc a large degree.,

The SNL analysts were the only team Oc explicitly confrent these
differences since only they performed the sensitivi:y study wi:n direct
heating included. In Ref.1, they desc-ibed the presc-iptions wnien ,ney
developed for modifying the direct heating parsmetars Oc take into acccun:
these fac:crs. '"hcugn qualitatively reasenable, these prescriptiens are
ra: hor arbitrary in :erms of :he ac:ual numbers assumeds ncnerneless, be::er
presc-iptions are not availacle. Hence, they will be employed here except fer
the prescription used for the firs cf the acove items, the difference in
ccaposition. The Group 3 base case parsmeters are rather differen fica these
of Ref.1, and applying the prescriptien in Ref.1 to the present case woul?

i

almos: totally eliminate the enemical centribution Oc direct heating,
,

.something that is judged centrary Oc the spirit cf the recem=enda:1cns of
Gecup 3 of the Direct Heating Sucecmmittee. B erefore, no allowance for the
difference in ecapositien has been made in the present werx.
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Majcr assumptions used for the sensitivity study calculations with dire :
heating are as felicws:

In the high pressure cases involving the higner temperature (3CCO K)1.

coriums, the parameters were as in the."high" base case: SC of the
core thermal energy and 25% of the total available metal exidation
energy goes to direct heating: SC cf the ecrium steam quenches with
30% of the associated :1rcenium uncergoing reaction with water, with
the heat procuced going to steam generation.

2. In the high pressure cases involving the lower temperature (1800 K)
coriums, only the steel (analyzed as consisting cf iren) was assumed
to participate in direct heating, with the percentages being as
above. yhe rationale is that sufficient fragmentation for efficient
direct heating is judged i=:recable for constituents that are solid.
3e remainder of the iren, and all of the other c nstituents, were
assumed *.c steam quenen.

3 In the low pressure sequences, the only direct hea ing allowed fer in
the higner temperature cerium cases was reaction of 255 cf the
sirceniu:n with steam, with the energy going to direc: heating. (Se
resulting direct heating effects are nct large because the amounts of
unexidized sirconium are relatively am!1 in these ceriums.) In the
icw temperature, low pressure cases, no direct heating was allowed
for.

4 Steam spike calculations for the high temperature ceriu=s incluced
reaction of 3C ef the available =Arcenium w1:n water, but no
chemical energy release was assu=ed for :he Icw :emperature ccriu:
steam spike calculations. Water available for steam generation was
assumed to incluce to:n cavity water and accumulater water in hign
pressure sequences anc only cavity water was incluced in the low
pressure secuences. If water was exhausted, energy remaining in
unquenched ccrium was igncrec.

5. 7:r all sequences, the centainment conci:1cns at vessel failu e ti=e
were assumed :c be the sa=e. ("'his is not realistic; cifferent S.C3
pressures i= ply sequences that ciffer in ways that woulc affect
:cntainment conci :cns.)

It =ust be stressed that the Dire : Heating Succe==1: tee has act
consicered in detail how the cire : heating parameters =ign: vary as a
function of the accident sequence parameters considerec here, and no
endersement by the Subc m=10:ee of the above ;resc-1;;1cns is implied. No
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clear conflices between these prescr.P.. .,J anc -~"e *"*ce:nmenca:icns of the----

Succes.1 ee are known, however-
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