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Jezr Mel:

inclicsed for your information ang use is the resort summarizing our results
“or PWR Standard Propiem Numper One. The results contained in this renore
nave Deen previously presented ang discussed at several meetings of <tne
Containment Loads Working Group (CLWG).

wnile I have found the analvses of the standard probiems to be 2 very useful
venicle for comoaring ¢ifferent methogs “or evaiuating containment icads

anc exploring the semsitivities of these lcaas o input and mocel variations,
! continue to be concarmed about the application of the resuits of the s=an-
darc oroolem anaiyses. In sarticular, ! am troupied by statements <hat
containment will or will not fai] baseg on the resuits of the work af the
CLaG. My concern with such conclusions is twofold.

First, the congitions that way leag to contzinment failure are not well known.
Thus, any statement regarding the containment's apility :o maintain i=s
‘ntedrity must de qualified by failure criteria assumed. JUST wnat those
criteria should be are not at all clear at this time. Incicentally, the
containment failure criteria need not necessarily be of a thresnold nature.
Second, even if the failure criteria were well gefined, conclusions based

on the CLWG analyses ~egarding containment aslure would aooly cnly over the
range of conditions examined in the standars oropliems. Wwnile the parameters
consigered in PWR Standara Problem Number One are clearly in the range of
intarest, they are not exnaustive and may not sven be bounding. For exampie,
wnile the standarc proplem considered all the uranium dioxige and Zircaioy

in the active core, the amount of steel exiting the vessel could conceivanly
be greater than civen; one of the key factors affecting containment loags

#&s ‘ound to De mass of dedris involveg. Thus, great care snould be used

in zoplying the numerica’ resylts obtained.
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Mr. M. Silberberg
U. 5. Nuclear Regulatory Comm. 2 June 7, 1984

The above is not intended as criticism of the CLAG ef€ars or the standard
probiem aporoacnh. [ nave found the efforts of the CLWS to be most userul.
[ believe the group nas focused on the key issues, agrsed on approachnes for
treating many aspects of the propiem of defining conta' nment loads, and
identified some potentially important areas that have heretofors received
little or no attention. My concern is with the aoplicztion of specific
numerical results to reach conclusions that may not pe fully warranted, or
that may not be supportable given the information at hand.

[f [ can clarify any of the above thougnts or the enclosed report, please
feel free to contact me.
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PWR STANDARD PRUBLEM “UMBER ONE

INTRODUCTION

The objective of the Containment Loads Working Group (CLWG) is to
deveiop an updated technical position on the relatively short term (few hours
duration) containment pressyre-temperature loading following reactor vessel.
failure. A way of deveioping an understanding 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 actidents. Comparison
of the results of such analyses would bring into focus differences in the
understanding of the onenomena and methods used to treat them as well as areas
of agreement among the analysts. The analysis of a series of "stangard
probiems” was tne aporoach selected by the CLAG.

The first of the standard protiems seiected was the analysis of the
“steam spike" in 2 large dry containment PWR (Zion).

The particulars for the PWR Standard Prodlem Number One were given
'n the July 29, 1983, memorancum “rom M. Silberterg, NRC. This repors sum-
marizes tne anaiyses performed at 3at- telle’'s Columous Laboratories in conjunc-
tion wiht this standars oroplem.

APPROACH

types of analyses were per<ormed at 3at=el) e-Coiumbus on 2WR
Stancard Pv‘oolem Number One. The first type consisted of a series of hand
calculations to consider a numcer of simple guenching cases; the secand type
consistea of a number of MARCH 2 calculations to investigate the effecss ¢
various cepris-water intaraction assumotions on the oredicted results. Zach
of these sets of analyses is discussed deiow. 3oth the simple quenching
analyses as well as the MARCH 2 calculations assured adiabatic conditions in
the containment, i.e., heat lgosses to structures were not considered. The
latter condizion was imoosed on the stancarc 2robiem 30 simplify the analyses
and T0 assist in outting the severa! anaiyses on 2 common fcoting.



RESULTS

Simole Quench Analvses

A series of "hand” calculations were performed to scope the analyses,
define the controlling parameters, and indicate the range of centainment pres-
Sures to be expected for the conditions as defined in the standarg problem,
The first consideration was given to the amount of water availabie in relation
to the mass and heat capacity of the debris. Table I summarizes the water
available as given in the protiem definition or inferred from other parameters.
As will be shown later, i the accumulators are assumed to discharge onto
the debris in the reactor cavity, there will be more than sufficient water
%0 fully quench the core dedris. For the case of the 2.2 m depth of water
initially in che cavity, there will bde an excess of water availadble. Heating
of the excess water Dy the core debris was not considered in the simple
quenching caiculations.

Table II summarizes the resuits of the simple quenching analyses.

ATl the resuizs in this table are 2asec on <he duenching of 138,200 kg of
deoris, with the availadie energy going into the oroduction of steam. The
debris temperatures considerad are given in the table, with the (S) anag (L)
genoting solid ang fully Tiquid gepris at the given temperature. The table
entries for the weignt of steam (ASTM) in the atmosphere correspond to the
fncremental steam addi+ion for each of the individual cases considered. The
First entry corvessonds to the steam present in the containment prior to
reactor vesse! “ailure; the seconc entry gives the steam agaition From <he
diowacwn of the primary system, without any deoris quenching. The last four
entries in the WST™ coiumn aive the steam oroduced From guencning af the
dedris for sach of the assumed dedbris initial conditions. lNote that the maxi-
mum steam from deoris quench corresponds acoroximately to the accumulator water
inventory. The total pressure column, PTOT, gives the total pressure in the
containment for each of the conditions considered, including non-candensapie
gases as well as steam addition. The initial pressure of 0.40 ¥Pa was given
in the oropiem definition; *he pressure was calculated to rise %o .48 WP3

aue o the reiease of the orimary system steam fnventory. The atner antries
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correspond to pressures resuiting from the quenching of the aeoris for each
of the conditions considered.

As noted apove, the containment pressures given in Taple II are
tased on the guenching of 138,400 kg of debris. Figure ! presents the results
of containment pressure as a function of the mass of debris quenched. As
would be expected, the relationsnip is essentially linear. It may be noted
that the latent heat of fusion asiumed in these analyses corresponds rougniy
to 300 K of debris temperature; thus, the pressures for congitions not expli-
citly shown on the figure, 8.9., 2023 K (L), can be easily inferred.

MARCH 2 Calculations

Following the simpie quenching calculations discussed above, a num-
Ser of MARCH 2 calculations were performed; the MARCH analyses duplicated some
of the hand calcylations ac well as considering other assumotions of the debris
interaction w' “h water, as weil as concrete. In the MARCH analyses, no heat
Tosses to structures were considered, per standard orobiem definition, even
thougn it couid easily e accommocated. Thus, the relatively snort term pres-
sure peaks as derived from these analyses wouid be of arincipal interest, with
those taking jong times to deveiop deing suspect due %0 the neglect of heat
losses.

The MARCH calculations performed for the puroose of thise standard
arobiem analyses di+<ar considerably from normal MARCH calcula“ions. Rather
than starting the analyses at the ceginning of the accidenc segquence and letting
the code evaluate all parameters of interest thersafier, the MARCH inout was
Set up 0 geliver to the reactor cavity the quantities and conditions of core
dedoris as specified in the stangardg oroblem. Normal MARCH runs initiated
© from time zero would not necessarily yield the quantities and tamperatures
of deoris defined Dy the stancard proplem. Thus, the present set of MARCH
caiculations focused on “he dedris-water interaction model (HOTDRP) and the
containment response model (MACZ) in MARCH.

Table III summarizes the resuits of the MARCH analyses ana Figures
2 - 10 zive grapnical presentations of selectes resylss. The “irss thres
cases of Taple III consider rapig quenching of the core deoris “or an issumed
sarticie size of 5 mm and the deoris temoeratures indicated. These are analogous



to the simole quencning hand calculations except tnat the HOTDRP analyses
include the effect of metal-water reactions during the quenching process.
t s seen that appreciable additional clad oxidation was predicted enly
for the highest temperature considered, i.e., FZR goes from 0.49 at the
start of quench to 0.51 when quenching is complete. The corresponding
containment pressure and temperature responses for the three rapid quenching
cases as shown in Figures 2 - 5. The continued increases in containment
temperature following the spike due to dedbris quenching in Figures 2 and 5
are due to the fission product heating mode! in MARCH; the effect is par-
ticularly noticeadle since heat losses t0 structures are not considered in
these analyses.
Cases 4 ana 5 of Table III give the results for slow debris quench-
ing from particle beds, for two assumed particle sizes. Heat transfer “rom
the particle begc to the overiying water is avaluateg Oy the debris bed mogeis
in HOTDRP. In these analyses, the accumulator water was assumed to be injected
on top of the particle ded and there was no further, continuing water addition.
The results indicate that steam generation by the debris beds for the assumed
conaitions I3 mucn slower than quencnhing of isolateg sarticles, as wouia de
expected. It is interesting %o note that in the case of the small particle
size, substantial oxidation of the metals in the dedbris is predicted, indi-
cating poor coolanility and thus high particle temperatures during bed drvout.
For the larger particle size considered, the quenching of the bed apoears %o
be fast enougn to oreclude extensive additional reac*ions. Figures 7 and 3
show the containment pressure histories for these two cases.
Cases 6 and 7 of Table III consider minimal interaction between the
core deoris and water, but address the direct attack of the concrete; |ime-
stone and basalt concrete types are considered. The containment pressure
- histories for the two zases are illustrated in Figures 9 and 10. Containment
pressurization due %o concrete decomposition is seen to be much slower than
that due to water quenching of debris. The penetration of the basal: concrete
s seen to be greater than that of the limestone type. Since heat losses %o

- STructures are not incluged in these caiculations, containment pressur<=asion
S presented here is expected to be gverestimatad.



wm

JISCUSSION OF RESULTS

The hand calculations and the HOTDRP analyses of rapid depris
quenching yiela very similar resuits. This is to be expected for the
simplified conditicns assumed for both sets of ca]culations, The neglect
of heat losses to Structures is not expected o be a serious Timitation
for the short quench times predicted. Ixcept for extremes in particle
sizes, the containment pressure from deoris quench would be expectec to
be proportionz] to the stored energy in the debris. For extremely small
particle sizes, the reaction of the metals in the dedris may be significant;
for extremely large deoris par<icle sizes, quencn times may de iong enouln
that heat iosses to structures should be considereq.

For the cases of slow deoris guencning via particle ded, the twe
cases consigered show a depengence on the assumed size of the particles in
the bed. It will be recalled that for the cases considered, the particie
beds had initial overlying water layers with no further addition of water;
thus, whethar the seds wers in:rinsfcai?y coolabie or not, they would sven-
fually heat up due =2 tne evaporation of the coclant. For the case of the
iarger particle size consigered, the >ed quenched fast enough %o preclude
supstantial aadi+ional metal-watar reaction; +he Peak containment pressure
in this case is largely cue to steam Jeneration From the agebris quench.

The rate of ped quenching s, of course, much siower than Quenching of
Tsolated particles. In the case of the small particle size consigered, the
Sed did not cuench rapidly, staying at an aievated temperature, and led =3
substanital additional reaction of the meais with steam. For +he particular
set of parameters considered, all the Zircaloy claading, as well as a sub-
stantial portion of the steel in the dedbris, was oredicsed *o nave reactedq
with st . 0 generate nyarogen. while these calculations are Oy no means
definitive, they do indicate that for marginally coolable debris beds, or
beds that are subjecsed o dryout, considerable hydragen production beyond
that occurring in-vessel can be encountereq. While tnis additional hyarcgen
does not pose a threat o large ary containments 5y overoressur<=az<on cue
<0 the buildup of non-congensaples, its role in tne event of ayarogen burning



may need further consiceration. Also, the significance of such adaitional
hydrogen could be supstantially different in other containment desicns.

For limited interacsion of the core debris with water in the reacsor
cavity, early concrete attack would be encountered. The cases considered
unger these assumptions show that the pressurization of large dry containments
due to concrete decomposition is much slower than that from water gquenching
of the deoris. This is, of course, an expected result. The erosion of the
basalt concrete was faster than that of the limestone concrete. This, again,
is an known result.

While the standard problem specified both low pressure and nigh
Aressure meitdowns, only the high pressure cases were explicitly considered
in these analyses. For the same debris-water interaction assumptions, the
aifference between the nigh and Jow pressure cases would oe expected o be
the pressurization due to the reiease of nigh pressure steam, or about g.C
MPa for the present case. However, for high pressure meitdowns, there may
%8 a significant likelihood that the core debris wouid be ejectad from the
reactor cavity following vessel failure. In the latter case, the debris
2scaping the cavity would in aiil Tikelihood be aquenched Dy the water on the
containment floor. For the low Prassure meltdowns, tnere would de less ]ike-
Tihood of debris ejection from the cavity. Furtner, in the low pressure cases,
the rate of debris quencnhing may e limited by the apility of the steam o
Teave the cavity and/or the ability of water T2 enter the cavity. The above
duestions of deoris sjection ang countercurrent “low limitations on the rate
of debris Juenching were not exalicitly addressed in the oresent stuady.

CONCLUSIONS

The analyses discussed above have acdressed the guestion of the
steam spike loading due tn deoris-water fnteractions in 2 large ary contain-
ment design. The analyses show that the process of rapic dedbris quenching
<an be adequately approximated 3y 3 simple thermodynamic analysis. Siower
deocris cuencning, such as may take 2iace in a parzicle bed, may involve
significant chemical reactions in acgition to the heat trans<er orocesses



and may thus reguire more elaborate consideration. For the rance of condi-
tions and modeling assumotions considered, peak containment pressyres following
vessel breach were found =0 range from 0.48 %o 0.3 MPa, starting from the
given initial pressure of 0.40 MPa. The 0.48 MPa pressure corresponds to
Just the release of high pressure steam from the primary system to the con-
tainment with no contribution from debris quenching. The 0.81 MPa pressure
was calculated for a bed of 5 mm particles and included substantial hyarogen
generation during the bed dryout process. 3ased on the analyses performed,
and assuming that all of the core deoris as defined in the proplem interac:
with water, it is inferred that 0.5 MPa would represent a low containment
pressure loading, 0.8 MPa the high loading, and 0.7 MPa the nominal loading.
If less than the entire dedris is assumed to Participate, the loadings would
be correspondingly Tower. These pressure loadings assume that the energy
in the dedbris goes into generating steam and/or decomoosing concrete, inclye-
ding appropriate chemical reactions. These containment loadings do not
include consideration of the direct heating of the containment atmosphers by
the debris, nor the air oxidation of the metallic components of the debris.
Such conmsicerations Tay increase the contzinment sressures above those zalcu-
latea in the present anaiyses. The most significant parameters with regard
L0 the pregicted containment pressure loads were found to he the mass anc
temperature of tne depris shat undergo interaction with water.

PWR Stancars Problem Number One was nosed to sxamine the so-calleg
"steam spike” loadings in a reoresentative large arv containment. The probiem
dic not include consideration of hyarogen burming. It is not clear that
duestions of containment joads due t0 hydrogen burning snould be exc . uged
from consideration for these types of containments. In the cases invoiving
rapid steam generation, hydrogen burming would be precluded by high partial
Sressures of steam. [n the absence of large steam soikes, or in cases wnere
tne steam generation takes place over extended periods of time, hydrogen
durning may not bSe precluded. Since the standard propiem as posed 4id not
include heat Tosses (steam congensation) to structures, it is not sessible
t0 draw conclusions regarding the |ikelihood 2ng magnitude of possible hyaro-
Jen durns under the conditions considered.



WATER AVAILABLE

Accumut ATor
0.5 n Deptn

3.2 n Depin

TABLE 1.

90,000 ke
17,812 ke

113,979 ke

%< Ballelle
Columbus Labosatonies j
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2533(S)
253341)
2033(S)

3033(1)

WDBR = 138,400 ke

WSTH, K6

133,357

10, 560

60,770

76,630
46, 464

90, 904

IABLE 11

0.40
0.48
0.67
0.71
0.63

0,74

f’lOl, MPA

S<Ballelle

Columbus Laboratories
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CASE

ThBR, K WSiM, kg
2533(S) 58,469
2533(L) 75,615
3033(1) 09,994
2533(S) 88,543
2533(S) 79,606
2533(S) 36,252
2533(s) 7,250

WOBR = 137,644 kg

. PRESSURES, MPa

or,
PHCD - PSIN PTOT sec
. RAPID QUENCH
0.2 0.54 066 17
0.13 060 0.73 16
0.13 065 0.79 12
SLOW (DEBRIS BED) QUENCH
0.7 0.64  0.81 1060
0.13 059 072 770
~ DIRECT CONCRETVE ATTACK
0.13  0.49  0.61 3600
0.4 0.5  0.20 3600

TABLE 111.

FIR = 0.49
0.53

N

FIR
FIR = 0.6)

OF = & wm, FIR = ).0,
FIE = 0.86

DP = 25 wm, FIR = 0.63,
FIE = 0.09

FIR = 0.47, D = 12 cm,
DR = 10 cm
Limestone Concrete

FZR = 0.96, DZ = 44 cm,

DR = 23 cm
Basalt Concrete

%< Ballelle

Columbus Laboratornies
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(9.4.3)

Dr. Trever Pratt
Buildiag 130 . (q. L°. 3)

3rockhaven National Laboratory
Upton, N.Y. 11973

Dear Treavor:

Attached you will find the letter feport which details Sandia's
MARCON analysis of the B3WR MARK I aad II Standarsd Problems as
outlized ia tle January 20, 1384 Memcrandum from Melviz
Silbezburg, "Completion of 3WR MARK I, MARX "I Standazd
Problems." Ia general, we have retained the case aumbers used
ia that memc with one exception. The Case . fesults with 2e:zo
upwazd pool radiative heat transfer 2as been labeled Case 1C.

You will £iad a fairly complete description iz Section I of the
dssumptions used ia the analysis as well as the iapoeztant
Physical properties. The resulcss for the MARK ! calculations
are found in Secticm II while those for the MARK II ara laocated
in Sectionm III. Appendix A conta’as a brief desccipticn of the
MARCCON mcdelizg used in these calculations. Please note that
the MARCCON nodelizg for the 3WR analysis was developed AD =HOC
for tlat specific purpose and that the medeling is still iz a
developmental phase. A listizg of the updates faor *Rardwiziag"
the iaitial conditions and a listiag of the MARCH and CORCON
iaput decks for MARK I Case L and MARK I[I Case S arce iscluded
in Appendix 3.

An attempt 2as been made to address the problem which was
discussed at tle May 10, 1984 Chicago workiag meeti:z cegacdiag
tle eflective concrete leat capacity during coscrete degassiag.
TSe deat of vaporization for the free water contant together
witd the heat of reacticn for decomposition of the bound water
Bave been added to tle heat capacity over tle assumed tempera-
ture range. T3le effect is an increase (over tie deaydration-
temperature sange, 2CC-500°F) ia Cp of approximately a factor
of 3. Ia terms of containment response, the pressuces arce
lower by 35S to SC psi (for Case 1) and the temperatures were

RT



Zeduced by neazly 200°P.
higher value of Cp should apply only to the temperature range
over wnich degassiag occurs and cnly to tlhe spacial ncdes that
are witlia tlat temperature range the current MARCH code
modeling does not allow for a temperature or positional depen-
degce iz thermo-physical propesty. As a resul:s, the csmstant
CP \used should over-predict the heat absorbing capacity of the

concrete.

-2~

I

It should be 30ted that, although the

If you have any questions, please contacs me at (50S) 846-2486.

RDG:6411l:¢cqgt

Sincezely.
- A) ‘-/
A XYY
R. D. Gasser

Reactor Safety Technology
Division 6411

ttaclment

2438

Capy to:

3CL P. C7bulskis, w/ace §410 J. W. Hickman

3NL G. A. Greene, w/att §41. A.°*S. Benjamia, w/atst
gl §4lL V. L. Behr, w/att

NRC M. Silbezbuzsg 6411 A. L. Camp

NRC T. J. Walker €411 R. D. Gasser
,CRNL S. A. Hodge, w/atc: §422 D. A. Powvers

Purdue T. Theocfanous §440 D. A. Dahlgzen

EMA C. J. Shaffer, w/ate §442 C. V. Subramanian

SAI L. N. Smith, w/att §444 2. XK. Cole



MARCON Results for Mark 1 &1
Containment Standard Problems

R. D. Gasser
P. B. Haskin
V. L. Bear
C. Shaffer
L. Saich

May 1384



I. INTRCDUCTICN

The series of seven cases outlined ia Table 2 ¢f Referencs
for tle BMR Marzk I standazd problem togetier with ven of the
-Bise cases identified for tie Mark II standazd p:d%f?i'ﬂ???“‘
been run at Sandia utiliziag the MARCON code. ™hese cases
gomizally consist of a baseline case (Case 1 for the Mark I and
Case S Zfor the Mark II) and a aumber of additional cases ia
which key parameters have been varied (see Tables I[.l and L.2)
to deterxzine the sensitivity of the contaizment response to
those selected parametars. The term “baseline” here refars o
tle case against which other cases in the current analysis arze
being compared. It does not iamply a higher probability. An
additiocnal case was insezted in both the Mark I and Mark II
matrices in which radiatiocn fzom the top susface of the molten
peol was “switched off* with a view to assessing the relative
effects of dryvell Reatiag due to radiation and gas generation.

This report is organized into three maia secticns: an
intzoductory section, a section covering the Mark I standarcd
problem, and the last section which treats the Mark II standarzd
problem. Ia addition, a brief description of the MARCON
mcdelliag is iacluded ia Appendix A. Appendix 3 contaias a
listiag of the iazput for the baseline cases.

The primary tool used ia the Sandia analysis of the 3WR
standard problems was the MARCCN code. Por a detailed
description of tle MARCON code, see Appendix A. Ia brief,
Qcwever, the MARCCON code consists of a composite *"hard lizk* of
the MARCH 2.0 (Version 1ll) and CCORCCN MCD2 codes. The CORCON
code has been utilized ia MARCON to supplant tae INTER,
subroutine in MARCH. Botlh INTER and CCRCON calculate tle
source terms which emanate from the tlhermal and chemical

. iateraction of molten core debris with zscnezete ia the reactar
cavity, but CCRCON is considered to be significantly more
‘sophisticated than the older INTER code. I2 tie version of
MARCCON, which was utilized in the present analysis, the CORCON
code delivers enecgy %o the drywell atacsphere ia two ways.
First, the gases generat~d ia the attack of moltez debrcis upen
concrete coavectively triasfer heat from tle pocl %3 the
atmosphere. And secondly, heat is transferred fzom the molten
pool surface dizectly to the atacsphere dy zadiation. The
assunption is made ia the latter zmechanism that sufficient
derosols, steam, and CO9 are presant ia the atlosphere to
tender it opaque to radiation. Ia addition, it is assumed that
the drywvell atiaosphere is well mixed dy natural coanvection and
by the gases generated in the mclten pool, and that the aerssol
pirticles are in tlhermal equilibrium with the ataospheze. The
code das been modified to iaclude radiative heat transfer from
tle drywell atmosphere to tle containment passive leat
structures as wvell.

1
-



A ratle:r siaplistic model was developed and iacluded ia the
MAZCCON code in an attempt =2 assess the Ragnitude of the
contributicn to containment tesponse due to degassiag of the
conciete Reat structures ia contaizment (see Appendix A for a
description of the model). The model allows for tle ocutgassing
of botl steam and Co,, dependiag on concrete composition. To
allow for diffusional delays, the steam. fzom free and bound
water) for example is assumed %5 come out of the concrete
linearly over a specified (iaput) temperacture fange. Iz tais
andlysis, it was assumed that steam begins ta outgas at 200°F
and is completaly removed Y SC0°F (to allow for the presence
of bound water). The model has some inherent problems, the
20sST serious one being the difficulzy of accouatiang for the
energy involved ia phase changes azd chemical zeactions.
Without completely removiag the finite difference soluticn used
for the heat structures ia MARCH and incorporatiag a solution
that iacludes volumetrzic Reat sources and siazks and convective
teras, tlhe problem cannot be solved cigozously. however, an
approximation can be made by ad justing the concrete heat
capacity to account for these effects.

It should be emphasized that the accident scenario whicha
2as Deen analyzed ia the present exerczise mUST 2ot be construed
T0 De cne tdat ve necessarily believe o he cealistic o2
cradible. The ocbject of these exercises was tO compacze resulcts
obtaized at a number of laboratories and to identify areas of
uncecstaiaty ia phencmenclogy and methodology that WAy zequire
more detailed study. It is fel:, for example, that a high
pressure failure of the primacy system is not consistent with
tle rather limited distridution of core dehris (tlzee to five
Betars) that Ras been specified ia both Mark I and WMark oI
standard problems. Similarly, altiocugh such questicns as

izect heating effects and the passible enerzgetic relocation of
¢ore debris into the Mark II wetwell have heen treated
separataly tlese effa2cts have not heen dizectly factorzed iato
tle assessment of ccontaiament response.

Table I.3 contains scme of the physical properties and
compositions of the concrete Reat stouctures. Table .4 shows
tle composition of type 104 stainless sceel togetler wita
chemical reacticns by which the steel is believed o e
oxidized during the core melt phase. These reacticns arce used
to estimate tle quantity of hydragen generated in-vessel and =a
establish the iaitial composition of the molten debris at tx
tilne of vessel failure for the various conditions defined ia
Tables I.1 and I.2. The quantities of the chemical species
present ia the debris at vessel failure are givean ia Tasle I.5.

-l



TABLZ I.l: Marck I Standard Problem Defiaitions

Case i 1A 13 2 3 1A -
Cofiua Spread, o + 5 S S 3 B 5 3
Defizis Temperature, P 4130 4130 4130 2700 4130 4130 2700
Conczete Type L L L L 8 B 8
Pree H2O, © 3 6 3 3 4 8 4
Steel ix Corium, 1lby 140K 140K 85K . 140K 140K 14ok 14CK
Pool Losses, % o} Q 0 o 0 o} 0
ey .

L - Limestone
38 - Basalt

-‘-




TABLE [.2:

Mark II Standazd Problenm Detfinitions

Case 5
cggiun Spread, = 5
Doﬁris Tempecature, ? 4130
Concrate Type L
Free H0, % 3
Steel ia Corium, 1lby 14CK
Pool Losses, o Q

SA 53 - 7
. . 3 :
4130 4130 2700 4130
L L L B
B 3 3 %
140K  8SK 140K 140K
0 0 0 0

7A
-

4130

140K

Q

14CK |

Q

K=Y

Limestone
3asalt

o
LI}

-5-




Material Properties for Diffarent Cancrete Types

. EDzopezzy

rn?:nar Conductivicy
(W/ca/X)

Specific Heat
(J/qm/X)

Density (g/cald)

Weight Practions:
8%

Caco,
Ca(CH) 3
S$i0¢
Free H,0
Al204

Solidus Temp. (k)
Ablation Temp. (k)
Liquidus Temp. (k)

Enissivities
Conczete Surface
Cxidic Phase
Metalic Phase
Suczoundiags

Rebar (qu!/quONC)

Table I.3

Lizestone(L)

0.0138%

0.996
2.52
EL ]

Q.80
Q.18
Q.01
0.03
Q.01

1630
170
187%

o Q000
~N vt n

.138

COOo0o0oo

6%

.77
.18
.0l
.06
01

2asalz(3)

c.01s

O0o0o0O0

13
14
16

QO0O0O0

o

R RV R

.01

1

.57
-Q4
.20

sQ
S0
3Q

«138

0O000O0

.0l
.18
.53
.08

-

. -



Table I.4¢

Clemistry and Debris Composition

304 Stainless Steel cz 1%
Ni 9.5%
> Ma 2%
< si b8 3
/ Fe 63.5%
c <.1l%

15% Steel COxidatiom According zo:
Fe + 2Cr + 480 = FeCz 04 + 4E$
Excess Fe Accordiag to:
Fe + H0 = Fe0 » g4
la-vessel Oxidation of Zr for EZquivalent Oxidaction
of 13% Iz + 15% Stael for 140,000 and 35,000 15.
140,000 Lb. FDCR = .277%8

85.000 Lb>. FOCR = .2197



Table I.5

Debris Composition at Melt-tirough

STEEL ~eew 140,000 Lb. 85,000 15. }
- 19 Xg Lo, X3 ;

U0z 280,000 127.000 280,000 127,000 |

2z - 100,080 45,1382 100,080 45,382

Fe - 81,518 36,974 49,491 22,449

cz N 22,610 10,256 13,727 6,226

. }1 . 12,330 6.033 8.07% 3,663

12207 = 20,194 9,160 20,194 9,160

gc:zo3 - 5,832 2,645 3,541 1.606

§P00 - 18,506 9,394 11,236 5,096

Euic B 0.0 0.0 9.0 0.0




II. MARK I 2BSULTS

As indicated ia Table I.l, there are five parameters that

are allowed to vary ia the Mark T standard problem matrix.
These include the area of depositica of the core debris, the
igicial debris temperature, the concrete compositicna, the
quantity of free water ia the concrete, and tde quaatity of
steel that comes with the debris At vessel failure. Of these
five parameters only four have been allowed to vary iadepen-
deatly.” The deposition area and the debris temperatures were
varied together. The folleving are the general conclusions
fegardiag tlese four independent mcdes of variation:

5. 2 wWazs ) - Doubliag the free water
content resulted in more severe drywell
condition with pressures 10% higher for
limestone and 10% hDigher for basalt concrete.

- 3 - Decreasing the guanticy of

steel resulted ia only marginally lowver
pPrfessures and temperatures.

3. 12 T Dencsgizs - The
combinacion of lower initial debris temperature
and larzger area of deposition was, By a wide
margia, tle most seasitive Parameter
cembizaticn. At three hours tle pressure wvas
315V lower for limestone and jearly 40% lowver
for basalt concrete. Peak drywvell temperaturas
wvere ceduced by l00°F and 200°F for limesctone
and basalt concretes, fespectively.

4. - - As exdectad, the large

quantities of aon-condensibles evslved from the
decompositicn of limestone concrete resulrted ia
significantly higher drywell pressures (33%
higher) while produciang oaly marginally higherz
dryvell temperatures.

In general it appears that, altlough the containaent was aot

allowed to fail ia tlese calculations, there is a high proba-
bilicy that it would fail withia twe hours. The steel structures

wi

thia containment heat up s 700°° By twWo houzs. This is well

Seyand tle design criterion for valves and Penetzations.
Pressurzes are cleazly beyond curzently estimatad failure
tiresholds at two Dours. It is not clear which loadiag would
initiate failure. It seenms likely that siance both temperacture
and pressure loading reach czitical magnitude at roughly the
same time, the two loadiags would combine ta produce a Bbreach of
containment.



Baseline Case (Case 1)

The baseline case for the Markx I standarca problem is Case
1. Results for this case together with the tabular zesults for
all the cases ideatified iz Table I.1 are Pfesented iz Table
13vds

. Tle sequence as defined ia standard problem Case 1 leads =o
co{o melt and vessel breach. Since the standazd nroblems call
£or 30%. of the core to participate ia the melten core/conczete
iateraction, tle power level ia MARCH (QZZR0) was reduced to 30%
of full power. The result is that vessel failure (257.5 min) is
delayed deyond the point that it would nermally ocsur, but the
specific powver level in the ex-vessel Phase should properly
RATcA tle quantity of core debris present. The cors debzis is
assumed to spread over a circular area with a tadius of five
meters, and begia thermally attackiag the limesctane conccete
basemact.

The drywell pressure and temperature traces are shown ia
Piguzes II.l and II.2, fespectively. The temperature plat,
Jowever, appeazs %o more stzongly iadicate what is eceursiag i
tle core/concrete iateraction phase so that feferzence should be
made to it duriag the followiag discussion of the resuls
Iaitially the debris enmters =2e dzywell at a tigh temperaturce
(4120°7) and the rate of convective and tadlative heat transfer
fzom the pocl to the Atnosphere is quite Righ. The secand
temperature spike in Figure II.2 (after vessel failuze, 257.7
min) corresponds to the dizace Reatiag of the atacsphere as the
core debris radiates. TXe 2igh heat fluxas quickly zesult in a
crust which builds at the top surface of the debris and begins
to iahibic upward radiatiom. As a result, leat transfer from
tle atlosphere to the heat structures reduces atacspheric
temperature from an early peak of S45°F down to 460°F ac about
265 mizutas. 3y this tize the generating of hot gases fzom tlhe
decomposition of tle concreta basemat becomes a significaat lheat
scurce and tle drywell temperature again begias ts iacrease. A
jJeneral upwarzd trend continues until about 29% misutes at which
tine tle temperature is §60°F. AL this poiat the 3metalli
zizconium is depleted. With the loss of the Qighly exotlerzamic
zizconium reactions, the peol temperature dzops rapidly wich a
rfesulting drop ia upward energy transfer and a slight decline ia
drywell temperature. At 305 minutes the density of the heavy
oxide layer has been reduced "o the poiat at which it is less
dense than tle metallic layer. A layer inversion occurs at this
poiar. The metallic layer sinks %0 the bottom and the heavy
oxide layer is mixed with the light oxide layer at tle top. The
fesult is that the crust, lhaviag bdeen composed, of solidified
iigh= oxides, remelts iats the Rotzer compesite oxide layer.
Witk removal of the czust, heat is again radiated dizec=ly fzom
tle molten pool surface, and gases bubble dizectly thzough tihe
Bot oxide layer rather thaz deiag routed around the layer as



9CCuUIs in the presence of a cIust. Agaia, with the iacrease
Beatiag rate, tle atdosphere respoands with a shazp iacrease in
temperature. Tle drywell temperature contizues o increase for
an additional 30 minutes until at 328 mizutes (about 80 aiautes
alter vessel failure) the oxide layer sclidifiag focaiag a thic
CIust over tle top of the still molten metallic laye:z.
Radiation from the pool surface is agaia iahibited and, although
gases continue to be generated at the interface Setdeen tlhe
cogcrete and the molten metal layer, the heat addition cate to
thed ataocsphere is less thaa the heat tzansfer cate to the
passive heat siaks. Consequently, the atacspheric temperature
declines from a maximum temperature of 820°F (at 338 aian) and
appears to be approaching a steady state temperature 2f about
710°?.

Clearzly, given the loads imposed om the containment stIuctuze
(220 psia at two hours and 246 psia at three hours), and assuming
a failure pressure on the order of 140 ?eia, it would have either
failed prior to two lhours (after vessel failuze), or pechaps
developed leakage patiways out of csntaiasment of sufficient
magnitude to stabilize the pressure below the point of
catastrophic failucze.

To establish the relative efZect of radiative heat transfar
fzom tle top of tle molten pool, the baseline case vas re-zcun
settiag the pool surface thermal diffusivity to zerzo effectively
“switchiag off" upwazd radiative eCergy transfer. Ia addition,
f£or the MARCON case (labeled Case 1C ia Table I71.1), the wall
concreta degassiag model was disconnected so that a more dizect
compaczison could be established with the results obtaized at
Qtler laboratories.

Elimizaction of upward radiative heat tzansfer resulted ia
somewhat more rapid concrete penetration, and, therefore, tigher
.gas generation cates. This is clearzly seen ia the radial and
axial penetration shown for Cases 1C ia Table II.l. However, ia
tle MARCCN results, the iacreased gas generatiocn-rate does aot
7ffset tle loss of radiative heatiag, so that the pressuces at
90ta two hours and tliree dours are :cce than 10 psi lower than
tle baseline case, while the peak temperati-e is reduced by
260°F (fzom 820°P to S560°P). The tinme histories of the
pressures and temperatures for Case 1C is shown ia Figures II.3
and II.4.

‘iil 13

This is the first of t"he parametrzic cases. It is the sanme
48 tle baseline case except that tle concentration of free water
ia the concrete is iacreased 7 a factor of two (fzom 3% to 6%
Sy weight). The effect t2at is seen in the MARCON analysis is
Probably more dramatic than would Se seen in a MARCH code calcou-
lation. This is oot only because the steaam source term ia the
Core/concrete reaction increased, Hut the steam source tera ina



the MARCON degassing model is also increased. The latter effecs
is somewhat damped by the correspeondingyly increased concrete
heat capacity due to the presence of additional free water, but
the overall effect i3 a net iacrease in pressurze ranging from 20
to nearly 30 PSI (at two and three hours, tespectively).

Drywvell temperatures remainza substantially the same. Drywell
pressurle and temperature graphs for Case 1A are givenm ia Figures
zx;s and II.6. .

Cade 13

Ia this case the quanticty of steel assumed to be in the core
debris was ceduced to 85,000 1b (140,000 lb was assumed ia
Case 1). Othervise, the case is the same as Case 1. Figures
I1.7 and II.s give the containment response for Case 13.
Appareatly the results are nct sensitive over the range of the -
pParameter variation. The pressurze was only a few Psi lowver

while the peak drywell temperature was reduced by about S0°F to
775°P.

Case 2

Case 2 is significaatly diffarent fzom the previcus cases in
tlat two ratler sensitive parameters were varied, the extent of
Sasemat surface area over which the debris is deposited (taree
meter radius rather than a five meter radius) and the initial
temperature of tle core debris (2700°F rather than 4110°F).
Botl of tlese changes would be expected to reduce the severity
of the contaiament conditions. The smaller peol svzface area
and the lower temperature both lower radiative heat transfar ta
the atnmosphere, and tliis has already been demonstrzated =2 se an
important consideration ia zegarzd to drywell heatiag. TXe
containment pressuze and temperature for Case 2 are substan-
tially lowver than those obtained for the Case 1. The peak
temperature is 100°PF lower, and the pressure is lowver by neacly
*90 psi at 3 hours. Pressuze and temperature plots for Case 2
are given in Figures II1.9 and II.10.

Gase 3

Case 3 is the same as Case 1 except that the concsete
dggregate is assumed t3 be basalt rather than limestone. The
Zee water content is alsc slightly higher (4% versus 31%). The
diffecence ia containment zesponses (see Figures II.ll aad
I1.12) betveen Case 1 and Case 21 is due to the absence of =he
lazge quanticies of CO, and CO that are present ia tle base-
line case due to the decomposition of limestone.

Three hours after :elt-thsough, for example, a compacison of

the partial pressurzes of the various constituents iz the drywell
and vet well for cases 1 and 3 arze as follovs:

olle



Gase 2A

Ia this case, the coaceantration of free water iz the bdasalt
concrate Ras been inczeased to 3% from the 4% which was used in
Case 3. The net result is somewhat Qigher drywvell pressures and
temperature (see Table II.l, and Pigures II.13 and I1.24).
These are due to enhanced steam flowrates osut of the concsete
and tle fact that penetration rates were more capid for.this
case.

Case 4

Case 4 (Pigure II.1S and II.16) is the same as Case 2,
except tlat Dbasalt concrete was employed rather than limestzne.
The debris temperature at core mel: is assumed to be 2700°F and
tle debris is spread oo the drywvell floor ut %3 a radius of 13
meters. The same sort of comments that wvere applied to the
comparison of Cases 1 and 2 can be restated witd regard to Cases
3 and 4. It was concluded from the earlier comparison that the
combization of initial debris temperature and the area of deb:zi
§pread out were particulazly significant facs=ars ia the
containment response. The same eoffects are obsezved ia Case 4.
The drywell pressures at 1 hours far Case 4 is enly 112 psia as
opposed to 153 psia for Case 2 while the peak temperatuze is
down tTo 533°F compared =2 720°F ia Case 2.

There 15 apparently some disagreement hertween Sandia and
3rockiaven oo tle results obtaizad for the MARK I standa:zd
problem. The case which should give the closest comparison with
an equivalent 3rocklaven case is Case 1C. A compacison of the
differential pressure at 3 hours zeveals =he Sandia resulcts oo
be about 50 PSI higher than 3rockhaven's resulss. Ia an effart
t0 identify the parameters ia the MARCON azalysis that most
stIongly effect the results, some additional cases were ~un and
compared witl Case 1 and Case 1C. Pigures II.17 and I1.13 show
‘these comparisons. The solid line om these plats represents the
configquration for Case 1C ia which the correction Ras heen made
T0 the concrete lteat capacity to account for the heat of
vaporization of free water and the heat of decomposition of
Scund water. Ia addicion, degassiag and upward radiacion heat

rfansfer were “turned off-. leacly, the largest effect resul:ts
from failing to adiust the concrete Reat capacity (dashed

Line). Usiag a more appropriate leat capacity (hyphenated lize)
witlout upward radiaticn yields slightly highers dzywell
Pressures witl 2o change ia temperature. Fiaally, adding iz
upward radiation (dotted line) yields what is believed =3 be an
appropriate result. This curve corresponds to Case 1 ia Table
II.1 and shows pressures about 4C PSI higher than the case wit
20 degassiag and no radiation. Pigure II.1.3 cleazly shows the
sticng effect of upward radiation on drywell temperature.
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III. MABRX II RESULTS

A summary of results for each case is presented ia Table
III.1. Shown are tle drywell temperature and pressure, steanm
pressuze fraction, contaiament surface tempezatures, azd the
concrete penetratiocn distances. The data was taken at Soth 2
and 3 hours after the vessel failed. The peak drywell temper-
ature is also shown. Case 5 was also run using MARCON's PWR
.ogols described ia tle summary attachment. The PWR calculation
which will be discussed later was done %o test the iapact of tie
3WR assumption that all the thermal radiation goes dizectly o
the drywell atmosphere. Also listed ace calculations ia which
there was 20 tlhermal zadiation from the dedbris suzface (¢ = 0)
for Case 7. Tiis wvas done to czeate a consistent calculational
approach for comparison with other laboratories. ,

Several specific comparisons aze p:cnnﬁtod ia Table III.
The drywell pressure at 3 lours, the peak drywvell temperacucre,
acd tle vertical concrete penetration at 3 Rours ace compaced.

1. Type of concrete - Higher drywell temperaturzes and
Pressures arfe encountered witl tle lizestone concrete
while the deepest vertical pesetzatiocn is found with
Sasalt concrete.

2. Pree H3C -« A 2igher pezcectage of free H20 leads to
Bigher drywell tempecatuzes and pressurzes, and 2igher

vertical concrete pesetzation for bdotli types of concrete.

1. Corium temperatuze and spread - The highers Temperatuze
corium .which spreads furtler leads to 2igher diywell
temperatures and pressures dut lower concseta
penetration.

4. Steel i3 corium - Reduciag =he steel i2 t2e corium
teduced tle pressucze slightly and reduced tle dzvwe.l
7oAk temperature dut lacreased tle concrete penetration.

Sase 5

The contalament pressuzes £or compastments L (dzywell) and 2
(wetwell) are shown ia Piguzes III.1 and III1.2, rzespectively,
and the compartament temperatures L2 FPilgure II1.31. The lowver
vessel RDead falled at 253 nisutes. The pressures lacrease after
Nead failure witld a change L2 slope at about 140 amiautes. This
change L2 slope cocresponds to a4 reduction ia tle drzvwell
temperaturze shown ia Pigure II1.3. This reduction {2
temperature i{s caused dy a reduction L2 the debris surface leat
transfer. Pigure II1.4 shows the cates of energy added %o tihe
contalament ataosphers. The total radiative and convective leat
tranefer fzom tle debdris surface (s shown with the solid line.
AlSo shown are tle Jas entlalpy rates £or the Jases Zeleased v
the dedcis, tle gases released by 3¢ wall deqassing model, aand
total rate of energy added to the contalament,

wld-



TRe pressure plots also show the partial pressures for
steam, dydiogen gas, and acn-condensible gases. Steanm
coatributes roughly ome third %o the dryvell pressure while the
vetwell is dominated by zcon-condensidle gases.

The left surface node temperactures for concrete, lined |
concrete, and aiscellanecus steel slabds arce shown ia Figure
II7.5. The surface temperatures encountared ia the steel and
stgel lined slabe are higher than the concrete surfacs |
temperatures.

The temperatures of the melt surface, tle nelt upper layer
bulk, and tie drywell Atacsphere are shown in Piguze II1.6. The
melt rapidly develops a surface csrust which lovers tle
temperature of tlie melt susface, and tie surface Qeat transfecr.
The top and bdottom melt suzface scusts Are shown ia PFPigures
II11.7 and III.8. CORCON calculates a layer 21ip at about 101
miautes (13050 seconds) ia which the Beavy oxide layer on the
bottom changes place with the metallics layer above it., The
Beavy and light oxide layers then combine to fora one layer ca
top of the 3etallic layes. 7This layer 2119 is i{llustzated with
the nelt layer densicty plot shown ia Pilguze 111.9. The densicy
PLOt shows tle density of the leavy oxide (HCX) decreasiag uacil
it equals the density of the metallic layerz, tlen e f1lip
geeurss. After the flip, the suzrface temperature (s about equal
0 tle Ddulk temperature of tlhe upper oxide layer., The
Semperatures Iemala equal until a zew suzface esust is able 20
form at about 340 miautes (20400 seconds).

The melt ia this caleulation starss out with 451380 kg of
metallic Ir. The 2r is oxidized at tie czate of about 20 £3/8
and is completely oxidized at about 296 mizutes (17740
seconds). When the oxidation i{s complete, the dulk and sucsface
tempezatures 20tld starzt %0 deczease.

The resulting vertical and radial penertzatiosn of the mel:
Lato tle concrete is shown i3 Piguze II11.10. The yenetzatiocn
fates decreased after tile layers flipped. At 1 houss after
vessel fallure, tle vertical penetration is contiauiag at a
falzly staady jpace.

The rates of CO, €Oy, Hy, and W0 gases feleased f:om
the melt aze shown ia Pigure I11.11°and the sumulative releases
Afe shown ia Piqures [I1.12 thzough III.15. The zeleased gases
dce dominated by CO, followed by C0s, then Hy aad H.0.
The cumulative nass of gases Celeased at a eian ot louss after
Vessel falluze aze 46318, 2637, 185136, and %09 ldm for CO, <03,
Hy. and H30, respectively. Thue zelease cates for CO, 404,
and Ha0 aze tie dighest right after the layess 2149 ia CARCEN,
The bighest Hy rate is defore tie laver f1.p.

The H30 celeased by the degassing of the unlilzed zsnczets
‘2 the contalament is shown L3 Figuze I11.16 L2 a compazison



with the lzo feleased by the melt. The H20 released by
deqassing is considezadly higher tlan the H;0 released by the
melt and is a significant comtzidution %o tle coataizment
pressure.

Calculations wvere nade to deteraize the disposition of
energy witiin the containment System at 2 and 1 houss after
vessal failure. Tvo souzces of energy additions %2 the zon-
taiament iaclude the fission Produce decay heat witiia the
contaiament and energy transfer i3to the containment from the
melt surface deat traasfer and the enthalpies of the released
gases. About 20% of tie increased energy deposited ia the
containment comes from fission product decay heat. The lazrgest
amount of tle energy added to tihe contaiament (~490%) goes iLato
Beating the coataiament walls. The aext largest amount goes
iato heating the sump wvater. Any models iavelviag heat transfer
between. tle drywell atmospheze and the walls such as the new
tadiative deat transfer model arce quite iaportant.

Gase 5 MARCON PWR models

Sasically the BWR models added =2 MARCON assume that all the
taecmal radiaction from the t9p of the debris §oes dizectly 20
the diywell atacspheze and that the Ataosphere i3 well mizxed dua
t3 convective flows., [a addition, the 3WR model allows for the
degassiag of concrete. To test the lagact of tlhese dssumptions,
tie Case § caleulation vas fepeated using the MARCON PWR reactar
savity models. Witk these models, the fadiacion heat transfecr
goes lato the ceactor Cavity atnosphecse, most of whizh goes Late
Ablatiag concrete, and the concsete heat stiuctuzes (2 the
dzyvell are not allowed to degass. The results of this caleula-
tion show a reduction ia the contaizment pressuze (Table III.L)
AT 1 hours of about § peia with a peak dzyvell tempezature of
About A4S6°F (Tadle III.L). The dryvell steanm paztial pressuze
18 reduced primacily %ecause tlece i3 2o contaiament wvall
degassiag. The melt dulk and suzface tempecatures and tie
CRACTOr cavity atmosphere tempecature ace shown ia Figuze
PI1.17. The reactor cavity atamosphece temperatuze is ia the
Aeighdocriood of 2900°F whnich tends %o zeduce melt surface heat
transfer, Keep tie melt dulk tempecatuse Bottar, ceduces :lae
thickness of the surface crust, and cesults ia slightly higher
GORcIete jenecration 4istances. The rates of COy and Hy0
Fases eledsed by the nelt are about twize as Bigh with the PWR
models while the CO and Hy rates remala about tie same. The
diffecences 12 the Zesults between the PWR and BWR models aze
considecable.

Saae 3A

Case SA i3 a variation of Case § (a whnich the free K20 in
the conczete was lacreased fzom J %o 4N, THe fesult (Table
LIL.L) of the Lacceaned H20 i3 a4 pressuce (3crease 2f about
8. This pressucre Lacrease i3 due %o BNigher zates of Hy and

.,‘-



The basaltic concrete causes the CORCON calculatisa 1]
Sebave much differently thas it did for lizestone conccsete. The
layer f£1ip causing tle Reavy oxides to merge with tie light
oxides occurs much earlier at about 263 aizutes (16,100 seconds)
or about 10 =mizutes after vessel failuze. The metallic 2z ia
the debris reacts at a slover rate, i.e., about 9 Kg/sec
faitially and 0.6 kg/sec at 3 hours. Only about 50% af the 4
is ox.dized at 3 hours after vessel failure. THis slover
redction rate allows the debris %o cool %o a temperature about
SCU*K colder tian Case 5 as shown ia Pigure II1.2% tesultiag ia
lover energy rates added to the drywell atacsphere (FPigure
IT1.36). The top and bottom crust plots iadicate that tie
debzis has frozea at about 320 mizutes (19200 seconds). The
vertical concrete pesetration distance shown ia Piguse 111.27 is
::::::icaatlr lazger than the corresponding lizestone zonccetes

.. '

TRe rates of CO, COy, Hy, and HyQ gases released 2:om
the melt are sdown {2 Figuze III.28. The cumulative mass of
gases celeased fzom the melt at a time of 3 louzs after vessel
failuze aze 159, 122, 2128, and 2327 lda for GO, €04, N3,
dad H20, respectively. The H3O celeased by tihe degassiag of
the unlined conczete ia the contalament is higher thaa tie H,0
teleased by tle melt 2nd is a significant comtzizution %2 t2e
contaiament pressure. This i3 shown i3 Piguze 111.29.

- ‘ 4 -

Case 7 wvas also calculated assuming t2at theze vas 20
tlermal radiation from the top suzface of the debdris (by setsiag
the suzzounding emissivity to L.0B-50) L2 oczder to cceate a
consistent calculational approach for compacsison witli otlier
Laboratocies. The dzyvell pressuze and tempecature, and tle
concsete penetzation distances are presented i(a Filgures 111.10,
CIIT.3L, and T11.32, zespectively.

Gdie JA

Case 7A L8 a variation of Case 7 in which the free H.0 i2
the conczete L3 Laczeased fzom 4 to AN, The zesult (Tadle
I11.1) of tie increased HyO i3 a dryvell poessure Laczease of
about 20N and a peak tempecature Laczease of 4S°F,. This
pressurze Llaczease (s due to 2digher rates of gases cteleased by
aelt Lato the coatailament which aze 2ighes dy 29, 385, 72, and
L00N for CO, QOg, Hz, and Hz0 than Case 7, respectively.

Ia Case 7A, the layers L2 CORCON f1lipped at adout the sane
tine as Case 7, Dovever, tie debris froze At about J40 alautes
(30400 seaconds) or 20 sinutes later than Case 7. The dedris
trmperatuze and surface heat tranefer for Case TA aze sligatly

Lgher than La Case 7. Case 7TA pegetzates conczete 1) to 4%
faster than Case 7.

18-



Sase 3

The iaitial debris temperature iz Case 8 2as deen reduced
fzom 4130 to 2700°F and the corium spread oo the f£lo0r has been
ceduced fzom § to J meters. Case 9 {3 similar %o Case 6§ with
the concrete composition as the only difference. The drywell
pressuze is down a tiirzd and the peak drywvell temperature
(Pigure II1.33) is 161°F lower. However, tle tempezaturze is
dtpadily ilacreasiag.

The debris is iaitially frozen and starts %o melt at arzound
290 minutes and is completely melted azound 110 misutes. The
layecss £1.1) much later, at about 3170 misutes. THhe dedris stacts
OuUt at a lower tempecature than Case 7 but remains faizly
constant as shown ia PFigure III.34 such that at 3 hours it is
Bigher tlan Case 7. The debiis surface heat transfer s about
Balf of Case 7. The concrete penetzation distances at ) hourzs
are zoughly 20% nigher than Case 7 and steadily iacreasing.

TRe average gas celease ctates for CC, COy, Hy, and Hy0
aze 0.6, 77., §5., and 77.%N of the Case 7 zates.
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Dryvell~ Peak Vecrtical"
Pressucre Temperatuze Penetrzation
(*P) - (m)

l. Type of concrete

Case § 136.1 832 0.42

Case 7 109.8 658 Q.52

Case § 99.7 891 Q.83

Case 38 82.3 4397 Q.66
2. Pree H30

Case § L36.1, 832 0.42

Case SA 147.7 837 Q.43

Case 7 109.5§ 6§53 Q.52

Case 7A 134.7 7013 0.61
3. Corium tempercature

and spread

Case § 136.1 832 0.42

Case 4§ 9.7 631 Q.53

Case 7 109.5 6358 0.%2

Case 8 82.3 437 Q.56
4. Steel i3 corium

Case § 136.1 832 Q.42

Case 53 135.4 7388 Q.46

* 3 hours after vessel failure
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APPENDIX A

SUMMARY OF MARCCN MODELS

The interaction of the core debris with the concretes
coptaiament basemat is modeled ia the MARCH 2 code usiag a
“0Ce concrete iateraction code called INTER. The INTER code
was developed as a preliniznazy toel and the more recent and
detailed CORCCN code has been developed to replace INTER.
MARCON is a version of MARCH 2 ina which the INTER code has
been replaced by CORCON MOD2. CORCON was developed with a
larger experimental data base, uses more realistie
phenomenclogy and mere mechanistie models, and has improved
aumerical technigues. .

The combined MARCH-CORCON version called MARCON wvas
created by deleting the subroutine INTER f:-om MARCH,
inserting CORCON as a subroutize, and addiag an intezfaciag
subrsutize named MARCON. The contaiament subroutine MACE in
tle MARCH code is execurad iatecactively wizh the CORCON code
ia the same manner that MACT and INTER arze executed ia MARCH.

Cartala information is passed bdack and S35tk between
MARCH and CCRCON thrsugh subroutine MARCON. MAZCON converts
tle data to the correct form and unirts. The followiag list
ef data is passed between the Ptograms tiarough MARCON.

- - - bl ed -3

1. CCORCON inictialization data

CRCON start time

Melt temperatures

Mass of mel:t by species

Atmosphere data (net cuzrently used >y CORCIN)

aAnuw

2. Pressure
3. Atnosphere temperature

4. Effective emissivity and temperature af the
sursoundiags

S. Melt surface heat ctransfer coefficient

GRRCON £o MARCH Infogmation

1. Tize step size

2. Mass flow rates and ectlalpies of the gases releases
by tle mel:




3. Melt surface convection and radiation heat transfer
rates

4. Conczete decomposition data

The interfaciag subroutise MARCCN contains models
3ecessary to liax the two programs. For PWR calculations,
the models include reactor cavity thermal radiative Reat
tzansfer, reactor cavity pool S0iling, concrete abdlation
abaove the melt after the reactor cavity drys out, and Reat
transfer to tle remaininag containment. PFor 3WR calculations,
tle models include a melt surface heat transfer coefficient
and a concrete degassing model for concrete structures ia the
dryvell compartment. PFission product loss fzom the mel:t is
calculated using subroutine FPLOSS fIom MARCH in the same way
tlat PPLOSS wvas used in the MARCH- INTER code.

EWE _MODELS

After vessel head failure in a PWR meltdown accident the
Zelt will pool ia the bottom af the feactor cavity. Any
water still ia =he reactor cavity will collect abave tle mel:
P00l uncil it is completely boiled away. After dsyout, the
feactor cavity atacspherze will heat UP until it comes iato
thermal equilibrium wizh ics surzoundiags. Since the reactar
cavity has a relatively small volume compared to the tactal
contaiament volume and a small dtacspheric heat capacity
felative to tlhe melt surface Reat transfer rates and the
surzouading concrete wall has a low thermal conductivity, the
ataospheric temperature will hear 9P T0 thermal equilibrium
capidly.

TRe reacter cavity ia MARCON is 2ccdeled for conditions
when a water pool exists and atlospheric thermal equilisrium
after dryout. The transition SetJeen these two conditions is
assumed to happen iastantanecusly. The reactoar cavicy
pressure is assumed equal to the MARCH calculated drywell
contalnment volume absolute pressucre,

The before-dryout medels are felatively simple. The
surrounding and atmespheris temperatures needed by CORCON ace
taken to be tle temperature of the watar 00l. The
surrounding emissivity is set equal to0 0.9. A film deiliag
correlation is used for the mel: surface heat transfer
coeffiicient. The enersy fzom the nel: surface convective and
fadiative heat transfer and the entlalpies of the gases
teleased by the melt go into heatiag up and boiling the water
Pooled above tle 2el:. The feleased gases are cooled down to
tle temperature of the water and the water vapor released by
Cle melt will be condensed if the water pool is subcooled.

I2 the water pool is saturated and tle reactor cavircy
depressurizes, then f£lashing ia the wvater is calculated.



The PWR reactor cavity after dryout is modeled as a cight
cizcular cylinder with the bottom surface representiag the
core melt, the cylinder fepresenting the concrete wall, and
the steel reactor vessel lower head is represented by the top
surface. These three surfaces and tle reactor cavity atamo-
sphece are the four components in the thermal radiation heat
tzansfer model. The dtaosphere is assumed at thermal
equilibrium wich its surroundiags. The concrete surface
tefperature is assumed ts be equal to the concrete ablation
to@po:axu:o used by CORCON. The radiative view factor matrix
is determined from the diameter and height of the cylinder
usiag a relationship for the view factor between pazallel
cizcular disks of the same diameter with centars along the
same normal.

Thermal radiation is both absorbed and. emitted by the
feactor cavity atmosphere. The atnosphere will consist
primarily of N3, 0z, H,, H20, C2, and C05 gases and
dezcsols. The N, 03, and Hy gases with symmet:ic
diatomic molecules ace transparent to infrared radiation.
The heterzopoclar gases, B2, CO, and coz. absorb and emic
significantly. The aerosols are considered to have a
significant effect on the absorption and emission
characteristics of the atmcsphere.

The radiaticn heat transfer mcdel consists of a system of
10 equations and 10 unknowns. The simultaneous solution of
these equations yield the surface heat fluxes for each
surface and the temperature of the feactor cavity atzmosphere
and the steel lower vessel head.

A simple model is izcluded which accouats faor tlermal
radiation leaviag the reac=ar cavity directly thzough an
cpening iz the concrete wall or vessel to the contaiament.
The user specifies ia the iaput data, an area for this
opening. The area is treated as a low tempersature black >dedy
surface such tiat all the thermal radiation flux incident
upon tle area is transferred from the reactor cavity to th
drywell atmosphere. The emission Sy this area is assumed
negligible. The model is more valid for small areas.

Ao option for tle radiative heat transfer model is
izcluded such that the user can iaput a cocngtant heat flux
for heat conducted through the steel vessel. Tais iaput flux
specifies tle net radiative flux for the vessel and allows
tle calculation of the steel vessel surface tempecature. The
conducted ene:gy is udded dizectly to the dzywell
dtacsphere. II this option is not needed, the flux can be
iaput as zero for the adiabatic condition.

The surface heat transfer models ia CORCON cequirze an
dtlosphere temperature and a convective heat transfar
coefficient to calculate the surface canvective heat transfe:z



fate, and an effective surrounding temperature and emissivity
Co calculate the surface radiative Reat transfer rate. The
dtlosphere temperature is tle temperature of tle reactor
cavity as calculated by the radiative neat transfer acdel.
The convectiocn heat transfer coefficient is calculatad usiag
a4 turdulent natural convection corzelation. The surzouadiag
emissivity is an effective average of the emissivities of the
concrete wall, steel vessel and Atdosphere based upon the
radiative heat transfer ta t2e melt surface. The surzoundiag
temperature is calculated to give the same net radiative heat
transfer flux from the melt surface for the parallel Planes
acdel used by CORCON as the flux calculated by the four-
component radiative lteat transfer model. The drywvell atao-
sphere pressure is used for the feactor cavity pressure.

. Energy transferred %o the concrete walls above the melr
after tlhe reactor cavicty dries out is assumed to decompose or
ablate the concrete. The aodel assumes that all the net
energy absorbed leads to ablation. T2e mass of concrete
ablated is proportional o the @0ergy absorbed. The gases
produced by the concrete ablation iaclude CC2 and 220 and
are proporticnal to the amount of concreta ablated. The
proporticnality constants are obtained fzocm CCRCON models.
Tle gases produced are addded to tlhe drywell atlcsphere at the
temperature of the reactor cavity and to the reactar cavicy
dtlosphere at tle concrete ablation temperature.

TRe sump iz some PWR calculations will overflow into the
£8actor cavity after the reactor Cavity has dried ocut. When
thls Rhappens, radiation heat transfer vagorizes tle overflow
water and adds the vapor to the gases goizg iato the
comptainment.

TRe present version of MARCON uses the MARCE code
subroutine PPLOSS =0 calculate tihe melt £ission product lass
12 the same way that PPLCSS was used ia the MARCH- [NTER
code. Subroutine PPLOSS was writtea ta mcdel the loss of
velatile fission products fzom the melted fuel. The decay
deat of tle lossed fission products is added 9 tlhe decay
Reat of the fission product inventory iz the zontainment.
There is, however, a mismatch between the f£ission products
addded to the atmosphers by FPLCSS and those that are
calculated to be lost from the molten debris 5y CORCON. An
appropiate selection of the vaporization release parameter
(IFPSV) ia tl2e MARCH iaput has miaizized the diffaerences.

3WE_MCDELS

Tle melt after vessel heat failure ina 4 SWR nel:tdowa
accident will pool on drywvell compartment flocr. The £loor
is assumed dry at the time. The sPreading of the nelted fuel
or tlde diameter of the corium pool will depend upon factors

SUCR as the melt temperature and Primary system pressure at
vessel failure tize.



Ia the 3WR models, the therxzal radiative and convective
Reat transfer from the COp of the debris is transferred to
the dryvell atmosphere on the Prfemise that the drywell
dtaosphere will be opaque due to Righ aerzosol densities, yet
well-missed due %5 convective flows. This results in
significantly higher drywell dtnosphere temperatures. The
fadiative heat transfer from tle drywell dtacsphere to
passive neat sinks is modeled. A model is included for
deFassing of unlized dzrywell concrete which will resuls from
the 2igher structure temperatures.

The surface heat transfer models in CORCON requize an
Atlosphere temperature and a convection heat transfer
ccefficient to calculate the surface convection heat transfer
fate, and an effective surrounding temperazure aad emissivicy
Lo calculate the surface radiation heat transfer rate. The
drywell atacsphere temperature is used by CCRCCON for doth the
surroundiag and tihe atlosphere temperatures. A tuzbulent
fatural convection corzelation is used t¢ calculate the
convective heat transfer ccefficient. The suzroundiag
emissivity is fixed at 0.9. CORCON uses the drywell
dtlcsphere pressure.

A model for degassiag unlined concrece is used ia the 3WR
calculations for degassing drywell concrete. This model is
contaized ia subroutize DEGAS which is called from subroutiae
MARCCON and uses data iaput ia namelist NLSLAS and
temperatures calculated Sy subroutize SLAB. The medel
calculates the 220 azd COz degassizg rates for unlined
c3ncrete slabs found ia cthe drywell compartment (IVL(I)sNCAV).
The gases are then added to the drywell atacsphere wicth
entlalpies corresponding to the slab susface temperatures.

The degassing rates for 2,20 agd Co, gases at each
tize step are given Sy tle following equations:

» NSLA3 ¥N
W, = 2 Z a Z
(Teni ~Tg1o)8t K ATi e &k
K = 1 i =}
-~ -~ -~ -~
"i.x7max, ' *i,x ? “max,
AT & +. R - 9
i.x o - > -~

A-5



4, - The dsgarsing rate for either B30 oz C0j5,

lba/wia
px - density of releasable E30 or CO2 gas ia tle
concrete, lbm/ft3
Tgni = the temperature at which all releasable H0 or
. Co2 is released, °F .
-
Tzlo = the temperature at which releasable H20 oz
COz starts to release, °F
it N tle tize step size, min
Ag - surface area of slab k, f£:2
AZi . x = 2ode spaciry of node i ia slab k, #=
NSLAE « number of slabs
NNe = Jumber of nodes ia slab k
Ti,k = tle temperaturze of node i of glab k, °F
Tm - - tie maxizum temperature that slab i,k Ras reached
3: R during the accident sequence, °F

This rather siaple mocdel assumes that tle degassiag
ocZazs uniforaly over tle tamperature raage Txgni o
Txlo- The gases are released only whea a ncde temperature
2xceeds its previcus maxizum temperature. The energy
RecCessary to release tie gases aust be iacluded ia the
chncrete specifis heat.

The loss of volatile fission products from the zelted
fuel are calculated using subroutize FPLASS of MARCH. Thais
is the same calculation as was discussed ia the PWR models.

MARCCON TN2UT AND OUTRUT

The MARCCN iaput data consists basically of the usual
MARCH input data with tha C3RCON iaput data added directly
4fter namelist NLINT®. The usual NLINTR data is still read
LUt not used. Howevar, a few of the NLINTR variables have
been redefine? and are used by subroutine MARCON. Several
variables wh.c¢h ars aow calculated by MARCH have heen
deleted trom tie CORCON data. A new bloek of eutput data
witl a user controlled output -frequency is priated by MARCON
ia both metric ans #ngiloe=:ing uUnits along with a variable
degczintion.
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APPENDIX 3

Mazk I
Standard Prochblem
Izput Deck

. Case 1
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