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Mr. M. Silbercerg
Assistant Director for Research

and Technical Support
Accident Source Term Program Office, RES
Mail Stoo 113055
U. S. Nuclear Regulatory Comission
Washington, D.C. 20555

Cear Mel:

Enclosed for your information ano use is the recort summari::ing our results
for PWR Standard Problem Numoer One. The results contained in this recort
have been previously presented and discussed at several meetings of One
Containment Loads Working Group (CLWG).

While I have found the analyses of the stancard problems to be a very useful
venicle for comoaring diffennt methocs for evaluating containment Icacs
and exploring the sensitivities of these loads to input and mocel variations,
I continue to be concerned about the acclication of the results of the stan-
dard proolem analyses. In carticular, I am troucled by statements nat
containment will or will not fail basec.on the results of the work of theCLWG. My concern with such conclusions is twofold.

First, the concitions that may leac to containment failure are not well known.
Thus, any statement regarding the containment's aoility to maintain its
integrity must be cualified by failure criteria assumed. Just wnat those
criteria should be are not at all clear at this time. Incidentally, the
containment failure criteria need not necessarily be of a threshold nature.
Second, even if the failure criteria were well cefined, conclusions based
on the CLWG analyses mgarding containment failure would acoly enly over the
range of conditions examinec in the standard problems. While the carameters
considered in PWR Standaro Problem Number One are clearly in the range of
interest, tney are not exnaustive and may not even be bounding. For example,

, wnile the standard proolem considered all the uranium dioxice and Zirealoy'

in the active core, ne amount of steel exiting the vessel could conceivably
be greater than given; one of the key factors affecting containment icacs
was found to be mass of cebris involvea. Thus, great care snould be used
in aoplying the numerical results cotained.
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Mr. M. Silberberg .

U. S. Nuclear Regulatory Conn. 2 June 7, 1984

The above is not intended as criticism of the CLWG effort or the standardproblem approach.
I have found the efforts of the CLWG to be most useful.

I believe tne group has focused on the key issues, agreed on aoproaches for
treating many aspects of the problem of defining contatnment loads, and
identified some potentially important areas that have heretofore receivedlittle or no attention. My concern is with the amplication of specific
numerical results to reach conclusions that may not be fully warranted, or
that may not be supportable given the information at hand.

If I can clarify any of the above thougnts or the enclosed report, please
feel free to contact me.

Sincereiv
,

f1 * ?, ,
./- ,- (,,'( w g- C-e 4 .) . ' *, '):

Peter Cyculskis

PC/llj
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PWR STANDARD PROBLEM : UMBER ONE

INTRODUC ION

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 following reactor vessel,
failure. A way of developing 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 accidents. Comparison
of the results of such analyses would bring into focus differences in the
understanding of the onenamena and methods used to treat them as well as areas
of agreement among the analys a. The analysis of a series of "stancard
problems" was the aporoacn selected by the CLWG.

The first of the standard problems selected was the analysis of the
" steam spike" in a large dry containment PWR (Zion).

The particulars for the PWR Standard Problem Number One were given
in the July 29, 1983, memorancum from M. Silberberg, NRC. This recor: sum-

mari:es the analyses performed at Battelle's Columous Laboratories in conjunc-
tion wiht this standard creolem.

APDROACH

Two types of analyses were per#cmed at Battelle-Columbus on PWR
Stancard Problem Numoer One. The first type consisted of a series of hand

calculations to consider a numoer of simole cuencning cases; the second type
consisted of a numoer of MARCH 2-calculations to investigate the effects of

various cebris-water interaction assumotions on the credicted results. Each
of these sets of analyses is discussed below. Both the simple quenching
analyses as well as the MARCH 2 calculations assuced adiabatic conditions in
the containment, i e., heat losses to structures were not considered. The.

la::er condition was imoosed on the standaro problem to simolify the analyses
and to assist in cutting tne several analyses on a common fcoting.
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RESULTS

Simole Ouench Analyses

A series of " hand" calculations were performed to scope the. analyses,
define the controlling parameters, and indicate the range of containment pres-
sures to be expected for the conditions as defined in the standard problem. ,
The first consiceration was given to the amount of water available in relation
to the mass and heat capacity of the debris. Table I sunnarizes the water
available as given in the problem definition or inferred from other parameters.
As will be shown later, if the accumulators are assumed to discharge onto -
the debris in the reactor cavity, there will be more than sufficient water
to fully quench the core debris. For the case of the 3.2 m depth of water
initially in the cavity, there will be an excess of water available. Heating
of the excess water by the core debris was not considered in the simple
quenching calculations.

Table II summarizes the results of the simple cuenching analyses.
All the results in this table are baseo en the cuenening of 158,a00 kg of
decris, with the available energy going into the production of steam. The

debris temoeratures considered are given in the table, witn the (S) and (L)
denoting solid and fully liquid oebris at the given temperature. The table
entries for the weignt of steam (WSTM) in the atmosphere correspond to the

incremental steam addition for each of the individual cases consicered.The
first entry corresponds to the steam present in the containment prior to
reactor vessel failure; the second entry gives the steam ^accition from the
blowocwn of the primary system, without any decris cuenching. The last four:
entries in the WSTM column give the steam produced from cuenching of the

debris for each of the assumed debris initial conditions.
.

Note that the maxi-
mum steam from deoris quench corresponds approximately 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-condensable
gases as well as steam addition. The initial pressure of_0.10 MPa was given
in the problem definition; the pressure was calculated to rise to 0.a8 MPa
due to the release of the crimary system steam inventory. The other entries

.
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correspond to pressures resulting from the quenching of the oeoris for each
of the conditions considered.

As noted above, the containment pressures given in Table II are
based on the quenching of 138,400 kg of debris, Figure 1 presents the results
of containment pressure as a function of the mass of debris quenched. As
would be expected, the relationship is essentially linear. .It may be noted
that the latent heat of fusion assumed in these analyses corresponds roughly
to 500 K of debris temperature; thus, the pressures for conditions not expli-
citly shown on the figure, e.g., 2023 K (L), can be easily inferred.

MARCH 2 Calculations

Following the simole cuenching calculations discussed above, a num-
er of MARCH 2 calculations were performed; the MARCH analyses duplicated some

of the hand calculations a: well as considering other assumptions of the debris
interaction w'*h water, as well as concrete. In the MARCH analyses, no heat
losses to structures were considered, per standard problem definition, even
nougn it could easily be accommocated. Thus, the relatively short term. pres-

sure peaks as derived from these analyses would be of principal interest, with
those taking long times to deveico being suspect due to the neglect of heat
losses.

The MARCH calculations performed for the purpose of thase stanoard
proolem analyses differ considerably from normal MARCH calcula*, ions. Rather
than starting the analyses at the beginning of the accident sequence and letting
tne code evaluate all parameters of interest thereafter, the MARCH inout was
set up to oeliver to the' reactor cavity the quantities and conditions of core
cebris as specified in the stancard croblem. Normal MARCH runs initiated
frcm time :ero would not necessarily yield the quantities and temoeratures
of decris defined by the stancard problem. Thus, the present set of MARCH

calculations focused on the debris-water interaction model (HOTDRP) and the
containment response model (MACE) in MARCH..

Table III summarizes the results of the MARCH analyses and Figures
2 - 10 give grapnical presentations of selectec results. The first three
cases of Tacle I!! consider raoio cuenching of the core decris for an assumed'

particle si:e of 5 mm and the debris temoeratures indicated. These are analogcus
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to the simple cuenching hand calculations except tnat the HOTDRP analyses
include the effect of metal-water reactions during the quenching process.
It is seen that appreciable additional clad oxidation was predicted only
for the highest temocrature considered, i.e., FZR goes from 0.49 at the
start of quench to 0.61 when quenching is complete. The corresponding
containment pressure and temperature responses for the three rapid quenching
cases as shown in Figures 2.- 6.

The continued increases in containment .

temperature following the spike due to debris quenching in Figures 3 and 5
are due to the fission product heating model in MARCH; the effect is par-
ticularly noticeable since heat losses to structures are not considered in
these analyses.

Cases 4 and 5 of Table III give the results for slow debris cuench-
ing from particle beds, for two assumed particle sizes. Heat transfer from
the particle bec to the overlying water is evaluated by tne debris bed mooals >

in HOTDRP. In these analyses, the accumulator water was assumed to be injected
on top of the particle bed and there was no further, continuing water addition.
The results indicate that steam generation by the deoris beds for the assumed
conditions is muen slower than cuencning of isolated particles, as would De
expected. It is interesting to note that in the case of the small particle
size, substantial oxidation of the metals in the debris is predicted, indi-
cating poor coolacility and thus hign particle temoeratures during bed dryout.
For the larger particle size considered, the quenching of the bed apoears to
be fast enougn to preclude extensive additional reactions. 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 debris and water, but address the direct attack of the concrete; lime-
stone and basalt concrete types are considered. The containment pressure

. histories for the two cases are illustrated in Figures 9 and 10 Containment.

pressuri:ation due to concrete decomposition is seen to be much slower than
that due to water quenching of debris. The penetration of the basalt concrete
is seen to be greater than that of the limestone type. Since heat losses to

-structures are not incluoed in these calculations, centainment pressuri:stion
as presented here is exoected to be overestimated.
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DISCUSSION OF RESULTS

The hand calculations and the HOTDRP analyses of rapid debris
quenching yielo very similar results. This is to be expected for the
simplified conditiens assumed for both sets of calculations. The neglect
of heat losses to structures is not expected to be a serious ifmitation
for the short quench times predicted. Except for extremes in particle '

sizes, the containment pressure from debris quench would be expected to
be proportional to the stored energy in the debris. For extremely small
particle sites, the reaction of the metals in the debris may be significant;
for extremely large debris particle sizes, quenen times may be long enough
that heat losses to structures should be considered.

For the cases of slow decris quenching via particle bed, the two
cases considered show a dependence on the assumed size of the particles in
the bed.

It will be recalled that for the cases considered, the particle
beds had . initial overlying water layers with no further addition of water;
thus, wnether the beds were intrinsically coolable or not, they would even-
tually heat un due to the evaporation of the coolant.

For the case of the
larger particle size considered, the bed quenched fast enough to preclude
substantial additional metal-water reaction; the peak containment pressurei

in this case is largely cue to steam generation from the cebris cuench.
The rate of bed quenching is, of course, much slower than cuenching of '

isolated par.icles.
In the case of the small particle size considered, the

bed did not ouench rapidly, staying at an elevated temoerature, and led to
substanital additional reaction of the meals with steam. For the particular
set of parameters considered, all the Zir:aloy cladding, as well as a sub-
stantial portion of the steel in the debris, was predicted to have reacted
with sti'o to generate hydrogen. While these calculations are by no means
definitive, they do indicate that for marginally coolable debris beds, or
beds that are subjected to dryout, considerable hydrogen production beyond
that occur-ing in-vessel can be encountered.

While tnis additionai hydrogen
does not pose a threat to large dry containments by overoressurization cue

to the cuilduo of non-condensaoles, its role in tne event of hyorogen burning

,
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may need further consideration. Also, the significance of such additional
hydrogen could be substantially different in other containment designs.

For limited interaction of the core debris with water in the reactor
cavity, early concrete attack would be encountered. The cases considered
under these assumptions show that the pressurization of large dry containments
due to concrete decomposition is much slower than that from. water quenching
of the debris. 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 high
pressure meltdowns, only the high pressure cases were explicitly considered
in these analyses. For the same debris-water interaction assumptions, the
difference between the hign and low pressure cases would be expected to be
the pressurization due to the release of high pressure steam, or about 0.C8
MPa for the present case.

However, for high pressure meltdowns, there may
be a significant likelihood that the core debris would be ejected from the
reactor cavity following vessel failure. In the latter case, the deoris

.

escaping the cavity would in all likelihood be cuenched by the water on the
containment floor. For the low pressure meltdowns, tnere would be less like-
lihood of debris ejection from the cavity. Further, in the low pressure cases,
One rate of debris quencning may be limited by the ability of the steam to
leave the cavity and/or the ability of water to enter the cavity. The above
cuestions of deoris ejection and countercurrent flow limitations on the rate
of debris quenching were not exclicitly addressed in the present study.

CCNCUJSIONS
,

-

The analyses discussed above have addressed the ouestion of the

steam spike loading due to debris-water interactions in a large dry contain- i

ment design. The analyses show that the process of rapid debris cuenching
can be adequately approximated by a simple thermodynamic analysis. Slower
deoris cuentning, such as may take place in a particle bed, may involve
significant chemical reactions in acdition to the heat transfer processesi.
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and may thus require more elaborate consideration. For the range of condi-'

tions and modeling assumotions considered, peak containment pressures following
vessel breach were found to range from 0.48 to 0.81 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 m particles and included sub'stantial hyarogen
generation during the bed dryout process. Based on the analyses performed,
and assuming that all of the core debris as defined in the problem interact
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 debris is assumed to participate, the loadings would
be correspondingly lower.

These pressure loadings assume that the energy
in the decris goes into generating steam and/or decomoosing concrete, inclu-
ding appreoriate chemical reactions. These containment loadings do not

include consideration of the direct heating of the containment atmosphere by
the debris, nor the air oxidation of the metallic cormonents of the debris.
Such considerations may increase the containment pressures above those calcu-
lated in the present analyses. The most significant parameters with regard
to the precicted containment pressure loads were found to be the mass and
temperature of tne debris that undergo interaction with water.

PWR Standard Problem Number One was posed to examine the so-called
" steam spike" loadings in a representative large cry containment. The problem
did not include consideration of hydrogen burning. It is not clear that
cuestions of containment loads due to hydrogen burning snould be excluded

from consideration for these types of containments. In the cases involving
rapid steam generation, hydrogen burning would be precluded by high partial

, cressures of steam. In the absence of _ large steam soikes, or in cases wnere1

i
the steam generation takes place over extended periods of time, hydrogen

j burning may not be precluded. Since the standard proclem as posed did not
j

include heat losses (steam condensation) to structures, it is not possible
to draw conclusions regarding the likelihood and magnitude of possible hydro-
gen burns unoer the conditions considered.
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I

RAPIO QilENCH

2 2533(S) 58,469 0.12 0.54 0.66 17 FZR = 0.49
1 2533(L) 75,615 0.13 0.60 0.73 16 FZR = 0.53
3 3033(L) 09,994 0.13 0.65 0.79 12 FZR = 0.61:

i

510W (DEDRIS DED)JUENCil_ _i

! 4 2533(S) 88,543 0.17 0.64 0.01 1060 IIP = 5 mm, FZR = 1.0,|
ffE = 0.86

5 2533(S) 79,606 0.13 0.59 0.72 770 llP = 25 an FZR = 0.63,
.

a

ffE = 0.09

DiRECI 00llCRE1E ATTACK
!-

6 2533(S) 36,252 0.13 0.49 0.61 3600 FZR = 0.47, OZ = 12 cm,;

ilR = 10 cm
I.lmestone Concrete

1 2533(S) 57,250 0.14 0.56 0.70 3600 FZR = 0.96, OZ = 44 cm,
OR = 23 cm;

Basalt Concrete

liODR = 137,644 k9
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June 7, 1984'
-

.

.

67.d. O
Dr. Trevor Prattt

f Building 130 ,8,~
,

' 3rockhaven National Laboratory
Upton, N.Y. 11973

Dear T:evor:

Attached you will find the letter report which details Sandia's,

MARCON analysis of the SWR MARK I and II Standard Problems as
outlined in the January 20, 1984 Memorandum ::om Melvin

- Silberburg, " Completion of SWR MARX I. MARK t.I Standard -

Problems." In general, we have retained the case numbers used
in that memo with one exception. The Case i results with zeroupward pool radiative heat h:ansfer has been labeled Case IC.

You will find a fairly complete description in Section I of the
issumptions used in the analysis as well as the important,

physical properties. The results for the MARK I calculations
are found in Section II while those for the MARK II are located
in Section III. Appendix A contains a brief description of the
.MARCON modeling used in these calculations. Please note that
the MARCON modelisq for the SWR analysis was developed AD RCC
for that specific purpose and that the modeling is still in a
developmental phase. A listisq of the updates for "hardwiring"
the initial conditions and a listing of the MARCH and CCRCON
input decks for MARK I Case 1 and MARK II Case 5 are included
in Appendiz 3.

.

An attempt has been made to address the problem which was
discussed at the May 10, 1984 Chicago working meeting regardisq
the effective concrete heat capacity during concrete degassing.
The heat of vaporization for the free water content together
with the heat of reaction for decomposition of the bound water
have been added to the heat capacity over the assumed tempera-
ture range. The effect is an. increase (over the dehydration- ,

temperature range. 200-500*F) in Cp of approximately a factor-
of 3. In terms of containment response, the pressures are
lower by 35.to 50 psi (for case 1) and the temperatures were

:
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reduced by nearly 200*F. It should be noted that, although the
higher value of Cp should apply only to the temperature-range~

over vnich degassing occurs and only to the spacial nodes that
are within that temperature range the current MARCH code
modeling does not allow for a temperature or positional depen-
dance in thermo-physical property. As a result, the constant
Cppsed,shouldover-predict the heat absorbing capacity of the
concrete.

If you have any questions, please contact me at (505) 846-2486.

Sincerely,

.g .._ / .-y

<.' d/. }WQ
2. D. Gasser
Reactor Safety Technology
Division 6411

RDG:6411:cgt
Attachment .

2433

o

Copy to: .

SCL P. Cybulskis, w/at: 6410 J. W. Hickman
6 RNL G. A. Greene, w/at- 6411 A.*S. Benjamin, w/at:

"-
- ... ... . - - . . . . . - 1 6411 V. L. Sehr, w/att

NRC M. Silberhu g 6411 A. L. Camp
'

NRC T. J. Walker 6411 R. D. Gasser - --
-

,CRNL S. A. Hodge, w/at: 6422 D. A. Powers
Purdue T. Theofancus 6440 D. A. Dahlgren
RMA C. J. Shaffer, w/at: 6442 C. V. Subramanian
SAI L. N. Smith, w/att 6444 2. K. Cole

.
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MARCON Results *or Mark I & II
Containment Standard Problems
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'
R. D. Gasser~ ~

F. E. Haskin
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C. Shaffer
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I. INTSCDUCTICN
.

The series of seven cases outlined in Table 2 of Reference 1
.

for the 3MR Mark I standard problem together with seven of the
i_g ng cases identified for the Mark II standard problem nave
been run at Sandia utili:ing the MARCCN code. These cases
nominally consist of a baseline case (Case 1 for the Mark I and
Case 5 for the Mark II) and a number of additional cases in
wh{ch key parameters have been varied (see Tables I.1 and I.2)
to-determine the sensitivity of the containment response to
those selected parameters. The term "baselinea here refers to
the case against which other cases in the current analysis are
being compared. It does not imply a higher probability. An
additional case was inserted in both the Mark I and Mark II jzatrices in which radiation f:om the top surface of the molten '

pool was:" switched off" with a view to assessing the relative '
effects of dryvell heating due to radiation and gas generation.

This report is organized into three main sections: an
introductory section, a section covering the Mark I standard
problem, and the last section which treats the Mark II standard
problem. In addition. a brief description of the MARCON

.

'

modelling is included in Appendix A. Appendiz 3 contains a ilisting of the input for the baseline cases. l

lThe primary tool used in the Sandia analysis of the SWR '

standard problems was the MARCON code. For a detailed f
i description of the MARCON code, see Appendix A. In brief,

however, the MARCON code consists of a composite "hard linka of
the MARCH 2.0 (Version 111) and CORCON MCD2 codes. The CORCCN
code has been utilized in MARCON to supplant the INTER,
subroutine in MARCH. Both INTER and CORCON calculate the
source terms which emanate from the thermal and chemical
interaction of molten core debris with concrete in the reactor
cavity, but CORCON is considered to be significantly more

'

sophisticated than the older INTER code. In the version of
MARCON, which was utili:ed in the present analysis, the CORCON

| code delivers energy to the drywell atmosphere in two ways.
'

First, the gases generated in the attack of molten debris upon
concrete convectively t:sssfer heat from the pool to the
atmosphere. And secondly, heat is transferred from the molten
pool surface di:setly to the atmosphere by radiation. The
assumption is made in the latter mechanism that sufficient
aerosols, steam, and CO2 are present in the atmosphere to
render it opaque to radiation. In addition. it is assumed that
the dryvell atmosphere is well sized by natural convection and
by the gases generated in the molten pool, and that the aerosol
particles are in thermal equilibrium with the atmosphere. The
code has been modified to include radiative heat transfer from
the drywell atmosphere to the' containment passive heat

'

structures as well.
|

|

| -2-
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A rathor simplistic ardol wac developcd and includcd in tho-
.

MARCCN code in an attempt to assess the magnitude of the
.contribution to containment response due to degassing of the

concrete heat st:uctures in' containment (see Appendix A for a
description of the model). The model allows for the outgassing
of both steam and CO2, depending on concrete composition. Toallow for diffusional delays, the steam. (f:cm free and bound
water) for example is assumed to come out of the concrete
linearly over a specified (input) temperature range. In thisanElysis, it was assumed that steam begins to outgas at 200*?
and is completely removed by 500*F (to allow for the presence
of bound water). The model has some inherent problems, the

serious one being the difficulty of accounting for themost

energy involved in phase changes and chemical reactions.,

Without completely removing the finite difference solution used4

for the heat structures in MARCH and incorporating a solution
that includes volumetric heat sources and sinks and convectiveterms, the problem cannot be solved rigorously, however, an
approximation can be made by adjusting the concrete heat
capacity to account for these effects.

It should be emphasi:ed that the accident scenario which
has been analy:ed in the presenh exercise must not be construed
to be one that we necessarily believe to be realistic or
credible. The object of these exercises was to compare results
obtained at a number of laboratories and to identify areas of
uncertainty in phenomenology and methodology that may :equire
more detailed study. It is felt, for example, that a high
pressure failure of the primary system is not consistent with
the rather limited distribution of core debris (three to five
meters) : hat has been specified in both Mark I and 20 ark II
standard problems. Similarly, although such questions as
direct heating effects and the possible energetic relocacica of
core debris,into the Mark II wetvell have been treated
separately. these effects have not been directly factored into

'the assessment of containment response.-

Table I.3 contains some of the physical properties and
compositions of the conc:ece heat structures. Table I.4 shows
the composition of type 304 stainless steel together with
chemical reactions by which the sueel is believed to be
oxidized during the core melt phase. These reactions are usedto estimate the quanti:7 of hydrogen generated in-vessel and Oc

; establish the initial composition of the mol:en debris at the
time of vessel failure for the various conditions defined ini,

l

Tables I.1 and I.2. The quantities of the chemical species
present in the debris at vessel failure are given in Table I.S.

.-

.
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TABLE I.1: Mark I Standard Problem Definitions

Case 1 1A 13 2 3 3A 4

Cocium Spread, a 5 5 5 3 5 5 3.

DekrisTemperature,F 4130 4130 4130 2700 4130 4130 2700

Conc =ete Type L L L L 3 3 3

Free H 0, % 3 6 3 3 4 8 42

Steel id Corium. Ibn 140K 140K 85K. 140K 140K 140K 140K

Pool Losses, % 0 0 0 0 0 0 0

KZY '

L - Limestone
3 - Basalt .-

.

.
-

*
e

4

*
e
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TABLE I.2: Mark II Standard P:oblem Definitions
.

,

Case 5 5A 53 6 7 7A e

Cogium Spread m 5 5 5 3 5 5 3.
'

DeE~:is Temperature F 4130 4130 4130 2700 4130 4130 2700
Concrete Type L L L L 3 3 3

Free H 0 % 3 6 3 3 4 8 42

Steel in;Corium. Ibn 140K 140K 85K , 140K 140K 140K' 140K

Pool Losses. % 0 0 0 0 0 0 0

KEY

L - Limestone
3 - 3asalt

.

t
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Table I.3
.

Material Properties for Different Concrete Types

Procerty Li: nest one (L) 3asal:(3),

ThIrmal- Conductivity 0.01385 0.015(W/cm/K)

Specific Heat
(J/gm/K) 0.996 .1.7

Density !(g/cm3) 2.52 2.4
.

*

Weight Fractions: 3% 64 448%

CACO 3 0.80 0.77 0.01 0.01
Ca(OH)2 0.15 0.15 0.18 0.13
SiO2 0.01 0.01 0.57 0.53Free H O 0.03 0.06 0.04 0.082
A1 023 0.01 0.01 0.20 0.20

*

,

Solidus Temp. (k) 1690 1350
Ablation Temp. (k) 1750 1450Liquidus Temp. (k) 1875 1650

'

Emissivities

Concrete Surface 0.5 0.5.

Cxidic Phase 0.5 0.5
-

Metalie Phase 0.5 0.5
'
-

,

Surroundings 0.7 0.7

Rebar (kgyg/kTCCNC) 0.135 0.135

.

e

W

4

.
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/ Table I.4
a

Chemist.7 and Debris Composition

304 Stainless Steel C: 19%
Ni 3.5%'
Ma 24

~ ,

',
-

Si 14~
*

Fe 68.5%
C <.1%

.

15% Steel oxidation According to:

Fe + 2C: + 4H O ||||:F. FeC:2 4 7 4E t0 2
'

2.

~

Excess Fe According to:

Fe + H O :|E|!|| Feo + Hgt2

In-vessel oxidation of Z: for Equivalen: Oxidation
of 13% Z: + 15% Steel for 140,000 and 35.000 lb.

140,000 Lb. FCC3 = .2778

85.000 Lb. FDC3 = .2197

.
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Tablo I.5.

Debris Composition at Melt-through -

STEZL ---- 140,000 I,b. 85,000 lb.
,

l,

6 Lb. Ke ! Lb. Ke
- ,

1

UO ' - 280.000 127,000 230,000 127,000
|

2 a

2: 100,050 45,382 100,050 45,382=.

Fe 81.515 36,974 49,491 22,449=

.

C: 22,610 10,256 13,727 6.226
*- =

.

Ni 13,330 6,033 8,075 3,663=

Z:02= 20.194 9.160 20,194 9,160

C:2 3 = 5,832 2,645 3,541 1,6060

Feo 18,506 8,394 11,236 5.096=

Nio 0.0 0.0 0.0 0.0=

.

B

.
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II. MARK I R:25ULTS..

-

.

As indicated in Table I.1, there are five parameters that
.are allowed to vary in the Mark I standard problem matrix.
These include the area of deposition of the core debris, theinitial debris temperature, the concrete composition, the
quantity of free water in the concrete, and the quantity of
steel that comes with the debris at vessel failure. of these
five parameters only four have been allowed to vary indepen-dently.* The deposition area and the debris temperature were
varied together. The following are.the general conclusions
regarding these four independent modes of variation:

; 1. Free Water content - Doubling the free water
content resulted in more severe drywell '

condition with pressures los higher for
limestone and 30% higher for basalt concrete.

1

2. Steel in Corium - Decreasing the quantity of
steel resulted ,in only marginally lower
pressures and temperatures.

i

3. . Debris Temnerature and Decosition - The
combination of lower initial debris temperature
and large area of deposition was, by a wide
margin, the most sensitive parameter
combination. At three hours the pressure was
35% lower for limestone and nearly 40% lower

; for basalt concrete. Peak drywell temperatures
were reduced by 100*F and 200*? for limestone
and basalt concretes, respectively.

;

4. Concret e Tvee - As expected, the large
quantities of non-condensibles evolved from the
decomposition of limestone concrete resulted in-

significantly higher drywell pressures (334
higher) while producing only marginally higher
dryvell temperatures.

In general it appears that, although the containment was not
allowed to fail in these calculations, there is a high proba-
bility that it would fail within two hours. The steel structureswithin containment heat up to 700*? by two hours. This is wellbeyond the design criterion for valves and penetrations.
Pressures are clearly beyond currently estimated failure

j thresholds at two hours. It is not clear which loading would
initiate failure. It seems likely that since both temperature
and pressure loading reach c:itical magnitude at roughly the
same time, the two loadings would combine to produce a. breach.of
containment.

.

6
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* Baseline case (Case 1)
1

The baseline case for the Mark I standard problem is case
- \

|1. Results for this case together with the tabular results for
!all the cases identified is Table I.1 are presented is Table !

II.l.
,

The sequence as defined is standard problem Case 1 leads to
code melt and vessel breach. Sisce the standard problems calls
fo{ 80%.of the core to participate is the molten core / cone:ete i

!interaction, the power level is MARCH (QZZ10) was reduced to 80%
of full power. The result is that vessel failure (257.5 min) isdelayed beyond the point that it would normally occur, but the

l

i

specific power level in the ex-vessel phase should properly
match the quantity of core debris present. The ' core debris is ,
assumed to spread over a circular area with a radius of five
meters, and begin thermally attackiss the limestone concrete
basemat.

,

The dryvell pressure and temperature traces are shown is ',

j Figures II.1 and II.2, respectively. The temperature plot,
however, appears to more strongly indicate what is occurrisq is
the core / concrete interaction phase so that reference should be
made to 1: during the followisq discussion of the results.

! Initially the debris enters the drywell at a high temperature
(4130*F) and the rate of convective and radiative heat ::ansferfrom the pool to the atmosphere is quite high. The secondtemperature spike in Figure II.2 (after vessel failure. 257.7
min) corresponds to the di:ect heating of the atmosphere as the
core debris radiates. The high heat fluxes quickly :esult in a
crust which builds at the top surface of the debris and begins
'to inhibit upward radiation. As a result, heat transfer from
the atmosphere to the heat structures reduces atmospheric
temperature from an early peak of 545"? down to 460*F at about
265 minutes. By this time the generatisq of hot gases from the-.

decomposition of the concrete basemat becomes a significant heat
source and the drywell temperature again begins to increase. A
general upward trend continues until about 295 minutes at which
time the temperature is 660*F. At this point the metallic
zirconium is depleted. Wi:3 the loss of the highly exothwemic'

zirconium reactions, the pool temperature drops capidly with a
resulting drop is upward energy ::ansfer and a slight decline is
drywell temperature. At 305 minutes the density of the heavy,

oxide layer has been reduced to the point at which it is less,

; dense than the metallic layer. A layer inversion occurs a: this
point. The metallic layer sisks to the bottom and the heavy
oxide layer is mixed with the light oxide layer at the top. The

-

result is that the crust, havisq been composed, of solidified
light oxides, remelts into the hotter composite oxide layer.
With removal of the crust, heat is agais radiated directly from ~~~

the molten pool surface, and gases bubble directly through the
hot oxide layer rather than being routed around the layer as

1

4
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occurs in the procence of a crust. Again, with the increase
heating race, the atmosphere responds with a sharp increase in - '

temperature. The drywell temperature continues to inc: ease for
an additional 30 minutes until at 338 minutes (about 90 minutes '

after vessel failure) the oxide layer solidifies formisq a thick )
crust over the top of the still molten metallic layer.
Radiation from the pool surface is again inhibited and, although
gases continue to be generated at the interface between.the ,

i

coderate and the molten metal layer, the heat addition rate to
th( atmosphere is less than the heat transfer rate to the
passive heat sinks. Consequently, the atmospheric temperature
declines from a maximum temperature of 820*F (at 338 min) and
appears to be approaching a steady state temperature of about
710*F.

Clearly, given the loads imposed on the containment struct5e
(220 psia at two hours and 246 psia at three hours), and assumisq,

'

a failure pressure on the order of 140 psia, it would have either
failed prior to two hours (after vessel failure), or perhaps

; developed leakage pathways out of containment of sufficient
| magnitude to stabilize the pressure below the point of
; catastrophic failu e.

To establish the relative effect of radiative heat transfer~from the top of the molten pool, the baselise case was re-run
; sectisq che pool surface thermal diffusivity to zero effectively

svitching off" upward radiative energy transfer. In addition,
a

for the MARCCN case (labeled ' Case IC in Table II.1), the wall
cone:ete degassisq model was disconnected so that a more direct
comparison could be established with the results obtained at
other laboratories.

Elimisation of upward radiative heat c:ansfer resulted is
somewhat more rapid concrete penetration, and, therefore, higher
. gas generation rates. This is clearly seen in the radial and
axial penetration shown for Cases 1C in Table II.1. However, in
the MARCON results, the increased gas generation-rate does not
offset the loss of radiative heating, so that the pressures at

!- both two hours'and three hours are more than 30 psi lower than
the baselise case, while the peak temperatfre is reduced by
260*F (from 820*F to 560*F). The time histories of the
pressures and temperatures for Case 1C is shown in Figures II.3
and II.4.

CaseLA
,

. This is the first of the parametric cases. It'is the same' ' .

as the baseline case except that the concentration of free water ~

in the concrete is iscreased by a factor of two (from 3% to 64
by weight). The effect that is seen in the MARCON analysis is
probably more dramatic than would be seen is a MARCH code calcu-
lation. This is not only because the steam source term in the*

core / concrete reaction increased, but the steam source term is
,

-11-
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* tho MARCON degaccing 23 dol in also incroaccd. Tho lattor offcctis somewhat damped by the correspondingly increased concrete
heat capacity due to the presence of additional free water. but ~

the overall effect is a not increase in pressure ranging from 20
to nearly 30 PSI (at two and three hours, respectively).
Dryvell temperatures remain substantially the same. Drywell
pressure and temperature graphs for Case 1A are given in Fi'gures
II.5 and II.6.

;.

.

In this case the quantity of steel assumed to be in the core
.

debris was deduced to 85.000 lb (140.000 lb was assumed in [Case 1). Otherwise, the case is.the same as Case 1. Figures !

II.7 and II.s give the containment response for Case 13. I

Apparently the results are not sensitive over the range of the -
parameter variation. The pressure was only a few psi lower
while the peak drywell temperature was reduced by about 50*F to
775*F.

Case 2

Case 2 is significantly different from the previous cases in
i that two rather sensitive parameters were varied, the extent of

basemat surface area over which the debris is deposited (three
meter radius rather than a five meter radius) and the initial *

| temperature of the core debris (2700*? rather than 4130*F) .
Both of these changes would be expected to reduce the severity
of the containment conditions. The smaller pool surface area
and the lower temperature both lower radiative heat transfer to
che atmosphere, and this has already been demonstrated to be an

i

important consideration in regard to drywell heating. The
containment pressure and temperature for Case 2 are substan-
tially lower than those obtained for the case 1. The peak.

temperature is 100*? lower, and the pressure is lower by nearly
'

90 psi at 3 hours. Pressure and temperature plots for Case 2-

,

are given is Figures II.9 and II.10. '

case 3
i !

! Case 3 is the same as Case 1 except that the concrete
,

aggregate is assumed to be basalt rather than limestone. The |
i

free water content is also slightly higher (4% versus 34). The,

difference in containment responses (see Figures I1.11 and
II.12) between Case 1 and Case 3 is due to the absence of the i

large quantities of CO2 and Co that are present in the base- .

line case due to the decomposition of limestone.
1

Three hours after melt-through, for example, a comparison of
the, partial pressures of the various constituents in the drywell
and wet well for cases 1 and 3 are as follows:

.

|
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'
' . .

' * Case 3A
.

In this case, the concentration of free water in the basalt
.

concrete has been increased to St from the 4% which was used is; Case 3. The not result is somewhat higher drywell pressures and
temperature (see Table II.1, and Figures II.13 and II .14 ) .
These are due to enhanced steam flowrates out of the concrete;. and the fact that penetration rates were more rapid for.this' case.

.

~
; Cas e 4 '

|Case 4 (Figure II.15 and II.16) is the same as Case 2.
Iexcept that basalt concrete was employed rather than limestone. 1

i The debris temperature at core melt is assumed to be 2700*F and,
! the debris is spread on the drywell floor ,out to a radius of 3

meters. The same sort of comments that were applied to the
comparison of Cases 1 and 2 can be restated with regard to Cases;

3 and 4. It was concluded from the earlier compa:ison that the
combisation of initial debris temperature and the area of debris
spread out were particularly significant factors in the
containment response. The same effects are observed in Case 4.
The drywell pressures at 3 hours for Case 4 is only 112 psia as
opposed to 158 psia for Case 2 while the peak temperature is
down to 533*? compared to 720*? is Case 2.

There is apparently'some disagreement between Sandia and
, 3rookhaven on the results obtaisad for the MARK I standardt problem. The case which should give the closest comparison with

an equivalent Brookhaven case is Case IC. A comparison of the
differential pressure at 3 hours reveals the Sandia results to
be about 50 PSI higher than-Brookhaven's results. Is an effort
to identify the parameters is the MARCON analysis that most;

'

strongly effect the results, some additional cases were run and
I compared with Case 1 and Case 1C. Figures II.17 and II.18 show.*'

:hese comparisons. The solid line on these plats represents the
. configuration for Case 1C in which the correction has been made
'

to the concrete heat capacity to account for the heat of
vapori:ation of free water and the heat of decomposi: ion of
bound water. In addi: ion, degassisq and upward ~:adiation heat
transfer were " turned off". Clearly, the largest effect results
from failing to adjust the concrete heat capacity (dashed.

! Line). Using a more appropriate heat capacity (hyphenated line)
J without. upward radiation yields slightly higher drywell

pressures with no change is temperature. Finally, adding in
'

upward radiation (dotted lise) yields what is believed to be an
appropriate result. This curve corresponds to case 1 in Table
II.1 and shows pressures about 40 PSI higher than the case with
no degassing and no radiation.. Figure II.18 clearly shows the.

st:cag effect of upward radiation on drywell temperature.
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III. MhEK II RESUI.TS

A summary of results for each case is presented in Table
III.1. Shown are the drywell temperature and pressure steam f

pressure fraction, containment surface temperatures, and the
concrete penetration distances. The data was taken at both 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
sofels described in the suasary attachment. The PWR calculationwh{ch will be discussed later was done to test the impact of the
IWR assumption that all the thermal radiation goes directly to
the drywell atmosphere. Also listed are calculations in which
there was no thermal radiation from the debris surface (c = 0)
for Case 7. This was done to create a consistent calculational
approach for comparison with other laboratories ~.

.

'

Several specific comparisons are presented in Table III.2.
The drywell pressure at 3 hours, the peak drywell temperature.
and the vertical concrete penetration at 3 hours are compared.

1. Type of concrete - Higher drywell temperatures and
pressures are encountered with the limestone concrete
while the deepest vertical penetration is found with
basalt concrete.

2. Free H 0 - A higher percentage of free H O leads to2 2higher drywell temperatures and pressures, and higher
vertical comer,ete penetration for both types of concrete. ..

3. Corium temperature and spread - The higher temperature
corium.which spreads further leads to higher drywell
temperatures and pressures but lower concrete
penetration.

. 4. Steel is cocius - Reducing the steel in the corium
reduced the pressure slightly and reduced the drywell
peak temperature but increased the concrete penetration.

GAAL.1

The containment pressures for compartments 1 (drywell) and 2
(wetwell) are shown in Figures III.1 and III.2, respectively,-

and the compartment temperatures in Figure III.3. The lower
vessel head failed at 258 minutes. The pressures increase after
head failure with a change in slope at about 340 minutes. This
change in slope corresponds to a reduction in the drywell
temperature shown in Figure III.3. This reduction in
temperature is caused by a reduction in the debris surf ace heat
transfer. Figure III.4 shows.the cases of energy added to the
containment atnesphere. The total radiative and convective heat-

transfer from the debris surface is snobu with the solid line.
Also shown are the gas enthalpy rates for the gases released by
the debris, the gases released by tan wall degassing model, and
total rate of energy added to the containment.

-34-
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Tho pecosuro picts also shtw tho portial procsureo fori.

steam, hydrogen gas, and non-condensible gases. . Steam
.!

-

contributes roughly one third *to the drywell pressure while the
wetvell is dominated by non-condensible gases.

|.The left surface node temperatures for concrete. 11 sed
concrete, and miscellaneous steel slabs are shown in Figure
III.5. The surface temperatures encountered is the steel and
stjel lined slabs are higher than the concrete surface
temperatures.

The temperatures of the melt surface, the melt upper layer
bulk, and the drywell atmosphere are shown in Figure III.6. Theseit rapidly develops a surface crust which lowers the
temperature of the melt surface. and the surface heat transfer.
The top and bottoa seit surface crusts are shown in Figures *

III.7 and III.8. CCRCCN calculates a layer flip at about 301
minutes (18050 seconds) in which the heavy oxide layer on the
bottom changes place with the metallic layer above it. The
heavy and light oxide layers then combine to form one layer on
top of the metallic layer. This layer flip is illustrated withthe melt layer density plot shown in Figure III.9. The densityplot shows the density of the heavy oxide (NCX) decreasisq until
it equals the density of the metallic layer, then the flip

After the flip, the surface temperature is about equaloccurs.
to the bulk tempeiature of the upper oxide layer. The
temperatures renais equal until a new surface crust is able to
form at about 340 minutes (20400 seconds).

The seit is this calculation starts out with 45340 kg of
metallic Zr. The Zr is oxidized at the rate of about 20 *g/s
and is completely oxidized at about 294 aisutes (17740
seconds). When the oxidation is complete, the hulh and surface
temperatures both start-to decrease.

. . . . .

*

The resulting vertical and radial penetration of the melt-

into the concrete is shown is Figure III.10. The penetration
rates decreased after the layers flipped. At 3 hours after
vessel failure, the vertical penetration is continuisq at a
fairly steady pace.

The rates of CC, cc , N , and N C gases released from2 2the salt are shown in Figure III.11 and the cumulative releases
are shown in Figures III.12 through III.15. The released gasesare dominated by cc, followed by cc , then N, and N 0.
The cumulative mass of gases release:d at a tlae of 3 hours af ter2

vessel failure are 44335, 2437, 1534, and 509 1ha for CC, CO .2N , and N 0, respectively. The release rates for CC, CCg,2 2
and N C are the highest right after the layers flip is c.RCON. ,

S

The highest N2 rate is before the layer flip.
The N C released by the degassist of the unlised concrete2

is the containment is shown is Figure !!!.14 !s a comparison

-35-
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i !with the N 0 released by the' melt.2 The N C released by2 2degassing is considerably higher than the H O released by the .

2melt and is a significant contribution to the containment
pressure.

!Calculations were made to determine the disposition ofj' energy within the containment systes at 2 and 3 hours after i
| vessel failure. Two sources of energy additions to the con.
j tainment include the fission produce decay heat within the ;

: t

i containment and energy transfer into the containment from the
!melt surface heat transfer and the enthalpies of the released

; gases. About 20% of the increased energy deposited in the |

!
containment comes from fission product decay heat. The largest

,

i L

amount of the energy added to the containment (-904) goes into
iheating the containment walls. The next largest amount goes *

j into heating the sump water. Any mode'is involving heat transfer
ibetween.the drywell atmosphere and the walls such as the new3

!), radiative heat transfer model are quite important.
!

case s wanecM PWR medain
i

Basically the BWR models added to MARCCN assume that all the
.

! thermal radiation from the top of the debris goes directly to'

the drywell atmosphere and that the atmosphere is well mixed due
i to convective flows. In addition, the BWR sedel allows for thej degassing of concrete. To test the impact of these assumptions,i the Case 5 calculation was repeated using the MARCCN PWR reactor

cavity models. With these models, the radiation heat transfer3
'

goes into the reactor cavity atmosphere, sort of which goes into ;

ablating concrete, and the concrete heat structures in the
i drywell are not allowed to devass. The results of this calcula. !I tion show a reduction in the containment pressure (Table !!I.1)

|; at 3 hours of about 5 psia with a posh drywell temperature of j| about 454*F (Table III.1). The drywell steam partial pressure
! 'is reduced primarily because there is no containment wall-

i devassing. The melt bulk and surface temperatures and the ,

!
}reactor cavity atmosphere temperature are shown in Figure

; III.17. The reactor cavity atmosphere temperature is in the )
! neighborhood of 2900*F which tends to reduce seit surface heat 1

transfer, keep the melt bulk temperature hatter..ceduces the;

ji; thichness of the surface crust, and results in slightly higher
;! concrete penetration distances. The rates of CO2 and M C !2j gases released by the salt are about twice as high with the PWR
ij models while the CC and N2 rates remain about the same. The

! differences in the results between the PWR and 3WR sadels are
t

considerable. '

i SASLM
. .

!if ,.

Case SA is a variation of Case S in which the free N C in.

2
! the concrete was increased from 3 to 44. The result (Taele

,III.1) of the increased H O is a pressure increase of about2 (i 94. This pressure increase is due to higher rates of H2 and ;

|- |
:

!

| |
; 3s. :

;

i t
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I* Tho bescitic cansreto ecus 00 the CCCCON calculation to ibehave auch differently than it did for limestone concrete, ne I

layer flip causing the heavy oxides to merge with the light .

oxides occurs such earlier at about 268 minutes (14.100 seconds)or about 10 minutes after vessel failure. ne metallic 2r in
the debris reacts at a slower rate, i.e.. about 9 kg/sec ;

i initially and 0.4 kg/see at 3 hours. Caly about 50% of the 2: II

is ozidized at 3 hours after vessel failure. This slower
re)ction rate allows the debris to cool to a temperature about
5c(*K colder than case 5 as shown in Figure III.25 resulting in !'

lower energy rates added to the drywell atmosynere (Figure
III.26). The top and bottom crust plots indicate that the

- debris has frozen at about 320 minutes (19200 seconds). TheI vertical concrete penetration distance shown in Figure III.27 is
i significantly larger than the corresponding linestone concrete

distances ''
, ,

,

The rates of CC. CO . 5 and H 0 gases released from2 2 2
the melt are shown in Figure III.28. The cumulative mass of i

i gases released from the melt at a time of 3 hours after vessel !

failure are 159, 122, 2128, and 2327 1ha for CC, co2. E .2and E 0 respectively. The E 0 released by the degassing of2 3,

i the unlined concrete in the containment is higaer than tae M 02
released by the melt and is a significant contribution to the
containment pressure. This is shown in Figure III.29.

|
:

|

] Case 7 Without Madiative Meat Transfer !

Case 7 was also calculated assuaist that there was no '
i thermal radiation f.on the top surface of the debris (by setting {

the surrounding emissivity to 1.0E-50) in order to create a
!

consistent cainulational approach for comparison with other |:
1 laboratories. The drywell pressure and temperature and the i

! concrete penetration distances are presented in Figures III.30, I
j .,III.31. and III.32, respectively. !

GA11 2AJ

L
! Case 7A is a variation of Case 7 in which the free E 0 13 t2
! the concrete is increased from 4 to 44. The result (Table
'

!!I.1) of the increased E 0 is a drywell pressure increase of2
i about 20% and a peak temperature increase of 45'F. This -

! pressure increase is due to higher rates of gases released by
| seit into the containment vnich are higher by 28, 35. 72, and t

j 100% for CQ, CO , 5 , and E 0 than case 7, respectively,2 2 2
i

! In Case 7A. the layers in CChCCW flipped at about the same
,

j time as Case 7. however, tae debris frose at about 340 minutes !.

j (20400 seconds) or 20 minutes,14ter than case 7. The debris |.

4 temperature and surface heat transfer for case 7A are slightly I

higAer than in Case 7. Case 7A penetrates Concrete 13 to 24%,

i faster than case 7. -

) l

|,

j :

| -38- '
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The initial debris temperature in Case 8 has been reduced * '

from 4130 to 2700*F and the corium spread on the floor has been
reduced from 5 to 3 meters. Case 8 is similar to Case 6 with

, the concrete composition as the only difference. The drywell
i pressure is down a third and the peak drywell temperature
1 (F}gure III.33) is 161*? lower. However, the temperature is

stgadily increasing. .
.

| The. debris is initially frozen and starts to melt at around
i 280 minutes and is completely melted around 310 minutes. The
) layers flip much later, at about 370 minutes. The debris starts i
; out at a lower temperature than case 7 but remains fairly
j constant as shown in Figure III.34 such that at 3 hours it is
'

higher than Case 7. The debris surface heat tra'asfer is about.
! half of Case 7. The concrete penetration distances at 3 hours

1are roughly 20% nigher than case 7 and steadily increasing. !

The average gas release rates for Co CC:, H , and N 0 |
*

t are 0.4. 77.. 55.. and 77.% of the case 7 races.2 2
"

!

i

|
+

.
t

|

:-

i

t

'
'

.

I

i

!
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i
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TAELE TTI.2: SPECT?!C COMPARTSONS
, i

Drywell' Peak Vertical =Pressure Temperature Penetration, (esia) (*?) (m).

L
.

1. Type of concrete

Case 5 136.1 832 0.42Case 7 109.5 658 0.52
.

*

Case 6 99.7 691 0.53
*

Case 8 82.3 497 0.66

2. Free H O2

Case 5 136.1 832 0.42Case 5A 147.7, 837 0.43

Case 7 109.5 658 0.52.Case 7A 134.7 703 0.61

3. Corium temperature
and spread

Case 5 136.1 832 0.42Case 6 99.7 691 0.53,

Case 7 109.5 658 0.52Case 8 82.3 497 0.66.

4. Steel in corium

Case 5 136.1 832 0.42Case 53 135.4 788 0.46

3 hours after vessel failure=

.

.
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APPENDII A
: -

SUMMARY OF MARCCN MODE!.S

The interaction of the core debris with the cone:ete
containment basemat is modelsd in the MARCH 2 code using a
coce concrete interaction code called INTER. The INTER codewas developed as a prelisinary tool and the more recent and
detailed CCRCON code has been developed to replace INTER.
MARCON is a version of MARCH 2 in which the INTER code hasbeen replaced by CCRCCN MCD2. CCRCCN was developed with a
larger experimental data base, uses more realistic
phenomenology and more secnanistic models, and h'as improvednumerical; techniques. .

.

'

The combined MARCH-CORCON version called MARCON was
created by deleting the subroutine INTER from MARCH.
inserting CORCON as a subroutine, and adding an interfacing
subroutine named MARCON. The containment subroutine MACE in
the MARCH code is executed interactively with the CCRCON code
in the same manner that MACE and INTER are executed in MARCH.

Certain information is passed back and forth between
MARCH and CORCON through subroutine MARCON. MARCON convertsthe data to the cor:ect form and units. The following list
of data is passed between the programs through MARCON.

MARCH to CORCON Information
s

1. CORCON initialization data
a. CORCON start time

. b. Melt temperatures
c. Mass of melt by species
d. Atmosphere data (not currently used by CORCON)

2. Pressu:e

3. Atmosphere temperature
.

4. Eff ecti've emissivity and temperature of the
sur:cundings

5. Melt surface heat transfer coefficient
CORCON to MARCH Information

,

1. Time step si:e

2. Mass flow rates and enthalpies of the gases releases
by the melt

i

I

A-1
,

|
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3. Malt surfaco convcction and radiation heat
.

transferrates
_ .

4. Concrete decomposition data,

The interfacisg subroutine MARCON contains models
necessary to linx the two programs. .For PWR calculations.thg models include reactor cavity thermal radiative heat .

t:gnsfer, reactor cavity pool boilisq. concrete ablation
above the melt after the reactor cavity d ys out,
transfe's to the remaining containment. and heat,

For BWR calculations,
the models include a melt surface heat transfer coefficient! and a concrete degassing model for concrete st:uctures in the*

drywell compartment. Fission product loss from the melt is
calculated using subroutine FPLOSS from MARCH in'the same way'

that FPLoSS was used in the MARCH-INTER code. .

PWR MCDELS '

<

After vessel head failure in a PWR meltdown accident themelt will pool in the bottom of the reactor cavity.! Anywater still in the reactor cavity will collect above the meltpool until it is completely boiled away. After dryout, the
reactor cavity atmosphere will heat up until it comes into
thermal equilibrium.with its surroundings. Since the reactor1

cavity has a relatively small volume compared to the total
containment volume and a small atmospheric heat capacity
relative to the melt surface heat transfer rates and the
sur:ounding concrete wall has a low thermal conductivity, the;

atmospheric temperature will heat up to thermal equilibrium
! rapidly.
4

1

"he reactor cavity in MARCON is modeled for conditionsi
~

when a water pool exists and atmospheric thermal equilibr..a#

after d:yout. The transition between these two conditions is'

' assumed to happen instantaneously. The reactor cavity
pressure is assumed equal to the MARCH calculated drywel-'

containment volume absolute pressure.

| The before-dryout.models are relatively simple. The;

surrounding and atmospheric temperatures needed by CORCON a:e
taken to be the temperature of the water pool. Thesurrounding emissivity is set equal to 0. 9. A film boiling
correlation is used for the melt surface heat transfercoefficienu. The energy from the melt surface convective and
radiative heat transfer and the enthalpies of the gases
released by the melt go into heating up and boiling the water
pooled above the melt. The released gases are cooled down to -

the temperature of the water and the water vapor released by,

i

the melt will be condensed if the water pool is subcooled.
If the water pool is saturated and the reactor cavity,

depressurizes, then flashing is the water is calculated..

A-2
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The PWR rocctor cavity after dryout is modeled as a right
circular cyYinder with the bottom surface representing the .

.

core m'elt, the cylinder representing the concrete wall, and
the steel reactor vessel lower head is represented by the. topsurface. These three surfaces and the reactor cavity atmo-

. sphere are the four components in the thermal radiation heat
transfer model. The atmosphere is assumed at thermal
equilibrium with its surroundings. The concr~ete surface
temperature is assumed to be equal to the concrete ablationtehpera,ture used by CCRCCN. The radiative view factor matrixis~ determined from the diameter and height of the cylinder ,

using a relationship for the view factor between parallel i

!circular disks of the same diameter with centers along the:

;same normal.
-

'

i

.

Thermal radiation is both absorbed and. emitted by the i

reactor cavity atmosphere. The atmosphere will consist
i

'
primarily of N , 02. H , H 0, CC, and CO2 gases and I

2 2 2
aerosols. The N , 02, and H2 gases with symmetric2
diatomic molecules are transparent to infrared radiation.i'
The heteropolar gases. H , CO, and CO2, absorb and emit2
significantly. The aerosols are considered to have asignificant effect on the absorption and emission
characteristics of the atmosphere.

The radiation heat transfer model consists of a system of
E 10 equations and 10 unknowns.. The simultaneous solution of'

these equations yield the surface heat fluxes for each
surface and the temperature of the reactor cavity atmosphere!

; and the steel lower vessel head.,

A simple model is included which accounts for thermal
radiation leaving the reactor. cavity directly througa an

i opening in the concrete wall or vessel to the containment.
' ,The user specifies in the input data, an area for this

opening. The area is treated as a low temperature black body
surface such that all the thermal radiation fluz incident
upon the area is transferred from the reactor cavity to the
drywell atmosphere. The emission by this area is assumed.
negligible. The model is more valid for small areas.

An opti~n for the radiative heat transfer model iso

included such that the user can input a constant heat flux
for heat conducted through the steel vessel. This input flux
specifies the not radiative flux for the vessel and allows
the calculation of the steel vessel surface temperature. The
conducted energy is sdded directly to the drywell i

atmosphere. If this option is not needed, the fluz can be
input as zero for the adiabatic' condition.

.

The surface heat t:ansfer models in CORCON require an
atmosphere temperature and a convective heat transfer
coefficient to calculate the surface convective heat transfer

i-

A-3
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rate, and en effective surrounding temperature and emissivity
~.to calculate the surface radiative heat transfer : ate. Theatmosphere temperature is the temperature of the reactor

cavity as. calculated by the radiative heat transfer model.The convection heat transfer coefficient is calculated using
a turbulent natural convection correlation. The surroundingemissivity is an effective average of the emissivities of the
concrete wall, steel vessel and atmosphere based upon theradiative heat transfer to the melt surface. The surroundingtemperature is calculated to give the same net radiative heat
transfer fluz from the melt surface for the parallel planes
model used by CORCCN as the fluz calculated by the four-
component radiative heat transfer model. The drywell atmo-

.

sphere pressure is used for the reactor cavity pressure.
. Energy transferred to the concrete walls above the melt

.

after the reactor cavity dries out is assumed to decompose orablate the concrete. The model assumes that all the notenergy absorbed leads to ablation. The mass of concreteablated is proportional to the energy absorbed. The gasesproduced by the concrete ablacion include CO2 and E 0 and2are proportional to the amount of concrete ablated. The
;
'

proportionality constants are obtained from CORCON models.
The gases produced are addad to the drywell atmosphere at

,

thetempe:ature of the reactor cavity and to the reactor cavityatmosphere at the concrete ablation temperature.

The sump in some PWR calculations will overflow into the
:sactor cavity after the reactor cavity ha's dried out. Whenthis happens radiation heat transfer vapori:es the overflow'

whter and adds the vapor to the gases gotag into the
containment.

The present version of MARCON uses the MARCH code
i subroutine ?? LOSS to calculate the melt fission product loss

'in the same way that FPLCSS was used in the MARCH-INTF.3
code. Subroutine FPLcSS'was written to model the loss ofvolatile fission products from the melted fuel. The decay

;
'

heat of the lossed fission products is added to the decay
heat of the fission product inventory in the containment.
There is, however, a mismatch between the fission products
added to the atmosphere by ??LCSS and those that are
calculated to be lost from the molten debris by CORCON. An
appropiate selection of the vaporization release parameter
(IF?SV) in the MARCH input has minimi:ed the differences.
3NR MCDELS

i
.

The melt after vessel heat. failure in a BWR meltdown
i accident will pool on drywell compartment floor. The floorj is assumed dry at the time. The spreading of the melted fuel

or the diameter of the corium pool will depend upon factors>

such as the melt temperature and primary system pressure at
vessel failure time.

'
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In the 3WR models, the thermal':adiative and convective ' |heat transfer from the top of the debris is transferred to
Ithe dryvell atmosphere on the premise that the d:ywell
1atmosphere will be opaque due to high aerosol densities, yet

well-missed due to convective flows. |This results insignificantly higher drywell atmosphere temperatures. t

Theradiative heat
paksive heat sinks is modeled. transfer from the dryvell atmosphere to , |

A model is included for i

degassigg of unlined drywell concrete which will result from
'

the nigher structure temperatures. I

The surface heat transfer models in CORCON require anatmosphere temperature and a convection heat transfercoefficient to calculate the surface convection' heat transfer '
rate, and an effective surrounding temperature and emissivity
to calculate the surface radiation heat transfer rate. Thed:yvell atmosphere temperature is used by CORCON for both the
surrounding and the atmosphere temperatures. A turbulent
natural convection correlation is used to calculate theconvective heat transfer coefficient. The su::cunding

<

emissivity is fixed at 0.9. CORCON uses the drywellatmosphere pressure.

A model for degassing unlined concrete is used in the 3WR-calculations for degassing drywell concrete. This model is
contained in subroutine DEGAS which is called from subroutineMARCCN and uses data input in namelist NLSLAB and
temperatures calculated by subroutine SLA3. The modelcalculates the H O and CO2 2 degassing races for unlined
concrete slabs found in the drywell compartment (IVL(!)=NCAV).The gases are then added to the dryvell atmosphere with
enthalpies corresponding to the slab surface temperatures.

The degassing rates for E 0 and CO.

2 2 gases at each
time step are given by the following equations:

NSLA3p 7 i

zhi xlo}OE O
i.k i.k

.

k=1 i =1

Ti,k-T ,T *** > T****4max, k
. k,ay, J

*,.
-- .

o -

*i,k > ' max 8.k
1

-*-
.

.,

4

e

i
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w r'W tusfdegsmaing rate for either H O or CO=
2 2'lba/ min - -

:

density of releasable H O or CO2 gas in thepg- =
2

concrete. Iba/ft3

~Txni
~

the; temperature at which all releasable H O or=

2
i. CO2 is released. *F

e c.

Txto i=- - the temperature at which releasable H O or2C0; starts to release. *F

4t J= - the time step size, sin

Ag surface area of slab k. ft2=
.

aI4,g = node spacing of node i in slab k. ft

NSLAB.= number of slabs'

,

NNg number of nodes in slab k=
4

-Ti.k the temperature of node i of slab k. *F
=

Tm the maximum temperature that slab i.X has reached=

i.k during the accident sequence. *F
s

This rather simple model assumes thalf the degassing
occurs uniformly over the camperature range Txti toTrio. The gases are teleased only when a node temperature
exceeds its previous. maximum temperature. The energy
necessary(to release the gases must be included in the~

concrete specific' heat.
. - '

,
.

'The|. loss of irolatile fissio,n products from the melted
fuel ate ca1culated using subroutine F?LCSS of MARCH. This
is the same calculation as was discussed in the PWR models.
]SRCCN QpU" AND Cu avT

, St
The MARCCN input data consists basically of the usual

MARCH : input data with tait CORCCN input data added directly
af ter namelist'NLIN':2.- The usual NLINTR data is still read
but not used. 'Howevers.a few of the NLIN"R variables have

'

been redefined,and.are used by subroutine MARCCN. Severalvariables which aratnew calculated by MARCH have been
deleted from the CCECCN data. A new block of output data
with a user controlled output frequency,is printed by MARCON
in both met e ani. engineering units along with a variable ~

. desci:iption
r. -

, .
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