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ABSTRACT

Calculations of ex-vessel fission product and aerosol release to contain-
ment have been performed for selected accident sequences reported in the BMI-
2104 report series. The codes which were chosen for these calcuations were
CORCON/MODi=C2 and VANESA. The specific accident sequences that were chosen
are Peach Bottom AE, Surry TMLB', and Surry S2D. The purpose of the present
BNL calculations is to provide an independent z -4it of the ex-vessel source
term results which were reported in B8MI-2104. The VANESA code was obtained
from SNL and made operational on the BNL computer; CORCON/MOD1-C2 was already
operational at BNL. No modifications were made to the codes other than to
make them operational at BNL, link the codes for data transfer, and correct
errors that were identified in the early version of VANESA. Code input para-
meters used in BMI-2104 were reviewed to ensure compatability of the audit
calculations with BMI-2104. The Peach Bottom AE input was reviewed in great
detail since significant changes were made to the input for this calculation
by the ASTRP team in recognition of errors in the original reported results.,
A comparison of the BMI-2104 and BNL results indicates excellent agreement in

ex-vessel source terms for the three base case audit calculations.
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1. INTRODUCTION

1.1 nackground

During the last several years the NRC has sponsored research related to
severe accidents in Light Water Reactors (LWRs). In particular, the Accident
Source Term Program Office (ASTPO), RES/NRC sponsored the development of a
suite of severe accident phenomenology codes at BCL and SNL. These codes are
intended to describe how a nuclear reactor core might degrade without adequate
cooling and hence release radioactive fission produnts. The codes also follow
the subsequent transport of the fission products from the damaged core to the
environment if the containment fails or is bypassed. These codes therefore
focus on the release and transport of fission products and were applied to
model selected severe accidents for six representative reactor designs. The

results of this code application effort are reported in BMI=2104.!

The methodology described in Ref. | has received extensive peer review
over the last several months and is also under review by the American Physical
Society (APS). As a result of questions raised during the APS review, a meet-
ing was held at NRC to develop an appropriate response to the questions. Part
of this response was to demonstrate that the ASTPO suite of severe accident
codes, in particular the CORCON? and VANESA3 codes, could be exported to an
independent organization and that (by using similar input parameters and
intercode data transfer) similar results to those reported for ex-vessel
aerosol and fission product release to containment could be obtained. BNL was
selected by the NRC to be the independent organization, and this informal
report documents the results of this effort.

1.2 Objective and Scope of Audit Calculations

This effort was performed under a very severe time constraint. The meet-
ing which initiated this effort was held on November 20, 1984. The Peach Bot-
tom AE sequence was analyzed with CORCON/MOD! and VANESA by December 5, 1984.
Minor discrepancies in VANESA were subsequently identified and corrected, and
this sequence reanalyzed. The SURRY TMLB' sequence was analyzed three ways
reflecting the inconsistencies recognized in BMI-2104, Vol. V by BNL. One of

these analyses was for the full Surry TMLB' audit calculation and is reported



in that letter report; the other two calculations were in the form of a sensi-
tivity study. The case reported herein is a reproduction of the CORCON/VANESA
results as reported in BMI-2104 and will not be identical to the CORCON/VANESA
results used in the full Surry TMLB' audit calculation. Finally, the Surry

S2D sequence was analyzed.

The primary objective of this effort is to demonstrate that the two codes
used for the calculation of the ex-vessel source term, CORCON and VANESA, can
be made operational at BNL and that the results in BMI-2104 can be repro-

duced.

1.3 Calculational Methods

The codes used to analyze the ex-vessel release of aerosols and fission
products to the containment in these audit calculations are CORCON/MODLI=-C2 and
VANESA. It was specifically requested that no modifications be made either to
the codes themselves or to their input. However, it was requested that effort
be made to ensure that the same versions of the codes be used. With respect
to CORCON, this meant determining that all official FORTRAN updates to the
code be identified and attached for the calculation. One update was identi-
fied which had only been transmitted to BNL informally and this was used in
the audit. With respect to VANESA, this meant getting the code running on the
BNL computer, running a sample problem, and identifying errors in transcribing
the FORTRAN version from the SNL H.P. version. Several errors and inconsis-
tencies in the VANESA model sent to BNL were identified in this fashion and
corrected. This ensured that the SNL and BNL versions of both CORCON/MOD1-C2
and VANESA were the same.

The BNL staff participating in this audit exercise are listed in Table
1.1,

Table 1.1. BNL Staff Participating in Audit Calculations

Code Analyst QA
CORCON G. Greene M. Khatib=Rahbar
VANESA G. Greene W. Yu

Code Integration H. Ludewig W.T. Pratt




2. COMPUTER MODELS AND AUDIT CALCULATIONS

The three accident sequences chosen for this audit of the ex-vessel aero-

sol and fission product release calculations from BMI-2104 are listed below:
Peach Bottom AE-y
Surry TMLB'=-¢

Surry S2D-¢

These will be briefly discussed below. A more complete description may be
found in BMI-2104.

Peach Bottom AEYy

This sequence 1is a loss of coolart accident with a break in a recircula=-
tion line. The primary system is assumed to blow down to the drywell and vent
into the suppression pool. The ECC systems are assumed not to operate also.
Water remaining in the lower plenum reacts with the cladding generating con-
siderable quantities of hydrogen which is predicted to fail the containment by
overpressurization. If the containment failure, as predicted in BMI-2104, oc=-
curs in the drywell, much of the aerosols and fission products would bypass
the suppression pool and little scrubbing of fission products could be expec—
ted. Following containment failure by hydrogen overpressure, the core melts
through the lower head of the veicel and begins to attack the concrete., The
ensuing core-concrete interaction augments the aerosol and fission products
that wvere released in-vessel; this source term is calculated with the CORCON
and VANESA codes.

Surry TMLB'=e

This sequence is a station blackout accident with loss of primary system
heat removal. The e~basemat melt-through late failure mode is assumed. All
active ECC systems and Containment Heat Removal Systems (CHRS) are assumed in=-
operable. First the secondary side heat sink (steam generators) boils dry.
Once heat sink is lost, the primary system boils at the relief valve set point
(high pressure) until the primary system water inventory is leost., Eventually



the reactor core will uncover, heat up, and degrade. The core will melt and
slump into the lower head, attack the lower head, and fail the vessel into the
reactor cavity. As the primary system depressurizes, the accumulators will
inject water. Subsequently, there will be an ex-vessel core-concrete interac-
tion in the reactor cavity with an overlying pool of water boiling over the
molten core debris. The presence and amount of water in the reactor cavity
after vessel failure is based upon modeling assumptions at BCL. The pool will
contribute a DF to the ex-vessel source term until it boils dry. Eventually
the containment will fail via basemat melt-through (by assumption), resulting

in release of aerosols and fission products to the environment.

Surry S2D-e

This sequence is a small pipe break accident with failure of ECC sys=
tems. However, the containment cooling and containment spray systems are
operable in this sequence. As a result of containment spray and cooling
systems, the pressure in containment remains relatively low during this
sequence. As a result of the break in the primary system, the primary system
pressure in this sequence is lower than for the TMLB' accident. After the
core uncovers, the accumulators inject water which subsequently boils off., At
this time the core begins to degrade, melt, and then slump. The lower head
will fail, and the melt will stream into the reactor cavity, followed by the
remaining residual water from the lower plenum. Similar to the TMLB'
sequence, a core-concrete interaction will occur with a water pool boiling
overhead, contributing a DF to the ex-vessel aerosol and fission product
release to the containment. The concrete attack will continue, boiling off
the water, eventually failing the containment by basemat penetration.
However, continued opeiation of containment sprays throughout the accident
will enhance the scrubbing of aerosols and fission products evolved in-vessel
as well as mitigate the ex-vessel contribution calculated from CORCON and
VANESA.

The codes described in Section 1.3 were applied to the above sequence in
a manner similar to that assumed in BMI-2104. Input parameters and inter code
data transfer have been carefully checked and an independent audit calculation

performed. Each code used to model the above accident sequence is described
in the following sections. During the audit calculation an inconsistency was



found for the TMLB'=¢< sequence as reported in BMI-2104. The MARCH analysis
assumed quenching of the core debris immediately after vessel failure and did
not predict core/concrete interactions to begin until the cavity boiled dry
(297 minutes after reactor scram). However, fission product release due to
core/concrete interactions ws modeled separately from MARCH using the CORCON/
VANESA codes, and this process was started at vessel failure (157 minutes
after reactor scram). The airborne fission product masses in containment were
modeled using NAUA, and the fission products generated by core/concrete inter-
actions were input at 297 minutes, which is consistent with the MARCH calcula-
tion but inconsistent with the CORCON/VANESA calculation. This inconsistency
was corrected in our Surry TMLB' audit calculation, and its impact on the pre=-
dicted release of fission products is not great for the late containment fail-
ure mode. The CORCON-VANESA results which will be presented here will not be
the same as used in the full SURRY audit calculation, but will be counsistent
with the assumptions employed in the SNL calculations as presented in BMI=-
2104, Vol. V.

A discussion of both CORCON and VANESA as utilized in these audit calcu~

lations follows.

2.1 CORCON

The CORCON code 2 was used to calculate the ex-vessel attack of molten
core debris on the basemat, and this calculation drives the ex-vessel aerosol
and fission product source term calculation. The CORCON code is the state-
of-the-~art model for the analysis of the interaction between molten fuel and
structural materials with concrete. Typical output of CORCON calculations are
the concrete erosion rate, generation rates of concrete decomposition gases,
and the core melt/temperature history. These three quantities are necessary
input to the VANESA code for the calculation of the ex-vessel release of fis-

sion products and aerosols into the containment during a core melt accident,

The version of the CORCON code used in the all BMI-2104 accident sequence
source term calculations was CORCON/MOD! with two official FORTRAN update
packages documenting changes made to the original code by Sandia National Lab-
oratory. This code is heretofore referred to as CORCON/MODI=C2. A third up~



date which was not distributed was identified during this audit calculation
and was used in the BNL calculationms.

The input to the CORCON code consists primarily of concrete composition
data (user input), core melt composition (MARCH output), cavity geometry
(plant specifications/FSAR), surroundings temperature history (user input or
MARCH), initial melt temperature and time after SCRAM at start of core/con=-
crete interaction (MARCH), and melt/concrete/surroundings radiative emissivity
vs., time (user input). Those input variables which are "user input" are left
to the discretion and scientific judgement of the user. There are no internal
parametric model variations possible through input. A more complete assess-
ment of this computer code may be found in ORNL/TM-8842, Chapt. V.

The input for the Peach Bottom AE CORCON/MOD1-C2 audit calculation is
shown in Table A.l and is identical to that used in the Peach Bottom recalcu=-
lation exercise ordered at the November 20, 1984 meeting. There are signifi-
cant differences between this calculation and the original calculation which
was reported in BMI-2104, Vol. II. Among these differences are the time after
scram at which the core-concrete interaction starts, the mass of UC; in the
core melt, the thermal radiative properties of the melt and surroundings, and
the drywell surroundings temperature vs. time.

The input for the Surry TMLB' CORCON/MODI=-C2 audit calculation is shown
in Table B.l. This input is identical to that used in BMI-2104, Vol. V, but
differs from the input for the BNL full-audit Surry TMLB' calculation as fol-
lows. The SNL CORCON calculation was started at 157 minutes after SCRAM at an
initial core debris temperature of 1807K and time-in-variant surroundings tem=-
perature of 500K. The BNL core/concrete interaction calculation was started
at 287 minutes after SCRAM with time-invariant surrounding temperature of
1373K and initial melt temperature of 1777K, This was done to be consistent
with the BNL MARCH calculation results of initial melt temperature, surround=
ings temperature, and start of core/concrete interactions at 287 minutes after
SCRAM (corresponding to the time INTER allowed core/concrete interactions to
occurs after adiabatic reheating from quenching). Both of the above core/

concrete interaction calculations were performed at BNL and compared for




differences. It was found that only minor differences were calculated in

erosion rate, gas generation rates, and melt temperature vs. time.

The input for the Surry SZD CORCON/MOD1-C2 audit calculation is shown in
Table C.l and is identical to that used in BMI-2104, Vol. V.

The results of the three sets of CORCON/MOD1-C2 calculations for the
Peach Bottom AE, Surry TMLB', and Surry S2D sequences are shown in the figures
in Appendices A-C as melt temperature history vs. time, integrated gas genera-
tion rates vs. time, and vertical and lateral erosion depths vs. time, respec-
tively. These results, along with the integrated concrete erosion mass vs.
time, were input to the VANESA model for calculation of the ex-vessel aerosol

and fission product release rates.
2.2 VANESA

In order to account for the ex-vessel release of aeroscls and fission
products into the containment during the thermal interaction between molten
core debris and structural concrete, the VANESA model was used. The VANESA
model is a mechanistic description of the aerosol generation and fission pro=-
duct release during ex-vessel core-concrete interactions. A more complete de-
scription of the VANESA model may be found in ORNL/TM-8842, Chapter vi.? The
VANESA model accepts as input the output of the CORSOR and CORCON computer

codes.

From CORSOR, VANESA will get the mass of all species in the core melt in-
ventory. At the present state of development, VANESA can accept explicitly 32
species; ther species are surrogates of one of the 32 species. Examples of
this are as follows:

Gd, Eu, Pm + La on molar basis
Np + Ce on molar basis
Cd + Cs on molar basis
In + Ag on mass Lasis

In addition, it is required to input the inventory of Nb as the equivalent
mass of !by0g directly into VANESA in Subroutine ASSEMB, line 4l. These vari-
ations on melt species input reflect the ongoing development of the VANESA



model as new species were identified as important during the Accident Source

Term Reassessment Study. The input species mass (kg) inventories for the
Peach Bottom AE, Surry TMLB', and Surry S2D accident sequences are listed in
Tables A-2, B-2, and C-2, lines 3-6, and are identified below:

cs I Xe Kr Te Ba Sn Ru
U0, Zr Zr0; Fe Fe0 Mo St Rb
Y Te Rh Pd La Ce Pr Nd
Sm Pu Cr Mn Ni Ag Sb

From CORCON, VANESA receives the following information at each time step
as calculated:

oxide melt temperature (K)
integrated gas release rates (kg)

Hy
H20
co
€02

maximum radial erosion radius (m)

$10, content of melt (kg)
The arrays of these seven input variables are not listed in the VANESA input
since the two codes were linked and these variables were transferred auto=-

matically.

A detailed description of the output from VANESA has been documented
elsewhere (Pov.n.3 1983) and will not be repeated here (see Table 2.1). The
most important of the output quantities for subsequent use in the calculation

of the ex-vessel source term are:

1. aerosol mass generation rate,
2. chemical composition of aerosolized mass,

3. aerosol mean particle size, and

4, aerosol density




Table 2.1. Output from the VANESA Model (ORNL/TM-8842)

Aerosol Properties

l. Density of aerosol material (g/cm?)

2. Mean aerosol particle size (um)

3. Mass flux of aerosols (g/s)

4. Aerosol concentration at STP (g/a?)

S. Aerosol concentration in cavity (g/m?)

Aerosol Composition
l.Fission Products (mass percent Cs, I, Te, Ru, Sb, Mo, Sr, Ba,

U. N. Q. ul Nb)
2.Concrete Constituents (mass percent Na, X, Al, Si, Ca, Fe)
3.Fuel and Structural Materials (mass percent Fe, Ni, Cr, Mn,
$a, 2z, U)

Kinetics Data

l.Source of Release (sparging, evaporation, mechanical)

2.Rate limitation (surface area, time, mass transport, or
chemical kinetics)

3.Vapor phase speciation

Melt Composition

1. Change caused by aerosol formation
2. Change caused by metal oxidation
3. Change caused by concrete melting

Permanent Gas Characteristics

l. Composition (volume percent CO, CO2, Hz, H20, OH, 0, H)
2+ Flux (moles/s)
3. Superficial velocity (m/s)

The version of VANESA used in these audit calculations was the first ex=-
portable FORTRAN version. This version was adapted from the original non-
FORTRAN version written at SNL and used in the BMI-2104 study. The code was
first received at BNL on November 15, 1984, It was successfully compiled and
a sample problem executed on November 19, 1984, In the process of familiarize
ation with the code, several minor transcription errors were identified in the
FORTRAN version by the SNL and BNL staff and were corrected.

The Peach Bottom and Surry audit calculations were then run with the
validated input from MARCH, CORSOR, and CORCON as previously specified. The
results of these three sets of calculations were tabulated for each time step,
listing the specles in the aerosol, the source rate, oxide melt temperature,




aerosol density, and aerosol mean particle size and are shown in Tables A.3,
B.3, and C.3., One exception that should be explicitly mentioned is the Cs,0
group. Recall that in the Surry calculations this species actually consists
of both Cs;0 and Cd. A breakdown of this group for the first four time steps
is given in Tables B.4 and C.4 on the basis of the actual Cd in this category
on a mass basis. Also indicated in these tables are the source rates in gm/s
for the times during which a water pool existed over the core melt. For these
sequences, SNL calculated a decontamination factor (DF) by which the source
rate was diminished. BMI-2104 Vol. V reports the source rates with the DF in-
cluded; Tables B.4 and C.4 list the source rates both with and without the DFs
for the BNL audit calculations. Comparison of the results in Tables A.3,
B.J=4, and C.3=4 to Table 6.14 in BMI-2104, Vol. II (Peach Bottom AE) and
Tables 6.14~6.15 in BMI-2104, Vol. V (Surry TMLB'~S2D) respectively demons=
trates excellent agreement on a quantitative basis between the BMI~2104
results and the audit calculations.
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3.  SUMMARY

A summary of the ex-vessel release rates of aerosols and fission products
from the BNL CORCON/VANESA calculations is presented in Tables A.3, B.3, and
C.3, for the Peach Bottom AE, Surry TMLB', and Surry S2D sequences, respec=-
tively. The calculated source rates are generally in agreement with the
BMI-2104 results within = 5%, often closer to ¢ 1%, Calculated melt tempera-
tures have been found to be in agreement generally within £5-10 K. The frac~-
tional compostion of each species in the aerosol was calculated by BNL to be
nearly identical to the results presented in BMI~- 2104, disagreeing by nr more
than 2-3%, This level of agreement between the results of the BNL audit cal-
culations and the results presented in BliI-2104 {s generally found in all
three of the cases examined. (The Peach Bottom AE ex-vessel source term was
recalculated by SNL and the new results supercede those presented in BMI-2104,
Volume II.)

The release fractions for five selected speclies were integrated over ten
hours of core/concrete interactions and the BNL and SNL results are presented
in Table 3.1. The SNL figures reflect the recent recalculation referred to
above; the BNL figures reflect the results from the audit calculation., From
the table, it is clear that the BNL and SNL (BMI=2104) results are in excel-
lent agreement when integrated over ten hours. The results from the two sets
of calculations differ, in fact, by no more than round off error.

Table 3.1 Comparison of Total Ex~Vessel Release Fractions(%) of
Selected Specias for Peach Bottom AE Sequence Calculation
by SNL and BNL*

La 2 0 1 Sro Bal Te Ce0
SNL 1.8 67 48 69 2.9
BNL 1.9 68 49 68 3.0

*Integrated release from ex-vessel core/concrete interaction over ten hours,



This comparison demonstrates that the CORCON and VANESA codes can be
successfully exported to an independent organization, and that the results in
BMI~2104 can be reproduced if the same versions of the codes and identical
input and modeling assumptions are used. The audit calculations have demon-
strated that some inconsistencies exist in BMI-2104 regarding inter-code data
transfer, However, for the particular sequences examined, these inconsisten=-
cies did not strongly influence the predicted ex-vessel aerosol and fission

product release rates.
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APPENDIX A : PEACH BOTTOM AE INPUT AND RESULTS

Appendix A summarizes the input files for both the CORCON and VANESA cal=-
culations for the ex-vessel aerosol and fission product release to containment
for the Peach Bottom AE sequence. Table A.l is the CORCON input deck. Fig=-
ures A.l-A.] present the welt temperature, integrated gas generation rates,
and erosion depths from the core-concrete interaction calculation. These
quantities were input to VANESA for the aerosol and fission product release
calculation, Table A.2 is the VANESA input deck. Table A.3 presents the
VANESA results for each time step. Included is the aerosol source rate, melt
temperature, aerosol density and size, as well as a fractional breakdown of
the species in the aerosol for each time step.
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PEACH 30TTOM Ad CORCONL/VANESA SNL AUDIT CALGULATION
GeloL? Ll
od 2 58 «le 27,1 85.7
159400, “l337. 12791, 7i183. 425, 209.1
18,17 Sdee I I N 12.7 178.5 23241
$3.7% e 11143, 1233, 6164, ds
STErS
12040,
Wf, FRACS FOR CAD,AL203,N420,K20, S102,FE0Q
752 2% 0016 1L sibLY

Table A.2 VANESA Input Deck for Peach Bottom AE Sequence
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APPENDIX B: SURRY TMLB' INPUT AND RESULTS

Appendix B8 summarizes the input files for both the CORCON and VANESA cal=-
culations for the ex-vessel aerosol and fission product release to containment
for the Surry TMLB' sequence. Table B.l is the CORCON input deck. Figures
B.1-B.3 present the melt temperature, integrated gas generation rates, and
erosion depths from the core-concrete interaction calculation. These quanti-
ties were input to VANESA for the aerosol and fission product release calcula=-
tion. Table B.2 is the VANESA input deck. Table B.] presents the VANESA re-
sults for each time step. Included is the aerosol source rate, melt tempera~
ture, aerosol density and size, as well as a fractional breakdown of the
species in the aerosol for each time step. Table B.4 presents a breakdown of
the Cs,0 release group and the DF used while water was over the core melt.
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